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Foreword 

This publication, Thermal Transmission Measurements of Insulation, 
contains papers presented at a symposium on Heat Transmission Mea
surements held in Philadelphia, Pa., 19-20 Sept. 1977. The symposium 
was sponsored by Committee C-16 on Thermal and Cryogenic Insulation 
Materials of the American Society for Testing and Materials. R. P. Tye, 
Dynatech R/D Company, presided as symposium chairman and editor of 
this publication. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Related 
ASTM Publications 

Heat Transmission Measurements in Thermal Insulations, STP 544 (1974), 
$30.75, 04-544000-10 

Thermal Insulating Covers for NPS Piping, Vessel Lagging and Dished 
Head Segments, C 450 Adjunct (1%5), $6.25, 12-304500-00 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



A Note of Appreciation 
to Reviewers 

This publication is made possible by the authors and, also, the unher
alded efforts of the reviewers. This body of technical experts whose ded
ication, sacrifice of time and effort, and collective wisdom in reviewing 
the papers must be acknowledged. The quality level of ASTM publications 
is a direct function of their respected opinions. On behalf of ASTM we 
acknowledge with appreciation their contribution. 

ASTM Committee on Publications 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Editorial Staff 

Jane B. Wheeler, Managing Editor 
Helen M. Hoersch, Associate Editor 

Ellen J. McGlinchey, Senior Assistant Editor 
Helen Mahy, Assistant Editor 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Contents 

Introduction 1 

REFERENCE MATERIALS 

Reference Materials for Insulation Measurement Comparisons 7 

Fibrous Insulating Materials as Standard Reference Materials at Low 30 
Temperatures—M. BERTASI, G. BIGOLARO, AND F. DE PONTE 

An Interlaboratory Comparison of the ASTM C 335 Pipe Insulation 50 
Test—MARION HOLLINGSWORTH, JR. 

Does the Insulation Have a Thermal Conductivity? The Revised ASTM 60 
Test Standards Require an Answer—c. M. PELANNE 

MATERIALS AND STRUCTURES 

Natural Convective Heat Transfer in Permeable Insulation—c. G. 73 
BANKVALL 

Blown Cellulose Fiber Thermal Insulations: Part 1—Density of Cel- 82 
lulose Fiber Thermal Insulation in Horizontal Applications— 
M. BOMBERG AND C. J. SHIRTLIFFE 

Blown Cellulose Fiber Thermal Insulations: Part 2—Thermal Resist- 104 
ance—c. J. SHIRTLIFFE AND M. BOMBERG 

Measurement of the Thermal Resistance of Thick Low-Density Mineral 130 
Fiber Insulation—M. DEGENNE, S. KLARSFELD, AND M-P. 
BARTHE 

LINE SOURCE METHODS FOR INSULATIONS 

Analysis of the Applicability of the Hot-Wire Technique for Deter- 147 
mination of the Thermal Conductivity of Diathermanous Ma
terials—H. A. FINE 

Thermal Conductivity Measurements on High-Temperature Fibrous 154 
Insulations by the Hot-Wire Method—A. J. JACKSON, J. ADAMS, 

AND R. C . MILLAR 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Thermal Conductivity of Refractories: Working with the Hot-Wire 172 
M e t h o d — p . JESCHKE 

Determination of the Thermal Conductivity of Refractory Insulating 186 
Materials by the Hot-Wire Method—w. R. DAVIS 

PARAMETERS AFFECTING THERMAL PERFORMANCE 

Heat Transfer Versus Pitch Angle for Nonventilated, Triangular-Sec- 203 
tioned, Apex-Upward Air-Filled Spaces—T. J. THIRST AND S. D. 
PROBERT 

Influence of Moisture and Moisture Gradients on Heat Transfer 211 
Through Porous Building Materials—M. BOMBERG AND C. J. 

SHIRTLIFFE 

Laboratory and Field Investigations of Moisture Absorption and Its 234 
Effect on Thermal Performance of Various Insulations—F. J. 
DECHOW AND K. A. EPSTEIN 

HEAT TRANSMISSION MODELS AND MEASUREMENTS 

Light Transmission Measurements Through Glass Fiber Insulations— 263 

C M . P E L A N N E 

Fibrous Insulation Heat-Transfer Model—c. R. KING 281 

Heat Transfer in Refractory Fiber Insulations—A. H. STRIEPENS 293 

Pipe Insulation Testers—s. H. JURY, D. L. MCELROY, AND J. P. MOORE 310 

SYSTEMS EVALUATION 

A Calibrated/Guarded Hot-Box Test Facility—R. G. MILLER, E. L. 329 
PERRINE, AND P. W. LINEMAN 

New High-Temperature Guarded Hot-Box Facility for Reflective In- 342 
sulation—H. W. WAHLE, D. A. RAUSCH, AND B. A. ALLMON 

A Calibrated Hot-Box Approach for Steady-State Heat-Transfer Mea- 357 
surements in Air Duct Systems—T. L. LAUVRAY 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Evaluation of High-Temperature Pipe Insulations Using a 16-In.-Di- 374 
ameter Pipe Test Apparatus—R. C. SVEDBERG, R. J. STEFFEN, 
A. M. RUPP, AND J. W. SADLER 

OTHER PARAMETERS AND MEASUREMENTS 

Forced Convection: Practical Thermal Conductivity in an Insulated 409 
Structure Under the Influence of Workmanship and Wind— 
C. G. B A N K V A L L 

Draft Measurement Technique Applied to Poor Conductors—T. ASH- 426 
WORTH, W. G. L A C E Y , AND E. ASHWORTH 

SUMMARY 

Summary 439 

Index 445 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



STP660-EB/Dec. 1978 

Introduction 

Some four and a half years have elapsed since the previous C16 sym
posium on heat transmission in thermal insulations. At that time the im
plications of the world energy crisis were just making themselves apparent, 
while now the full consequences are upon us. Energy conservation, par
ticularly within the context of the proper utilization of thermal insulation, 
is only one of a number of important measures which have to be taken 
to help alleviate the problem. It is a very critical measure, however, 
especially in the span of the next five to ten years. 

The 1973 meeting proved to be an important milestone, both in the 
development and subsequent pursuit of knowledge of thermal insulation 
performance and for the C16 Committee and ASTM. It was a fully inter
national gathering both in terms of the numbers attending and the papers 
presented. In the latter instance, some 40 percent of the papers were by 
authors from outside the United States and Canada. The problems which 
faced us all were not restricted by boundaries, nor were the means of 
attacking and solving them. There was a realization that we had this 
common bond and as a result a truly international understanding devel
oped. People inside and outside the United States appreciated better the 
work of their counterparts, and many new friendships, understandings, 
and cooperative efforts developed. The subsequent flow of information 
improved steadily. International membership of C16 increased significantly. 

After the meeting, ASTM Committee C16, especially the C 16.30 Ther
mal Measurements Subcommittee, decided that the overall interests of 
thermal insulation and its applications could be developed at the inter
national level. As a result they were instrumental in proposing that an 
International Standards Organization (ISO) Committee on Thermal In
sulation be established. This was supported enthusiastically by some 17 
countries, and ISO Committee 163 was established and its first meeting 
held in 1976 in Stockholm, the capital of the secretariat country. 

At this meeting, it was established that thermal performance and its 
measurement was the number one priority. Subcommittee 1 on Test Meth
ods was duly established and at its first meeting in Berlin in May, 1977, 
five working groups were established to develop, as rapidly as possible, 
international standards for thermal performance of insulation materials 
and systems. The next meeting for ISO 163 and its subcommittees will 
be in the United States in October 1978 and several draft documents on 
thermal performance will be considered for action. 
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2 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

Because of its continuing involvement in the subject and as a focal point 
for dissemination of technical information on insulation performance, 
Subcommittee C 16.30 decided to hold a further symposium continuing the 
series. Sufficient work had been carried out in the interim, both in the 
United States and elsewhere, to warrant a further exchange of ideas. In 
this way a further improvement in our understanding of the problems 
would take place. The subcommittee itself had undertaken an extensive 
philosophical revision of its basic measurement specifications in 1976 
based on the position paper presented in 1973. In addition, members of 
the subcommittee have been involved in developing both a new calibrated 
hot box and a dynamic probe method test specification for systems and 
materials, respectively. These are based on subjects discussed in 1973 and 
are needed in order to anticipate future requirements both in the laboratory 
and outside. 

The subject of thermal performance of thermal insulation, especially 
under real-life conditions, is a multifaceted and complex subject. A thermal 
insulation material can no longer be considered in isolation. Its perfor
mance must be considered within the context of total performance of the 
ultimate system, whether this be the building envelope or a complex 
insulation package for an industrial process. 

Reliable laboratory measurements under steady-state conditions are still 
necessary but are no longer sufficient. Further information is required on 
actual performance, and the effects of various parameters, including mois
ture movement, airflow, diurnal and climatic variations, flaws, and other 
imperfections, quaHty of installation, etc., all need detailed study. Dy
namic and transient analyses and measurements are necessary to supple
ment the steady-state information. Both laboratory and field measure
ments are necessary. 

The goal of the symposium therefore was to provide the forum for an 
international exchange of information and ideas in this ever-changing sub
ject and to make everyone aware of the current state of the art. The 
anticipated result would be to upgrade our overall knowledge, to under
stand the subject a little better, and in turn to stimulate further research 
and development. 

The truly international group of papers in this publication thus covers 
the development and improvements which have taken place in the fun
damental studies of thermal insulation material and systems performance 
since 1973. The wide range of subjects covered, including a second CI 6.30 
position paper which extends the 1973 document and outlines future needs 
in specific areas, should stimulate further work in the whole subject. Such 
is the present momentum in the field that further conferences and symposia 
in the series will probably be held more frequently. 

In conclusion, I would like to thank all of the contributors for making 
both the symposium and this pubhcation a success. In addition, I wish 
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INTRODUCTION 3 

to thank the other members of the Symposium Organizing Committee, 
Alex Adorjian, Francesco DePonte, and Frank Ruccia, for their valuable 
assistance. I am confident that our future meetings will prove to be equally 
as stimulating. 

R. P. Tye 
Senior scientist, Dynatech R/D Co., Cam

bridge, Mass. 02139; symposium chairman 
and editor. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Reference Materials 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Reference Materials for Insulation 
Measurement Comparisons 

REFERENCE: ASTM Subcommittee C16.30, "Reference Materials for Insulation 
Measurement Comparisons," Thermal Transmission Measurements of Insulation, 
ASTM STP 660, R. P. Tye, Ed., American Society for Testing and Materials, 1978, 
pp. 7-29. 

ABSTRACT: This paper addresses the issue: Adequate standard materials are not 
available for thermal conductance measurements in the field of thermal insulations. 
The need, scope, and benefits of solving this problem are detailed. The National 
Bureau of Standards (NBS) Special Reference Materials category was adopted as 
a possible solution to this problem. The materials selection criteria, the NBS cert
ification process, and the applicable measurement methods are described. 

A set of materials was identified as potential candidates for insulation measure
ment comparisons: 

1. Air space 
2. High-density molded fibrous glass board 
3. AA glass fiber blanket insulation 
4. Glass fiber appliance insulation blanket 
5. Aged polystyrene foam 
6. Silicone rubber 
7. Borosilicate glass 
8. Closed-cell foam glass 
9. Silica aerogel composite block 

10. Rigidized silica fiber tile 
11. Zirconia fiber board 
12. Alumina silicate refractory fiber insulation blanket 
13. Mineral rock board 
14. Calcium silicate 
15. Powder or loose fill insulation 
This list is intended to be a point of departure and its dissemination may stimulate 
testing to identify potential reference materials. 

KEY WORDS: thermal transmission, thermal insulation, thermal resistance, stand
ard reference materials, research materials, special reference materials, high-den
sity molded fibrous glass board, glass fiber blanket insulation, glass fiber appliance 
insulation blanket, aged polystyrene foam, silicone rubber, borosilicate glass, 
closed-cell foam glass, silica aerogel composite block, rigidized silica fiber tile, 
zirconia fiber board, alumina-silicate refractory fiber insulation blanket, mineral 
rock board, calcium silicate 
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8 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

This paper is a partial response to a larger charge made by ASTM 
Committee C16 (Thermal and Cryogenic Insulating Materials) to Subcom
mittee C 16.30 (Thermal Properties) to examine efforts needed to establish 
a National Voluntary Laboratory Accreditation Program (NVLAP) for 
thermal testing laboratories. A working group (WG)̂  (subordinate to the 
NVLAP Task Group) was formed to examine the need for Standard Ref
erence Materials (SRM's) in the context of the technical adequacy of 
existing standard test methods (STM's). STM's and SRM's would serve 
together as the basis of specific thermal NVLAP criteria which are to be 
developed. In addition, the WG was charged to establish priorities based 
on what can be done best and soonest in the areas of greatest potential 
impact []].^ Toward this end, a WG concept evolved that concentrated 
characterization effort was first needed on materials for use in existing 
test methods and that these materials should be representative of building 
and industrial insulations. Thus, this paper deals primarily with materials 
and materials' properties, not with insulating systems such as walls and 
panels. 

Reasons for the SRM Approach 

This materials approach was pursued for several reasons: First, the data 
base for heat transmission in thermal insulations is not firm and there are 
large differences in the available data. It is generally thought that the 
majority of measurements made by the well-known commercial, industrial, 
and governmental laboratories are of acceptable accuracy; however, the 
measurements of some laboratories are suspect. The major reason for the 
observed property differences is associated with the status of the mea
surement technology. Some organizations have continually obtained wide 
variations in values on similar materials, even over a Umited temperature 
range, when using modified forms of a basic apparatus. Hence the need 
for an accreditation program. These differences increase as the temper
ature conditions become more extreme and heat loss problems increase. 
Generally the heat-transfer mechanisms are not well-understood and sub
tle technique differences, such as measurement of temperatures, temper
ature differences, and emittances, are often not treated in the same manner 
from one apparatus to another. 

These issues were discussed in some detail in an earlier C16.30 position 
paper [2], from which the following paragraph is excerpted: 
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ASTM SUBCOAWinEE C16.30 ON MEASUREMENT COMPARISONS 9 

These last statements lead to the following key point: there are dangers 
involved in ascribing the property of thermal conductivity to a material 
as a result of a single measurement obtained according to a standard test 
method on a single specimen regardless of how good the test method is. 
All methods prescribe the measurement of heat fluxes and surface tem
perature by some means, for some physical configuration of a specimen, 
from which a resultant thermal conductivity is calculated. There is no 
requirement in these methods, however, that this calculated property must 
be shown to be independent of area, thickness, and temperature gradient. 
Therefore, there is no assurance without such a verification that the cal
culated property is in fact a true thermal conductivity. 

Consequently, this WG has adopted the convention of describing the heat-
transfer property of insulating reference materials by using thermal re
sistance per unit thickness, or the thermal resistance from surface to 
surface, where required. The thermal resistance ^ of a test specimen is 
defined by 

AJ = ^ - ^ 

where AT is the temperature difference between the surfaces of the spec
imen (deg) and q is the heat flux per unit area through the specimen 
(W/m^). Thus R has the dimensions m^K/W and the thermal resistance 
per unit thickness has dimensions m-K/W. Thermal conductance is de
fined as the reciprocal of/? and apparent thermal conductivity is defined 
as thermal conductance times the thickness of the specimen. There may 
also be differences in the performance of materials when evaluated in 
large- and small-scale tests. One reason for this state is that insulation 
materials are heterogeneous and this lack of material homogeneity can 
lead to property variations. If a common set of uniform and reproducible 
materials (SRM's) were available, then a cooperative measurements pro
gram could be launched to improve all measurements as well as to correct 
unreliable apparatus, inadequate techniques, and to standardize procedures. 

The second reason for this materials approach is that, unlike materials 
of higher density, where heat transport is predominantly by solid con
duction mechanisms, both building and industrial insulation heat transfer 
is by a combination of modes, including solid and gaseous conduction, 
convection, and radiation. Because each mode is influenced by the spec
imen environmental and temperature conditions, any realistic NVLAP 
program must define procedures and materials to deal with this complexity. 
Selection of a set of characterized SRM's may yield significant advances, 
but it should be realized that this materials approach is only a partial 
solution. It is not a panacea, but does add a new dimension needed to 
obtain improved accuracy and a more complete concept of the properties 
of insulations. 

A third, critical, part of this SRM approach is to select materials whose 
characteristics match the problem, which includes all possible heat trans-
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10 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

mission mechanisms, a variety of building and industrial insulations with 
different thermal resistance per unit thickness, and a variety of measure
ment techniques. The availability of well-characterized materials which 
are homogeneous and stable under a variety of measurement conditions 
is a controlling step in this selection. For insulations in general, one is 
concerned with thermal resistance per unit thickness of material in the 
range 2 to 10 m- K/W near room temperature and less than 1 m- K/W near 
1000°C, and, almost without exception,^ a negative temperature coefficient 
of thermal resistance per unit thickness. In this paper, a number of SRM 
candidates have been selected that generally meet these criteria. It is 
anticipated that as test results on these candidates are obtained, the range 
of applicability of certain candidates, such as the high-temperature ones, 
will become wider and will lessen the need for overlapping low-temper
ature candidates, and thus the number of required materials will decrease. 

The materials approach of this paper is not new. It has been suggested 
previously as a means to attack the difficulties associated with measure
ment of the heat transmission characteristics of insulations [3,4]. Some 
of the history of this subject is traced in the Appendix. Among individuals 
associated with measurement technology, there is no doubt about the need 
to attack these difficulties. Their conversations often cite examples of 
problems which might be resolved by an NVLAP-type program. For 
example, within the past five years the use of cellulosic insulations has 
increased dramatically in commercial buildings and houses. The accepted 
thermal resistance per unit thickness of a typical cellulose insulation is 
in the the range 24.3 to 25.6 mK/W [3.5 to 3.7 hft^ • deg F/(Btuin.)], 
yet it is not uncommon to find quoted values that range from 24.3 to 62.4 
m-K/W [3.5 to 9 hft^ • deg F/(Btuin.)]. The WG believes this is an 
illustration of poor measurement methodology. From a mechanistic view
point a value higher than 38 m-K/W [5.5 hft^deg F/(Btuin.)] is not 
possible for a low-density open-cell insulation containing air, since the 
thermal resistance per unit thickness associated with that value is about 
70 percent that of air. Similar examples of erroneous data exist for in
dustrial insulations, particularly at high temperatures, where radiation 
plays a dominant role. One such case brought to the WG's attention 
involved a specification for mineral wool insulation in which the specified 
thermal resistance per unit thickness versus mean temperature data was 
the average of values reported by several mineral wool manufacturers [5]. 
The resulting average was so high that the specification could not be met. 
The high average was caused by including data from one company that 
reported their values as a function of hot-face temperature rather than 
mean temperature. 

'Organic foams blown with refrigerant gases do not necessarily have a negative temperature 
coefficient of thermal resistance per unit thickness near the condensation range of the gas. 
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ASTM SUBCOAAMITTEE C16.30 ON MEASUREMENT COMPARISONS 1 1 

Candidate Reference Materials 

The following text provides some background information for the se
lection of candidates tabulated later in this section. 

Reference Materials Criteria 

Each candidate for insulation reference materials should meet the fol
lowing criteria [6]. 

1. The material should be mechanically and chemically stable through 
the intended test temperature range and possess long-term stability under 
ambient storage conditions. Ideally the material should be unaffected by 
heat treatment or at least be in a stabilized condition a**er a prescribed 
heat treatment. 

2. The material should be capable of being manufactured in sufficiently 
large and homogeneous lots to permit a practical number of test specimens 
per calibrated section. Or, alternatively, the manufacturing process should 
yield test specimens of the required reproducibility and homogeneity to 
be practical. It is suggested that a practical number of test specimens is 
such as to meet a demand period of about 10 years. 

3. The material should be representative of the thermal transport char
acteristics of a generic class of commercial insulation material or, alter
natively, be a class of material that yields useful diagnostic information 
about the thermal test conditions. 

The initial candidate list was developed with some consideration of 
representativeness. Additional technical aspects of representativeness and 
grouping of materials are discussed later. 

Description of the SRM Certification Process 

In the United States of America the development of SRM's is generally 
considered to be within the classical functions of the National Bureau of 
Standards (NBS). The function of the NBS Office of Standard Reference 
Materials (OSRM) is to coordinate and finance the production and dis
tribution of SRM's. These materials, with specific properties measured 
and certified by NBS, are an integral part of the national measurement 
system (they provide traceable data bases). Three categories of reference 
materials are available in the NBS program [7]: 

1. Standard Reference Material (SRM)—detailed characterization with 
properties measured and certified by NBS. 

2. Research Materials (RM)—not certified, but a report of investigation 
exists for the pertinent properties. 
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1 2 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

3. Special Reference Materials (GM)—NBS maintains a stocicpile as 
a disinterested third party; general information on properties are available. 

With sufficient characterization and testing, a Special Reference Ma
terial can be certified as an SRM. 

To initiate the production of an SRM, the NBS OSRM must receive a 
specific proposal from an NBS Technical Division, which may have re
ceived requests from an industrial group. The initisil information needed 
includes a proposed SRM title, purpose for the SRM, reasons why the 
SRM is needed, special characteristics or requirements or both for the 
material, estimated demand for the SRM, material source other than NBS, 
and information to aid SRM justification (monetary impact and supporting 
letters from industry leaders, trade organizations, interested committees) 
[8]. Special Reference Materials, on the other hand, can be requested 
directly by any interested group. 

Consideration of this procedure and the present status of insulation 
materials' characteristics and technology led the Working Group to believe 
that the Special Reference Material Category is the most suitable class 
of reference materials for present deliberations. This is all that can be 
expected based on our limited understanding of materials and equipment. 
The WG believes that additional experience and knowledge of properties 
will allow their eventual certification as SRM's. This WG Usting of can
didates may prompt subsequent actions for an entry of an insulation ma
terial into this procedure. To date, NBS OSRM has not received any 
specific proposals for establishing insulation reference materials. 

Applicability of Special Reference Materials 

The availability of a group of SRM's would provide a source of test 
specimens for the generic thermal test methods listed in Table 1. This 
listing is not all-inclusive or restricted to ASTM STM's, but represents 
a majority of methods currently used to evaluate materials. Table 1 in
cludes steady-state linear and radial heat flow methods and dynamic meth
ods. For each method, subtle operating technique or procedural differ
ences can occur which significantly affect the results obtained. The 
availability and subsequent use of test specimens would allow method 
(and procedural) certification. 

Measurement Method Considerations and Precautions 

Each of the different methods listed in Table I may use inherently 
different techniques to obtain the quantities needed to determine the ther
mal resistance R of a test specimen as defined by AT = i? •^. It is not the 
intent of this report to detail all of the pitfalls* which must be avoided to 

••Typical pitfall problem areas include temperature measurement, power or heat flux mea
surement, attaining steady-state or equilibrium conditions, misapplication of test method, 
etc. 
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ASTM SUBCOAAMinEE C16.30 ON MEASUREMENT COMPARISONS 1 3 

TABLE 1—Thermal test methods that could use Special Reference Materials for 
measurement comparisons. 

STEADY-STATE LINEAR METHODS: 

ASTM Test for Steady-State Thermal Transmission Properties by Means of the Guarded 
Hot Plate (C 177-76) 

ASTM Test for Steady-State Thermal Transmission J*roperties by Means of the Heat Flow 
Meter (C 518-76) 

ASTM Recommended Practice for Determination of Thermal Resistance of Low-Density 
Fibrous Loose Fill-Type Building Insulation (C 687-71) 

ASTM Test for Thermal Conductance and Transmittance of Built-Up Sections by Means 
of the Guarded Hot Box (C 236-66) 

Calibrated Hot Box" 
ASTM Test for Thermal Conductivity of Refractories (C 201-68) 
ASTM Test for Thermal Conductivity of Insulating Firebrick (C 182-72) 
ASTM Test for Heat Flux Through Evacuated Insulations Using a Guarded Flat Plate Boiloff 

Calorimeter (C 745-73) 

STEADY-STATE RADIAL OR SPHERICAL METHODS: 

ASTM Test for Thermal Conductivity of Pipe Insulation (C 335-69) 
ASTM Test for Thermal Transference of Nonhomogeneous Pipe Insulation at Temperatures 

Above Ambient (C 691-71) 
Various radial heat-flow methods*''' ' ' ' 
Various spherical heat-flow methods'^ 

DYNAMIC METHODS: 

Hot Wire Technique (DIN 51046) 
Plane Probe Technique"'' 
Rate of temperature change' 

"Mumaw, J. R. in Heat Transmission Measurements in Thermal Insulations, ASTM STP 
544, American Society for Testing and Materials, 1974, pp. 193-211. 

"Flynn, D. K., Journal of Research of the National Bureau of Standards, Vol. 676, 1963, 
p. 129. 

"^Godbee, H. W. and Ziegler, W. T. in Proceedings, Third Conference on Thermal Con-
ducdvity, 1963, pp. 557-612. 

"Godfrey, T. G., Fulkerson, W., Kollie, T. G., Moore, J. P., and McElroy, D. L., ORNL 
Report No. 3556, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1964. 

••Kropschot, R. H., Schrodt, J. E., Fulk, M. M., and Hunter, B. i.. Advances in Cryogenic 
Engineering, Vol. 5, 1960, p. 189. 

'Glaser, P. E., Black, I. A., Lindstrom, R. S., Ruccia, F. E., and Wechsler, A. E., NASA 
Report No. SP-5027, National Air and Space Administration, 1967. 

"Halteman, E. K. and Gerrish, R. W., Jr., NBS SP-302, National Bureau of Standards, 
1968, pp. 507-512. 

"Jury, S. H. and Godfrey, T. G., ORNL/TM-4956, Oak Ridge National Laboratory, Oak 
Ridge, Tenn., 1977. 

'Gibbon, N. C , Matsch, L. C , and Wang, D. I. J. in Thermal Conductivity Measurements 
of Insulating Materials at Cryogenic Temperatures, ASTM STP 411, American Society for 
Testing and Materials, 1967, p. 61. 

obtain satisfactory results by each of the methods. (In large measure this 
is done by the various ASTM prescriptions.) It is important to note that 
bad procedures can render good methods useless, and, with the recent 
upsurge of interest in the use of insulation, there has been a proliferation 
of laboratories that profess they can conduct measurements of thermal 
properties of insulation according to the current standards, but in fact, 
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14 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

for reasons mentioned earlier, they do not know the proper way to conduct 
such measurements [9]. Although the use of the reference materials could 
alleviate many of these problems, it should be apparent to all that no one 
method is suitable for all materials and all applications. 

Selection Criteria for Insulation Reference Materials 

Heat flow through thermal insulations is governed by known physical 
principles, but its determination from these principles is difficult in prac
tice. For the purpose of assessing thermal measurement capabilities of 
equipment, a material must be selected which best represents the primary 
mechanisms of heat flow which occur in the thermal insulations to be 
evaluated. 

Heat flow through thermal insulations is primarily subject to three modes 
of heat transfer: conduction, radiation and, convection,^ plus the inter
active effects. These enter into the process in varying degrees depending, 
for example, on the material, the density, and temperature. 

Thus, the selection of candidate materials should be based on those 
materials which will best demonstrate the behavior of these modes within 
the test equipment. This selection can be made from families of materials 
falling within the two representative regions shown in Fig. 1. 

The upper band of Fig. 1 will best accent the radiative characteristics, 
while the lower band will accent the conductive mode of heat transfer 
within the test equipment. The temperature range of the graph should be 
established for different classes of materials depending on their use tem
perature and the test equipment capabilities. 

Selection of the candidate materials must be based on the following 
specific considerations as well as on the reference materials criteria de
tailed earlier: 

1. Types of materials being evaluated: 
Their range of usefulness in application. 
Their basic thermal characteristics, which can give an indication of 

the mechanisms of heat flow involved in the process. 
The expected variability in regard to the measured values. 
Is the problem of variability resulting from the material or from the 

test methods? 
The materials should be considered on the basis of the variation of 

thermal properties with temperature. 
The potential candidates should be selected from the family grouping 

of these insulating materials. The groupings should provide tem-

'Convective processes should be the subject of special consideration, since in most ap
plications the characteristics of the insulations tend to minimize if not to eliminate this mode 
of heat transfer. 
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FIG. I—Schematic representation of the behavior of the thermal conductance per unit 
thickness with temperature for density changes in thermal insulations. Lower band represents 
primary transfer by conduction and upper band represents primary transfer by radiation. 

perature limitations and an indication of the heat flow mechanisms 
involved. 

Types of equipment and test methods in use today: 
Temperature limits of the equipment. 
Physical limitation, size, shape of specimen, etc. This would limit 

the type of reference material to be used. 

Reference Material Candidates 

The initial set of candidates for reference materials for insulation mea
surement comparisons recommended by the Working Group is given in 
Table 2. This initial selection aimed to satisfy the building and industrial 
insulation interests by being representative of specific products while 
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1 8 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

simultaneously satisfying a generic materials and properties matrix, in
cluding ranges of temperature, density, thermal resistance per unit length, 
and physical size. Commercial availability was a major selection factor. 
Further research may identify specialty sources of supply for materials 
not presently commercially available. This list is a point of departure 
intended to stimulate confirmatory studies that may well identify more 
suitable materials. 

Table 2 lists the estimated allowable temperature range of applicability, 
the thermal resistance per unit thickness at 25°C, the material density, 
and the reason for inclusion as a candidate. The following text provides 
additional information and comments about each entry. 

Air Space—This suggested candidate at a nominal 6-mm plate spacing 
can provide procedural and diagnostic information on the plate emittance 
and plate orientation effects. Analysis of natural convection across spaces 
bounded by vertical surfaces agrees with experimental observations [10]. 
Measurements have been completed by the National Research Council 
of Canada on thin air spaces in guarded hot-plate and heat flow meter 
apparatuses [77]. 

High-Density Molded Fibrous Glass Board—This candidate has been 
a successful transfer material for at least 20 years and has proved to be 
a stable and rugged base within its temperature limitations. This historical 
NBS-supplied material has a well-known thermal resistance per unit thick
ness with long-term stability. It would provide a useful tie to the past and 
to current testing being conducted in Europe on 160-kg/m^ (10 lb/ft*) board. 
This candidate provides a test material with a minimum amount of radi
ation transmission. The board does contain a binder which probably limits 
testing to below 150°C [or possibly 176°C (350°F)]. Several companies^"* 
produce this board. NBS has a limited stockpile of this board and their 
files could provide additional documentation. Owens-Corning Fiberglas 
Corp. [72] experience on three or four production lots shows an average 
conductance per unit thickness at 25°C mean temperature, for 100 spec
imens, of 0.0321 W/mK (0.223 Btuin./hft^ deg F), and the standard 
deviation was 0.0027 or 1.2 percent. The actual values ranged from 0.0314 
to 0.0330 W/mK (0.218 to 0.229 Btuin./hff- deg F), a total of 5 percent, 
and the density ranged from 80 to 139 kg/m» (5.0 to 8.7 lb/ft*). 

AA Glass Fiber Blanket Insulation—This low-density insulation [9.6 
kg/m3 (0.6 lb/ft»)] is produced to ASTM Specification for Glass Fiber 
Blanket Insulation (Aircraft Type) (C 800-75) Type 1, in 1.27-cm-thick 
(0.5 in.) specimens, by several companies. •̂'" This insulation is bonded 

*Peabody Noise Control Corporation, 6300 Ireland Place, Dublin, Ohio 43017. 
'Birma Products Corp., Jemee Mill Road, Sayreville, N.J. 08872. 
'Vellon, Inc., San Jose, Calif. 
'Owens-Corning Fiberglas Corporation, Granville, Ohio 43023. 
'"Johns-Manville Co., Denver, Colo. 80217. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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with silicone, which extends the useful temperature range to 400°C. It is 
a very uniform product with a part of its apparent thermal conductivity 
being due to radiation, which would allow a useful determination of the 
temperature coefficient of apparent thermal conductivity and be relevant 
to common building insulations on the market. The availability of 1.27-
cm-thick (0.5 in.) specimens would allow testing at several thicknesses 
(by stacking specimens) and this would provide information about thermal 
resistance, geometry, and heat loss effects. 

Glass Fiber Appliance Insulation Blanket—This product is similar to 
the previous candidate 3 except that the binder is phenolic resin, which 
limits its useful temperature to 230°C. This material is available at various 
densities with appropriate changes in thermal resistance per unit length. 
Promising results on this candidate have been reported to the Working 
Group [13]. 

Aged Polystyrene Foam—A variety of different foams is produced, but 
this particular candidate was produced" using methyl chloride as the 
blowing agent. Depending upon the particular blowing agent, cell size, 
density, and thickness of the foam, a certain period of aging is required 
to allow the blowing agent to diffuse out, and oxygen and nitrogen to 
diffuse into the foam cells. After this has occurred, the cell gas is air and 
the foam is stable from about -180 to 75°C [14]. This candidate provides 
a semirigid material that would be useful to meet the large section re
quirements of hot boxes with a thermal resistance per unit thickness near 
that of 8.9-cm-thick (3Vi in.) fiber glass batts. 

Silicone Rubber—This candidate is a viable substitute for gum rubber, 
which is often suggested as an acceptable opaque thermal conductance 
test material. However, gum rubber has the disadvantages of softening 
just above room temperature and has a glass transition at a higher tem
perature than does silicone rubber. Silicone rubber RTV 560 and 5601 are 
available,*^ with flatter surfaces being produced by room temperature 
vulcanizing as opposed to high-temperature vulcanizing. The National 
Research Council of Canada has experience with fabricating and using 
silicone rubber RTV 560 as an apparatus test material to 250°C [77]. 
Silicone rubber has a high thermal conductivity, which makes it useful 
for illustrating interfacial resistance effects (temperature sensor place
ments), and provides a good test on thermal guarding needed to minimize 
edge-loss errors. Silicone rubber is isotropic, opaque, and available in a 
range of thicknesses, which would be useful to test some methods. It does 
possess a glass transition which limits its low-temperature usefulness. 

Borosilicate Glass—Pyrex 7740 is available" as a typical borosilicate 
glass. Its high apparent thermal conductivity provides some of the same 

"Dow Chemical USA, 2020 Dow Center, Midland, Mich. 48640. 
'^General Electric Company, Silicone Division, Schenectady, N.Y. 
"Corning Glass Company, Corning, N.Y. 
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20 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

advantageous uses as silicone rubber, but it is usable at higher temper
atures with a significant radiation contribution. The high apparent thermal 
conductivity and rigidity provide a means for interfacial resistance tests, 
and tests for radiation transport. Use of two or more thicknesses would 
yield information on geometry and radiation interactions. 

Closed-Cell Foam Glass—Foamglas is being produced" and there has 
recently been a data release to the American Society of Heating, Refrig
eration and Air-Conditioning Engineers on its properties [15]. The product 
has useful load-bearing capacities and is replacing industrial organic in
sulations. Four laboratories have completed thermal conductivity mea
surements which show agreements in the ±2 to ±5 percent range [76]. 
This rigid material is stable, apparently has reproducible properties, and 
has a moderate thermal conductivity over a 500°C temperature span, all 
of which make it a desirable general material for testing from low to 
moderate temperatures. 

Silica Aerogel Composite Block—Several microporous low-thermal-
conductivity insulations are produced (see Footnote 10) to reduce gas 
conduction effects by limiting the available gas mean free path. MinK 
2000 is typical and its high thermal resistance per unit thickness (and low 
thermal diffusivity) can provide a test of the ability of any system to 
maintain steady-state conditions. Because of its broad temperature ca
pacity, a good determination of the temperature coefficient would be 
possible. This material should receive a high-temperature heat treatment 
prior to any testing. This material, like many of the others, is anisotropic, 
but this can be a useful advantage in certain tests. Two laboratories have 
obtained property agreement of better than ±4 percent to 700°C. The 
apparent thermal conductivity is pressure dependent because of the gas 
mean free path limitations [17]. 

Rigidized Silica Fiber Tile—This material is produced for use in the 
Space Shuttle program.̂ ^ Tests at various industrial sites [76] have es
tablished the variability of this high-temperature insulation. The expected 
shuttle program duration suggests this product will be available for a 
prolonged period. This material has uses similar to MinK 2000, except it 
has a lower thermal resistance per unit thickness, and it would not have 
to be pretreated prior to a set of measurements, which is a possible 
requirement for several other suggested materials. 

Zirconia Fiber Board—This material is produced'® customarily as 
boards, disks, or solid cylinders of various sizes from cubic crystal fibers 
of zirconia stabilized with yttria. This material may allow testing to very 
high temperatures, although the quoted 2200°C (maximum service tem-

"Pittsburgh Corning Corporation, Pittsburgh, Pa. 
'^Lockheed Missiles and Space Co., Sunnyvale, Calif. 
'"Zircar Products, Inc., 110 North Main St., Florida, N.Y. 10921. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ASTM SUBCOAAMIHEE C16.30 ON MEASUREMENT COMPARISONS 21 

perature) may be too high for use as a reference material. Determination 
of the thermal resistance per unit thickness and its temperature coefficient 
over a broad temperature range for this relatively dense material (which 
should enhance reproducibility) are its main advantages as a candidate. 

Alumina-Silicate Refractory Fiber Insulation Blanket—Such materials 
are produced by several companies '".u.is using an Al203-Si02 fiber to 
yield a good high-temperature furnace insulation. Cerablanket'" is typical 
of these products with a modest radiation contribution and relatively high 
use temperatures. This candidate would allow tests on a relatively new 
entry in the industrial insulation field, and be useful for showing radiation 
effects, thickness effects, and for determining the temperature coefficient 
of thermal resistance per unit thickness. 

Mineral Rock Board—This material, as produced,'^ is reputed to be 
uniform, stable, and low in shot content. It is recommended as a test 
material that is representative of mineral wool insulations but is without 
their typical shot content and potential reproducibility problems. The 
mineral rock board moderate density should provide uniformity, and allow 
radiation component determinations on a fibrous insulation significantly 
different from the other listed high-temperature materials. The fairly broad 
useful temperature span implies useful determinations of temperature coef
ficient and high-temperature geometry effects. 

Calcium Silicate—This material is produced by several major manu
facturers '̂'"'̂ f and commands a significant part of industrial insulation 
usage. The change to asbestos-free calcium silicate insulation has en
countered some fragility problems. However, the broad use and potential 
importance of this material warrants a position among the recommended 
n\aterials. The conduction factors important to this generic class may be 
missed by the other suggestions. The material availability alone suggests 
usage to study geometry effects, as well as to determine radiation and 
temperature coefficients. 

A Powder or a Loose Fill Insulation—The Working Group recognized 
the need for such an entry. Numerous applications involve use of such 
insulations, which range from blown and poured building insulations (fiber 
glass, rock wool, and cellulose) to perlite and vermiculite fills for cryo-
storage to fills for concrete blocks to powders for nuclear fuel elements. 
These "powders" are isotropic and general materials in these classes 
could provide a needed means to compare very different methodologies 
(linear, radial, and dynamic). Such materials would assist improvements 
in sampling techniques for measurements. The WG did not consider this 

"The Babcock & Wilcox Company, Refractories Division, Augusta, Ga. 30903. 
"The Carborundum Company, High Temperature Insulation Division, P.O. Box 808, 

Niagara Falls, N.Y. 14302. 
"Rockwool Aktubolaget Development Corp., S54101 Skovde, Sweden. 
2»Pabco, Insulation Division, 1110 16 Road, Fruita, Colo. 81521. 
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area in sufficient detail to obtain recommendations; however, Ottawa 
sand, hollow glass microspheres [18], or other available ceramic oxide 
powders might represent possible choices. The particle size distribution 
and powder density are important material characterizations which would 
have to be controlled. 

Characterization Properties of Reference Materials 

The primary purpose of this paper is to obtain a functioning set of 
materials with well-characterized thermal resistances per unit thickness. 
However, this ability to influence heat flow is only one useful property 
of these materials and, because this property is so often not completely 
understood, it behooves one to obtain supplementary characteristics of 
each material. Indeed, this additional information may be as important 
as the primary purpose in advancing current insulation technology. The 
evaluation of these candidate materials should have immediate goals such 
as: 

1. Establish the range of properties for each material with respect to 
dimensional stability, density, and thermal properties. 

2. Establish the limits on allowable test temperatures and thermal 
exposures. 

3. Establish the probable reproducibility and accuracy obtainable with 
general materials and what might be expected for higher-level materials. 

4. Establish the general "handleabiUty" of each material since this is 
an expected use condition. 

Satisfying these goals would provide some of the background infor
mation needed to move within the NBS-OSRM certification process from 
a Special Reference Material category to the Standard Research Materials 
catetory. Information and properties that would be useful in this process 
are listed in Table 3. 

Conclusions 

The conclusions of this WG paper are as follows: 
1. The Committee C16 (main) charge to C16.30 has identified a signif

icant issue in insulation technology. Briefly stated, the issue is: 

Adequate reference standards are not available for thermal conductance 
measurements in the field of thermal insulations. 

2. The paper identifies two beneficial effects that would result if this 
problem were solved: 

A. The data base for heat transmission in all thermal insulations would 
eventually be strengthened; currently inexplicable data differences 
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TABLE 3—Information that would be useful to know about reference materials. 

GENERAL DESCRIPTIVE INFORMATION 

1. Material name; ASTM designation if appropriate 
2. Source or sources 
3. Production process description, commercial or custom product 
4. Material constituents, chemical analysis, fiber characteristics, binders used, special 

heat treatments 
5. Product forms and densities available and prices of products 
6. Typical product applications 
7. Precautions on product usage 

PHYSICAL PROPERTIES AS A FUNCTION OF TEMPERATURE 

1. Thermal resistance or thermal resistance per unit thickness or thermal conductivity 
(where applicable) (method and qualifications) 

2. Density 
3. Specific heat 
4. Thermal diffusivity 
5. Thermal shock resistance 
6. Thermal expansion coefficient 
7. Anisotropy of any physical property 
8. Emittance, transmittance, and absorptance 

MECHANICAL PROPERTIES AS A FUNCTION OF TEMPERATURE 

1. Compressive, tensile, and shear strengths 

2. Deflection versus load for different thicknesses, density, and temperatures 

OTHER I^RTINENT PROPERTIES 

1. Combustibility 
2. Corrosive effects on materials or by various chemicals 
3. Hygroscopic and moisture resistance degradation effects 
4. Resistance to airflow 
5. Clearly defined maximum-use temperature for various exposure times 
6. Linear dimensional changes and other insulation property changes with aging time at 

temperature 
7. Safety (hazard) and health (toxicity) considerations 

would be reduced; all thermal measurement techniques would be im
proved; and the resultant understanding of the mechanisms of heat 
transport would likely result in the advent of improved insulation ma
terials for building and industrial applications. 
B. A realistic NVLAP program to meet the procedural needs of the 
building and industrial insulation interests would be definable. 

While this reference materials approach offers these benefits, it is not a 
panacea; the technical aspects of the solution will be difficult, expensive, 
and time-consuming because of the nature of thermal property 
measurements. 

3. The WG's approach to this problem included providing materials 
selection criteria, a description of the NBS certification process of SRM's 
and required information, the methods that would use the reference ma
terials, and some method precautions. 
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4. A recommended set of candidates for reference materials for insu
lation measurement comparisons was identified as a first suggestion. The 
intended use of each was briefly described and the additional information 
needed for each presented. 

Recommendations 

C16.30 Recommended SRM Program for Thermal Insulations 

In an effort to stimulate action on the subject, the C16.30 Working 
Group is proposing the following plan to raise a Umited series of materials 
to the level of having certified properties. It is hoped that the publication 
of this first proposed plan as part of the CI6.30 activities will stimulate 
other interested parties to work together more actively in order to initiate 
action to extend and execute this plan and to develop others. 

The recommended approach for obtaining, characterizing, and dissem
inating reference materials is one that is phased. The approach should 
attach highest priority to the development of those reference materials 
that are required most urgently, such as, for example, materials for building 
insulation applications. In addition, however, there are some which, it is 
believed, can be characterized faster and at lower cost. 

We see that, while the National Bureau of Standards will have a vital 
role in the overall effort, the ultimate solution can be obtained only through 
a large, well-planned and well-funded cooperative effort. This will involve 
not only OSRM, but other Government organizations and agencies, the 
insulation manufacturers and users, together with independent organi
zations. In total, the expertise of those having experience and knowledge 
of materials will have to be combined with that of the measurements 
experts all working together. Although the roles of the various groups 
may not be well defined at this time, it is possible to see that within the 
list of materials recommended for study certain programs or plans can be 
proposed. ASTM C16 stands ready to provide expertise and to serve in 
an advisory and coordinating function during any or all of the stages of 
such plans. 

Five phases of such an effort have been identified at this time, and are 
outlined. The five phases center around the characterization and dissem
ination of three reference materials: a high-density (80 to 160 kg/m )̂ fibrous 
glass board and a low-density fibrous glass blanket material, both for use 
at moderate temperatures, and a high-temperature insulation. These 
phases are designed to run in parallel as shown in Table 4. The identifi
cation and screening of new candidate materials for characterization, sub
sequent to the first three, are included as the last phase. The cooperation 
and involvement of OSRM were sought and have been promised for the 
initial two phases. Descriptions of the phases follow. 
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TABLE 4—Proposed five-phase SRM program timetable. 

CY 78 79 80 81 82 83 

Phase 1: 

Phase 2: 

(a) 

(b) 
Phase 3: 

(a) 

(b) 
Phase 4: 

(a) 

(b) 
Phase 5: 

Existing stock of high-density molded fibrous glass board: (260 to 325 K) 
V 

Procure new stock of high-density molded fibrous glass board, characterization 
in limited range (260 to 325 K) 

V 

Extend characterization to range 125 to 425 K 
V 

Procure stock of glass fiber blanket insulation, characterization in limited range 
(260 to 325 K) 

. V 

Extend characterization to range 125 to 500 K 
V 

Procure stock of silica aerogel composite block, characterization in limited range 
(260 to 325 K) 

Extend characterization to range 125 to 1175 K 
->-

Identify/screen/characterize additional reference material candidates 

Phase 1—Systematically examine characterization data for existing 
NBS stock of high-density fibrous glass board. Use the information to 
certify the remaining stock of this material as a reference material by 
NBS-OSRM over the limited temperature range 260 to 325 K (Jan. 1978). 

Phase 2—Purchase additional new stock of high-density fibrous glass 
board, and complete an initial characterization of this material in the 
Umited temperature range 260 to 325 K. Extend the characterization range 
for this class of material to 125 to 425 K (Oct. 1979). 

Phase 3—Purchase a stock of glass fiber appliance insulation blanket 
for stockpiling by NBS-OSRM. Characterize the properties of this material 
in two steps, first in the limited temperature range 260 to 325 K (Oct. 1978) 
and subsequently over the extended temperature range 125 to 500 K (Oct. 
1979). 

Phase 4—Purchase a stock of silica aerogel composite block for stock
piling by NBS-OSRM. Characterize the properties of this material in two 
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Steps, first in the limited temperature range 260 to 325 K (Oct. 1978) and 
subsequently over the range 125 to 1175 K (Oct. 1979). 

Phase 5—Starting at present, identify new potential materials and, along 
with the Hst of candidate materials proposed in this paper, develop a long-
range priority order for subsequent reference material characterization. 
This will most probably involve obtaining small stocks of all candidate 
materials that pass an initial screening test and accomplishing exploratory 
characterization of their properties. This is envisioned as a continuing 
effort of at least five years' duration. 

Need for Recommended Program for Thermal Insulations 

A wide variety and great quantity of measurements are made to deter
mine various thermal properties of insulating materials of different kinds, 
under a wide range of conditions. These measurements are made for 
purposes of quality control, properties certification for materials speci
fications, advertising data, and other reasons. They are made by materials 
producers and by private and public independent testing laboratories. The 
existing data on insulation material thermal properties are sparse and 
sometimes contradictory. One reason is that accurate performance mea
surements are complex and difficult. 

A primary element in any effort to improve the state-of-the-art knowl
edge of insulation thermal performance and meaningful data base is a 
series of well-characterized reference materials which have thermal per
formance properties that span the range of products in the marketplace. 
This series of materials would also provide a framework for a reliable data 
base of insulating materials properties. No reference materials with cer
tified properties are presently available. The main body of this report 
describes that situation in detail and goes on to identify a number of 
candidate materials potentially suitable for this purpose, along with a 
summary of their known properties and ranges of applicability. 

A number of identifiable groups have an interest in the development of 
a series of insulation reference materials. These include testing labora
tories, insulation producers, consumers, standards-promulgating bodies, 
state and Federal agencies that purchase large amounts of insulating ma
terials or that have a regulatory interest, and Federal agencies responsible 
for energy-related research, development, and demonstration. 

As an example of such an interest, there is no quality-assurance pro
cedure to guarantee the reliability and accuracy of the results obtained 
by measurement laboratories. Standard test methods for measurement of 
relevent thermal properties, such as those promulgated by ASTM, provide 
technical tools, but there is no procedure to assure that these methods 
are correctly applied by individual testing laboratories. The U.S. De-
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partment of Commerce is initiating action for development of a National 
Voluntary Laboratory Accreditation Program for thermal testing labo
ratories in order to increase the overall confidence level in such perfor
mance measurements. 

The provision of SRM's having precisely known physical or chemical 
performance properties falls within the overall scope and objectives of the 
various national standards laboratories. In the United States there is for 
this purpose an Office of Standard Reference Materials within the National 
Bureau of Standards. However, the total scope of the requirements in the 
thermal insulation field involves more than the provision of a few materials 
or specimens having known properties at one temperature or condition. 
The total amount of work required to characterize the numbers of spec
imens and the temperature ranges and conditions to be covered is well 
beyond the capabilities of a single organization. 

It is felt that the observations made in the foregoing, and the recom
mendations for action, while obvious, needed to be stated explicitly. The 
complexity of the interests of the various groups and their potential roles 
makes this statement necessary, since, in such a situation, some sort of 
catalyst is necessary to initiate action. It is hoped that this statement will 
provide that catalyst, and that all interested groups will follow through 
and initiate and support a successful plan to provide thermal insulation 
reference materials. 
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APPENDIX 
Some of the Relevant History Pertinent to Insulation Measurements 

Any account of pertinent history on heat transmission in insulation materials 
is likely to be incomplete and very dependent on the particular authors. Despite 
this disclaimer, it seems to this Working Group that a number of noteworthy 
activities have occurred since 1912, when the first guarded hot plate was built to 
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provide usable data pertaining to heat transmission in insulation needed for design 
purposes by the American Society of Refrigeration Engineers. Since that time, 
several organizations and societies have been particularly active, and at least a 
limited degree of order has been maintained. However, problems with insulation 
information are still rampant. Perhaps the appeals of the past 10 years will obtain 
actions to remove this roadblock. Table 5 outlines several significant acts. 

TABLE 5—Insulation information acts. 

Approximate 
Year(s) Description of Act 

1900-1910 C. H. Lees (England) work on flat-plate methods 

1912 NBS builds first guarded hot-plate (GHP) apparatus 

1929-1977 NBS maintenance of GHP to supply calibrations for 300+ laboratories 

1939 Formation of ASTM C16 Thermal Insulation Committee 

1945 ASTM adopts GHP method as a standard testing method (STM) 

1949 ASTM adopts guarded hot box (NBS) as an STM 

1951 First ASTM C16 symposium on insulating materials 

1951 GHP round-robin on corkboard by Robinson and Watson (NBS) 

1952 Vershoor and Greebler (Johns-Manville) paper on gas mean free path 

effects and theory 

1957 Second ASTM C16 symposium on insulations 

1959 NBS supplies fiber glass and gum rubber 

1%1-1977 Annual thermal conductivity conferences held 

1962 Shultz shows thickness effect in foams 

1964 ASTM adopts heat flow meter as an STM 

1966 Third ASTM C16 symposium on insulations 

1967 Round-robin on National Physical Laboratory (NFL) (British) fiber glass 

by International Institute of Refrigeration 

1967 Term redefinition by H. E. Robinson (NBS) 

1968 Pelanne (Johns-Manville) paper on radiation and interactive effects on 
insulations 

1%9 Thermal Conductivity, Vols. 1 and 2 (R. P. Tye, Ed.), published. 
A. W. Pratt lists low conductivity materials for reference purposes 

1970-1971 C16 Working Group established on reference materials 

1973 Fourth ASTM C16 symposium on insulations; C16.30 measurement 

philosophy paper; C16.30 proposed materials for reference 

1974 C16.30 equipment and standards survey distributed 

1975 C16 laboratory accreditation initiated; C16.30 charged; second survey 

in United States of America and Canada 

1976 0RNI7ERDA insulation assessment published and workshop meeting 

1977 Fifth ASTM C16 symposium on insulation 
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ABSTRACT: A model is proposed to describe tfie thermal behavior of relatively 
high-density fibrous materials. The theoretical approach is compared with exper
imental results on glass fiber insulating specimens. The results point out the limits 
of other oversimplified models and the excessive complexity of other models with 
respect to the precision of results. The agreement between experimental and com
puted data was considered satisfactory when near to 1 percent. 

The theoretical model may be used for computing some limits to obtain reliable 
standard reference materials with regard to production variations. 

The problem of the influence of moisture on measured data is then analyzed, 
starting from a large set of experimental data obtained on specimens in controlled 
atmospheres. 

KEY WORDS: measuring techniques, thermal conductivity, glass' fiber boards, 
standard reference materials, radiation, humidity, convection, heat-transfer models. 

Nomenclature 
A 
c 
d 
D 
8 
k 

K 
L 
n 
N 

LID 
Specific heat at constant pressure, J/kg-K 
Spacing between two fibers, m 
Specimen thickness, m 
Constant of gravity, 9.81 m/s* 
X7X„ 
Airflow permeability, m* 
Specimen side, m 
Number of layers 
Scattering cross section per unit volume, m"' 

'Assistant professors, Istituto di Fisica Tecnica, University of Padova, Padova, Italy. 
'Researcher, Consiglio Nazionale delle Ricerche (CNR), Laboratorio per la Tecnica del 

Freddo, Padova, Italy. 
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p Pressure, Pa 
P Absorption cross section per unit volume, m"' 

p . Saturation pressure of water, atm 
Pt. Partial pressure of water vapor, atm 
qr Power per unit area exchanged by radiation, W/m* 

Ra Rayleigh number 
s Mean fiber diameter, m 
S Specimen cross section, m^ 
V Volume flow, m^s 

T,Ti,Ti Temperatures, K 
a Glass thickness (parallel path) in a cube of unit side 
j8 Coefficient of cubic expansion, AT"' 
y Side of a glass square rod in a cube of unit side or sId 
r Glass volume fraction 
S Glass thickness (series path) in a cube of unit side 

A/ Temperature difference, K 
c, Ci, C2 Total hemispherical emissivities 

^a, K< ^m, î> Thermal conductivity of dry air, glass, moist air, and water vapor, 
W / m K 

K Radiative heat-transfer coefficient, W/m-K 
X' Gas thermal conductivity, W/m-K 
X* Apparent thermal conductivity of resin-bonded glass fiber boards 

(RBGFB) without air motion, W / m K 
/n Dynamic viscosity, kg/m-s 
V Kinematic viscosity, mVs 
f (\ly)kl(\-k) 

p. Pa Density, glass density, kg/m' 
P6 RBGFB's bulk density, kg/m' 
a Stefan's constant, 5.67 x 10-»W/m«K^ 
</> Relative humidity 

Determination of the thermal conductivity of insulating materials by 
means of the absolute methods is simple in principle but complex, slow, 
and costly in practice, and therefore not suitable for quality control for 
industrial purposes. Therefore, comparative methods were developed; but 
recalibrations are required and, as a consequence, standard reference 
materials (SRM's) are required. 

The definition of SRM's requires a deep knowledge of the heat-transfer 
mechanism to state clearly the reliability of the SRM itself. 

The purpose of this paper is to study the RBGFB's of relatively high 
bulk density (80 to 125 kg/m )̂ between 100 and 300 K. First of all, heat-
transfer mechanisms are summarized; then some analytical models are 
proposed and predicted values are compared with experimental results 
on two sets of specimens produced by two different European manufac
turers using the TEL* process. 

'TEL is derived from the initials in reverse order of the Laboratoire de' Essais Thermiques, 
where the process was first developed in 1942. 
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Heat and Mass Transfer 

The heat-transfer mechanism within RBGFB is rather complex and can 
be due to the conduction in the gas and in the fibers; to the convection 
in the gas; and to radiative absorption, scattering, and reemission in the 
whole board. All heat-transfer mechanisms will be reviewed and some 
empirical formulas recalled. 

Conduction 

First of all, it is necessary to know the thermal conductivity of the solid 
matrix and of the gas phase. The first datum should be estimated tenta
tively, as the chemical composition of glass and of bonding plastic is never 
specified by the producers of RBGFB. 

Among the many types of glass studied by Ratcliffe [1]*, a glass with 
a density of 2420 kg/m^ and with the following composition (percent by 
weight) was selected: SiOa : 67.7 percent; K2O : 1.8 percent; NaaO : 14.6 
percent; B2O3 : 4.0 percent; A2O3 : 1.8 percent; CaO : 5.4 percent; BaO : 
3.3 percent; Fe203: 1.3 percent. The best fit of glass thermal conductivity 
kg according to Ratcliffe data at - 150, - 100, - 50, 0 and 50°C is the 
following polynomial within 0.3 percent 

kg = 0.2063 + 4.071 X 10~^ T - 4.544 x 10-« T\ W / m K 

where T is the mean temperature in deg K. 
The thermal conductivity of gas phase is the result of thermal conduc

tivity of dry air and water vapor. Below 250 K, vapor content is so small 
that the thermal conductivity of dry air differs from that of saturated air 
by less than 0.1 percent, but at room temperature the presence of water 
vapor cannot be neglected, as the influence on thermal conductivity may 
be of the order of 1 percent. 

Dry-air thermal conductivity can be computed within the precision of 
known data with the expression 

0.00264391 P ^ 
K= TTT , W/mK (1) 

1 + IQ-'^iT 
T 

The water vapor thermal conductivity \„ can be evaluated within the 
precision of known data with the expression 

fO.i 

" ~ -138.818 + 480327/r - 4.88631 x i r V P ' ^ ' 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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Up to 310 K, the moist-air thermal conductivity, if the true value of A.a 
and Xi is known, can be evaluated within 0.1 percent with the linear 
expression 

K =KPV + (1 -Pv)K = K<l>Ps + (1 - 4>Ps)K (3) 

where 

Pf = water vapor pressure, atm, 
Pg = saturation pressure, of water at temperature T, atm, and 
(̂  = relative humidity. 

Water saturation pressure Ps may be evaluated with excellent precision 
with the formula 

„ _ ^[70.4347 - 7362.7/r + 6.95208 X lO'^T" - 9 In (.T)] ^ ^ ^ r^\ 

At 310 K, saturated air has a thermal conductivity 2 percent lower than 
that of dry air and therefore the water vapor properties need not be very 
precise evaluations, but, at higher temperatures, thermal conductivity of 
moist air should be evaluated with the formulas of binary mixtures. 

Convection 

In an RBGFB used as an SRM, natural convection should be negligible 
to avoid correction factors dependent on specimen thickness, on tem
perature gradient, and on gradient orientation with respect to the gravity 
vector. A lot of work was done on the onset of natural convection in 
porous and fibrous materials—for example, by Fournier and Klarsfeld [2], 
Bankvall [3,4], and Staicu [5]—and there is general agreement on the fact 
that natural convection is a function of the modified Rayleigh number/?« 
defined as 

«„ = ^ ^ ^ 
V X* 

where 
/3 = coefficient of cubic expansion, 
g= constant of gravity, 
v= kinematic viscosity, 
c= specific heat at constant pressure, 
p= density, 
D= specimen thickness, 
k*= apparent thermal conductivity of the porous medium 

without air motion, 
At= temperature difference across specimen, and 
K= airflow permeabihty defined by 
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V U 

S grad (p) 

where 

V = volume flow across section S of specimen, 
fi = dynamic viscosity, and 
p = pressure. 

The group Pgcpiv for an assigned gas is a function of temperature only, 
and for air at atmospheric pressure its value is about 2 x 10* W/m*K* 
at 300 K and 10* W/m*K'' at 100 K. For horizontal specimens crossed 
by vertical heat flux, there is no convection if Ra < 40; for vertical 
specimens crossed by horizontal heat flux, there is no convection if 
RalA < 4, where A is the ratio between specimen side L and specimen 
thickness D. 

Radiation 

Heat transfer by radiation in fibrous materials is rather complex and 
occurs by absorption and reradiation and by scattering. Scattering is very 
important, as it takes place each time the refractive index is discontinuous, 
that is, at each fiber surface, the diameter being of the same order of 
magnitude as the wavelength of incident radiation. Larkin and Churchill 
[6] and Linford et al [7] faced the problem by introducing the parameters 
N and P, defined as the scattering and absorption cross sections per unit 
volume of insulation respectively. The theoretical and experimental eval
uation of these parameters is complex; moreover, very little information 
is available below room temperature. Above room temperature, N is much 
larger than P, thus indicating that scattering is far more important than 
absorption. Assuming P = 0, the power qr transmitted by radiation per 
unit area is 

( 7 / - T,*) <T 

l/€, + l/€2 - \ +ND 

where o- is the Stefan-Boltzman constant and e the total hemispherical 
emissivity. Indexes 1 and 2 are referred to the opposite surfaces bounding 
the slab. If P + Q, the expressions are far more complex. Generally 
speaking, P and N are not constant but are functions of the temperature 
and of the mean fiber diameter. Larkin and Churchill observed that the 
highest value of N will correspond to a mean fiber diameter near to 5/Am, 
while 9r is proportional to the second rather than to the third power 
of the mean temperature, owing to the dependence of N and P on the 
temperature. 
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Defining the coefficient K due to radiation heat transfer, dimensionally 
equivalent to a thermal conductivity, as 

if Z> > (1/e, + 1/62 - l)/iV, then Xr= o- (Ji^+V) (Ti+TiVN. If absorption 
is dominant with respect to scattering 

K^ a {T,^ + T,^) {T, + T,)/P (6) 

This equation, proposed in a similar form also by Bankvall [8], seems to 
be suitable for expressing radiation heat transfer at low temperatures, as 
glass total hemispherical emissivity tends to unity in this range. Only 
experimental analysis will give a correct answer, but for RBGFB's used 
as SRM's, as bulk density is relatively high, \r is only few percentage 
points of the total apparent thermal conductivity. 

To evaluate the order of magnitude of X .̂ glass fibers were considered 
oriented along a single direction and in contact with each other to form 
nontransparent layers whose thickness is the fiber diameter. If T is the 
volume fraction of glass and s is the fiber diameter, the number n of these 
layers per unit volume is derived as foUows 

4r 
n = — 

TTS 

Assuming e = 1 for the glass fibers and for the bounding surfaces of the 
slab, Xr is defined as follows 

^r - T^-J (7) 

and is the largest possible value if absorption is dominant. 

Mass Transfer 

Mass transfer phenomena are due to adsorption and desorption of water 
by the solid matrix of the RBGFB. In thermal conductivity measurements 
on RBGFB, the gas phase is air taken from the laboratory, and therefore, 
around room temperature, relative humidity <t> should be lower than 70 
percent (as the dewpoint should be at least 5 K under the cold plate 
temperature). But the value of <̂  is not far from 70 percent, as the low 
relative humidity requires cold surfaces much colder than the cold plate, 
and this means expensive equipment. When relative humidity ranges from 
30 to 70 percent, capillary phenomena are prevailing. As clearly pointed 
out by Marechal [9], vapor pressure in a capillary is defined by the Kelvin 
law, and therefore content is nearly proportional to relative humidity. 
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The result is that apparent thermal conductivity is probably affected by 
the condensation of water when it takes place between the contact surfaces 
of each fiber, as condensed water reduces contact resistance. It should 
be pointed out that thermal conductivity of the gas phase decreases with 
an increase of relative humidity, while the conductivity in the solid matrix 
increases with relative humidity. Moreover, water adsorption and de-
sorption phenomena are accompanied by latent heat exchanges, which 
may be very slow, especially below 0°C. These exchanges may create 
difficulties in establishing steady-state conditions. 

Finally, adsorbed water becomes ice below 0°C, thus slightly changing 
heat-transfer properties in the solid matrix. 

An accurate analytical representation of all these phenomena is complex 
and unnecessary, as water content generally is only a few percentage 
points by weight, but the operator who uses RBGFB's as SRM's should 
be aware of these problems in order to avoid unacceptable measurement 
errors. 

Heat-Transfer Models 

The purpose of heat-transfer models is that of allowing the prediction 
of apparent thermal conductivity of RBGFB's from the knowledge of few 
easily determined parameters. A model may be considered useful when 

1. computed and measured values agree, 
2. theoretical assumptions describe satisfactorily physical heat-transfer 

mechanisms, 
3. analytical expressions are not too complex, and when 
4. parameters required are easily measurable. 
A few simple models are now illustrated; in all these models, k = 

X'/Xg, with k' the thermal conductivity of the gas phase. 

Pure Parallel Model 

The total heat flux through a cube of unit side is divided into a gas path 
of cross section (1 - F) and a glass path of cross section F. The apparent 
thermal conductivity \ * is 

\ * = \ ' [ 1 - r ( l - A : - ' ) ] (8) 

This considers the glass fibers to be parallel to the heat flux direction. 

Pure Series Model 

The total heat flux through a cube of unit side crosses first a gas slab 
of thickness (1 - F) and then a glass slab of thickness F. The apparent 
thermal conductivity \ * is 
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This considers glass fibers to be in layers like those considered in the 
computation of radiation. 

Series and Parallel Model 

In the cube of unit side, there is a glass path of cross section a in parallel 
with a series path where glass thickness is 8. The apparent thermal 
conductivity X * is 

. r « I — a I 
(10) 

and hence r = a + ( l - a ) 8 . 
It is like the previous case, but some fibers are parallel to the heat flux. 

Inclusions in Square Arrays 

Schneider [10] gives account of four models of square or circular in
clusions in square arrays (see Fig. 1). For square rods of sides and spacing 
</ it is y = s/d. Assuming in the usual cube of unit side a slab of gas of 
thickness (1 - y) in series with a glass element of side and thickness y 
and a gas element of side (1 - y) and thickness y 

* _ k -yjl ~k) 
^ -^'k+yil-y)il-k) (̂ ^̂  

and hence F = y .̂ 
Assuming the elements of gas and glass in series, paralleled by a gas 

path with cross section (1 - y) 

» ' • > • ' - , ^ " - , ? - > ' • - ^ ' (.2) 
1 - y ( l -A:) 

In the hypothesis of heat transfer similar to those used to derive Eq. 11, 
Schneider [10] gives an expression of \ * for circular rods in square arrays: 

where 

y =s/d, 
i ={Vy)k/(l-k),and 
F = 77yV4. 

)1P e< 1 
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For the same geometrical configuration, Rayleigh [//] derived a series 
solution in 1892. 

These three models are a close geometrical representation of glass fiber 
boards, though not taking into account random distribution of fibers in 
parallel planes. The actual distances d are close to the representation of 
Fig. 1. 

A lot of work has been done to predict the thermal conductivity of, 
generally speaking, heterogeneous materials. Often the approach was that 
of considering square arrays of inclusions, as in Fig. 1, of cubic, spherical, 
or more complex shape; in other cases, complex distributions of composite 
layers were assumed. Some solutions proposed by Schneider [70], Gorring 
and Churchill [12], Cheng and Vachon [13], Hamilton and Crosser [14], 
Jefferson et al [75], and Zanker [16] were used in the computations. Expres
sions are more or less complex, but there is poor geometrical agreement 
with RBGFB or poor coincidence of computed and measured data; thus 
no detailed formulas are given here because there is little advantage in 
their use with respect to the elementary pure parallel, pure series, or 
series-parallel models. 

Experimental Results 

Experimental work cited in this paper is part of a joint research program 
on SRM's supported by the Bureau Communautaire de Reference (BCR), 
an organization of the European Economic Community; an official doc
ument with experimental data from participating laboratories will be re
leased by BCR in 1978. Thermal conductivity data were obtained by the 
authors on a guarded hot-plate apparatus, while some other data were 
obtained in other laboratories participating in the joint research program 
or were released by the manufacturers of the RBGFB's. 

Two different producers supplied the RBGFB's, but the manufacturing 
process was the same and is known as TEL. The characteristics of the 
two sets of specimens are the following: 

Bulk 
Density 
kg/m' 

Set A 121 
Set B 89 

Resin Mean Fiber 
Content, Diameter, 

% by weight jum 
15 5 
17 4 

Average 
Fiber Length, 

m 

0.01 

Air 
Permeability, 

m̂  

1.4 10-'» 

Nominal 
Thickness, 

mm 
35 
35 

Apparent Thermal Conductivity 

No information is available on glass properties, so that for both sets 
those cited in the paragraph on conduction were assumed. Thermal con
ductivity data were measured on horizontal air-cooled double-guarded hot 
plate apparatus described by De Ponte [77]; details on some improvements 
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of the apparatus are given by Bigolaro [18, 19]. The accuracy of the 
apparatus, according to computations and interlaboratory comparisons, 
is 1.5 percent, but reproducibility and stability are generally better than 
0.1 percent. Temperature differences across the specimens were 15 K on 
Set A and 10 K on Set B; in some additional tests, temperature differences 
were 30 K. 

The Rayleigh number, even at temperature differences of 50 K, should 
be less than 0.015 at 300 K and less than 2.5 at 100 K and therefore well 
below the limits for the onset of natural convection. 

Before comparing experimental data, the contribution of radiation was 
computed according to Eq 7, assuming the mean fiber diameters just cited: 
at 310 K, is kr = 0.012 X * for Set A, and is K = 0.018 \ * for Set B. The 
analysis of all models gave best results with far smaller values of K in 
any case, with values no larger than one fourth of the computed values. 

At room temperature, relative humidity influences both conduction in 
the gas phase and moisture adsorption, so that Set A was first tested at 
relative humidities below 10 percent. The humidity conditions for Set B 
are not well known but were estimated between 10 and 30 percent. As 
a consequence, all the models were employed assuming a relative humidity 
of 10 percent in Eq 3 or in the equivalent expressions for binary mixtures, 
and Xr equal to one fourth of the value derived by Eq 7. 

For pure series, pure parallel, and series-parallel models, kr was first 
subtracted from each measured value of thermal conductivity, then the 
values of r , a and S were computed. The averages of these values were 
then assumed as typical of the model, and the deviations of measured data 
from computed values through the models are reported in Table 1 for the 
Set A and in Table 2 for Set B. 

In all other models, the value off is defined as F = pb/pg, where pt is 
the bulk density of the RBGFB and pg the density of glass. 

The series model gives good agreement but F is overestimated. A change 
in glass thermal conductivity has little influence, thus pointing out that 
the geometrical configuration should be refined. 

The parallel model is strongly erroneous, as the slopes of computed and 
measured thermal conductivity are different. This is due to the different 
dependences of glass and gas thermal conductivities on temperature. F 
is underestimated, therefore the model is in error. 

Similar considerations are valid for the series-parallel model. This means 
that parallel paths are very small in RBGFB's. The square array model 
described by Eq 11 gives little positive errors. The value otkg has little 
influence: if X̂  is doubled, the increase of computed thermal conductivity 
is I percent; if Xg is divided by two, the decrease is 2 percent. Therefore 
the model describes well the heat-transfer mechanism but needs some 
geometrical refinement. In fact, fibers are circular and not square, and, 
as glass fibers act like short-circuits in the heat flow paths in the gas, the 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BERTASI ET AL ON FIBROUS INSULATING AAATERIALS 41 

I 
s 

I 
o 
5 

1 

a 
J 

< 

e 

> 
^i 

^ 1^ 
3 

a k. 
<u 
Cl. 

5 
«) 

a 
E 
<u f-

O 

II 

u 

o 

X 

VC 

II 

u 

n 6* n 

o o o 
X X X 

>o — 1 ^ 
f < l « ^ vO 
wS •^' 0\ 

II II II 
S so U 

o 

O X 
IT ) ^ O 
o • * 

o • * • 

II II 
u -o 

E 

o 

S X 
i n \D 

O T t 

II II 
(-H 1 3 

E 
o 

O X 
i n <) o 3\ 
O r*\ 

II II 
u -a 

O X 
i n 00 o ^̂  

o 
I 

o — 

i n 

o 

i n 

o 
1 

s 

~̂ 
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side 5 should be slightly increased. On both sets, best results were obtained 
multiplying y by 1.07. Deviations are given in the last rows of the tables. 

Circular arrays should reproduce the actual RBGFB's well, but some 
approximations in deriving the equation give results not fully satisfactory. 

Results for a model of spherical inclusions cited by Schneider [10] are 
also given in the tables, but, just as for other similar models tested, the 
lack of geometrical agreement involves large deviations. 

Moisture Gain 

Mass gains were measured by the authors in isothermal conditions 
between 250 and 310 K on a specimen of Set A enclosing an electrical 
balance loaded with the specimen in a conditioned cabinet. Equilibrium 
conditions were reached without hysteresis, but at low temperatures many 
days were required. Mass gains are referred to the standard laboratory 
atmosphere, as actual dry weight is not known. The plot of results in Fig. 
2 points out that temperature has little influence on mass gain and that 
the latter is roughly proportional to relative humidity when relative hu
midity ranges from 10 to 80 percent. 

The continuous line of Fig. 2 is the result of similar measurements made 
at a single temperature on a specimen of Set B by a laboratory not directly 
involved in the joint research program. The mass gain of Set B is similar 
to that of Set A at low relative humidities but is far larger at high relative 
humidities. Yet mass gain for both sets in normal operating conditions is 
always below 1 percent. 

Assuming no water adsorption, the RBGFB's thermal conductivity 
should decrease at high relative humidities (at 310 K, a decrease of 
1 percent when relative humidity goes from 0 to 50 percent according to 
the model), so additional experiments were made with average relative 
humidities within the specimen around 50 percent on Set A between 250 
and 310 K. Thermal conductivity changes were not larger than 0.1 percent; 
therefore adsorbed water compensated for the presence of vapor in the 
gas phase. On Set B, which adsorbs more water than Set A, the apparent 
thermal conductivity increased 0.35 percent at 300 K for an increase of 
40 percentage points of relative humidity. 

A possible explanation could be that the small amount of water adsorbed 
by capillarity between the contact points of the fibers greatly decreases 
contact resistance, thus creating parallel paths quite absent in dry con
ditions, as pointed out by the models. The presence of water adsorption 
and desorption may be evident from Figs. 3-5. Figure 3 is a plot of thermal 
conductivity versus time when changing operating conditions at low tem
peratures. The specific humidity of the air in the cabinet enclosing the 
apparatus is negligible in this case, adsorption is extremely slow, and 
therefore the transient phase of 2 to 3 h is due only to the response time 
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4 4 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

Relative humidity , RH, '/. 

FIG. 2—Mass gains of two RBGFB's as a function of relative humidity. 

of the apparatus. Figure 4 shows a similar change when the specific hu
midity is much higher and water adsorption or desorption may require 
some days to reach steady state. Now the time required to reach equilib
rium is far exceeding the response time of the apparatus while the time 
to reach equilibrium is in good agreement with the transient phases in the 
experiments on isothermal adsorptions. Adsorption is even more evident 
in Fig. 5. After a transient phase, the relative humidity is suddenly in
creased by 10 to 20 percentage points at 7 p.m. on two subsequent days, 
all other conditions being constant. The apparent thermal conductivity of 
the RBGFB's at first decreases when relative humidity is increased, then, 
after many hours, increases again toward its steady-state value. 

A strong risk is evident—that of assuming the minima or maxima values 
in the transient phase of mass transfer as steady-state values, thus making 
errors on the order of 1 to 2 percent that cannot be accepted in mea
surements on SRM's. 
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Also, probably again connected with water adsorption is the relative 
increase in the conductivity of RBGFB's (always below 1 percent) when 
moving below 0°C. An explanation could be the ice transition of water. 

Conclusions 

In all the experimental work made in the joint research program spon
sored by BCR, the most stable parameter to define steady-state thermal 
transmission properties was thermal conductivity, despite differences in 
thickness and density between the different specimens of the same lot. 
Data dispersion was slightly larger than 1 percent, so, if this limit of 
accuracy should be reached, measurements on each couple of specimens 
are required. 
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FIG. 3—Measured thermal conductivity during a transient phase at low temperatures. 
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The analysis of the model described by Eq 11 in its modified form can 
help in defining specifications for an RBGFB to be used as an SRM. Both 
k (and therefore glass thermal conductivity) and y have fittle influence on 
the apparent thermal conductivity; therefore no particular care should be 
taken to specify solid matrix properties (including aging). 

As the conductivity of the gas, on the contrary, directly influences k*, 
in interlaboratory comparisons gas properties should be precisely defined. 

The mean fiber diameter influences radiation exchanges, according to 
the model, and is related to the onset of natural convection, but it was 
also observed that other RBGFB's with larger mean fiber diameter had 
larger percentages of fibers not parallel to the isothermal surfaces of the 
specimen. This results in a lack of geometrical agreement with the pro
posed model and therefore in larger values of measured thermal conduc
tivity. Fiber orientation should therefore be specified, while an upper limit 
for the mean fiber diameter defines radiation contribution and the onset 
of natural convection; the latter property is also directly defined by airflow 
permeability. 

The advantage of the use of high-density RBGFB as SRM's is, besides 
the little influence of solid matrix properties, the wide independence of 
thermal conductivity from temperature gradients, as there is no convection 
and little radiation contribution. 

The disadvantages are the effects of humidity; in this respect, Set A is 
better, as adsorbed water compensates at least quite perfectly for vapor 
effects. Yet both sets require a long time to reach steady-state conditions 
and there is the risk of confusing relative minima or maxima as final data. 
Unfortunately, this problem arises just around room temperature, which 
is the region of first interest. 

A separate analysis of the effect of relative humidity is difficult, as both 
gas and solid phases are influenced in a similar way; moreover, the order 
of magnitude of these phenomena is the same for radiation, and all start 
to be appreciable at the same temperatures. Yet, to correctly specify 
RBGFB's to be used as SRM's, particular attention should be devoted 
to the water adsorption characteristics to obtain best results. 
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ABSTRACT: An interlaboratory round-robin test program has been conducted for 
comparison of results from the ASTM Test for Thermal Conductivity of Pipe 
Insulation (C 335-69). Two specimens of glass fiber pipe insulation have been tested 
over a range of mean temperatures of approximately 50 to 150°C (120 to 300°F). 
Data from the nine laboratories reporting tests on one specimen show good agree
ment with an overall expected error of ± 4.2 percent. During the 7W-year test 
period, the specimen shows some degradation due to handling as is evident from 
a loss in weight and from a trend toward a slightly higher conductivity in repeat 
tests conducted by two laboratories. If this specimen change is considered, it is 
evident that the test error is approximately ± 3 percent. 

Tests on the second specimen have been limited to fewer laboratories, but similar 
results are evident. The general conclusion is that good agreement is obtained for 
the temperature range investigated. It would be desirable, however, to have a 
standard specimen which could be used up to the temperature limit of the apparatus 
and which could stand the repeated handling and temperature exposures without 
change. 

KEY WORDS: insulation, pipe, thermal conductivity, interlaboratory comparison, 
round-robin, glass fiber, thermal measurements 

The measurement of the thermal transmission properties of cylindrical 
pipe insulations has always occupied a position of secondary importance 
relative to measurements of flat insulation specimens. A 1973 survey by 
ASTM Subcommittee C 16.30 on Thermal Measurements Usted only eight 
apparatuses in the United States designed for pipe insulations while a total 
of over 81 were suitable for flat specimens (including both guarded hot 
plates and heat flow meter apparatuses). The worldwide response (in
cluding the U.S. tally) was even more unbalanced—only nine pipe ap
paratuses and more than 128 for flat specimens. Another indication of the 
limited interest in pipe insulation testing is the fact that the U.S. National 

'Scientist, Owens-Corning Fiberglas Corp., Granville, Ohio 43023. 
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HOLIINGSWORTH ON PIPE INSUUTKDN TEST 51 

Bureau of Standards does not possess a pipe insulation apparatus and 
therefore cannot supply measured specimens for calibration or standard
ization purposes as they do for flat specimens. 

These indications of interest probably are in direct proportion to the 
relative amounts of insulation used. However, the volume of insulation 
is large and, because of the energy importance of pipe insulations, which 
often operate with high temperature differences, there remains a strong 
need for ensuring accurate thermal measurements. In the absence of help 
from the Bureau of Standards, the next best assessment of test precision 
is through an interlaboratory comparison program. 

The ASTM Test for Thermal Conductivity of Pipe Insulation (C 335-69) 
was originally issued in 1954. During the intervening 23 years, improve
ments in equipment and procedures have resulted in several revisions to 
the method, and indeed a task group under ASTM Subcommittee C 16.30 
is currently considering further revision. Additionally, a working group 
of the new International Standards Committee on Thermal Insulation (ISO/ 
TC163/SC1/WG3) has been formed to draft an international standard for 
the pipe insulation thermal test. In spite of all this activity, there has been 
no prior interlaboratory comparison program for the test, with the result 
that estimates of its precision and accuracy have remained untested. 

An interlaboratory comparison for a specific test method can serve 
various purposes. First, it gives information on the precision and repeat
ability to be expected when several laboratories undertake the test. The 
results include what may be considered to be the normal range of variation 
of equipment design and construction and of procedural detail, and thus 
may provide judgment on the precision to be expected under normal use 
conditions. In effect, it helps judge whether the test itself is a good or bad 
method, and when good precision and repeatability are obtained it can 
aid substantially in promoting wide use of the method in gaining acceptance 
of test results. 

Second, it provides each participating laboratory either with the knowl
edge that its results are in agreement with the majority of others or, if 
not, it points the way to needed improvements. This function of providing 
a check on the performance of an individual laboratory becomes of special 
importance when, as is the case with pipe insulation, there is no source 
of calibrated specimens from a recognized standards laboratory. 

A third possible benefit, if the published results are identified with the 
corresponding laboratory names, is to provide a basis for potential users 
to choose a testing laboratory or to assess data from a particular laboratory. 
Since the test program reported in this paper was conducted under the 
auspices of an ASTM committee and since the ASTM policy of not con
ducting laboratory accreditation programs seems to rule out ASTM-spon-
sored judgments on individual laboratory performance, the data reported 
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herein are not identified. However, the general information given should 
be helpful to those establishing accreditation programs in judging the 
precision that can readily be achieved. 

Finally, a fourth benefit of an interlaboratory comparison program is 
the information gained on the stability and durability of the specimen 
material during repeated handling, shipping, and testing. 

There are several plans that may be followed in conducting an inter
laboratory comparison program. If a suitable reference material is known 
to be acceptably uniform and stable, then several specimens may be taken 
from a single sample lot and each participating laboratory given one (or 
more) for test. Results are then comparable but must be considered in 
light of the known variability of the material. Another test plan is to use 
a single specimen that is sequentially tested by the various laboratories. 
In this case there is no problem with material variability (unless the dif
ferent laboratories test different areas of the specimen) but results may 
be affected by handling damage or time-dependent aging. More compli
cated plans may use several specimens which are sent out following a plan 
statistically designed to minimize the effects of specimen variability and 
aging or handling changes. 

Actually the tests reported in this paper were not preplanned as a 
complete program but occurred as the need arose. In the beginning, a 
specimen,previously measured by Laboratory 1, was sent to Laboratory 2 
upon completion of their apparatus. The idea of extending the interchange 
to other laboratories gradually followed, and the same specimen was sent, 
in turn, either as new equipment was constructed or as laboratories with 
existing equipment were contacted. Later a second specimen, consisting 
of two standard lengths of insulation measured separately by Laboratory 1, 
was prepared for test on a long calibrated end apparatus, and one of these 
pieces was subsequently circulated to other laboratories. During the 7Vi-
year period covered by the tests, both specimens have been retested twice 
by Laboratory 1 and one other retest was conducted by Laboratory 2. 

Participating Laboratories 

A list of participating laboratories is given in alphabetical order in 
Table 1. It is believed that this list includes the large majority of pipe 
apparatuses in North America. Method C 335 does not specify details of 
construction or dimensions of the apparatus, but fortunately all were of 
the standard nominal (3 in.) pipe size with diameter of 90 mm (3.5 in.), 
thus providing the interchangeability necessary for an interlaboratory com
parison. Exact details of the participating apparatuses were not included 
in their reports. It is known that at least five are based upon the double 
guarded design described in the C 335 Adjunct material available from 
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TABLE 1—Participants in the interlaboratory comparison for the ASTM Method C 335 
pipe insulation thermal conductivity test. 

Armstrong Cork Co. 
Research & Development Center 
Lancaster, Pa. 17604 
Attn: Mr. Z. Zabawsky 

Babcock & Wilcox R&D 
P.O. Box 835 
Alliance, Ohio 44601 
Attn: Mr. W. H. Wahle 

Department of Public Works 
Research and Development Laboratories 
Riverside Drive 
Ottawa KIA OM2, Ont., Canada 
Attn: Mr. T. Y. Simizu 

Dynatech R/D Co. 
99 Erie Street 
Cambridge, Mass. 02139 
Attn: Mr. R. P. Tye 

Fiberglas Canada Ltd. 
P.O. Box 3005 
Samia, Ont., Canada 
Attn: Mr. G. M. Dalton 

Jim Walter Research Corp. 
10301 Ninth St., North 
St. Petersburg, Fla. 33702 
Attn: Mr. R. G. Miller 

Johns-Manville 
Research & Engineering Center 
Box 5108 
Denver, Colo. 80217 
Attn: Mr. C. M. Pelanne 

Ontario Hydro Research Division 
800 Kipling Ave. 
Toronto, Ont. Canada 
Attn: Mr. S. J. Oda 

Ownes-Corning Fiberglas Corp. 
Technical Center 
P. O. Box 415 
Granville, Ohio 43023 
Attn: Mr. M. Hollingsworth 

Thermal Conductivity Laboratory 
1320 West 28th St. 
Minneapolis, Minn. 55408 
Attn: Mr. R. M. Lander 

ASTM. Of the remaining, at least three are of a single guarded end design 
and only one is the calibrated end apparatus also described in the C 335 
Adjunct. 

Specimens 

Specimens used were standard 3-in. pipe insulation size of 90 mm 
(3.5 in.) inside diameter by 38 mm (1.5 in.) thickness by 914 mm (36 in.) 
length made of resin-bonded glass fibers molded to an approximate density 
of 100 Kg/m* (6.5 Ib/ft̂ ). Each length was split longitudinally into halves. 
Since it was not important for the purposes of test comparison, the pro
duction history and identifying physical properties for the specimens were 
not obtained and it is not known whether the material was standard or 
experimental production. Therefore the test results are useful for com
parison purposes only and are not necessarily typical of current com
mercial glass fiber pipe insulation. 

Two specimens were used. Specimen 1 consisted of one length of in
sulation which was circulated to Laboratories 1 to 9, including retests by 
Laboratories 1 and 2. Specimen 2 originally comprised two lengths in 
order to provide the double-length specimen necessary for the calibrated 
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5 4 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATKDN 

end apparatus of Laboratory 10. The two lengths were chosen to be nearly 
equal in weight, and individual tests by Laboratory 1 confirmed that their 
thermal properties were nearly the same. Subsequent to the tests by 
Laboratory 10, one length of Specimen 2 was used for other work and 
the remaining single length was retested twice by Laboratory 1 and then 
circulated to other laboratories. 

Procedure 

Specimens were shipped in turn to the various laboratories as arrange
ments were made. Accompanying instructions specified that the specimen 
be positioned with the longitudinal joint at the horizontal midplane and 
secured with three 19-mm-wide (3/4 in.) stainless steel bands. Markings 
on the specimen designated the top and bottom halves and gave the lo
cation of the four surface thermocouples to be held under strips of brown 
paper secured with masking tape. No additional jackets or covers were 
used. It is presumed that each laboratory followed the procedures outlined 
in ASTM C 335-69, which include the following requirements: 

1. During each test the air surrounding the apparatus shall be still and 
shall not change temperature by more than ±1°C (±2°F). 

2. For guarded end pipes, the guard to center gap temperature difference 
during each test shall not exceed 0.5 percent of the temperature drop 
through the specimen or 0.3°C (0.5°F), whichever is greater. 

3. Four successive sets of observations of at least 30-min duration shall 
give thermal conductivity values differing by no more than 1 percent. 

4. Pipe thermal conductivity values shall be calculated by the formula 

^ Q \W2lr0) ^ q roln(r2/ro) 

where 

Xp = pipe thermal conductivity, W/m- K (Btu-in./h-ft''''F), 
q= measured heat flow rate, W (Btu/h), 
ro= outer radius of pipe, m (in.), 
r2= outer radius of specimen, m (in.), 

Ao= area of center test section—outer pipe surface, m* (ft^), 
L= length of test section, m, 
fo= temperature of pipe surface, °C (°F), and 
2̂= temperature of specimen outer surface, °C (°F). 
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HOLLINGSWORTH ON PIPE INSULATION TEST 55 

Summary of Results 

The test data reported for both specimens are presented in Fig. 1 and 
in Table 2. For ease of comparison, Table 3 gives smoothed thermal con
ductivity values at three mean temperatures. These values were obtained 
by a least-squares regression based upon the relation (found to fit well for 
low-density glass fiber insulations) that the logarithm of the thermal con
ductivity varies linearly with the mean temperature. 

Statistical analysis of the data for Specimen 1 indicates that for the 
temperature range investigated of 50 to 150°C (120 to 300°F) the average 

MEAN TEMPERATURE DEGREES F 

200 225 250 276 300 

>-

u 

8 
- I < 
1 
UJ 

40 50 60 70 80 90 100 110 120 130 140 150 160 

MEAN TEMPERATURE DEGREES CELSIUS 

FIG. 1—Test data for both specimens. 
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m m (N ŵ  r*̂  

:@ :®@®@ 
r^ \o JO — ^ 

s ssss 
d a S d o 

r~ 

m 

• ^ 

S 
00 Tt (N 

OS 
(̂  
vc 

CTv VO — 

m o o 
— 
SO 

f^ 

O 
OS 
OS 

_ @@@@(g)®@(§)@@@@ 
d z 

s 

• ^ f ^ m >o — r-
3 S S 
o o o 

S3 
d d 

ssss 
d d d d 

sss 
d d d 

( ^ f t - s t o s ' ^ r ^ — o O ( N r ^ r ~ o 

a. 

@ ® @ @ @ @ @® @ @ @ @ 
0\ OS wi r^ — 
-H Qo r ĵ (M <s 
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HOLLINGSWORTH ON PIPE INSULATION TEST 5 7 

TABLE 3—Smoothed thermal conductivity. 

Thermal Conductivity, W / m K @ Mean Temperature 

Correlation 
Piece No. Laboratory No. Date 70°C 100°C I30°C Coefficient" 

1 
2 

Avg 1,2 
1 + 2 

Avg 1,2 
1 
1 

"Regression, 

1 
2 
3 
4 
5 
6 
1 
7 
2 
8 
9 
1 

1 
1 
1 

10 
1 
1 
7 

SPECI 

12/69 
5/70 
2/71 
5/71 
3/72 
9/72 

12/72 
5/73 
7/73 
1/74 
5/75 
9/76 

SPECI 

8/71 
8/71 
8/71 
1972 
1/73 

12/76 
4/77 

MEN NO. 

0.0383 
0.0371 
0.0384 
0.0388 
0.0372 
0.0394 
0.0388 
0.0388 
0.0389 
0.0391 
0.0388 
0.0395 

IMEN N o . 

0.0424 
0.0428 
0.0426 
0.0432 
0.0435 
0.0436 
0.0425 

1 

0.0416 
0.0406 
0.0421 
0.0420 
0.0413 
0.0429 
0.0424 
0.0426 
0.0425 
0.0433 
0.0422 
0.0430 

2 

0.0472 
0.0473 
0.0472 
0.0492 
0.0485 
0.0486 
0.0475 

logarithm of thermal conductivity linear with 

0.0452 
0.0444 
0.0461 
0.0455 
0.0459 
0.0468 
0.0463 
0.0468 
0.0465 
0.0478 
0.0459 
0.0467 

0.0526 
0.0521 
0.0524 
0.0559 
0.0541 
0.0543 
0.0531 

0.999 
0.998 
0.999 
0.991 
0.999 
0.999 
0.998 
0.992 
0.998 
0.976 
0.995 
0.998 

0.993 
0.995 

0.993 
1.000 
1.000 
0.998 

mean temperature. 

maximum error to be expected with 95 percent confidence is 4.2 percent 
for the tests as conducted. This maximum error is reduced to± 3.0 percent 
if calculations are made to eliminate the effect of a slight gradual increase 
in conductivity caused by weight loss due to repeated handling after the 
inner layers of binder are burned off at the higher test temperatures. It 
is felt that this agreement is quite good and should help dispel any fears 
that the method is not precise. 

Discussion 

A change in specimen properties was suspected when it was observed 
that a general upward trend in measured thermal conductivity seemed to 
follow the chronological order of the tests. To investigate this effect, 
retests were arranged by two laboratories that had performed earlier tests. 
The tests by Laboratory 1 show a progressive increase from the first tests 
in 1969 through the one in 1972 and up to the most recent one in 1976. 
Since this change in results might be due to changes in apparatus rather 
than in the specimen, retests were also run on Specimen 2, which had 
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58 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

been stored and remained undisturbed for the period from January 1973 
until December 1976. These tests by Laboratory 1 at the beginning and 
end of this storage period gave almost identical results, thus strongly 
indicating that changes in Specimen 1 had occurred which are associated 
with the repeated handling, shipping, and testing. The larger change in
dicated by the retest on Specimen 1 by Laboratory 2 also indicates an 
increase in thermal conductivity of the specimen, but this may be due in 
part to changes in the apparatus, which was rebuilt during the period 
between tests. 

Current recommendations for this type of pipe insulation state that some 
binder decomposition with resultant strength loss in the inner layers will 
occur when applied to pipe surfaces of 180°C (350°F) but that satisfactory 
performance at considerably higher temperatures is readily achieved with 
suitable precautions. During the testing program, the pipe temperature 
ranged upward to above 260°C (500°F) and the resultant binder loss in the 
inner surface layers became evident. Also during the program, the spec
imens were observed to have lost from 4 to 5 percent weight. Since the 
weight loss is considerably higher than can be explained by binder loss 
in the inner layers, it is evident that some fiber loss occurred due to the 
repeated installation and handling of the specimens and this loss caused 
the increase in thermal conductivity observed as the test program 
proceeded. 

A statistical analysis was run on the data from Specimen 1 to obtain 
an estimate of the error to be expected for the test, both with and without 
the specimen change effect. Tests for homogeneity of variance showed 
that there was no statistically significant variation of error with temper
ature and that, at the 95 percent confidence level, the maximum error 
including the specimen change effect was estimated to range from ±4.6 
percent at the lower temperatures to ±3.8 percent at the higher temper
atures, with an average of ±4.2 percent. The effect of the specimen change 
was treated by adjusting the data to a common time, using the assumption 
that thermal conductivity increased linearly with time. Then an analysis 
of covariance again showed no statistically significant temperature effect 
and, at the 95 percent confidence level, the maximum error, if the specimen 
had not changed, was estimated to be ±3.2 percent at the lower temper
ature, ±2.7 percent at the higher temperatures, with an average of ±3.0 
percent. 

Conclusions and Recommendations 

The results of this interlaboratory comparison program, conducted over 
a 7Vi-year period and involving 10 laboratories, indicate that the ASTM 
Method C 335 pipe insulation test can give results within an average 
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HOLLINGSWORTH ON PIPE INSULATION TEST 5 9 

maximum expected error of about ± 3 percent when used in the temperature 
range from 50 to 150°C (120 to 300°F). 

Two recommendations are evident. One is that any future programs 
should be better designed to handle the specimen change effect either by 
search for a material more able to resist degradation due to repeated 
handling or by a test plan statistically designed to minimize the effect. 
The other recommendation is to try to find suitable specimen materials 
that will allow the tests to be extended to higher temperatures where heat 
losses are greater and guarding and other test errors more likely. 
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C. M. Pelanne^ 

Does the Insulation Have a Thermal 
Conductivity? The Revised ASTM Test 
Standards Require an Answer 

REFERENCE: Pelanne, C. M., "Does the Insulation Have a Thermal Conductivity? 
The Revised ASTM Test Standards Require an Answer," Thermal Transmission 
Measurements of Insulation, ASTM STP 660, R. P. Tye, Ed., American Society 
for Testing and Materials, 1978, pp. 60-70. 

ABSTRACT: An improved understanding of the heat flow processes in thermal 
insulations has mandated a conceptual revision of the basic ASTM test methods 
[ASTM Standard Test Method for Steady-State Thermal Transmission Properties 
by Means of the Guarded Hot Plate (C 171-76), ASTM Book of Standards, Part 18, 
and ASTM Standard Test Method for Steady-State Thermal Transmission Prop
erties by Means of the Heat Flow Meter (C 518-76), ASTM Book of Standards, 
Part 18] applicable to heat transmission through thermal insulations. The test meth
ods as previously written allowed almost exclusively the measurement of thermal 
conductivity, a property which thermal insulations, for the most part, do not have. 
The author discusses the factors which have prompted the change. 

KEYWORDS: test data, thermal conductivity, thermal performance, insulations, 
thermal, infrared radiation, thickness effects, temperature effects, heat flow 
mechanisms 

In 1976, major conceptual revisions were introduced in the two major 
ASTM test methods [ASTM Standard Test Method for Steady-State Ther
mal Transmission Properties by Means of the Guarded Hot Plate (C 177-
76), ASTM Book of Standards, Part 18, and ASTM Standard Test Method 
for Steady-State Thermal Transmission Properties by Means of the Heat 
Flow Meter (C 518-76), ASTM Book of Standards, Part 18] applicable to 
the measurement of the insulating property of thermal insulations. The 
change in philosophy which prompted these revisions was heralded in an 
ASTM C16.30 subcommittee position paper published in ASTM STP 544 
[1].̂  These changes will have a great impact on the insulating industry 

'Senior research specialist, Johns-Manville Research and Development Center, P. O. Box 
5108, Denver, Colo. 80217. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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PEIANNE ON THERAAAL CONDUCTIVITY 61 

since they question the validity of the thermal conductivity concept when 
describing the principal property of insulations. In the past, the two meth
ods of measurement allowed, almost exclusively, the measurement of 
thermal conductivity, a property which thermal insulations, for the most 
part, do not have. The revised methods are in fact more applicable to the 
measurement of insulations than they were in the past. 

Advances in thermal insulation technology, both in the measurement 
techniques and improved understanding of the principles of heat flow 
prevailing in the insulating materials, have prompted these changes. 

The recognition of the presence of these effects will require the revision 
of a number of material specifications. 

Discussion 

We all know of the general confusion resulting from differences in 
reported results of measurements. Much of this problem has been attrib
uted to experimental error. It should be attributed, for the most part, to 
a lack of knowledge of the conditions applied to the test. In materials such 
as insulations, which permit the flow of heat by various modes, the in
fluence of radiation is such that the boundaries have an influence on the 
results. The distance between the plates, their emittance, and their tem
peratures will all affect the measured value. The fact is that, if the con
ditions under which the test was performed are not properly stated, we 
cannot predict the performance in actual practical applications. 

The changes in the test methods will not allow us to measure the resistive 
property—not necessarily the thermal conductivity—of the insulations 
under specified conditions, thus providing the user with data which will 
permit him to draw more valid conclusions on how the material will 
perform in actual practice. 

To illustrate the reasons for this change in philosophy, let us see what 
the insulation is doing in the process of retarding the flow of heat. Figure 
1 represents the following: 

1. The radiative heat transfer between two 0.093-m^ (1 ft̂ ) radiantly 
black infinite surfaces, one at 38°C (100°F) and the other at the temperature 
indicated on the graph. This does not include the convective and con
ductive heat flow components of heat transfer, both of which are small 
in comparison. 

2. The heat transfer resulting from the placement of a 2.54-cm (1 in.) 
thickness of insulation [approximately 160kg/m*(101b/ft^) refractory fiber] 
between these two plates. 

There is quite a difference. For instance, consider an 1100°C (2000°F) 
hot-face temperature; the radiant heat flow in this situation is over 189000 
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FIG. 1—Heat flow versus hot-face temperature—cold face held at 38''C (100°F) {1 pcf 
{lblft')=I6.02 kglm^]. 

W/m^ (60000 Btu/h/ft̂ ) with no insulation. With insulation, the total heat 
flow through the insulation is only about 4700 W/m^ (1500 Btu/h/ft^). Over 
184 000 W/m' (58000 Btu/h/ft") have been conserved. This is a ratio of 40 
to 1. 

The emphasis on radiation is strong because it is of most importance 
in the insulation process. Of the modes of heat transfer—electromagnetic 
radiation (infrared radiation), atomic or molecular motion (conduction), 
and mass motion (convection)—only the conductive elements, solid or 
gaseous, can be assessed in terms of thermal conductivity. 

Radiation is the primary mode of heat transfer. The other two modes, 
conduction and convection, come into play only as they interfere with 
the primary mode. If the molecules did not absorb the radiant energy, 
they would not heat up to develop a difference in temperature to promote 
molecular and mass motion. The function of the insulation in relation to 
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PELANNE ON THERMAL CONDUCTIVITY 6 3 

these modes is primarily to minimize radiation transfer and minimize or 
eliminate convective transfer while introducing a minimum of solid con
duction. Most insulations have a negligible effect on gas conduction. To 
obstruct the radiative transfer, we place as many radiation absorbers as 
possible between the temperature boundaries, without increasing the solid 
conduction. Since a gas is often present, we create as many small cells 
as possible to inhibit convection. We have only limited control over gas 
conduction. Thus, we have an insulating material. 

Mechanisms of Heat Transfer 

To examine the mechanisms of heat transfer within the insulation, we 
shall use the familiar term "thermal conductivity," or k, which is the 
simplified expression describing the combined "conductive" effects 
within a very complex system [2-3]. 

Basic Equation: Apparent Thermal Conductivity 

where 
kg = k oi air or other gas, x (1 - F), where F is the volume fraction of 

the solid portion of the system, 
k^^= k of convection under specific conditions, 
ks = k of solid particle-to-particle conduction, 

krc = k of radiation conduction (interparticle radiation), 
krt = k of radiation transmission (influenced by bounding surfaces), and 
ki = k attributable to interaction with gas. 

The "apparent thermal conductivity" of mass insulations is the sum of 
all (or portions) of the following mechanisms of heat transfer: thermal 
conductivity of air, thermal conductivity of the solid components of the 
insulating structure, the conductive heat transfer within the pore structure, 
the radiation heat transfer within the structure, and the interactions of 
these mechanisms. 

Let us consider the relative level of these terms and how they contribute 
to the thermal conductivity value as you see it in the insulation data. 
Figure 2 shows the breakdown of these mechanisms under very specific 
conditions for typical glass fiber insulations [3]. This diagram demonstrates 
the importance of radiation in the insulating process of insulation. 

In Table I, we show how each of these mechanisms is modified by the 
presence of insulation or modification of the boundaries. This table gives 
us an opportunity to consider the influence of the emittance of the bound
aries on the apparent k. Variations in apparatus plate emittances have 
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FIG. 2—Breakdown of thermal conductivity" components versus density for a typical 
glass fiber insulation [38°C (100°F) hot face, WCiSO'F) cold face, 25.4 mm (1.0 in.) thickness, 
black boundaries]. 

TABLE 1—Work of glass fiber insulation {conditions of test: upward heat flow—hot face 
5S°C, cold face 10°C). 

SOURCEOF 

HEAT FLOW 

RADIATION 

CONDUCTION 
AIR 
SOLID 

CONVECTION 

INTERACTION 

TOTAL"X " 

BOUNDARY EMITTANCE 

BLACK SURFACE £ =0.95 || GOLD SURFACE £ = 0.08 

NO 
INSULATION 

.152 (1 .054) 

.026 ( ,178) 
0 

.063 ( .435) 

. 2 4 0 ( 1 . 6 6 7 ) 

W/m-K (Btu 

GLASS FIBER 

.Oil ( . 0 7 7 ) 

. 0 2 6 ( . I 7 7 ) 

. 0 0 2 ( . 0 I 6 ) 

0 

.002( .014) 

.041 ( ^ 8 4 ) 

in/hr ft^ F) 

NO 
INSULATION 

.007( .046) 

. 0 2 6 ( . I 7 8 ) 
0 

.063( .435) 

. 09S( .659 ) 

GLASS FIBER 

.0O4(.03O) 

.026 (. 177) 

. 0 0 2 ( . 0 I 6 ) 

0 

.007 ( . 0 4 7 ) 

. 0 3 9 ( .2 70) 
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PELANNE ON THERMAL CONDUCTIVITY 65 

been observed frequently to cause significant differences in the test results. 
It is mandatory that the emittance be included in the apparatus perform
ance check. 

An analysis of the modes of heat transfer through fibrous insulations 
at higher temperatures shows a similarity. The graphs in Fig. 3 [i] compare 
the corresponding functions at 260°C (500°F), 538°C (IOOO°F), and 816°C 
(1500°F). Air conduction increases from approximately 0.04 W/mK to 
approximately 0.07 W/mK, but radiation increases at a tremendously 
greater rate. This is because the air conduction is approximately propor
tional to the square root of the absolute temperature while the radiation 
function is proportional to T*. Thus, in fibrous insulation as the temperature 
increases, radiation remains as the most important component of heat 
transfer. Radiation is the controlling factor in the shape of the k curve. 

Temperature Difference 

Now, remembering that radiation is, in insulating, our prime objective 
and that it is the controlling factor affecting the shape of the k curve, let 
us consider two specific test conditions: 

1. A hot surface of 204°C (400°F) and a cold surface of 93°C (200^?). 
The A n s l i r e (200°F) and the mean 148.5°C (300°F). 

.15 

.10 -

. 0 5 -

Z60 C 

: ^ CONDUCTIVITY 
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FIG. 3—Contribution of each mode of heat transfer. 
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6 6 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

2. A hot surface of 287°C (550°F) and a cold surface of 10°C (50PF). 
The A t is 260°C (SOÔ F) and the mean 148.5°C (300°F). 

These are typical test conditions. The first is obtained with a circular 
guarded hot plate, the second with a square guarded hot plate with cold 
water cold surface plates. Both give us results at 148.5°C (300°F) mean 
temperature. 

The radiative flux generated between the bounding surfaces is, in the 
first case, about 1900 W/m^ (600 Btu/ftVh), and, in the second, it is 5240 
W/m^ (1660 Btu/ft='h). This can result in great differences in the reported 
results. 

It may be said that radiation is not always the controlling factor in the 
shape of the curve. Conduction often is. This was very true in the past 
when insulations were dense but today it is not economical to design a 
dense insulation. A comprehensive picture of the relationship between 
thermal conductivity and density is presented in Fig. 4. 

The influence of radiation on the k versus mean temperature curve is 
generally reflected in a sharp upward inflection in the curve as shown in 
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FIG. 5—Thermal conductivity relationship of various insulations over a wide temperature 
range [I pcf (Iblft") = 16.02 kgini']. 

Fig. 5. This figure shows the relationship between various insulations over 
a wide temperature range. The insulations having the flattest k^ versus-
temperature curve most probably have a thermai conductivity; the ones 
which rise sharply with increasing temperatures must be questioned. For
tunately, dense insulations, which probably have a thermal conductivity, 
are most frequently used for high-temperature applications. 
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Effect of Thickness 

Since radiation is so important and the transfer of energy by radiation, 
between parallel plates, is basically independent of distance, it becomes 
apparent that the distance between the measurement plates introduces a 
new variable. This phenomenon, known as the "effect of thickness," has 
had a significant impact on the measurement of relatively low-density 
materials used at ambient temperatures. The phenomenon, illustrated 
schematically in Fig. 6, has been extensively described by Jones in 1968 
[4], Kostyler and Komanovkaya in 1972 [5], Cammerer in 1973 [6], and 
more recently by Lao and Skochdopole in 1976 [7]. 

Insulations are most frequently used at thicknesses other than those at 
which the heat flow has been measured. When reported in terms of thermal 
conductivity, unless this intrinsic property can be shown to exist, the 
results cannot be applied directly to determine the heat loss in the 
application. 

THICKNESS INCREASE 

FIG. 6—Schematic diagram of the effect of thickness. 
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Conclusions and Impact 

Recognition of the presence of these effects will result ultimately in the 
revision of a number of material specifications, which refer to these two 
primary test methods, when they require a thermal conductivity value to 
describe the insulating property of the thermal insulations, an intrinsic 
property which may not exist in the subject materials. 

The revisions in the materials specifications and standards are man
datory, since the approach used to contend with the heat flow within a 
specific material is characteristic of the materials. The test specifications, 
ASTM C 177 and C 518, can specify only how to deal with the problem 
in a general way. The liberal use of the term "thermal conductivity" or 
k was convenient and simple; since it no longer may apply or its use is 
at the least questioned, in regard to insulation, it behooves the materials 
specification and standard writer to consider the problem with great care. 

In all instances, it is most important that the way we represent insulation 
performance with numbers be translatable and useful in engineering 
design. 

Earlier, in discussing the heat transfer through thermal insulations, it 
was mentioned that thermal conductivity, k, when describing a property 
of insulations, is open to theoretical questioning. We recognize that the 
numbers expressing heat flow resistive properties should be used with 
caution. The methods of measurement may not exactly represent the 
condition of heat flow involved in applications. The test methods are' 
designed to represent practical average conditions. It is therefore rec
ommended that the data and their source be understood and cautiously 
interpreted. This does not minimize their usefulness. 

It is the recognition of these facts, through a better understanding of 
the heat-transfer process through insulations and the advances in the 
design of more efficient insulation systems, that has promoted the changes 
in the test methods. We are advancing the art of heat flow measurement 
into more of a science. 

The changes in the test methods demand that one consider the property 
being measured with more care. In a number of instances, this will lead 
us to new test equipment, equipment more representative of application 
conditions. In the meantime, the requirement will be that test conditions 
be more clearly defined and reported with the results, and that an intrinsic 
thermal conductivity be reported only if it truly applies. 

In any case, it should result in a better-informed user of the data and, 
hopefully, in much more reliability when data are compared: thus we can 
separate the poor from the good test data. 

The insulation performance has not and will not change, but the goals 
of the user will have a better chance of being met. 
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Natural Convective Heat Transfer in 
Permeable Insulation 

REFERENCE: Bankvall. C. G., "Natural Convective Heat Transfer in Permeable 
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ABSTRACT: This paper describes the natural convective heat transferin permeable 
insulation. Equations and results are given to calculate the influence from natural 
convection upon the heat transfer in insulated structures. 

KEY WORDS: heat transfer, thermal insulation, permeability, natural convection, 
thermal conductivity 

Most highly insulating materials are porous; that is, they usually contain 
large amounts of air or other gas. The pore system can be closed, as in 
many cellular plastics, or open, as in mineral wool. The mechanisms of 
heat transfer in a porous material are: conduction in solid phase consti
tuting the insulation, radiation within the material, and conduction due 
to the gas confined in the insulation.^ In an open-pore material like mineral 
wool, the transport of heat can be further increased by natural or free 
convection. In this paper it is assumed that there is no influence from 
forced convection and that the whole space is filled with insulation. The 
problems of forced convection and gaps and air spaces around the insu
lation are dealt with in a subsequent study.^ 

Permeability 

Natural or free convection can be considered as the heat transfer by 
flow of fluid due to the interaction between the field of gravity and tem-

'Doctor of engineering, Docent, Statens Provningsanstalt, Swedish National Testing In
stitute, S-501 15 Boras, Sweden. 

^Bankvall, C. G., "Heat Transfer in Fibrous Materials," Journal of Testing and Evalu
ation, American Society for Testing and Materials, May 1973, p. 235. 

^Bankvall, C. G., this publication, pp. 409-425. 
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7 4 THER/ML TRANSMISSION MEASUREMENTS OF INSULATION 

perature-induced density variations in the fluid. In a space insulated with 
porous material, the resistance to airflow will increase as compared with 
the air space. The deformation of the temperature field due to gas flow 
will consequently be less pronounced. 

The mechanisms of flow processes through porous media are compli
cated. Equations used are therefore generally semi-empirical. The basic 
equation is that of Darcy. In cases of viscous streamline or laminar flow, 
and if compressibility can be ignored, this equation can be written in the 
following form 

Q B„ dp 
« = T = T- (1) 

where 
u = apparent linear flow rate, m/s, 
Q = volume flow (m*/s) across the cross-sectional area A, m ,̂ 
T) = dynamic viscosity, Ns/m^, 

Bo = specific permeability coefficient, m ,̂ and 
dpidx = pressure gradient governing the flow, Pa/m. 

The specific permeability can be regarded as the fluid conductivity of 
the porous material, and the value of So is determined by the structure 
of the material. From the defining equation it is seen that Bo has dimensions 
of length squared (m )̂ and it is roughly a measure of the mean square 
pore diameter of the material. In a anisotropic porous material the perme
ability will have different values in different directions. In the mineral-
wool insulation, the fibers are generally oriented randomly in parallel fiber 
planes. The permeability coefficient in two directions can therefore be 
assumed to be the same and the principal directions of interest are 
B^ and Bn as is shown in Fig. 1.* 

Vertical Space 

The natural convection in the vertical insulated space can be solved 
theoretically for stationary flow in two dimensions.^ The situation is de
fined in Fig 2. The solution will have the general form 

Nu=f [Ra„, hid, BOUND] (2) 

••Bankvall, C. G. "Natural Convective Heat Transfer in Insulated Structures," Lund 
Institute of Technology, Report 38, 1972. 

'Bankvall, C. G. "Natural Convection in Vertical Permeable Space," Wdrme- und Stof-
fiibertragung, Vol. 7, 1974. 
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FIG. 2—Vertical permeable space. 

where 
Nu is the Nusselt number and is defined by 

Nu = — (3) 

where 
K (W/m • K) is the thermal conductivity of the material when no convection 
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is present. Kv denotes the effective tiiermal conductivity of the material 
with convective flow. 

The modified Rayleigh number is defined by 

Ra„ = 
V X Kx T„, 

(4) 

where 
g = gravitational acceleration, 

AT,T„, = temperature difference and mean temperature, 
respectively, K, 

(pC^)f = heat capacity of the fluid, and 
V = kinematic viscosity, m^s. 

This can also be written 

d X M xB„ 
(5) 

where 

C. 
V xT^ 

(6) 

The coefficient Cair.o depends solely upon the air, and varies with the mean 
temperature, as is shown in Fig. 3. 

Referring to Eq 2, hid and BOUND indicate that the aspect ratio and 
the relevant boundary conditions will be the other influencing factors. 

8 10' 
^alr, 0 

Tm 

-UO -20 0 20 UQ°C 60 

MEAN TEMPERATURE 

FIG. 3—Coefficient for calculation of Ra„-value for permeable space. 
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The influence of the aspect ratio hid and the modified Rayleigh number 
on the convective heat transfer in the space is calculated in Fig. 4 for 
insulated horizontal boundaries. As could be expected, it is found that 
the heat transfer decreases as the aspect ratio increases. This phenomenon 
is explained by the convective flow from one vertical side to the other at 
the top and at the bottom of the space. In a space with large height, this 
end-region flow will influence a comparatively small part of the total space. 

If the aspect ratio, on the other hand, decreases below about 1, the 
convective flow will be restricted and the convective heat transfer will 
diminish again (footnote 5). Theoretically the aspect ratio is the height-
thickness ratio of the space. The actual convective flow path in a permeable 
insulation may, however, give another aspect ratio. In order to calculate 
the convective heat transfer, the actual aspect ratio must, of course, be 
used. 

Previously, the horizontal boundaries have been considered as perfectly 
insulating. This has been done because this is the situation where the 
convective flow most influences the heat transfer. As the conductivity of 
the horizontal boundaries increases, the temperature field at the bound
aries will restrict the deformation of the temperature field in the insulated 
space and reduce the convective flow. This is illustrated in Fig. 5, where 
the A^«-value is shown for a given ^ao-value as a function of the ratio 
between the thermal conductivity in the insulation and the horizontal 
crossbars. The size of the insulated space and the crossbars is specified 
in the figure. 

The vertical boundaries have thus far been considered as having con
stant temperature. In many practical cases, this is not the situation. In 
Figs. 6 and 7 the Nusselt number is shown when the vertical temperatures 
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FIG. 4—Natural convective heat transfer in permeable space with isothermal vertical and 
insulated horizontal boundaries. 
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FIG. 5—Influence of thermal conductivity ratio upon the convective heat transfer in a 
vertical structure (0.5 by O.IO m insulated space and 0.05 by 0.10 m crossbar). 
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vary linearly over the height of the space. The temperatures at the height 
y are 

T„ (K) = r^ + a X AT X 

Tc (7) = Tc + a X AT X 

where a is given in the figures. 
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Figure 6 shows the situation with conductive horizontal boundaries and 
Fig. 7 with insulated horizontal boundaries. The variation in the Nusselt 
number due to variation in vertical boundary temperature can be ap
proximated as a straight line for the investigated Ra^ and hid values. 

From the foregoing, it can generally be stated that the temperature 
boundary conditions will increase or decrease the convective flow and 
heat transfer in the space, depending upon whether they restrict the con
vective flow deformation of the temperature field or not. This is actually 
self-evident. 

Horizontal Space 

In the previous section the natural convection in the vertical insulated 
space was treated in some detail. It is quite possible to calculate the 
convective heat transfer in the horizontal permeable space in the same 
way, and analytical and numerical calculations are available in the liter-
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ature. The conditions of convection are also well established experimen
tally. This situation is illustrated in Fig. 8 (footnote 4). 

It has been found that there exists a critical modified Rayleigh number 
value above which natural convection will be present. The criterion for 
natural convection in horizontal insulated space is 

Ra„ = C, 
h X M X B„ 

> 477^ (9) 

The coefficient Cgir.o is given in Fig. 3 for different mean temperatures. 
The convective flow in the horizontal permeable space is phenome-

nologically slightly different from that in the vertical space. The important 
influencing factors in the horizontal case are included in the /?flo-value. 

Summary 

The natural convective heat transfer in a fully insulated space is gov
erned by the modified Rayleigh number, .Rao, the aspect ratio, hid, and 
the boundary conditions. The /?ao-value can be calculated from the equa
tions given earlier. The influence of boundary conditions and aspect ratio 
can be estimated from the presented results. 

In the case of the horizontal space, a critical i?flo-value = 47r̂  exists. 
If only normal-building physical applications are considered, the temper
ature on the warm side can be assumed to be 20°C and on the cold side 
it is seldom below -20°C. In Fig. 9 the minimal specific permeability 
values necessary to exceed the critical Rao-\aluc at AI = 40°C and T^ 
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FIG. 8—Convective heat transfer in horizontal permeable space. Comparison between 
analytical results ( ), numerical calculation (--), and experimental results {marked area). 
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= 0°C are given as a solid line for different \o-values and h = 0.30 m. This 
figure gives an indication of what the conditions have to be to induce 
natural convective heat transfer in the horizontal space. 

In the vertical permeable space, the situation is slightly more compli
cated, since both aspect ratio and boundary conditions often influence the 
amount of natural convective heat transfer in the space. In order to in
vestigate the implications of this under normal applications, assumptions 
are made similar to those in Fig. 9: AT = 40°C, T„ = 0°C, and d = 0.20 m. 

Unlike the horizontal case, no critical Rao-\a\ue exists in the vertical 
case. The condition for 5 percent natural convective heat transfer is there
fore illustrated in Fig. 10 for different specific permeabilities, Bg, and 
thermal conductivities, \o- The Rag-value when calculating this figure was 
taken from Fig. 4 and is valid for those boundary conditions. The aspect 
ratio was chosen as 1, since this represents a situation with approximately 
maximal convective heat transfer. 
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Blown Cellulose Fiber Thermal 
Insulations: Part 1—Density of 
Cellulose Fiber Thermal Insulation in 
Horizontal Applications 

REFERENCE: Bomberg, M. and Shirtliffe, C. J., "Blown Cellulose Fiber Thermal 
Insulations: Part 1—Density of Cellulose Fiber Thermal Insulation in Horizontal 
Applications," Thermal Transmission Measurements of Insulation, ASTM STP 660, 
R. P. Tye, Ed., American Society for Testing and Materials, 1978, pp. 82-103. 

ABSTRACT: This paper presents results of a study with the following objectives: 
1. Determine the effects of transport and placement conditions on the initial 

density of the insulation. 
2. Establish a standardized method for producing specimens of blown cellulose 

fiber insulations. 
3. Investigate the factors that cause the material to settle after placement. 
4. Establish a standardized method to produce settlement in the specimens com

parable with those found in field studies. 
A method recommended for producing settlement in the specimens consists of 

two procedures, one simulating settlement by impact produced on the standardized 
containers, and the other causing settlement under climatic cycling of the material. 

KEY WORDS: cellulose fiber, thermal insulation, density, settlement, settled den
sity, residual density, moisture effects, blown insulation, blowing, pneumatic trans
port of insulation, thermal conductivity 

Cellulose fiber insulation consists of small tufts of fiber and minute 
pieces of paper mixed with fine particles of chemical additives. The thermal 
performance of the cellulose fiber insulation depends not only on the 
composition and structure of the material as produced during the milling 
operation, but also on the way the material is fluffed and configured while 
being blown into place. The blowing process produces a structural network 
of fibers. Both the density and the stability of the structure depend on the 
conditions of blowing. 

'Research officers. National Research Council of Canada, Division of Building Research, 
Ottawa, Ont., Canada. 
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All blown fibrous insulations can be assumed to settle after being ap
plied. The density may gradually increase until some equilibrium is 
reached. The density changes may be too small to be measured over the 
span of several months. Regardless of what actually occurs, the density 
at this stage is often called "settled density." 

The settled density can be determined only by making measurements 
in the field. Results of field measurements, however, have shown a con
siderable scatter which can be explained only by studying the factors that 
have a significant effect on the density during blowing and on the sub
sequent settlement. Both sets of factors and the scope of the study on the 
relative significance of the factors are given in Tables 1 and 2. 

The objective of this study was to find a method to produce specimens 
for testing that are representative of the material as it exists in the attics 
of buildings. Such a method must consist of two parts: 

1. The technique for blowing specimens. 
2. The method of obtaining settled density. 

TABLE 1—Variables affecting density of blown cellulose fiber insulations. 

Factors 

Element Variable Effect 

Scope of 

study in the research 

rhe material 

The machine 

The hose 

Position of 
the nozzle 

The size of 
the container 

degree of milling 
chemical content 
moisture content 

design 
blower design 
air setting 

size, design and 
length 

geometry 

relative to the 
machine 
relative to the 
specimen 

shape and area 
depth 

density variations: 
batch to batch, and 
bag to bag 

feeding to the blower 
flow path changes 
material to air ratio 

fluffing during 
transport 

changes in air 
pressure and the. 
flow of material 

density changes due 
to vertical transport 
impact on the material 
already blown 

flow pattern 
impact of material 
on walls and material 
already in the 
container 

bag to bag variability 

3 machines with 3 
blower designs studied 

one size and design used 
air pressure in the hose 
studied - recycling of 
material performed 

no nozzle used for 
horizontal applications 

0 and 91 cm height 
examined 
8-30 cm and 91 cm 
examined 

2 shapes and 4 sizes 
examined 
3 depths examined 
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TABLE 2-

Factor 

va r i a t ions in 
a i r pressure 

var ia t ion in 
temperature 

humidity 
va r i a t ion 

gravi ty 

impact 

—Variables ciffec 

Cause 

barometric 
pressure 
temperature 

climate 

climate 
moisture 
accumulation 
in a t t i c s 

gravi ty 
f i e ld 

environment 

ting settlement of hlo\ 

Effect 

non-reversible 
deformation 

revers ib le 
thermal movements 
non-reversible 
deformation 

adsorption, 
absorption and 
desorption, 
i n t e r p a r t i c l e 
capi l la ry forces 
causing movements 

time dependent 
displacement 

p a r t i c l e 
displacement 

ivn cellulose fiber 

Study 

a i r pressure 
var ia t ion 

thermal 
cycling 

humidity 
cycling 

observation 
in laboratory 

impact 
(drop t e s t ) 

insulations. 

Conclusion 
of the study 

not 
s ignif icant 

l i t t l e 
significance 

s ign i f ican t 

l i t t l e 
s ignif icance 

s igni f icant 

Scope of the Research 

Machines Used in the Tests 

A number of different designs of blowing machines are available. Most 
of them break the compressed material from the bags into small lumps 
which pass through the blower, thus producing fine particles carried by 
the airstream. 

Three blowing machines were used during the study. 
Machine I—A Shelter Shield blowing machine produced by Diversified 

Insulations Inc., Hamel, Minn. It was equipped with two 10-fingered 
agitators in the hopper. The air setting was continuously variable and the 
indicator was marked at 1/8-in. (3 mm) intervals from 0 to 2 in. (5.08 cm). 
A 1-hp (0.75 kW) Tornado blower (Model 8805) was used on the machine. 

Machine 2—An Incel Corporation blowing machine produced by the 
Incel Corp., Bluffton, Ind., with one agitator in a hopper. The agitator 
had relatively long "fingers" which forced an ample supply of insulation 
into the blower. This machine used a 1.5-hp (1.1 kW) blower. Model RMI 
8950, produced by Robbins and Myers, Springfield, Ohio. The air setting 
was continuously variable but was not graduated. 

Machine 3—A Thermtron blowing machine produced by Thermtron 
Inc., Fort Wayne, Ind. Its three agitators, each having a different rate of 
rotation, provided a more than adequate supply of material to the blower. 
The unit had twin blowers, one 0.8 hp (0.6 kW) and one 1 hp (0.75 kW). 
In almost all applications the 0.8-hp (0.6 kW) blower (Model HP33WS), 
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produced by Clement's Manufacturing Company, Chicago, 111., was used. 
Unlike Machines 1 and 2, the air setting of Machine 3 was in discrete 
steps. There were five holes with diameters of about 1/8, 1/4, 1/2, 1, and 
1!4 in. (3, 6, 13, 25, and 32 mm). Adjustment of the air setting is shown 
in Fig. 1. The same value of air setting, that is, 3/8 in. (9.5 mm), does not 
represent the same rate of airflow in each of the three machines tested. 

All three machines were supplied with standard 5-cm-inside diameter 
corrugated plastic hose. In the preliminary series, lengths of 15 and 23 m 
were used; in the main testing series, a 30-m length was used. The hose 
was used without a nozzle for blowing into horizontal space. (For sim
plicity, the end of the hose is termed the nozzle in this paper.) 

Materials Used in the Tests 

All the 35 materials used for the tests were obtained from the regular 
production of manufacturers in the United States and in Canada. The fire 
retardant used was either aluminum sulphate or a combination of two or 
three of the following chemicals: aluminum sulphate, borax, boric acid. 

M A C H I N E 1 

C O N T I N U O U S AIR SETTING 

- U " HOLES 

M A C H I N E 2 

C O N T I N U O U S AIR SETT ING 

M A C H I N E 3 

DISCRETE AIR SETTING 

FIG. 1—Adjustment of air setting in the three tested machines (I in. = 25.4 mm). 
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ammonium sulphate, and calcium sulphate. The formula and quantity of 
fire retardant are not known exactly, but in general the amount varied 
from 16 to over 30 percent by weight. The source of the cellulose was 
newsprint except in one case. The moisture content of the paper varied 
due to the wetness of the cellulose stock and the variable hygroscopic 
properties of the fire retardants. The moisture content of the products 
varied between 5 and 10 percent by weight. 

The materials were numbered randomly from 1 to 35. 

Eflect of Transport and Placement Conditions on the Applied Density 

Effect of Nozzle Height and Hose Length 

Changes in density caused by hose length and the height of the end of 
the hose above the machine were checked by blowing the same material 
in two different ways. In the first, the hose end was 3.3 m above the 
machine. In the second, the end of the hose was only 91 cm above the 
base of the machine. In each case a 10-mm (3/8 in.) air opening was used; 
the end of the hose was directed horizontally. Three containers, 91 by 35 
by 15 cm, were filled. The densities obtained in these two tests were 31.6 
and 31.7 kg/m .̂ It was judged that the height of the nozzle above the 
machine did not have a significant effect on the density of the material 
transported to the nozzle. 

The effect of the hose length was checked by blowing the same material 
twice, that is, by recycling it. Several materials were recycled and the 
final density compared with the density after the first blowing. The den
sities of the specimens produced from the recycled materials were almost 
identical to the original densities. The variations were less than 1.5 percent 
or 0.5 kg/m .̂ In each case this is well within the standard deviation of 
0.64 to 1.8 kg/m .̂ (It should be noted that standard deviations refer to a 
small specimen size.) 

Effect of Specimen Size and Shape of the Container 

The effect of shape and size of the container was studied to establish 
a controlled method for producing specimens of blown cellulose fiber 
insulations. Four different-size containers were used in a series of tests. 
Two, three, four, or six containers of each size were filled with each 
material tested. The material blown into the small (43 by 43 by 7.5 cm or 
43 by 43 by 15 cm) containers showed greater variations in density than 
that blown into the larger (91 by 35 by 10 cm or 91 by 35 by 15 cm) 
containers. The variations were probably caused by the impact of the 
material on the walls of the container. 

The importance of size and depth of the container is shown in Fig. 2. 
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FIG. 2—Density as affected by the thickness of the blown layer and container dimensions. 

Two different techniques of placing the insulation were used: horizontal 
blowing from a height of 91 cm, and 10 deg upward blowing from a height 
of 28 cm. 

The effect of container size and depth depends on the blowing technique 
and structure of the tested material. For the same material when blown 
with the nozzle 28 cm above the bottom of the container and pointed 10 
deg upward, the effect of depth became negligible. For the same material 
and the aforementioned blowing technique, the effect of container size 
was less than 5 percent. 

Effect of Air Setting 

Products 10, 19, and 23 were blown using Machine 2 with the nozzle 
pointed horizontally at a height of 91 cm and various air settings. The 
results are plotted in Fig. 3. 

Changes in the air setting significantly affect the density of the cellulose 
fiber insulations. With Machine 2, the minimum density was obtained at 
the 38 and 51 mm (I'/i and 2 in.) air settings. The density of Product 23 
varied about 20 percent with air setting. The density of Product 10 varied 
about 15 percent but that of Product 19 varied only about 10 percent. 
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FIG. 3—Effect of air setting on the density of specimens produced with Machine 2 blowing 
horizontally from a 91-cm height. 

It appears that a method specifying a selected air setting, position, and 
height of the nozzle will not produce minimum density for various cellulose 
fiber insulation products. 

Combined Effect of Hose Position and Air Setting 

Figure 4 illustrates the different positions of the nozzle used in a series 
of tests. In each case the air settings were varied. The results of the tests 
can be obtained from the Division of Building Research/National Research 
Council of Canada (DBR/NRC). 

The variation in density caused by changes in the air settings when 
blowing downward from a height of 15 cm is shown in Fig. 5. Products 
3 and 12, when blown with Machine 1, gave a minimum density at the air 
setting between 6 and 3 mm (14 and Vs in.). The minimum density was 
obtained with the same machine at an air setting between 38 and 51 mm 
{IVi and 2 in.) when the material was blown from a height of 91 cm. The 
air setting cannot be considered as an independent variable. The mass of 
material per volume of air or the rate of mass flow of the material and the 
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FIG. 4—Positions of the nozzle and path of material. 
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FIG. 5—Density versus air setting when blowing downward from a 15-cm height using 
Machines I and 2. 

air velocity at the nozzle might be better indicators than the air setting, 
but these were not measured in the tests. 

The efifect of the air setting on the density can vary with the design of 
the machine. This is shown in Fig. 5, where it can be seen that Product 
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12 when blown with Machines 1 and 2 gave densities differing by several 
percentage points. There was a higher air velocity at the nozzle for the 
same air setting with Machine 2 than with Machine 1. Variations from 
bag to bag of the products were eliminated from most of the tested materials 
by recycling them two to four times. This produced a material that was 
more uniformly fluffed and allowed a better comparison of the machines. 

The three techniques for blowing cellulose fiber, each using a range of 
air settings, were compared to see if the same density could be obtained 
on different machines. Figure 6 shows the density of three products as 
determined on three blowing machines and different blowing techniques. 
Differences of up to 20 percent occurred for the same material using 
different blowing machines. These differences can be significantly reduced 
if the optimum air setting is selected for the given machine. By a series 
of preliminary blowings, one can find the air setting that will give the 
minimum density and use it for the actual test. There are limitations to 
this approach, since the flow becomes nonuniform if the air setting is too 
low, and excessive dusting occurs if the air setting is too high. The air 
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FIG. 6—Density of Products 1, 2, and 19 determined with Machines I, 2, and 3. 
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velocity at the nozzles could not be standardized because of the limited 
range of adjustment on the machines. The sensitivity of the density to this 
velocity made it impossible to standardize the blowing technique with the 
nozzle pointed downward. Figure 6 shows that the density was not se
riously affected by this velocity when the hose was pointed lOdeg upward. 

Recommended Method for Producing Specimens 
of Blown Cellulose Fiber Insulations 

The hose should be pointed 10 deg upward and the end of the hose kept 
28 cm above the surface when blowing. This method is sufficiently re
producible to be accepted as the standard blowing technique. The air 
setting can be selected by conducting a series of tests with the given 
machine; a minimum of four settings should be used. Widely different air 
settings should be used first. The lowest setting should be that which will 
give a uniform flow of material and the highest that which will not produce 
excessive dust. Two intermediate air settings should then be used. The 
air setting which produces the minimum or near minimum density should 
then be chosen for the actual test. A minimum of four containers, 91 by 
35 by 15 cm, should be used for the actual test. 

Two products were blown with this technique, but applying three ma
chines (the results are shown in Fig. 7). For Product 25 the greatest 

40 

35 

30 

PRODUCT N O . 

25 
2 

25-1 

/ , 25-3 . ' o ^ , 25-2 
. / 

. 2 - 3 
•2 -2 

'O 

•2-1 

I _L 

MACHINE 

0.25 0.50 0.75 

AIR SETTING, i n . 

DIFFERENCE 

1 ,00 

FIG. 7—Density of Products 25 and 2 determined with recommended blowing technique 
on Machines 1, 2, and 3. 
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variation in density using the three machines was 4 percent, for Product 
2 it was only 2.4 percent. This is much less than the 20 percent difference 
found for the same product using any of the other blowing techniques. 
The standard deviation was less than 0.64 kg/m*. This method appears to 
be simple and effective even though it is not the usual method of installing 
insulation in attics by blowing. 

Reproducibility of Density Determinations 

It is recommended that the proposed blowing technique have a re
producibility not worse than horizontal blowing at the 9i-cm level. (Results 
of tests by blowing horizontal at this level are given in Table 3.) All 
products were manufactured from newsprint except Product 23, which 
was manufactured from cardboard. The standard deviation of the tests 
on Product 23 was about twice that determined when testing newsprint-
based cellulose fiber insulations. The average standard deviation was 1.07 
kg/m .̂ When testing six specimens, requesting a confidence level of 95 
percent, and assuming a ^-distribution function, the density should fall 
within the confidence interval: 2 x / x s/Vn = 2 x 2.571 x 1.07A/6 = 
2.24 kg/m .̂ The densities of the tested materials were between 22.4 and 
41.6 kg/m^ with an average value of about 33.6 kg/m .̂ These figures show 
that the density determined using six specimens should, with a 95 percent 
confidence level, fall within 6.7 percent of a true average for 33.6-kg/m^ 
specimens. 

An estimate of the accuracy of the proposed blowing technique (28 cm, 
10 deg upward) can be made using the mean standard deviation determined 
from tests performed according to the proposed method. The mean stand
ard deviation for four density measurements in containers 91 by 35 by 15 
cm was 0.75 kg/m .̂ Using t = 3.182 for four specimens, the 95 percent 
confidence interval becomes 2.40 kg/m*. That is, the density determination 
with four specimens tested according to the new method will be practically 
as accurate as the determination with six specimens and horizontal blowing 
from a height of 91 cm. These figures reflect, primarily, only the variability 
of the product from bag to bag, since two to three bags of material are 
used for density determinations. They do not show the differences that 
occur between batches from different production lots. Several production 
lots would have to be tested to examine the product variability, but this 
is beyond the scope of this research. 

Field Measurements on Cellulose Fiber Insulations 

During March 1977 the density of Products 3, 10, and 12 was measured 
in situ after being exposed in Ottawa for two winters. The materials in 
two 2-story and three 1-story houses were tested. Insulation was added 
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94 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

to existing glass fiber batts or loose-fill material fibers in the fall of 1975. 
The thickness of the layer of cellulose fiber insulation varied between 10 
and 25 cm. 

The density of the material was determined in situ in the following way: 
1. After removing an adjacent section of cellulose, a metal sheet was 

slowly inserted horizontally under the cellulose insulation. 
2. A 25 by 25 cm area of material on the metal sheet was selected and 

five thickness measurements were made. 
3. A 25 by 25 cm box with sides 25 cm high and open top and bottom 

was pushed through the insulation to the metal sheet. 
4. The insulation within the metal box was removed and weighed. It 

was then dried in a 50°C oven and re weighed. 
The results of these tests are given in Table 4. 
Product 10 from House 1 was packed into plastic bags and taken to the 

laboratory. After selecting a proper air setting, five 91 by 35 by 25 cm 
containers were filled, and the density measured. The mean density was 
30.9 kg/m* and 31.1 kg/m'' for the 15- and 25-cm-deep containers, respec
tively. The density of 31.1 kg/m^ as blown in the laboratory and the density 
determined in situ, 46.9 kg/m ,̂ can be compared directly because 

TABLE 4—Density determined in attics of five houses in Ottawa during March 1977. 

Property 
Tested 

mean layer 
thickness, cm 

mean moisture content, 
% weight 

density, kg/m 
wet material 

mean wet density, 
kg/m-5 

mean density of a 
dry material, kg/m 

layer below the 
blown material 

House 1 
product 

22.9 

7.0 

49.5 

47.9 

45.8 

45.8 

48.5 

46.0 

44,9 

47.6 

46.9 

45.2 

glass 
batt 

10 

fiber 

House 2 
product 

10.7 

9.9 

45.3 

40.2 

43.7 

42.0 

42.3 

43.6 

42.0 

39.1 

42.3 

38.4 

glass 
batt 

10 

fiber 

House 3 
product 3 

10.2 

10.2 

35.1 

35.2 

36.2 

34.8 

38.6 

40.8 

34.3 

36.4 

33.0 

blovm glass 
fiber 

House 4 
product 

10.2 

9.8 

42.1 

38.4 

41.0 

40.8 

40.5 

37.0 

glass 
batt 

12 

fiber 

House 5 
product 12 

12.5 

9.3 

40.5 

45.3 

45.5 

42.8 

42.9 

51.6 

44.9 

42.4 

blown 
rockwool 
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1. the moisture content of material in the attics was almost the same 
as that of the material conditioned in the laboratory, and 

2. it has been demonstrated that recycling has little effect on density. 
The 51 percent apparent increase in density may not all be due to 

settlement, since the density at which the material was actually applied 
cannot be determined. Laboratory tests on the material removed from the 
attic showed a variation in density of 3 percent. The hose position would 
not cause a variation greater than 8 percent. It seems reasonable to assume 
that there was a settlement in the material of about 40 percent. In other 
houses the settlement seemed to be much lower. In House 2, Product 10 
had an apparent increase in density of 36 percent. Probable settlement in 
House 2 was between 25 and 30 percent. The difference between the 
density determined in the house and the blown density obtained from the 
method used at DBR/NRC indicates a maximum possible settlement of 
the material. Settlement in the house will probably be smaller because 
the density at which the material was actually applied is likely to be higher 
than that obtained by the DBR method. In House 4 and 5, where Product 
12 was used, probable settlements are in the range of 15 to 30 percent. 
In House 3, where Product 3 was used, there was no significant settlement. 
The variability in these estimations of settlement suggests a need for a 
study of the factors influencing the setdement of cellulose fiber insulations. 

Laboratory Measurements of Moisture Content in Horizontal Layers 

The abihty of the material to absorb moisture was studied under lab
oratory conditions. The material was placed in containers located between 
two steady environments, one at 24°C and 50 percent relative humidity 
and the other at a temperature below the dew point so that internal con
densation would occur close to the bottom of the container. The bottom 
surface of the containers was drilled with a few hundred small holes, 
allowing excessive moisture to pass to an underlying porous fiberboard 
layer. 

Three series of tests were conducted with different temperature gra
dients. The gradients were chosen so that the zone of condensation varied 
in thickness. The resulting moisture contents in the condensation zones 
are given in Table 5. 

Moisture content in the condensation zone appears to be in the range 
150 to 200 percent by weight except for Product 23, which was made of 
cardboard. This specimen absorbed less moisture. 

Water accumulated only in a very narrow layer adjacent to the lower 
surface of the material; the bulk of the material remained relatively dry. 
Moisture contents between 8 and 11 percent at the upper surface (Table 
5) lie in the same range as average values determined in situ. 
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Effect of Impact and Oscillation of the Climatic Conditions on the 
Settlement of the Material 

From January 1974 to March 1977 the thermal resistance of cellulose 
fiber insulations tested at DBR were determined using a 45-cm vertical 
guarded hot plate (GHP) apparatus. Two matched specimens, 45 cm square 
and either 7.5 or 15 cm thiclc, were placed in polyethylene-covered frames 
and held in a vertical position on either side of the heater plate. Settlements 
occurred during the testing period, which usually lasted 2 to 5 days. The 
amount of settlement in this period is given in Table 6. Settlement occurred 
in every case even though it was different for the two thicknesses. The 
extent of the settlement was dependent on the amount of support from 
the surrounding surfaces. It was approximately 4 percent for 7.5-cm spec
imens and 10 percent for 15-cm specimens. 

TABLE 5—Moisture contents, weight percent, in the layers adjacent to the upper and 
lower surfaces of the cellulose insulation exposed to the vapor condensation test. 

Prod. 
No. 

10 

12 

19 

21 

25 

Series 1 

Upper 

9.0 

10.1 

9.4 

8.2 

8.3 

Lower 

44.0 

47.7 

52.1 

53.4 

48.7 

Prod. 
No. 

1 

2 

3 

22 

23 

Series 2 

Upper 

9.5 

10.6 

11.0 

10.6 

6.4 

Lower 

181 

208 

185 

151 

56 

Series 3 

Lower 

224 

-

214 

209 

149 

TABLE 6—Density changes during thermal resistance testing in 45-cm GHP apparatus 
at DBRINRC. 

Test 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

Product 
Number 

3 

4 

5 

6 

7 

8 

9 

10 

Density 
as blown 
kg/m3 

37.6 

26.6 

35.2 

34.0 

33.3 

34.4 

22.1 

33.5 

Using 
for R 

before 

39.7 

27.4 

38.4 

34.6 

33.4 

33.8 

23.4 

34.9 

7.5 cm 
-value 
after 

42.0 

28.5 

39.7 

36.2 

36.2 

36.0 

23.9 

35.6 

frames 
test 
% change 

5.6 

4.1 

3.3 

4.6 

6.8 

6.6 

2.1 

1.8 

mean 4.4% 

Using 
for R 

before 

42.6 

29.5 

36.7 

36.0 

39.4 

35.0 

24.0 

34.4 

15 cm 
-value 
after 

48.7 

32.7 

42.3 

41.6 

42.3 

40.7 

24.7 

38.0 

mean 

frames 
test 
% change 

14.3 

10.9 

15.3 

15.6 

7.3 

16.0 

2.7 

10.2 

9.8% 
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Settlement During Air Pressure Changes 

A cylindrical container with a diameter of 15 cm and a height of 30 cm 
was filled to the depth of 18.8 cm with a part of Product 10 that was taken 
from House 1. The density of the material in the container was 38.4 
kg/m .̂ 

A top was placed on the container and the pressure of the air in the 
cylinder was raised to about 200 Pa above atmospheric pressure. It was 
slowly lowered to about 200 Pa below atmospheric pressure. The pressure 
cycle lasted about 15 min. The cycling was continued for 2 days, then the 
container was opened. 

The final thickness was 18.8 cm. No measurable settlement had oc
curred. The cycHng of the air pressure is not a significant factor. 

Settlement Due to Humidity Changes 

Product 10 was blown into two open containers, 43 by 43 by 18 cm, at 
densities of 34.1 and 34.3 kg/m .̂ The containers were exposed alternately 
to 21°C and 50 percent relative humidity and 21°C and 98 percent relative 
humidity in 3- or 4-day intervals for a total of two weeks. Two cycles were 
completed. The final densities were 39.6 and 40.2 kg/m^—16 to 17 percent 
higher than at the beginning. 

Product 3 was tested in the same way. The settlement was found to be 
9.5 percent. 

Product 2 was also blown into two frames 28 by 28 by 15 cm and two 
frames 28 by 28 by 30 cm. The frames were placed in a climatic chamber 
with a temperature of 4°C and 98 percent relative humidity. After two 
days the thickness was measured. The settlements were found to be 5.2 
and 6.2 percent for the 15-cm-thick specimens and 7.4 and 8.6 percent for 
those 30 cm thick. 

Humidity changes play a significant role in the settlement of the material. 
The thickness of the specimen appears to influence this effect. Tests should 
be performed on two sets of the specimens with different thicknesses. 

Settlement Due to Temperature Changes 

Specimens of Products 3 and 10 were placed in a set of open containers, 
12 and 30 cm deep. The containers were placed in a climatic chamber 
where the temperature was cycled, within a 24-h period, between 4 and 
2rC. The relative humidity of the air was maintained at approximately 
98 percent. 

The thickness of the material was measured after 5 and 8 days of ex
posure (Table 7). The settlement for the 12-cm-thick specimens was not 
measurable; for the 30-cm thickness it was 6 to 8 percent. These data are 
insufficient to draw conclusions. It appears, however, that temperature 
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9 8 THERAAAL TRANSMISSION MEASUREMENTS OF INSUUTION 

variations when applied together with changes in relative humidity and 
the elapse of time may contribute to settlement. 

Settlement Due to Impact 

Two containers, 91 by 35 by 15 cm deep and each weighing about 4 kg, 
were filled with Product 1 and then dropped three times from a height of 
15 cm onto a concrete floor. The density was measured before and after 
dropping. This process was continued for a total of 42 drops; the density 
versus the number of drops was plotted (Fig. 8) for four tests performed 
on the same material. The scatter in the results becomes larger with 
increasing number of drops. The effect of each additional drop decreases 
continually, as would be expected. 

The densities of a number of specimens of different products were 
measured after three, six, and twelve drops from a 15-cm height. Figure 
9 shows on a semilogarithmic plot the dependence of the average of 
specimen densities on the number of drops. There is no visible limit of 
density increase during this test. 

Figure 10 shows the effect of the initial density on the dependence of 
density on the number of impacts. The increase in density in the drop test 
does not appear to depend on the initial density. A product of light density 
does not settle more than denser, more compacted materials. Further 
testing has shown that the increase of density with impact (Fig. 9) appears 
to be representative of all the cellulose fiber insulations blown with this 
type of equipment. 

Material taken from House 1 and reblown in the laboratory had a mean 
density before settlement of 30.9 kg/m^ When dropped 18 times from a 
15-cm height, the density reached 36.8 kg/m^ This density was still far 
less than the in-place density of 46.9 kg/m^ It appears that it is not practical 
to require the drop test alone to produce as much settlement as is found 
in situ. 

TABLE l^Effect of temperature cycling between 4 and 21°C with constant relative 
humidity at 98 percent relative humidity on settlement of cellulose fiber blown insulation. 

Container % change after 
depth, cm Product 5 days 8 days 

10 

20 

30 

3 
10 

3 
10 

3 
10 

0 
0 

0 
1 

5 
6 

0 
0 

1 
4 

6 
8 
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FIG. 8—Density of Product 1 versus number of drops; four containers of material tested. 
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FIG. 9—Increase in density due to drop test. 
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FIG. 10—Effect of initial density on settlement due to drop test. 

Recommended Method for Producing Settlement in the Specimens 

Both temperature and humidity vary considerably in attics. These fluc
tuations can be assumed to play an important role in the settlement of the 
insulation material. 

The following procedure is recommended for producing a settled 
density: 

1. Blow the material into 90 by 35 by 15-cm and 45 by 35 by 30-cm 
containers and determine density as blown using the procedure already 
described. 

2. Blow the material into two containers 28 by 28 by 15 cm and two 
containers 28 by 28 by 30 cm using the same blowing techniques. 

3. Drop three 90 by 35 by 15-cm and three 45 by 35 by 30-cm containers 
six times from a 15-cm height onto a concrete floor. 
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4. Measure the thickness and calculate the average percent decrease 
in thickness during the drop test on six containers (designated as Sa). 

5. Place two 28 by 28 by 15-cni and two 28 by 28 by 30-cm containers 
in a climatic chamber at 4 ± r c and 98 ± 1 percent relative humidity for 
four days. 

6. Remove the containers from the chamber and place in a conditioned 
room with climate 23 ±2°C and 50±5 percent relative humidity for at least 
three days. 

7. Repeat steps (5) and (6) until four exposures in the 4°C-chamber have 
been completed. 

8. Measure the thickness and calculate the average percent decrease 
for four containers (designated Sc). 

9. The settled density is determined by multiplying the density as blown 
into the 90 by 35 by 15-cm and 45 by 35 by 30-cm containers by the factor 
s = 100/(100 - Sa~ S,). 

Table 8 gives density as blown, percentage decreases during the drop 
test, and climatic cycling and settled density for several tested materials. 
The settlement percentages in cycling 15- and 30-cm-thick specimens do 
not show a significant difference. In a few cases, figures 2 to 3 percent 
higher are generated for the thick specimens. On average, however, the 
results are the same for both thicknesses tested. The dropping tests, 
reported in Table 8, were performed only on 15-cm-thick specimens. The 
scatter in the settlement determined on various containers is larger than 
the scatter in the climatic cycling. 

To increase the reproducibility of the test and to account for the de
pendence of the settled density on the specimen thickness, an average of 
eight containers is recommended in the final version of the proposed 
method. The containers have the same volume but two thicknesses: 15 
and 30 cm. Table 9 gives percentage of settlement during the drop test 
on containers 15 and 30 cm deep. The difference between 15- and 30-cm-
thick specimens is too small to analyze the effect of thickness on the 
settled density of cellulose fiber insulations. It justifies, however, testing 
both thicknesses and averaging the results. 

Comments on Settled Density Determination 

The goal of the proposed method of density determination is to ensure 
product quality assurance for the purpose of standardization, that is, to 
achieve an average material coverage and thickness for predicting the 
thermal resistance in material specifications. There is a wide variability 
in the settled density of cellulose fiber insulations. In about 40 products 
tested at NRC (until March 1978), settled densities varied between 35 and 
58 kg/m ,̂ with 50 percent of the materials falling in the range of settled 
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TABLE 9—Percent settlement during drop test. 

Material 
Code 

333-163 

335-190 

334-180 

339-37 

1 

10.5 

10.3 

11.8 

9.9 

15 cm 

2 

10.7 

8.6 

11.6 

9.3 

deep 

3 

12.4 

11.4 

11.8 

11.8 

container 

4 

10.5 

9.4 

12.0 

11.4 

number 

5 

12.3 

11.S 

13.4 

14.9 

30 cm 

6 

12.4 

11.7 

13.7 

14.6 

deep 

7 

12.4 

13.4 

13.7 

14.8 

8 

11.6 

10.4 

13.6 

15.5 

densities between 40 and 45 kg/m .̂ It is therefore important for manu
facturers to examine the several factors that influence the settled density, 
for example, size and length of fibers in the finished product, amount and 
type of added chemicals, their mixing, and sieve size. These factors were 
not studied in the reported work. Another aspect of settled density testing 
is product quality control, as the density of the finished product varies 
depending on the raw materials used in the actual production batch. 

There is therefore a need for another, quicker method for settled density 
determinations. Comparison with one such method will be discussed in 
another paper. 
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C. J. Shirtliffe^ and M. Bomberg^ 

Blown Cellulose Fiber Thermal 
Insulations: Part 2—Thermal 
Resistance 

REFERENCE; Shirtliffe, C. J. and Bomberg, M., "Blown Cellulose Fiber Thermal 
Insulations: Part 2—Thermal Resistance," Thermal Transmission Measurements 
of Insulation, ASTM STP 660, R. P. Tye, Ed., American Society for Testing and 
Materials, 1978, pp. 104-129. 

ABSTRACT: The thermal resistance of a number of commercial blown loose-fill 
cellulose fiber thermal insulations has been measured using the guarded hot plate 
and heat flowmeter methods. An equation describing the variation of thermal re
sistance with temperature, temperature difference, density, and thickness has been 
derived from these measurements and, with lesser precision, from the data provided 
by other investigators. The equation does not include the effects of chemical con
tent, moisture content, chemical composition, or structure of the paper particles. 
The thermal resistance of a layer of insulation was found not to be directly pro
portional to thickness. The equation for thermal resistance fits the National Re
search Council of Canada (NRC) data with a standard deviation of less than 3.5 
percent for thickness of 50 to 305 mm. 

KEY WORDS: cellulose fiber, cellulose fiber thermal insulation, blown insulation, 
cellulosic fiber insulation, thermal resistance, thermal conductivity, newsprint, 
paper, thermal properties, thickness effect 

Cellulose (or cellulosic) fiber thermal insulation (CFI) is made primarily 
from ground newsprint. The ground newsprint is blended with finely pow
dered chemicals which impart a measure of resistance to fire, fungus, and 
vermin. 

Commercial cellulose fiber insulations may contain between 1 and 38 
percent of chemicals by weight. Most of those meeting the standards 
contain between 18 and 25 percent. The additives are usually a blend of 
borax, boric acid, and aluminum sulphate. Aluminum sulphate alone has 
been used in insulations that are not intended to meet rigorous standards 
on corrosion and fungus growth. Other chemicals, such as soda ash, 

'Research officers. National Research Council of Canada, Division of Building Research, 
Ottawa, Ont., Canada. 
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ammonium sulphate, oxides, phosphates, sihcates, clay, portland cement, 
and garden fertilizer, have been used but have not been satisfactory. 

After being blown into attics or walls, the material has a final density 
of about 40 to 50 and 60 to 100 kg/m^ (2.6 to 3.5 and 4.0 to 7.5 Ib/ft̂ ), 
respectively. The material provides more thermal resistance per unit thick
ness at a competitive price than low-density mineral fiber insulation. As 
its manufacture entails a recycling of a material that is normally wasted, 
the material may play a major part in the retrofitting of residential buildings. 

The first large-scale commercial production of cellulose fiber insulations 
in North America began between 1925 and 1935. Reports of research 
studies on this material are scarce. The earliest documented work known 
to the authors was that carried out at the University of Saskatchewan in 
the early 1950's and for the National Cellulose Manufacturers Association 
by Dynatech Inc. in the 1960's. Little information was published, however, 
until after 1970. Since then, a few technical and semitechnical papers have 
appeared and there are now four materials standards for the material— 
three in the United States: 

1. ASTM Standard Specification for Cellulosic Fiber (Wood-Base) 
Loose-Fill Thermal Insulation (C 739-73); 

2. General Services Administration Specification for "Thermal Insu
lation Blanket; and Insulation Thermal (Loose Fill for Pneumatic or Poured 
Application): Cellulose Vegetable and Wood Fiber (GSA HH-I-515c);" 

3. National Cellulose Insulation Manufacturer's Association Standard 
Specification for "Cellulosic Fiber (Wood Base) Loose-Fill Thermal In
sulation (NCIMA NlOl-73);" and one in Canada: 

Canadian Government Specifications Board Provisional Standard for 
"Thermal Insulation, Cellulose Fiber, Loose Fill (CGSB 5I-GP-60P)." 

The adoption of these standards has reduced the variability of the com
position of cellulose fiber insulation and enabled the properties to be 
predicted with more accuracy than formerly. 

This paper presents the results of measurements of the thermal resis
tance of a layer of cellulose fiber insulation. An equation was developed 
that approximates the results for thicknesses between 50 and 305 mm and 
densities between 30 and 100 kg/m .̂ The reason for restricting the range 
of the study is evident from the simplicity of the dependence of thermal 
resistance on density and thickness shown in Fig. 1. Most of the cellulose 
fiber insulations used in practice have properties that fall in this region. 

A complete equation would include the effects of thickness of the layer, 
density, mean temperature, temperature difference, moisture content, 
degree of milling, amount and formulation of the chemical treatment, and 
the integrity of the cellulose fibers in the basic newsprint or paper stock. 
The last three factors have the least effect on thermal resistance. Few 
manufacturers control any of the variables except the chemical formulation 
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0 25 50 75 100 125 

THICKNESS, mm 

FIG. ]—Approximate relationship between thermal resistance of cellulose fiber insulation 
and density and thickness of layer showing complexity at thickness below 50 mm and 
densities below 40 kglm^. 

and quantity of the chemical in the product. Results of another study have 
shown these to be of little significance. Any deviation of individual mea
surements from the average curve reflects the consequences of ignoring 
these and other variables. 

The moisture content of the material affects its density. At standard 
conditions the moisture content will depend on the paper stock, chemical 
formulation, and the amount of chemical Used. As the variation of thermal 
resistance with density is included in the equation, the effect of the chem
ical formulation on the thermal resistance is at least partially included. 

Moisture distribution in the material will be nonuniform due to the 
temperature gradient imposed across the material during the test. The 
degree of dependence of the measured thermal resistance on this tem
perature gradient indicates the importance of the moisture distribution. 

The equation that has been derived for thermal resistance does not 
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describe the performance of any specific material for a given application; 
it represents a good estimate of the expected performance for current 
commercial materials. During the initial study, over 75 measurements 
were made on 30 commercial materials. Results of 39 measurements on 
20 materials made by Tye [1]^ as well as 14 on three materials made by 
Anderson and Wilkes [2] and for the Public Service Co. of Colorado were 
also analyzed. Additional tests on 29 materials measured at 76-mm thick
ness, three high-density specimens, and 12 measurements on two materials 
differing only in chemical content, communicated to the authors by An
derson [3], are included as a secondary check on the analysis. 

Previous Measurements 

Tye [7] showed that the apparent thermal conductivity, and therefore 
the thermal resistance, of 25- and 35-mm layers of cellulose insulation is 
dependent on the density, the mean temperature, and the moisture content. 
Tye's measurements, on 29 materials, covered a temperature range of 
-20 to -l-40°C, a density range of 24 to 123 kg/m ,̂ moisture contents of 
0 to 12.5 percent, and thicknesses from 6 to 52 mm. A special procedure 
was used by Tye to produce the specimens. 

The 14 measurements collected from other sources such as Anderson 
and Wilkes [2] and a private communication from the Public Service Co. 
of Colorado included those on materials with thicknesses from 127 to 203 
mm and densities from 29 to 64 kg/m .̂ Large commercial blowers were 
used to produce the specimens and it was reported that there were prob
lems with fire-retardant separation during specimen preparation. The spec
imens may also have contained some high-density clumps due to the 
characteristics of the large blowers. Some settlement could also have 
occurred during the initial stages of the measurements. These data are 
listed in Table \b. 

The measurements in all the studies were made by experienced labo
ratory personnel using either ASTM Tests for Steady-State Thermal Trans
mission Properties by Means of the Guarded Hot Plate (C 177-76) or 
Steady-State Thermal Transmission Properties by Means of the Heat Flow 
Meter (C 518-76). The test conditions were essentially identical in all three 
studies. 

Preparation of Specimens in Current Study 

The materials used in the present study were obtained directly from 
manufacturers in standard commercial packages and stored in an air-con-

^The italic numbers in brackets refer to the list of references appended to this paper. 
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ditioned space with humidity ranging from 30 to 60 percent until the 
specimens were prepared. 

The materials were blown through a small commercial cellulose fiber 
blower into frames of appropriate thickness, using, in most cases, a ma
chine made by Diversified Insulation, Inc. of Minneapolis, Minn. A 0.75-
kW (1 hp) Model 8806 Toronado blower on the machine fluffed the ma
terial, then the air and material were transported through a hose 15 m long 
and 5 cm in diameter. The end of the hose was held either horizontally, 
91 cm above the bottom of the specimen frames, or at a 10-deg upward 
slope, 28 cm above the bottom of the frames [4]. The specimens of the 
same material blown by the two methods appeared to have a consistent 
texture and structure and on average had the same thermal resistance. 

Before testing, the specimens were conditioned for 1 to 4 weeks in a 
room at 22°C and 50 percent relative humidity. Moisture content of the 
conditioned specimens varied between 8 and 12 percent by weight. 

The frames that contained the material during the measurement of the 
thermal resistance were made of Plexiglas, plywood, or extruded poly
styrene foam and were covered on one or both sides before testing with 
0.05 to 0.10 mm clear or black polyethylene. 

Equipment used in the testing was either a 30- or 40-cm-square hori
zontal heat flowmeter apparatus of the Armstrong Cork design which 
conforms to ASTM C 518-76 or a vertical guarded hot-plate apparatus, 
46 or 60 cm square, conforming to ASTM C 177-76. Earlier calibration 
had shown that the apparatus would give results agreeing to within ap
proximately ±J percent. Table la lists the test conditions, apparatus, and 
specimen size. 

Tests were performed generally in accordance with the requirements 
of the test methods. The amount of edge insulation required by the test 
methods for conditions where the ambient did not equal the mean tem
perature of the specimens could not always be achieved because of space 
limitations. The effects of edge losses were calculated and the results 
corrected. 

Precision of Measurements 

The electronic measuring equipment used to measure the heat flux, 
temperature differences, and heat meter thermopile outputs contributed 
errors of less than 0.1 percent to the results. The principal errors were 
those due to edge losses and uncertainties in the calibration of the heat 
flowmeters. From a number of checks, the errors in the calibration of the 
heat flowmeters were found to be less than 1 percent; errors due to edge 
losses were more difficult to estimate. 
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Estimation of Edge Losses 

A two-dimensional finite-element computer program was used to solve 
the steady-state temperature field at the center of the edge of each ap
paratus for various thicknesses of specimens, temperature differences, 
ambient temperatures, and amounts of edge insulation. The calculated 
temperatures were compared with edge temperatures, measured with ther
mocouples. Additional measurements were made with ambient temper
atures other than the mean of the hot and cold surfaces to introduce known 
additional errors. The calculations agreed well with the measurements. 
It is considered that edge losses were estimated with sufficient accuracy 
to allow their use for making corrections where necessary. 

In a few cases the ambient temperature was 4°C below the mean tem
perature. The edge-loss corrections for this condition for the 229- and 305-
mm-thick specimens in the heat flowmeter apparatus with 2.7 KmVW 
edge insulation ranged from 8 to 22 percent. After the uniformity of the 
ambient temperature was improved and the level was brought to the mean 
temperature of the specimens, estimates showed this loss to be less than 
1 percent. This is less than the uncertainty in the calculation, and so 
corrections were not made on tests performed with these conditions. 

In testing thinner specimens, edge losses introduced errors of less than 
1 percent. 

Results 

General 

The experimental results are given in Table la and illustrated in Figs. 
2-7. 

Specimens for testing were generally taken from different samples of 
material. Variability between samples was not known but observations 
in another study [4] showed that the density variations from batch to batch 
of the same material could be considerable. Measurements on specimens 
of the same material from three samples with the same density gave 
identical thermal resistances. 

All calculations were made in the imperial system of units and then 
converted to the SI system. 

Fitting Curves to Data 

The National Research Council of Canada (NRC) data and that obtained 
from Tye were divided into sets according to the thickness of the speci
mens. Sets of data for thicknesses of approximately 25, 35, 76, 150, and 
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TABLE la—NRC data on cellulose fiber insulation. 

Test 
No. 

1 
2 
3 
4 
5 
6 
7 

12 
14 
16 
18 
20 
22 
24 
26 
27 
30 
31 
32 
34 
36 
37 
38 
39 
40 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
81 
82 
83 
84 
85 
86 

« Apparatus 
1: 45-cm 
2; 30-cm 

Product 
No. 

10 
10 
10 
15 
14 
16 
13 
11 
10 
9 
8 
7 
6 
3 
3 
3 
3 
3 
4 
5 
1 

18 
17 
2 

19 
20 
21 
22 
16 
23 
28 
32 
30 
31 
31 
31 
26 
35 
36 
34 
33 

3 
3 
3 
3 
3 
3 

Apparatus^ 

2 
1 
2 

4 

5 
2 
2 
2 

guarded hot plate. 
guarded hot plate. 

Thickness, Density, 
mm 

50.8 
50.8 
50.8 
50.8 
76.2 
25.4 
63.5 
76.4 
76.4 
76.5 
76.4 
76.7 
76.7 
76.7 
63.8 
89.2 

305.7 
305.7 

76.8 
76.8 
76.7 
76,8 
76.8 
76,1 
76,8 
76,6 
76.9 
76.8 
76.9 
76.7 
76.7 
75,4 
76,7 
76,7 
76,7 
76,7 
76,9 
76,7 
76,9 
76,9 
76,9 
76.0 

228.2 
230.0 

12.8 
39.4 
65.9 

3: 60-cm 
4: 45-cm 

kg/m' 

56.2 
48,1 
48,1 
48,1 
32.2 
74.3 
73.4 
35.6 
36.4 
23.4 
35.6 
36.2 
36.3 
42.0 
44.7 
79.5 
47.8 
47.8 
28.5 
39.7 
44.7 
55,0 
40.7 
34,0 
54.8 
43.1 
36.5 
34.8 
45.2 
48.1 
43.4 
47,6 
44,9 
48,2 
48.2 
48.2 
48.1 
37.8 
37.3 
38.6 
68.6 
40.7 
40.5 
49,0 
40.7 
39.7 
40.5 

guarded hot plate 
heat flowmeter. 

Moisture 
Content, 
% weight 

8.8 
6.0 
1,7 
7,5 
8,7 
3,9 

11,4 
7,0 

15,3 
8.8 
8.1 

10,2 
7.2 
9.2 

8.4 
10.1 
5.4 
8,6 

12,1 
5,0 
5,1 
5,8 
7,2 
5,5 
8,0 
5,9 

8,5 
8.5 
9.2 
8.5 
8.5 
8.5 

Thermal 
Resistance, 
R, KmVW 

1.28 
1.30 
1.32 
1.28 
1.87 
0.64 
1.46 
2.06 
2,06 
1,94 
2,02 
2.00 
2,04 
2,04 
1,68 
2,19 
7,48 
7,20 
2,00 
2,03 
2,00 
1,% 
1,94 
2,04 
1,99 
1,97 
2,00 
2,03 
1,94 
1,90 
1,% 
1,99 
2,00 
1,94 
1,94 
1,94 
1,98 
2,04 
2,09 
2,02 
1,98 
1,99 
5,69 
5,53 
0,37 
1,12 
1,88 
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TABLE la—Continued. 

Test 
No. 

87 
88 
89 
90 
91 
92 
93 
94 
96 
97 
98 
99 
33 
35 
13 
15 
17 
19 
21 
23 
25 
28 
33 
35 

Product Thickness, 
No. Apparatus" mm 

32 
32 
28 
28 

3 : 
37 
37 
30 
25 
25 
25 
37 
4 
5 

11 
10 
9 
8 
7 
6 
3 
3 
4 
5 

75.4 
299.8 

76.7 
299.7 
305.5 
76.6 

152.6 
76.7 
76.9 

299.9 
299.9 

76.0 
152.7 
152.4 
152.4 
152.2 
152.4 
152.2 
152.8 

1 152.7 
152.8 
152.3 
152.7 

1 152.4 

Density, 
kg/m' 

47.8 
47.8 
43.2 
41.8 
53.0 
42.0 
39.4 
44.9 
46.0 
46.0 
46.0 
78.8 
32.7 
42.3 
38.0 
37.8 
24.8 
40.7 
42.3 
41.7 
48.7 
80.1 
32.7 
42.3 

Moisture 
content, 
% weight 

14.8 

8.4 
10.1 
7.0 

15.3 
8.8 
8.1 

10.2 
7.2 
9.2 

8.4 
10.1 

Thermal 
Resistance, 
;?, K m V W 

1.99 
7.25 
I.% 
7.40 
7.48 
1.97 
3.72 
2.00 
1.97 
7.52 
7.26 
1.83 
3.68' 
3.92" 
3.99* 
3.83" 
3.71" 
3.84" 
3.79* 
3.85" 
3.69* 
3.51* 
3.67* 
3.92* 

"Apparatus: 
1: 45-cm guarded hot plate 3: 60-cm guarded hot plate. 
2: 30-cm guarded hot plate 4: 45-cm heat flowmeter. 

*Values of thermal resistance corrected with regard to side heat losses. 

TABLE lb—Thermal resistance tests on cellulose fiber insulation: data from Public 
Service Co. of Colorado (measurements according to ASTM C 518-76). 

Product 
No. 

40 
40 
40 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

Thickness, 
mm 

152.4 
139.7 
127.0 
203.2 
190.5 
177.8 
165.7 
152.4 
139.7 
127.0 
152.4 
139.7 
127.0 
76.0 

Density, 
kg/m^ 

43.5 
47.7 
52.3 
39.7 
42.3 
45.4 
48.9 
52.9 
57.7 
63.6 
38.5 
42.0 
46.3 
78.8 

Thermal Resistance, 
fl, K m V W 

3.77 
3.47 
3.16 
5.14 
4.94 
4.62 
4.28 
3.86 
3.58 
3.22 
4.10 
3.66 
3.27 
1.82 
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TABLE \c—Thermal resistance tests on cellulose fiber insulation: data from Anderson 
[3J {Product 30b has a 4 percent higher chemical addition than Product 30a; moisture 

contents are approximately 10 percent.) 

Product 
No. 

30a 
30a 
30a 
30a 
30a 
30a 

30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 
30b 

Thickness 
mm 

101.6 
101.6 
101.6 
101.6 
101.6 
101.6 

101.6 
101.6 
101.6 
101.6 
101.6 
101.6 
25.4 
50.8 

101.6 
152.4 
203.2 
25.4 
50.8 

101.6 
152.4 
203.2 

Density, Thermal Resistance, 
kg/m' R. 

24.1 
32.1 
40.1 
48.1 
56.1 
64.2 

24.1 
32.1 
40.1 
48.1 
56.1 
64.2 
43.3 
43.3 
43.3 
43.3 
43.3 
64.2 
64.2 
64.2 
64.2 
64.2 

TABLE \d—NRC data on cellulose fiber insulation obtained after 

Test 
No. 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 

Product 
No. 

41 
42 
43 
44 
45 
46a 
46b 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

Table 1. 

Thickness, 
Apparatus 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

mm 

75.1 
74.9 
74.9 
75.1 
74.9 
75.2 
75.2 
74.8 
75.0 
74.9 
75.4 
76.7 
76.9 
75.0 
75.0 
75.0 
76.7 

KmVW 

2.58 
2.61 
2.69 
2.59 
2.54 
2.44 

2.61 
2.63 
2.70 
2.61 
2.60 
2.45 
0.66 
1.29 
2.53 
3.81 
5.03 
0.61 
1.22 
2.39 
3.56 
4.76 

analysis of data in 

Moisture 
Density, Content, 

kg/m^ % Weight 

38.3 
51.9 
54.3 
42.7 
39.9 
38.3 
37.3 
42.5 
36.0 
41.2 
44.8 
44.3 
45.2 
42.1 
37.6 
37.8 
36.9 

Thermal 
Resistance, 
iJ, K m V W 

1.946 
1.923 
1.912 
1.925 
1.945 
2.015 

1.954 
1.931 
1.963 
1.994 
1.937 
1.973 

2.018 
1.983 
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TABLE \d—Continued 

Test 
No. 

117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 

Product 
No. 

57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 

3 
3 

0 

Apparatus 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 

1 

Thickness, 
mm 

75.0 
76.7 
76.9 
76.0 
76.6 
76.9 
76.9 
75.1 
76.7 
76.9 
75.0 
75.2 
75.1 
75.0 
75.0 
75.0 
75.2 
76.8 
75.1 

153.1 
153.1 

pcf 

2 

Density, 
kg/m^ 

41.5 
36.6 
48.7 
57.9 
39.5 
38.5 
55.6 
48.8 
42.3 
32.2 
32.7 
42.0 
42.7 
36.1 
45.9 
36.6 
34.8 
49.1 
46.3 

114.4 
64.1 

Moisture 
Content, 

% Weight 

3 4 5 

Thermal 
Resistance, 
/?, K m V W 

2.045 
1.982 

1.972 
2.021 
1.912 
1.959 
1.959 
2.091 

1.943 
1.983 
1.979 
1.916 
1.959 
1.943 
1.967 
1.946 
3.416 
3.792 

0.5 

2ND ORDER 
2ND ORDER SHIFTED 
LINEAR REGRESSION 
EQ. (8) 

o NRC DATA 
• DATA FROM REF 1 
+ DATA FROM REF 3 
I I I I I 

3.0 

2.6 

20 40 60 80 

DENSITY, k g / m " 

FIG. 2—Thermal resistance versus density for 25-mm thickness of cellulose fiber 
insulation. 
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pcf 

0 10 

1. 0 

0.9 

0.8 - r 

0. 7 

0.6 

- V 1 

\ 
_ \ 

-

— Jl̂  

_ / 

/ 
-^ 
I 

1 

1 

1 1 1 
1 1 

\ 
\ 

\ 1. 06̂  

: • \ 
^r ' \ 

•» 
• 

0.942 -

LINEAR 

— EQ. (8) 

• • - USING 

' 1 
1 ' 1 

35- m m 
SPECIMENS 

- 0 .00251/5 

\ 
\ 

^ < ^ . 
• M ^ 

• 
REGRESS ION 

1302 
p + ^ ^ ^ TERM 

• DATA FROM REF 1 

1 , 1 , 1 

— 

-

T 

10% — 

\ \ -
^ -

\ ' \ 
\ " 

1 1 

6.0 

5. 6 
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120 

3 

160 

FIG. 3—Thermal resistance versus density for 35-mm thickness of cellulose fiber 
insulation. 

305 mm (1, 1.37, 3, 6, and 12 in.) were selected. A variation up to 10 
percent in thickness was allowed in any set. 

The dependence of thermal resistance (/?) on the density was examined 
first. Equations of the form R = A + Bp were fitted to the data by linear 
regression, where R is thermal resistance (Km^/W) and p the density 
(kg/m^). Coefficients A and B were assumed to have the form A = C + 
DL and B = E + FL, where L is the specimen thickness (mm); coefficients 
C, D, E, and F were determined by linear regression. The equations for 
A and B were substituted back into the equation for R, giving an equation 
of the form R = (C + DL) + (E + FL)p. 

The equation was then used to adjust the measured R so as to eliminate 
the variation due to thickness within the sets. The corrected data sets are 
shown in Figs. 2-5 and 7; the scatter within each corrected set was still 
too large to justify using higher-order equations in the fitting of the curves 
to the data. 

Coefficients A and£ were recalculated from the corrected data by linear 
regression (Figs. 8 and 9). Values of A and B and the correlation coeffi-
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2.2 

2.1 

pcf 

'2 3 

rsT 2 . 0 
E 

1.9 

1.8 

76-n im 
SPECIMENS 

— LINEAR REGRESSION 

- FROM EQ. 181 

> NRC DATA 

. DATA NOT ANALYZED 

- 2 . 0 8 6 - 0.00256(0 

• \ 

2. 081 - 0. 0 0 3 1 0 ( 0 - l . \ ^ ; ^ ^ • 5% 

I 

12.0 

11.0 

20 
10.0 

40 60 

.3 

80 

DENSITY, k g / m " 

FIG. 4—Thermal resistance versus density for 76-mm thickness of cellulose fiber 
insulation. 

cients are listed in Table 2a. Equations were again fitted to the A and B 
coefficients using linear regression (Table 2b). The correlation coefficients 
indicate that the fit of the data for the four greatest thicknesses is adequate 
to describe the relationship and does not mask any special effects near 
zero thickness. Equations were also fitted through all points; the equations, 
correlation coefficients, and standard deviation are listed in Table 2b. The 
data for the 102-mni specimens provided by Anderson [3] and the 30 extra 
measurements are plotted in the same figures to indicate the type of 
agreement obtained. 

Substituting the third set of coefficients intO/4 + Bp gives the following 
equation, which describes the dependence of thermal resistance on density 
and thickness 

R = (0.205 + 0.0247Z,) - (0.00201 + 0.0000143L)p (1) 

or, in imperial units, °F/(Btu/hft«), in., and lb/ft'' 

R = (1.165 + 3.56L) - (0.183 + 0.0331L)p (2) 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



1 1 6 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

pcf 

2 J LJ LI lA 6.0 7.0 
— \ — I — I — I — \ — r — I 

4.2 

4.0 
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• NRC DATA NOT ANALYZED 

a DATA FROM REF 3 

5% 

o o 

3 .966 - 0. 00477 f 
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24 

23 
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21 
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20 

19 

DENSITY, kg/m 

FIG. 5—Thermal resistance versus density for 152-mm thickness of cellulose fiber 
insulation. 

Table 3 gives a comparison of the equations obtained by evaluating Eq 
1 at given thicknesses with the equations obtained by linear regression, 
that is, the least-squares fit to the data of ̂  versus p at these thicknesses. 
The agreement is reasonable for thicknesses over 50 mm. 

Equation 1 does not give a zero resistance at zero thickness. Higher-
order equations for the coefficients A and B would be required to describe 
the thermal resistance of thin layers of materials. A second-order fit for 
A and B is included in Table 2b for comparison. The thermal resistance 
for specimens with thicknesses over 50 mm can be represented adequately 
by the linear equation. Again the equations for Anderson's data and the 
30 additional measurements are included as a check. 

Equation 1 was evaluated at each thickness and for a number of dens
ities. The resulting curves are plotted in Figs. 2-7 for comparison with 
the data and curves found by linear regression. The density term in Eq 
1 is related to the conduction through the cellulose fiber. 

Equation 1 should also contain a term containing the variable 1/density 
to describe the reduction of the radiation component of heat transfer in 
the material with increasing density. This would justify a variable in the 
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equation of the form p + Cp'^, where C is a constant that can be determined 
from the density at which the maximum resistance occurs. The results of 
both Tye [7] and Anderson [3] can be used to show that at densities below 
about 24 kg/m^ (1.5 Ib/ft̂ ) the radiation component must increase at a rapid 
rate with density [5]. The result of such a fit to Tye's data for 35-mm 
specimens and Anderson's resuhs for 102-mm specimens is shown in Figs. 
3 and 10, respectively. Above 40 kg/m^ with the 35-mm specimens, the 
curve falls about 0.5 percent higher than the line shown, within about the 
width of the line. This more complex form of the equation was not used 
since there were insufficient data to establish the curve below densities 
of 32 kg/m^ and it did not affect the results for density greater than 40 
kg/m .̂ In Fig. 10, the linear equation and the equation using the p + 
1302p~' term do not agree. Further data would be necessary to distinguish 
which equation is more representative at higher densities or if the An
derson data contained errors. 

pcf 

CM 

e 

6.0 

5.8 

5.6 

5.4 

5.2 

2.0 3.0 4.0 

5.0 

228-mm 
SPECIMENS 

5% 

• ^ ' : 

-5 .857 - 0. 00528^0 

5.845 - 0 .00571 / 

SPECIAL FIT A S S U M I N G 
INTERCEPT 

EQ. 18) 

o NRC DATA 

I _1_ 

33 

32 " y . 

31 = 

30 

29 

30 40 50 

DENSITY, kg /m 

60 

3 

70 80 

FIG. 6—Thermal resistance versus density for 229-mm thickness of cellulose fiber 

insulation. 
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FIG. 7—Thermal resistance versus density for 305-mm thickness of cellulose fiber 
insulation. 

The equation for R in terms of p and L was checiied against the remainder 
of the data, including that by Tye, at thicknesses of 13, 25, 39, 51, 64, 89, 
and 228 mm (0.5, 1.0, 1.55, 2.0, 2.5, 3.5, and 9 in.). The results are shown 
in Fig. 6 and in Table 4. The agreement is good, except at the 13- and 25-
mm thicknesses, but this region was of little interest. 

Thermal Resistance Versus Thickness 

A check of the relationship between thermal resistance and thickness 
was made by using a carefully selected set of data in which the thickness 
varied from 13 to 305 mm and the density between 40 and 48 kg/m*. 
Adjustments to the thermal resistance were made to correct the data to 
a density of 40.4 kg/m .̂ One curve of the form R = G + HL was fitted 
to the corrected data for the 50-mm thickness and above using linear 
regression. Other equations were obtained by including the data for thick
nesses below 50 mm. The resulting equations are listed in Table 5. The 
linear equations obtained using 15 and 13 points, respectively, are 

R = 0.143 + 0.024aL (3) 
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R = 0.192+ 0.0238L 

Equation 1 at the same density gives 

R =0.124 +0.024 IL 

(3a) 

(4) 

Equations 3 and 4 are plotted with the data in Fig. 11. The two techniques 
for curve fitting yield approximately the same equation at this density; 
thus the form of Eq 1 and the value of the constants in it appear to be 
adequate to describe the dependence of thermal resistance in the range 
of variables considered. Anderson's data agree well with both curves. 

Anderson's data and Eq 1 evaluated at a density of 64.2 kg/m^ are 
plotted in Fig. 12. The agreement is somewhat poorer than at the lower 
density; this may be due to error in the data caused by transient heat 
flows. 

Thickness and Density Changes 

A further check of the adequacy of the form of the equation was made 
by comparing Eq 1 for resistance in terms of density and thickness with 

? 5 

T H I C K N E S S , i n . 

4 6 

V ~ 

0 
• 30 POINT CHECK 

+ DATA FROM REF 3 

o N R C DATA 

10 12 
" 1 — r 50 

50 100 150 200 250 300 

T H I C K N E S S , mm 

FIG. 8—Three-point linear fit for coefficient A in the equation R = A + Bp (Table 2a). 
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THICKNESS, i n . 
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T H I C K N E S S , mm 

FIG. 9—Three-point linear and second-order fit for coefficient B in equation R = A + 
Bp (Table 2a). 

TABLE 2a—Values of coefficients A and B in the equation R = A + Bp. 

Thickness, 
mm 

25 
35 
75 
76 

102 
152 
228 
305 

"Interpolated 
''Using value 

A, 
KmVW 

0.642 
0.942 
2.132 
2.086 
2.744 
3.%6 
5.845* 
7.726 

of A and data in Fig. 6. 

B, 
K m V W k g X 10̂ ^ 

-0.772 
-1.487 
-3.913 
-2.565 
-3.606 
-4.776 
-5.710* 
-5.896 

Correlation 
Coefficient 

-0.285 
-0.846 
-0.563 
-0.501 
-0.654 
-0.520 

-0.427 
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TABLE 2h—Equations in coefficients A and B in terms of the thickness. L, mm, of the 
layer. 

Number of 
Points Coefficients 

Correlation 
Coefficient 

Standard 
Deviation 

ofA+ Bp: 
83 Points 

% Value 

A 
-B 

A 
-B 

0.0731 + 0.02561L 
0.957 X 10^^ + l.8i I X 10-'Z. 

0.1310+ 0.02498L 
1.383 X 10^^ + i.696 x 10-'L 

"A = 0.2052 + 0.02468Z. 
"-B = 2.015 X 10-^ + 1.430 x 10 =/. 

A = -0.007934 + 0.02704/, 
- 5.663 X I0^«L2 

-B = -1.652 X 10-^ + 4.382 x 1 0 ' / . 
+ 7.856 X \0~'U 

As above with /4' = A + 0.9294 
B' =B 

r = 0.99971 
r = -0.954 

r = 0.99987 
r = -0.949 

r = 1.0000 
r = -0.923 

r = 0.99990 

r == -0.998 

3,7 0.109 

3.7 0.110 

3.3 0.099 

5.1 0.135 

2.8 0.075 

"These coefficients were used in deriving Eq. 8. 

TABLE 3—Comparison of Eq 1 with least-squares fit of thermal resistance versus 
density, p kglm^. 

Thickness, 
mm 

25 

35 

75" 

76 

102" 

152 

305 

Identification 

least squares 
Eq I 

least squares 
Eq 1 

least squares 
Eq 1 

least squares 
Eq 1 

least squares 
Eq 1 

least squares 
Eq 1 

least squares 
Eq 1 

Equation for Thermal 
Resistance, K m V W 

0.624-0.00077p 
0.822-0.00237p 

0.942-0.00149p 
1.069-0.0025 Ip 

2.132-0.0039lp 
2.058-0.00308p 

2.086-0.00256p 
2.081-0.00310p 

2.744-0.00355p 
2,724-0.00347p 

3.966-0.00477p 
3.956-0.004l8p 

7.727-0.00589p 
7.732-0.00637p 

Correlation 
Coefficient 

-0.285 

-0.846 

-0.563 

-0.501 

-0.638 

-0.520 

-0.427 

"Additional 30 data points. 
"Data by Anderson [3\. 
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FIG. 10—Thermal resistance versus density for W2-mm-thickness cellulose fiber insulation 
(data from Anderson [3]). 

TABLE 4—Difference between eq 8 for calculated thermal resistance. Re, and the 
measured thermal resistance, Rm. 

Thickness, mm 

13 
25 
35 
39 
51 
64 
75 
76 
89 

150 
228 
305 

Average 
50 to 305 

No. of Points 

7 
31 

2 
30 
33 

12 
4 
8 

Rc-Rm, 
KmVW 

0.06 
0.09 
0.06 
0.05 
0.02 

-0.03 
+0.02 
-0.01 
-0.04 

0.04 
+0.05 
+0.03 

0.01 

% Difference 

Average 

16 
14 
7 
4 
1 

- 2 
- 2 
-0 .6 
- 2 

1.2 
+ 1 
+0.4 

-0 .4 

Max 

16 
27 
16 
4 
2 
2 
4 
6 
2 
4 
9 
3 

4 
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TABLE 5—Equations derived from data on selected materials with varying thicknesses 
and a corrected density of 40.4 kg/m'. Density range: 40.4 to 47.6 kg/m": thicknesses 

measured: 13, 25, 40, 75, 152, 228, and305 mm. 

Range of 
Thickness, mm 

(1) 40 to 305 
(2) 25 to 305 
(3) 13 to 305 
(4) 13 to 305 

No. of 
Measurements 

Used 

13 
14 
15 
15 

Equation for/?, KmVW 

0.192 + 0.0238i 
0.162 + 0.239Z. 
0.143 + 0.240i, 
0.092 + 0.0250L - 2.98 x W^L^ 

Correlation 
Coefficient 

0.9991 
0.9991 
0.9992 
0.9992 

Notes: 
1. Differences in R given by (1), (2), and (3) at 76 = 1.7 percent and at 305 mm = 0.2 

percent. 
2. Equation 1, when evaluated at 40.4 kg/m', gives R = 0.124 + 0.0241/,. 
3. Differences between all four equations at both 76 and 305 mm thickness were less than 

2.5 percent. 
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FIG. U—Thermal resistance versus thickness for cellulosefiberthermalinsulation, density 
40 kg/m^ (2.52 Ib/ft^). 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



124 THER^^AL TRANSMISSION MEASUREMENTS OF INSULATION 
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FIG. 12—Thermal resistance versus thickness for cellulose fiber thermal insulation, density 
64.2 kglm^ (4 Iblft'). 

data on three materials obtained from The Public Service Co. of Colorado. 
In these measurements the thermal resistance of a given specimen was 
measured first at full thickness, then at a number of progressively reduced 
thicknesses. Five measurements were made on one specimen; three mea
surements were made on each of the other two (Fig. 13). Equation 1, 
which has the same slope as the data in every case, accounts for simul
taneous density and thickness changes. 

The thermal resistances of the specimens used in these tests were higher 
than those predicted by Eq 1. This may be partly due to the degree of 
milling of the paper in the materials and differences in chemical formu
lation. This behavior was similar to that observed in NRCC measurements 
on the same materials. 

Effect of Temperature Difference 

Measurements were made at 25, 76, and 305 mm with temperature 
differences of 11 and 44°C rather than the usual 22°C. The percentage 
variation in R was found to be 0, -(-0.0013, and -1-0.12 percent/deg C, 
respectively. 
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An average value of 0.04 percent/deg C could have been used. Because 
the measurements at 305 mm are least reliable, a value of 0 percent/deg C 
is recommended until further information becomes available. 

Effect of Mean Temperature on Thermal Resistance 

Cellulose fiber insulation is an air-filled material operating well above 
the region where the mean free path length of air molecules approaches 
that of the spacing between fibers and controls the thermal conductance. 
It was assumed that variation of conductance, C, with mean temperature, 
T, is given by 

C = C „ [ 1 + / / ( J - 2 4 ) ] (5) 

where C„ is the thermal conductance at 24°C and / / is a constant. The 
dependence of thermal resistance on temperature will therefore be 

R = RJ [\ + H(T ~ 24)\ (6) 

The term {1/[1 + H{T - 24)]} cannot be readily inverted to give a 
convergent series, so this form must be retained. 

The data obtained by Tye [7] were used to establish the value of//. His 
data covered a range of - 1 8 to +50°C. The final value as determined by 
least squares in SI units was 

R = RJ[\ + 0.00289 {T - 24)] (7) 

Equation for Thermal Resistance 

The equation for thermal resistance becomes 

(0.205 + 0.0247Z-) - (0.00201 + 0.0000143L)p 

[ 1 + 0 . 0 0 2 8 9 ( 7 - 2 4 ) ] ^̂ ^ 

The equation fits the NRC data with a standard deviation of less than 3 
percent (approximately 0.1). Almost all the observations fall within 10 
percent of Eq 8; most of the data fall within 4 percent of the equation. 
The remaining difference between the observations and the equation are 
more likely due to the form of the paper particles and to chemical com
position than to errors in the measurements. 

Adjusting the Constant Term in Eq 8 

Equation 8 describes the dependence of thermal resistance on density 
and with thickness of the specimen, for thicknesses greater than 50 mm. 
The equation appears to have the correct form to fit the data. There does 
appear to be a problem, however, in determining the correct constant or 
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zero-thickness intercept. A check was made to see if the constant in Eq 
8 could be adjusted to yield better results. The difference between the 
thermal resistance calculated from Eq 8, Re, and the measured thermal 
resistance, Rm, is summarized in Table 4 as Re - Rm. The increase of 
the 0.01 units to the constant in Eq 8 indicated by the average from 50 
to 305 mm is hardly justified by precision in the measurements. 

Adding Higher-Order Terms in Thickness and Adjustment of Slope 

The fit of Eq 8 to the observations is shown in Figs. 2-7 and 13. Figure 
2, for the 25-mm thickness, shows a large discrepancy between the curve 
from Eq 8 and that from the linear regression. This discrepancy indicates 
that either A or both A and B in the equation R = A + Bp should have 
higher-order terms in L. The equation for/? obtained from a second-order 
fit to both A and B gives better agreement. The standard deviation from 
the data, however, is large and, to improve the agreement, the equation 
must be shifted as indicated by the last set of coefficients in Table lb. 

As already mentioned, most cellulose fiber insulation is generally applied 
at densities over 30 kg/m^ and at thicknesses greater than 50 mm. There 

T H I C K N E S S , i n . 

5.0 

6 . 0 — 

6.0 7.0 8.0 

-r T T 
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MATERIAL 2 
MATERIAL 3 
CALCULATED MATERIAL 2 
CALCULATED MATERIALS 1 AND 3 

32 

28 
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140 150 160 170 180 190 
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FIG. 13—Comparison of Eq 8 with data from Table lb when thickness decreases and 
density increases. 
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appears to be little reason to complicate the equations with terms that 
become negligible in the normal range of use. The uncorrected linear 
equation is sufficiently accurate for material in thicknesses greater than 
50 mm. 

Discussion 

Thickness Effects 

The thermal resistance of low-density insulation materials is not nec
essarily directly proportional to thickness. A theoretical model was pro
posed by Poltz [6] in 1962 to explain this phenomenon in cellular plastics. 
His equations can be rearranged to produce an equation in the form 

R(L) = RiO) + r(po) L (9) 

The thermal resistance at thickness L is equal to an apparent thermal 
resistance for zero thicknesses of material/?(0) plus the thermal resistance 
per unit thickness of material measured at large thicknesses, /-(oo), mul
tiplied by the thickness of the specimen. The equation will hold only at 
thicknesses greater than the mean free path length [7] for radiation in the 
insulation. The equation for the thermal resistance of the layer of material 
can be interpreted as the sum of the thermal resistances of two layers for 
which there are widely different heat-transfer mechanisms. The same form 
of equation can be deduced by examining the radiation heat transfer 
through absorbing or scattering gases. 

Examples of such dependence were given by Shirtliffe [8], Cammerer 
[9], and more recently by Lao and Skochdopole [7]. At least two manu
facturers of mineral fiber insulation investigated this dependence and have 
been using similar equations in the design of such insulations since the 
mid-1960's. The existence of a thickness dependence for cellulose fiber 
insulation was measured in the early 1970's at the Division of Building 
Research. The effect in this material may be due to radiation as in plastic 
foams and also to moisture gradients. 

It is not simple to measure the thickness effect. Marechal [10], in a 
discussion of Cammerer's paper, attempted to show that there was no 
such effect. He claimed it was due to errors in measurement of surface 
temperatures in the test apparatus. Edge losses can also vary with the 
thickness of the specimen and can either mask the thickness effect or 
make it appear more pronounced. This is especially true if a small amount 
of edge insulation is used on the apparatus. When the ambient temperature 
is lower than the mean temperature of the specimen, the error will produce 
results that indicate a thickness effect greater than actually exists. Other 
errors in measurement may also tend to have the same effect. The con-
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tribution of such errors is recognized in ASTM Specifications C 177-76 
and C 518-76. 

The thickness effect measured in this study is not due to surface contact 
or errors in surface temperature measurements. The errors in such mea
surements are at least two orders of magnitude smaller than the measured 
thickness effect. The computer calculations of edge-loss errors, although 
not exact, showed that the edge losses were too small to cause the observed 
thickness effect. Unless some as yet unexplained or unrecognized effect 
is found, the thickness effect determined in these measurements must be 
assumed to be real. 

Second Analysis of the Data 

The observations were analyzed to see if the resulting equation was 
highly dependent on the data selected. Additional data were used, equal 
weight was placed on the data, and less precise corrections were made 
to individual measurements. 

The equation in SI units obtained was 

(0.253 + 0.0241L) - (0.00178 + 0.0000075L)p 

^ " [1-^0.00289(7-24)] ^ ' 

The standard deviation on 77 measurements made at NRCC was about 
3 percent (approximately 0.1). 

Equation 10 gives values for a 40-kg/m^ material very close to those 
given by Eq 8. The difference in R at 50 mm was +0.032 (1.6 percent) 
and at 305 mm +0.043 (0.6 percent). These are small differences. The 
slopes between 76 and 305 mm differ by 1.3 percent. 

Conclusions 

The equation for thermal resistance (in SI units) (Eq 8) 

(0.205 + 0.0247L) - (0.00201 + 0.0000143L)p 

[ 1 + 0 . 0 0 2 8 9 ( 7 - 2 4 ) ] 

will, on average, describe the thermal resistance of layers of newsprint-
based cellulose fiber insulation with thicknesses between 50 mm and 305 
mm, with densities of 32 to about 100 kg/m^, for applied temperature 
differences of 5 to 45°C, and for mean temperature from - 2 0 to +50°C. 
The thermal resistance of individual materials may differ from the value 
obtained by the equation by as much as 10 percent. This difference is 
probably due to the shape of the particles of paper and the formulation 
and amount of powdered fire retardant in the product. The standard de
viation of the fit was about 3 percent (approximately 0.1) for the NRC 
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data and 6 percent (approximately 0.2) when data from the other sources 
were included. Anderson's data and 30 additional data points agree well 
with the equations, and inclusion of this in the analysis would improve 
the equations slightly. 

Terms were suggested that would extend the equation to densities be
tween 15 and 32 kg/m^ and thicknesses of 10 to 50 mm. Additionar ob
servations would be required, however, to establish these terms with 
certainty. 

The equation developed in this study contains terms to account for the 
so-called "thickness effect" on thermal resistance for low-density insu
lations over 50 mm thick. 
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ABSTRACT: The use of light and thick insulating materials (fibrous and cellular) 
is becoming more and more frequent. This led us to the building of a thermal 
resistance measuring apparatus equipped with large-size heat flowmeters. The con
struction and performance of such an instrument, which allows thermal measure
ments on light insulating materials of thickness up to 120 mm, are described. 

The apparatus, using one single specimen, is equipped with a bi-guarded hot 
plate and a heat flowmeter. This gives the possibility of performing both relative 
(with the heat flowmeter) and absolute measurements and of cross-checking the 
results. 

Such flexibility allows the study of some anomalies concerning the calibration 
constant of the relative measurement apparatus, which is being employed more and 
more in industrial quality control. 

KEY WORDS: mineral fiber, building insulation, thermal insulation, heat transfer, 
guarded hot plate, heat flowmeter, thermal resistance, thermal conductivity, ref
erence materials 

During previous studies concerning the correlation between apparent 
thermal conductivity and structural parameters of fibrous insulating ma
terials, the importance of taking into account a large number of mea
surements to characterize such materials and the advantage of using a 
heat flowmeter method were explained [1-4].'' As a matter of fact, such 
instruments allow measurements in a short time (15 to 40 min per mea
surement) and offerfast collection of results. Specimens are then measured 

'Engineering supervisor. Heat Transfer Laboratory manager, and Research Center man
ager, respectively. Saint Gobain Industries, Centre de Recherches Industrielles, B. P. 19 
- 60290 Rantigny, France. 

''The italic numbers in brackets refer to the list of references appended to this paper. 
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at temperatures close to the ambient; the side dimensions of the specimens 
vary between 200 and 400 mm, with thicknesses between 30 and 60 mm. 

In recent years, due to energy saving considerations, insulation thick
nesses have increased considerably, sometimes reaching 300 mm. More
over, fibrous materials used in building insulation have become thicker 
and are of a low density. Under such conditions, the question arises 
whether it is practical to continue performing apparent thermal conduc
tivity measurements on these products with the same instrument as in the 
past, or is it necessary to build instruments equipped with larger-size 
plates? 

Taking into account the plate sizes, some standards for instance, ASTM 
Recommended Practice for Determination of the Thermal Resistance of 
Low-Density Mineral Fiber Blanket-Type Building Insulation (C 653-70), 
suggest that specimens be split when their thicknesses exceed the ac
ceptable maximum thickness [ASTM Test for Thermal Conductivity of 
M'aterials by Means of the Guarded Hot Plate (C 177-71) and Ref5]. With 
that as a starting point, the following two questions were studied: 

1. Is the thermal conductivity of a split specimen representative of an 
unsplit specimen, that is, at full thickness? 

2. Is the calibration constant of heat flowmeter instruments still appli
cable when measuring the thermal conductivity or the thermal resistance 
of light products, when determined from heavy-density standards? 

To answer both questions, a new heat flowmeter instrument was de
veloped. With a hot plate of the bi-guarded type [6], it is possible to 
associate each result obtained by the relative method with the corre
sponding absolute measurement of the thermal flux. This instrument and 
the first collected results are described herein. Such results give useful 
indications not only with regard to quality and production control, but 
also with regard to certification requirements. In addition, they have been 
very interesting from a more basic point of view, relative to understanding 
the heat-transfer mechanism in fibrous insulating materials and especially 
the role played by radiation. 

Instrument Description 

Since it does not deal with technology, this paper does not describe the 
details of construction of the instrument, but only explains its operating 
principle; however, some features of its technical characteristics and per
formance are described and emphasized. The important findings obtained 
during recent years in the field of thermal conductivity measurements of 
insulating materials have been taken into account. For more details, see 
Refs 6 and 7 and the ASTM Test for Steady-State Thermal Transmission 
Properties by Means of the Heat Flow Meter (C 518-76). 
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Operating Principle 

The new instrument is of the asymmetrical type, using one specimen 
with heat flowing from bottom to top. The plates dimensions are 500 by 
500 mm and the heat flow density is measured within a central area of 250 
by 250 mm. 

The originality of this instrument stems from the fact that it offers to 
the operator the possibility of performing both relative and absolute mea
surements on specimens whose thickness can reach 120 mm. Such mea
surements can be made simultaneously if required. 

Relative measurements are made possible by a heat flowmeter located 
in contact with the cold plate. One face of the flowmeter makes up the 
isothermal cold surface. In the case of such a relative measurement, a 
calibration constant is associated with the instrument, the value of which 
is determined with the help of a standard specimen. 

Absolute measurements are performed using a bi-guarded hot plate 
which allows measurement of dissipated power, and a face of which makes 
up the isothermal hot surface. 

The instrument operates in either of two ways: 
1. At "imposed" hot and cold temperatures, in which case one meas

ures the heat flow density. This is the relative method, using a heat flow
meter. 

2. At a given heat flow density (electrical power), in which case one 
measures the resulting hot and cold temperatures. This is the absolute 
method. 

In the second case, the ease of measuring the hot and cold temperatures, 
and the power adjustment flexibility, makes it possible to perform absolute 
measurements under the same conditions as relative measurements; cold 
and hot faces can be set at the same temperatures by adjusting properly 
the heat supplied in the metering area. 

The steady-state heat flux through the specimen and the heat flowmeter 
is calculated as follows 

AT 
<l> = k — = SV (1) 

where 
(f) = heat flow density or heat flux, W/m^, 

AI = I j - 7", = temperature difference between 
hot (Ta) and cold (7,) faces, K, 

D= specimen thickness, m, 
X= thermal conductivity, W / m K 
S= sensitivity of the heat flowmeter, 

W/m2V,and 
K= voltage at the flowmeter connections, V. 
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It is assumed that the heat flow density is the same through the specimen 
center and the heat flowmeter, that the heat transfer is solely by conduc
tion, and that the contact resistances are negligible between the specimen 
faces and the plates surfaces. 

Under these assumptions, the first equation (Fourier law) allows X to 
be determined by the absolute method, and the second equation allows 
the same by the relative method. The possibility of associating, each time, 
the heat flow density value <j) with the heat flowmeter indication V permits 
the establishment of stability or the variation of 5 for the different types 
of insulating materials to be checked. 

Hot Plate 

The hot plate used is of the bi-guarded type with a unidirectional heat 
flow as already described in Ref 6 and as presently used in the reference 
instrument. Its construction is detailed in Fig. 1. Side and lower heat 
losses are limited by a guard ring-shaped section and by a lower guard 
plate, each one being monitored by a zero-balance controller of which the 
sensors are a thermopile and a heat flowmeter, respectively. The only 
principle modifications to this hot plate since its construction in 1969 
concern the power supply [6]. The stabilized d-c power supply of the 
heating resistance is monitored by an electric temperature controller, the 
sensor of which is located in the center of the hot plate as close as possible 
to the heating resistance. The voltage applied to the resistance connections 
is made of a succession of non-periodic square waves. A counting device 
allows the ratio between the heating time and the total measurement time 
to be calculated; from this, it is possible to deduce the efficient power 
dissipated by the metering area 

P = UI (2) 

, 1 -JITLJUL K) Y if J-i^-^ -
STABILIZED n . .1 1 / i J 

TEMPERATURE 
CONTROL 

0--i>IWWWWwvvVA^^WAvwW^WM^^^VAWAWAr 

QX 3 

POWER. U,l 

TEMPERATURE , T, 

ZERO-BALANCE 
CONTROLLER 

ZERO-BALANCE 
CONTROLLER 

FIG. 1—Bi-guarded hot plate. Key: 1. Guarded hot plate, central section: 2. guarded hot 
plate, guard section; 3. heat flowmeter (zero-balance controller); 4. lower guard plate; 5. 
support plate (insulation); 6. hot face, T^; 7. thermopile; 8. platinum resistance temperature 
detector. 
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where 
P = dissipated power, W, 
U = voltage at the heating resistance connections during 

heating time, V, 
/ = intensity. A, 

tc = heating time, s, and 
tr = measurement time, s. 

The measurement should be performed for one hour if a 1 percent accuracy 
on the power measurement is desired. This new power supply method 
reduces the time needed to reach a steady-state condition after starting 
the instrument or when changing the mean measurement temperature, and 
it allows the hot plate to be maintained at a present temperature whatever 
the measured specimen. 

Cold Plate; Heat Flowmeter 

The cold plate, as the hot plate, has a composite structure encompassing 
(Fig. 2) 

1. a cold plate in which flows a liquid supplied by a Freon compressor, 
2. an auxiliary hot plate, 
3. a damping layer, and 
4. a heat flowmeter. 

The free face of the heat flowmeter makes up the cold face of the instru
ment; it is in contact with the specimen to be measured. The other face 
of the heat flowmeter is in contact with a layer of insulating material which 
separates it from the auxiliary hot plate, but ensures a uniform contact 
on the whole surface and the damping of the temperature oscillations 
generated by the control. 

The role of the auxiliary hot plate, the heating of which is monitored 
by a temperature controller, is to adjust with a very good stability the 

FREON COMPRESSOR 

® 
jBOUUBUouooooweoaaoooooa i 

TEMPERATURE 

CONTROL 

HEAT FLOW, V -• 

TEMPERATURE , T, 

FIG 2—Cold plate. Key: 9. refrigerated heat sink; 10. auxiliary hot place; 11. damping 
insulating layer; 12. heat flowmeter (250 by 250 mm); 13. platinum resistance temperature 
detector (100 il); 14. cold face. T,. 
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temperature of the heat flowmeter face in contact with the specimen. The 
set point is adjustable to get the desired cold temperature Tj. 

Both measurement and control heat flowmeters are built according to 
new techniques that wholly eliminate the use of thermocouple wires and 
welds. Cold and hot junctions are made with the help of metallization and 
photoetching (see Fig. 3). These techniques made possible the construction 
of heat flowmeters of large dimensions (250 by 250 mm), which, however, 
are not yet commercially available. The sensibility of these flowmeters 
is high due to the considerable increase in the number of junctions per 
unit area. The aforementioned techniques allow the heat flowmeter to be 
produced with a high degree of uniformity and repeatability. The surfaces 
of the flowmeter are painted black. 

Assembling and Positioning of Plates; Ambiance 

Both the hot and cold plates of the instrument are horizontal; the lower, 
or hot, plate is fixed, and the upper, or cold, plate is movable. The cold 

S:M 

FIG. 3—Heat flowmeter. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



1 36 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

plate can be lowered or raised from outside the instrument with the help 
of a mechanism which permits a vertical continuous displacement, along 
with a good paralleHsm of both isothermal flat surfaces. This displacement 
mechanism is well adapted to measurements on resilient materials such 
as the ones studied herein. 

The thickness determination is made through a calibrated rectilinear 
potentiometer. 

The assembly plates' specimen is put inside a parallelepipedal volume, 
the cross section of which is close to the area of the measurement plates, 
and which is hmited by insulated walls. 

The instrument is not conditioned in temperature and humidity, but it 
is located in an air-conditioned room (24°C mean temperature and relative 
humidity around 45 percent), ensuring very stable operating conditions. 

Measurements 

The instrument operating conditions are determined as follows: The 
cold and hot face temperatures are preset on the controllers, and the 
measurement thickness is set digitally after introducing the specimen. 

Relative Measurements—The voltage V at the heat flowmeter connec
tions (digital voltmeter) is determined; the thickness (digital voltmeter) 
is checked; the temperatures T^ and Tj (digital resistance thermometer) 
are checked; and AT is computed. 

Absolute Measurements—The voltage U and the intensity / at the heat
ing resistance connections during heating periods (digital voltmeter) are 
determined; the heating time (electronic stopwatch) is measured; the ratio 
tc/tr is calculated; the thickness (digital voltmeter) is checked; the tem
peratures 7", and Jj (digital resistance thermometer) are checked; and AT 
is computed. 

In both the relative and absolute cases, one checks the uniformity of 
temperatures Tj and Jj of the hot and cold plate faces using the control 
thermocouples (digital voltmeter). 

Table 1 gives the technical characteristics and performances of the 
apparatus. 

Comparison with Previous Results and Foreign Laboratories' Results 

For reasons of continuity in the analysis of the performances of the 
instrument discussed herein, the comparison data between laboratories 
and instruments already published in Ref 6 are addressed again. We add 
to these the results of measurements made on reference fiber glass slabs 
recently supplied to specialized laboratories by the Bureau National de 
Metrologie (BNM) [8]. Figure 4 shows the following: 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



DEGENNE ET AL ON RESISTANCE 137 

1. On the one hand, thermal conductivities as a function of temperature, 
determined by the National Bureau of Standards (NBS) on a fiber glass 
specimen (density, 162 kg/m^), which are considered as reference values. 

2. On the other hand, present results obtained on the same specimen 
with the bi-guarded hot plate (400 by 400 mm) instrument [6] (our me-
trological reference), and the new instrument operating at 7" = 24°C in the 
absolute-measurement version. 

Figure 5 takes up again: 
1. On the one hand, the results collected with the 400 by 400 mm 

instrument on fiber glass slabs (density, 88 kg/m )̂ appertained to a lot 

TABLE 1—Thermal resistance measurement apparatus: technical characteristics and 
performances. 

Specimen: 
surface 
thickness 
metering area 

Isothermal surfaces: 
temperatures of the metering faces: 

range of possible temperatures 

temperature heterogeneity 
temperature stability 

parallelism 

Heat flowmeter: 
number of junctions 
metering area 
thickness 
sensitivity 
heat flux stability 

(between 400 and 1500/iV) 

Ambiance (measurement room): 
mean temperature stability 
relative humidity 

Measurement devices: 
digital voltmeter 

(control thermocouples, power, heat flowmeter) 

digital thermometer 
(resistance sensor) 
(hot and cold faces) 

thickness 

displacement sensor 
linearity 
accuracy 
digital voltmeter 

stopwatch: 
resolution 

Reproductibility: 
Accuracy: 

500 by 500 mm 
20 to 120 mm 

250 by 250 mm 

0 < T, < 30°C 
20 < r^ < 50°C 

< 0.2°C 
< ± 0.02°C 
± 0.1 mm 

1250 
250 mm x 250 mm 
6 mm 
10̂  W/m^V 
4 IJ.W, that is, 0.3 to 1% 

± 0.5°C 
45 ± 5% 

20 000 digits 
resolution: 1 yuV 

20 000 digits 
resolution O.OrC 

0.5% 
0.1 mm 

2000 digits 
resolution 0.1 mm 

lO'^s 
± 1% 

see Figs. 4 and 5 
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lO^xX ( W / m K ) 

39 

37 

3 5 . 

33 

31 

N.B.S reference specimen 

D = 12mm 
p = 162 kg/m^ 

• N.B.S measurements 

CRIR B I - G U A R D E D HOT PLATE 

• 4 0 0 m m X 4 0 0 m m 

O 5 0 0 m m x 5 0 0 m m 

29 

2 70 290 310 330 T ( K ) 

FIG. A-—Thermal conductivity X versus mean temperature measured for NBS reference 
specimen. 

which was used for round-robin comparative tests, between different lab
oratories, organized by the Institut International du Froid (IIF) [9]. The 
reference data which characterize these materials were obtained by the 
National Physical Laboratory,Teddington, England. 

2. On the other hand, the data on the reference slabs from BNM ob
tained with both of our instruments. Their physical characteristics (den
sity, fiber diameter, percentage of binder, thermal conductivity) are very 
close to those of the reference lot from IIF [10]. 

In examining all these data, one can observe a good correspondence 
between the results obtained with the previous metrological 400 by 400 
mm reference instrument and the new 500 by 500 mm instrument as well 
as the satisfactory concurrence between the results reported here and 
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lO^xX (W/mK 

38 

36 

34 

32 

30 

28 

I.I.F & B.N.M reference specimens 

D = 35 mm 

p = 88 kg/m^ 

I.I.F reference specimens 

„ CRIR meosurements 

400 mm X 400oim instrument.[8] 

A N.P.L measurements. [121 

^ _ _ B.N.M reference specimens. [11] 

« CRIR measurements 

400mm K 400mm instrument 

D CRIR measurements 

500mm X 500mm instrument 

270 290 310 330 350 T(K) 

FIG. 5—Thermal conductivity k versus mean temperature for IIF and BNM reference 
specimens. 

those collected on identical or similar reference products by both NBS 
and NPL laboratories. In all cases, differences between results at J = 
24°C remain less than 2 percent. 

Results 

Dispersion Due to Measurement Equipment 

Most of the specifications concerning thermal conductivity measure
ments do not prescribe plate dimensions, though some indicate a rela
tionship to be satisfied between the area of the specimens (which is equal 
to the instrument plate area) and their maximum acceptable thickness 
(ASTM Method CI77-7P and Ref5). Consequently, it becomes mandatory 

'The standard ASTM Test Methods C 177-76 and C 518-76 give, in their most recent issue, 
more detailed explanations of errors due to thermal losses that depend on several parameters 
related to instrument technology. The authors did not have access to these new issues in 
time to take them into account in this paper. 
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to use relatively thin products or to split thick products when measuring 
with an instrument having small plates (ASTM Method C 653-70). 

In the case of light-density fibrous insulating materials, which are usually 
thick, splitting of the specimens increases considerably the heterogeneity 
of the fiber distribution when comparing any one of the split specimens 
with the original unsplit one. 

One may observe in Fig. 6 the dispersion of results as a function of 
increasing plate area. As a matter of fact, the total dispersion of the thermal 
conductivity measurements as a function of density X (p) decreases notably 
when the plate area of the instrument goes from 200 by 200 mm to 400 
by 400 mm, and then to 500 by 500 mm."* The standard deviations a^ in 
these three cases are 4.9, 1.6, and 1.4, respectively. 

It follows that the measuring instrument must be properly chosen ac
cording to the nature of the product to be evaluated and that splitting of 
light-density thick products such as the one studied here is not the best 
procedure for the future. 

Calibration Curve 

According to the operating principle explained earlier, the instrument 
described herein allows one to determine the calibration curve of its heat 
flowmeter and to calculate the values of their associated calibration 
constants. 

Figure 7 represents the correlation between heat flow densities that 
cross six fiber glass specimens of different thermal conductance (0.23<r< 
2.9 W/m -̂ K) or thermal resistance (0.3 <R< 4.3 m -̂ K/W) and the voltage 
supplied by the instrument heat flowmeter. The six fiber glass specimens 
represent low- and high-density insulants; the white and black points on 
Fig. 7, respectively. We can define light and heavy fibrous materials with 
regard to the minimum value of the function X=/(p) (Fig. 8). At left of 
this minimum are the "low-density" products. In this range of densities 
we have coupled heat transfer; radiation and conduction. At right of the 
minimum, the conduction heat transfer is largely predominant, the radia
tion heat transfer being negligible. 

At the figure scale the function ip=fiV) is practically a straight line, the 
slope of which represents the sensitivity, S, of the flowmeter. The linearity 
is better than 1 percent (except the first point). According to these results, 
it seems that the calibration constant is independent of the conductance 
of the reference slab and of the fact that the heat transfer is purely con
ductive or coupled with radiation. 

^The 500 by 500 mm instrument used for these measurements was old and without any 
capability for absolute measurements, or, consequently, for correcting its own calibration 
constant. 
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lo'x X(W/mK) 

p(kg/m3) 15 

FIG. 6—Thermal conductivity X versus mass/volume measured for low-density fibrous 
insulating materials. Mean temperature: 297 K. 

Influence of Thickness 

Four families of products having densities between 10 and 20 kg/m^ and 
thickness increasing progressively (25, 45, 95, and 115 mm) were meas
ured. We observed a systematic increase of the thermal conductivities as 
the specimens get thicker. 

This thickness influence will not be noted with homogeneous materials 
which are opaque to radiation; it can only be explained—errors due to 
thermal losses being put aside—by the "semitransparency" of certain 
types of insulating materials. This phenomenon has already been reported 
by several authors, but in most cases for cellular plastic insulants. It is 
all the more pronounced as the density decreases and the mean temper
ature increases. Such an effect is theoretically predictable owing to the 
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50 
S = -2 . (w /m2.mV) 

Mean temperature 297 K 

Temperature difference 20 K 

o 7 < p < 16 kg/n 

• 8 0 < p <160 kg/m' 

1000 2000 3000 4000 V(mV) 

FIG. 7—Calibration curve. 

Hamaker model, describing the total heat transfer through a porous me
dium as a coupling of heat transfer by conduction and by radiation [11-
14]. 

One conclusion is obvious: The thermal conductivity associated with 
a fibrous or cellular light insulating material is not an intrinsic property 
of the product, since it depends on the particular conditions under which 
it has been determined (thickness in the present case, but also measure
ment plates' emissivities and temperatures I , and T^). This is one of the 
reasons why this "conventional" value of \ associated with the product 
is called by some authors "apparent," "effective," or "equivalent" ther
mal conductivity.* 

Practically, for the user, it seems more convenient and more cautious, 
as far as risks of errors are concerned, to get rid of the ambiguous term 
"apparent thermal conductivity" and to express the thermal conductance, 
r , or its reciprocal, the thermal resistance R = I/T, using <̂ , Af, and D. 
These symbols define the material as it is produced (taking into consid
eration its nominal production thickness). In addition, they are defined 
under standardized measurement conditions as close as possible to the 
actual use conditions. 

'In this paper, all mentioned thermal conductivities are apparent. 
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FIG. 8—Thermal conductivity K versus mass/volume for a fibrous insulating material 
(qualitative correlation). 

Conclusions 

The results obtained here with the new instrument required additional 
corroboration and more precise evaluations of sources of errors (especially 
those due to thermal losses). On the other hand, the influence of the 
measurement thickness on the apparent thermal conductivity, according 
to the structural factors of the fibrous insulants, will have to be determined. 
Still, the whole of the collected results give interesting and practical in
formation, particularly with regard to the production control of light-den
sity fibrous insulating materials. In summary, the following can be stated: 

1. It is preferable not to perform heat-transfer measurements on split 
specimens, because of their structure and the influence of thickness on 
measurement results. 

2. The calibration constant of instruments using a heat flowmeter does 
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not seem to vary appreciably with the range of measured conductance 
and the type of the fibrous material. It is recommended, however, that 
until this result is corroborated, the reference slabs be of the same type 
as the material to be measured. 
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Analysis of the Applicability of the Hot
wire Technique for Determination of 
the Thermal Conductivity of 
Diathermanous Materials 
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for Determination of tlie Tliermal Conductivity of Oiatliermanous Materials," Ther
mal Transmission Measurements of Insulation, ASTM STP 660, R. P. Tye, Ed., 
American Society for Testing and Materials, 1978, pp. 147-153. 

ABSTRACT: The hot-wire technique has been used to measure the thermal con
ductivity of many electrically and thermally insulating materials and the effective 
thermal conductivity of some diathermanous materials. An analysis of the heat 
transfer in diathermanous materials is presented which indicates that the method 
will not give a correct value of the effective thermal conductivity when radiation 
conduction is of importance. Until an exact solution to this heat-transfer problem 
is found, an ASTM standard for hot-wire type measurements on diathermanous 
materials is not recommended. 

KEY WORDS: thermal conductivity, hot-wire technique, diathermanous materials 

Nomenclature 
b Radial position equal to wire radius and inner surface of specimen 

C„ Specific heat 
C„ .̂ Specific heat of wire 

^bki^,^ Monochromatic black-body emissive power 
fi "Outer conductivity" at the surface r = b, that is, the reciprocal of the contact 

resistance 
/ Current 

'x (^, MO Directional monochromatic intensity 
k^ Thermal conductivity 

kfti Effective thermal conductivity 
kr Radiation conductivity 

M„. Mass of wire per unit length 
A' Dimensionless parameter, kral4aT' 

'Assistant professor. Department of Metallurgical Engineering and Materials Science, 
University of Kentucky, Lexington, Ky. 40506. 
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x„ 
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or 
T 

T„ 

Refractive index 
Rate of heat generation per unit length of wire. i-R 
Rate of heat generation per unit volume within a material 
Heat flux due to conduction 
Heat flux due to radiation 
Total heat flux 
Resistance per unit length of wire 
Radial position coordinate 
Temperature 
Specimen temperature at position b and time t 
Wire temperature at time t 
Time 
Hemispherical angular position 
Position coordinate in planar specimen 
Thickness of planar specimen 
Absorption coefficient 
Monochromatic absorption coefficient 
Dimensionless temperature 
Wavelength 
Density 
Stephan-Boltzman constant 
Dimensionless position, ax 
Optical thickness, oa^ 

The hot-wire or probe technique has been used by many investigators 
to determine the thermal conductivity of many different types of materials. 
The procedure and the analysis of results have been given in Thermal 
Conductivity [/]^. It has also been shown that for materials within which 
conduction heat-transfer predominates, the agreement between results 
obtained using the hot-wire and other techniques is excellent [2]. However, 
when heat transfer occurs by combined radiation and conduction, such 
as within a diathermanous material, the results obtained from the hot-wire 
technique may be in serious error. 

Analysis of the Hot-Wire Technique 

Opaque Materials 

The thermal conductivity of an opaque material is calculated from the 
results of a hot-wire experiment and the solution of Fourier's Second Law 
for unidirectional radial heat flow in a cylindrical specimen, subject to a 
uniform constant temperature initial condition, a constant temperature at 
infinite-radius boundary condition, and a second boundary condition re
sulting from constant heat generation by a cylindrical perfect conductor 
at the axis of the specimen, that is, the hot-wire with resistance R per 
unit length and carrying current /. For a wire of unit length and radius fc, 
the latter boundary condition is [3] 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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M«.C,„, ^ ^ = Q-H (iTTb) [TAt)-Ts (b,t)] (1) 

At the inside surface r = b of an opaque specimen with thermal conduc
tivity kc 

H (Inb) [T,At) - r , (b,t)] = ~k, (27Tb) ^ I I ^ (2) 
or 

or combining Eqs I and 2 

dTAb,t) 
M,,C,„. ^ ^ = e - ^c (2nb) 

ot dr 
(3) 

Diathermanous Materials 

For diathermanous materials, that is, materials which are semitran-
sparent to thermal radiation, the general equation for heat transmission 
by conduction and radiation within a stagnant body is [4] 

pC„^+'^ • {qc+qr)=Cl"' (4) 

at 

where 

V • <7, = V (A:,Vr) (5) 

and 

V • <?. = f aA^bAKT)-\ i'AKW) dW]d\ (6) 

At steady state and without heat generation within the material, Eq 4 
becomes 

y-(q,+q,)=0 (7) 

However, Eq 7 still yields a nonlinear integrodifferential equation when 
combined with Eqs 5 and 6, for which few exact solutions have been 
determined. 

For a large body of diathermanous material, the radiation heat transfer 
within the material can be approximated by a diffusion-like mechanism 
[4-6]. Using this approximation, which is called the diffusion or Rosseland 
approximation, Eq 6 becomes 

V ^ , = V (^,VD (8) 

where kr is the "radiation conductivity" and, for a material with refractive 
index n and absorption coefficient a, equals [4-6] 
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K - ' ^ (9) 

3 a 

Combination of Eqs 5, 7, and 8 yields 

V (A:,vr + )t,VD = V (^effVr) = o i(iO) 
where ken is the "effective thermal conductivity" of the material and 
equals 

ke„ = k,+kr (11) 

Finally, integration of Eq 10 yields the total heat flux per unit area and 
per unit time, Qr, due to combined conduction and radiation 

qr = -ketf v r (12) 
Because of the similarity between Eq 12 and Fourier's First Law for 
conduction heat transfer, it has been proposed that the hot-wire technique 
can also be used to measure the effective thermal conductivity of a dia-
thermanous material [7,8]. 

Discussion 

The diffusion approximation for combined radiation and conduction 
heat transfer is not valid at the boundaries [9], and simple substitution of 
/ceff for k^ in Eqs 2 and 3 and k^t^pCp for the thermal diffusivity in Fourier's 
Second Law should not allow k^tf to be found by the hot-wire technique. 
As mentioned previously, few exact solutions have been determined for 
combined radiation and conduction heat transfer. It should therefore not 
be surprising that exact solutions are not available for transient radiation 
and conduction heat transfer or for the steady state case in cylindrical 
coordinates. Exact solutions have been calculated for unidirectional heat 
transfer by combined radiation and conduction between two infinite, 
black, isothermal, parallel plates [9] and two infinite, nonblack, isothermal, 
parallel plates [70]. These results can be used to illustrate the error which 
occurs when analyzing the results of hot-wire experiments. 

For planar geometry, the total heat flux within an object must be constant 
at steady state. However, a hot surface adjacent to a diathermanous 
substance cannot produce the same radiant heat flux as a layer of the dia
thermanous material at the same temperature [9]. Thus, more heat must 
be transferred by thermal conduction near the hot boundary of a dia
thermanous material in order for the total flux, that is, the radiant heat 
flux plus the conduction heat flux, to be constant. This higher-conduction 
heat flux can be obtained only by a higher temperature gradient at the hot 
boundary, as shown in Fig. 1. Except for the region adjacent to the hotter 
surface, the exact and approximate solutions for combined heat transfer 
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FIG. I—Dimensionless temperature, 6, versus the optical thickness, T = ax, for k^ = 
0.093 W/mK. a = 328„-\ N = k^aMaV - 0.02916, and T„ = ax„ = 10 (from Ref9). 

between black plates are in good agreement. However, the analysis of a 
hot-wire experiment for opaque specimens shows that the temperature 
profile in the region of material immediately adjacent to the hot-wire, that 
is, the hot surface, is of primary importance, for it is in this region that 
Eq 3 applies and it is through Eq 3 that the variation in the temperature 
of the hot wire is related to the thermal conductivity of the specimen. 

The previous discussion was for planar geometry, while the geometry 
of interest in a hot-wire experiment is cylindrical. However, the cylindrical 
shell of material between the surfaces r = b and r = b + dr can be ap
proximated as a plane for small values of dr. Thus, in this region a higher 
temperature gradient must also exist in a diathermanous material during 
a hot-wire experiment. Accordingly, for a given experiment in which the 
wire temperature and the rate of heat generation are measured, Eq 3 shows 
that for 

dUb,t) 
' (actual) -^ 

dT,{b,t) 
• (predicted by EQ 12) (13) 

or or 

the measured thermal conductivity must always be less than the conduc-
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tivity predicted by the approximate solution, that is, the effective thermal 
conductivity, when radiation heat transfer is of importance. 

The thermal conductivity of amorphous silica has been measured by 
a variation of the hot-wire technique [11] and by a method similar to the 
guarded hot plate [12]; see Fig. 2. As expected, the results found by Wray 
and Connolly [11] using the hot-wire technique are always less than those 
found by Lee and Kingery [72]. Also, as would be expected, the results 
tend to converge at lower temperatures, where radiation heat transfer 
within the specimen diminishes. 

Conclusions 

For some materials, such as low-density fiber glass insulation, radiation 
heat transfer within the insulation is important at or below room temper
ature. For these materials, as well as for any diathermanous material in 
a temperature range where significant radiation heat transfer occurs, it 
must be concluded that the hot-wire technique will give a low value for 
the effective thermal conductivity of the material. The limit below which 
radiation is no longer important and below which the hot-wire technique 
will give valid results can be found only with the aid of the exact solution 

O.OEOO 

6 0.0150 

f, 0.0100 

t -
0.0050 

0.002 

-»—Lee ond Kingery (I960) 

^Wroy a Connolly(l959) 
/ (excluding radiation) 

_L 
400 800 1200 

Temperature (K) 
1600 2000 

FIG. 2—Thermal conductivity of amorphous silica (from Ref 13). 
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to the combined heat-transfer problem. Without this solution, the tech
nique should be used only on opaque materials, and an ASTM standard 
should not be developed for semitransparent materials. 
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ABSTRACT: We have developed equipment to determine the "thermal conduc
tivity" of insulating materials, in the temperature range 25° to 1600°C, by the hot
wire method. We have based our method on the German draft standard DIN 51046 
and on the work of Padgett and Davis at the British Ceramic Research Association 
(BCRA). The method has been applied to measurements on polycrystalline alumina 
fibers, where the "thermal conductivities" range from 0.03 to 0.8 W/mK. This 
paper gives details of our experiences with the hot-wire method and indicates some 
areas where we have found difficulties that are not completely covered in the 
specification. 

In order to assess the value of "thermal conductivity" data obtained by the hot
wire method, we have, where possible, tried to compare our results with those 
obtained by parallel-plate methods. The dangers of making such a comparison are 
indicated, but the agreement between the results obtained by the two different 
methods gives us confidence in their reliability for insulation design. 

KEY WORDS: thermal conductivity, fiber, standard, insulation, hot-wire method, 
linear heat source, transient, nonsteady state, high temperature, anisotropy, ori
entation, furnace, thyristor control, guarded hot plate, calorimetric parallel plate 

The recent dramatic increases in fuel prices, together with the over
whelming need to conserve energy, have caused the operating efficiency 
of industrial furnaces to be examined more carefully. The trend in furnace 
insulation is toward inorganic fibrous materials where the low thermal 
capacity of the insulation enables considerable savings to be made com
pared with traditional brick-lined furnaces. Examples using Saffil* poly-

'Imperial Chemical Industries Ltd., Mond Division, Research & Development Depart
ment, The Heath, Runcorn, Cheshire, England. 

'"Saffil" is a trademark of Imperial Chemical Industries (ICI) Ltd. for inorganic fibers. 
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crystalline alumina fibers in intermittent kilns in the pottery industry have 
shown that energy savings of over 40 percent can be achieved and pro
duction rates more than doubled by using fibrous insulations. Other ad
vantages derive from the light weight and resiUence of fibrous materials. 

The temperature range of application of inorganic fibers as furnace 
insulations has been extended to 1600°C by the introduction of polycrys-
talline alumina fibers. The most economic insulation systems use several 
layers, where the more expensive material is limited to the hot face and 
may reduce the temperature only from, say 1600 to 1200°C. "Thermal 
conductivity" data are required in this temperature range to enable the 
required insulation thickness to be determined reliably. As far as we know, 
there are no parallel-plate test methods currently operating to mean tem
peratures of 1600°C; 

Tye [/ f has pointed out the dangers of extrapolating measured values 
to higher temperatures, and the parallel-plate measurements on Saffil alu
mina fiber, which are discussed later, highlight these dangers. A new 
method capable of operating to mean temperatures above 1400°C is there
fore required. 

The thermal conductivity, an intrinsic property of a material, is not 
strictly applicable in many cases—for example, when radiation is an im
portant heat-transfer mode. The thermal conductivity is defined as the 
proportionality constant between heat flux and temperature gradient, and 
theory has shown that different values can be obtained for different con
ditions of measurement [15,16]. The theory has not yet been completely 
vindicated by experiment, but it does serve to show that significant errors 
can be introduced if this point is neglected; the magnitude of these dif
ferences will depend on the physical properties of the material and on the 
conditions of measurement. Data are presented which enable a comparison 
to be made between "thermal conductivity" values obtained under widely 
differing conditions. It is academic to consider errors of less than, say, 
10 percent for the design of practical high-temperature furnace insulations, 
where the variability of other factors can easily exceed this level. In this 
context we have found that the "thermal conductivity" data obtained give 
a good basis for the design of effective insulations. It is in this context 
that the term "thermal conductivity" is used in this paper and it is enclosed 
in quotation marks to distinguish it from the academic concept of thermal 
conductivity. Ideally, the thermal conductance or resistance of every 
insulation should be measured under all the varying conditions of use, but 
this would add appreciably to the cost of producing an insulation. 

The hot wire method is a means for determining the "thermal conduc
tivity" k of insulating materials (that is, k <2 W/mK) up to 1600°C. The 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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temperature differentials employed are small (usually <25 K) and so data 
can be obtained with mean temperatures up to 1600°C. The practical 
details for operating the method are, in general, covered by the standard 
specification DIN 51046 (1973) [2]. This specification replaces the draft 
DIN 51046 (1969) and takes into account the comments made by many 
workers in the field. A summary of the work that went into constructing 
the standard is given by Lehmann and Schmidt [3]. Eschner et al [4] have 
studied the area of applicability of the method and Hayashi et al [5-7] 
have determined empirical relationships governing the size of specimen 
necessary for hot-wire measurements. 

We have developed equipment to determine the "thermal conductivity" 
of insulating materials, in the temperature range 25° to 1600°C, by the hot
wire method. We have based our method on the German draft standard 
DIN 51046 [2] and on the work of Padgett and Davis [8] at the British 
Ceramic Research Association (BCRA). The method has been applied to 
measurements on polycrystalline alumina fibers, where the "thermal con
ductivities" range from 0.03 to 0.8 W/m- K. Many of the limiting conditions 
set out in the DIN 51046 specification are dependent on the "thermal 
conductivity" of the test material, and we have found that we can get 
accurate results without strictly complying with all the specifications, as 
the maximum "conductivity" that we measure is well below the limit of 
2 W/m- K set in the standard. This paper gives details of our experiences 
with the hot-wire method and indicates some areas where we have found 
difficulties that are not completely covered in the specification. 

In order to assess the value of "thermal conductivity" data obtained 
by the hot-wire method, we have, where possible, tried to compare our 
results with those obtained by parallel-plate methods, which are based on 
entirely different principles. The dangers of making such a comparison 
are indicated, but the agreement between the results obtained by the two 
different methods gives us confidence in their reliability as a basis for 
insulation design. 

Theory 

Theoretical Basis of the Hot-Wire Method 

The first recorded work on the hot-wire method dates back to the 
nineteenth century, but it was first given a practical basis by Van der Held 
and Van Drunen [9] in 1949. Many authors have since discussed the 
theoretical formulation of the method [4,8,10-12]. 

An electric current is passed through a wire contained in a block of the 
specimen to be measured, giving rise to a cylindrical temperature field in 
the material (see Fig. 1). The rate of increase in the temperature of the 
center of the wire is related to the heat input and the "thermal conduc-
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FIG. 1—Specimen with wire assembly located between the two specimen halves. (See 
Fig. 5 for details of the wire assembly.) 

tivity" of the test block by the Fourier differential equation, which is 
detailed in Ref 9. The solution is of the form 

6 - C - l n 
A at A at 

1 
A at + ... (1) 

where 
6 = temperature increase at center of wire, 
q = constant heat input rate, 
k = "thermal conductivity" of the specimen, 
C = constant, 
/-„ = radius of the wire, 
a = thermal diffusivity of the specimen, and 
/ = time. 

Van der Held and Van Drunen have studied this solution in detail and 
have shown that, by subtracting a constant time /o from t {t^ = -r^^lAa 
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and can be obtained from the measurement), the error in neglecting the 
series expansion terms in Eq 1 is reduced to the order oUr^lAatf. Equa
tion 1 becomes 

6 = -^ 
4TTk 

,„„-,.)-C-,„(^).i(j^)%...] ,2, 

When t is sufficiently large that the series terms can be neglected, the 
asymptotic form of Eq 2 is 

4nk \n{t-t,)+E (3) 

where £ is a constant. A graph of B against ln{t-to) is a straight line with 
slope S given by 

4TTk 

from which k can be determined. 
By writing Eq 1 in terms of (f-fo), the time required for the asymptotic 

form to become valid can be significantly reduced (see Ref 9). 
The plot of 6 against In(f-fo) gives a sigmoid curve, the initial curved 

portion being due to the series terms in Eq 2, which have been neglected 
in Eq 3. The upper curved portion results when the temperature front 
reaches the outside of the specimen block (or the cold junction of the 
differential thermocouple; see Experimental section). The extent of the 
lower curved portion is determined by the diffusivity of the material, and 
the onset of the upper curved portion is dependent on the "thermal con
ductivity" of the specimen, its geometric dimensions, and the heat input 
rate. The need for a linear portion of the curve sufficiently large that its 
slope can be measured dictates the limiting values of the latter two pa
rameters. The range of values that we have experienced are detailed later. 

The solution given in Eq 1 assumes an infinitely long heater of negligible 
radius. Van der Held and Van Drunen [9] have shown that the finite 
thermal capacity of the heating wire can also be taken into account by 
subtracting a constant time from the true time t; thus both sources of error 
can be allowed for in the t^ correction. 

The value of to is obtained by plotting the inverse of the rate of increase 
in the temperature of the wire with time against the true time t. This can 
be understood by differentiating and inverting Eq 3, which gives 

- ' • ) 
dt Airk . 
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The linear portion of the curve can be extrapolated back to the time axis, 
where the intercept is t = tg. For measurements on fibers with our wire 
system, we find ô to be about 1 s. 

Fiber Orientation 

In the design of practical fibrous insulations, it is necessary to know 
the "thermal conductivity" of the materials in the direction in which heat 
will flow in the given application. 

Some fibrous materials, for example, ICI Saffil blankets, are laminar 
with fibers orientated randomly in the laminas but with few fibers per
pendicular to them. The "thermal conductivity" kn in directions in the 
fiber planes is different from the value ^x, in a direction perpendicular to 
the planes, and the value of A: in the general direction varies continuously 
between these two limits. 

Most fibrous insulation designs are either "wallpapered" (fiber planes 
parallel to the furnace wall) or "edge-stacked" (fiber planes perpendicular 
to the furnace wall), and so it is sufficient to determine the two "con
ductivity" values kii and^x-

In the derivation of Eq 1-5 it is assumed that heat flows cylindrically 
from the wire and that the "conductivity" k is independent of the cylin
drical polar angle 0. If the hot-wire measurements are carried out with 
the wire perpendicular to the fiber planes (see Fig. 2a), the foregoing 
conditions are true and the "conductivity" obtained is simply kn. How
ever, the "conductivity" kj_ cannot be obtained directly from a single 
measurement. If the blankets are packed with the wire parallel to the fiber 
planes (PL orientation), the "conductivity" value obtained, fCpL IS some 
kind of "average" value between the two extremes kg and^j^ (see Fig. 
3b). Assuming their value to be the average value over the cylindrical 
polar angle, where the hot wire represents the axis of the cylinder, then 

277 Jo 

2w 

k i4>)d<i> 

and by symmetry 

V Jo 

TTl2 

K4>)d<f> (6) 

for laminar materials. This formulation of the problem assumes that the 
temperature gradient in the radial direction is independent of the polar 
angle </>, which is not strictly true. 

In the isotropic limit, k{4>) describes a circle as <̂  varies between 0 and 
ITT [k{4>) = constant] and, since k, and k^ are extreme values of k by 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



160 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

HOTWIRE 

FIG. 2—Schematic diagram showing the two orientations of laminar specimens: (a) hot 
wire perpendicular to the fiber planes; (b) hot wire parallel to the fiber planes (PL orientation). 

symmetry, an estimate of/cpL can be obtained by assuming that k{(j>) varies 
eiliptically with (j>, with kn and k^ the semimajor and semiminor axes, 
respectively. That is 

k{<t>) = 
sin^cj) COS' 

?]• (7) 
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Substituting Eq 7 into Eq 6 and rearranging, we have 

2kr 2 k f 
/tpL = — - I {1 -m sin^t^)''" d^ (8) 

where 

m = 
k^-k 

'] 
The integral on the right-hand side (RHS) of Eq 8 is the standard elliptic 
integral K(m), which is tabulated in Abramowitz and Stegun [75]. Having 
measured k„, the RHS of Eq 8 can be plotted as a function of k^ , and the 
value oik^ for which the RHS equals the measured fcpL can be obtained. 
Thus, both k„ and an estimate of^x can be determined from two sets of 
measurements. 

Experimental 

The experimental equipment is shown in Fig. 3. The specimen is con
tained in an alumina box located in a small laboratory furnace. The wire 
system lies in a horizontal plane midway through the specimen (see Fig. 
1). We have found negligible difference in the results obtained using a-c 
and d-c current to heat the wire, the magnitude of which is chosen to give 
a reasonable linear portion in the 6 versus ln(/-fo) plot. The maximum 
temperature differential depends on the heater current, but we have found 
that the "conductivity" values obtained are insensitive to the actual dif
ference used {4]. 

The Wire System 

The wire system is shown in detail in Fig. 4. A modification of the 
configuration due to Mittenbiihler [77] has been adopted according to the 
recommendations of DIN 51046. The hot wire consists of about 160 mm 
of 33-SWG (0.254 mm diameter) 13 percent rhodium/platinum alloy wire; 
the alloy is used in order to minimize the variation in energy input to the 
wire, as the alloy has a lower temperature coefficient of resistance than 
the pure metals. Using this system, we find that the variation in the energy 
input during the run is less than 1 percent. Platinum wires of 32 SWG 
(0.274 mm diameter) are fused to the ends of the hot wire to serve as 
potential measuring leads. The differential thermocouple is made from 38-
SWG (0.15 mm diameter) platinum and 13 percent rhodium/platinum wires, 
the thermojunctions being fused together. The measuring junction is 
welded to the midpoint of the hot wire by the capacitor discharge method 
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Hot Wir« Meo«urln9 Junction 

Rh/Pt(33SWG) 

Potential Lead 
Pt(32SWG) 

Current Lead 
Pt(28SWG) 

3»/oRh/Pt 

Thermocouples 
38SWG 

> 
Outer 

Junction 

Reference Thermocouple 

Pt Pt 130/0 Rh/Pt 

F IG. 4—Wire assembly. 

[8]. All wires are led from the furnace through fine alumina conduits and 
are soldered to a thermally insulated tag strip. 

The dimensions of the wire system that we have adopted satisfy the 
conditions set in DIN 51046, except that our hot wire is 160 mm long 
rather than 200 mm. We have tried varying the length of the hot wire by 
a small amount about the value 160 mm and have found that it makes no 
significant difference to the results obtained. Mittenbiihler [11] argues that 
the finite heater length gives rise to a negligible disturbance of the radial 
temperature field, and heat losses along the wire are also negligible pro
vided (r//)"' > 200, where r is the wire radius and / its length. Our case, 
(rliy^ ^ 1200, clearly satisfies this requirement. For convenience, there
fore, we have continued to use a hot wire of 160 mm in length. 

Both legs of the thermocouple circuit are taken from one side of the 
specimen rather than in the cross formation described in DIN 51046. By 
avoiding large loops in the wire system in this way, we have been able 
to reduce the interference pickup from the thyristor controller, which has 
been troublesome. The diameters of the thermocouple wires are consid
erably smaller than the limit set in DIN 51046, and so conduction of heat 
away from the center of the wire is still within the prescribed bounds. 

The reference thermojunction relates to an external cold junction in ice 
and is used for measuring the absolute temperature of the center of the 
specimen at the start of the run. The potentiometer used for this mea
surement is disconnected from the wire assembly during the actual run, 
as it is susceptible to interference pickup, which finds its way into the 
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measuring circuits. All leads external to the specimen are kept as short 
as possible to minimize interference pickup. 

From measurements made on Saffil alumina fiber boards at temperatures 
up to 1600°C, we found that after prolonged exposure at 1600°C a coating 
formed on the wire system which, on analysis in the electron microprobe, 
proved to be mostly alumina. The effect of this coating on the measure
ments is to give "conductivity" values which are higher than the "true" 
value. It is therefore necessary to replace the hot-wire system when such 
a coating is formed. It is worth stressing that care should be taken in all 
hot-wire measurements to ensure that the test material does not attack 
the wire assembly. 

The Specimen and Specimen Container 

The minimum specimen requirement of DIN 51046 is for two blocks 
each of 200 by 100 by 50 mm. Hayashi has made a study of the effects 
of specimen size on the results obtained by the hot-wire method and has 
derived some empirical relationships governing the minimum specimen 
size necessary. We operate with two specimen blocks of dimensions 193 
by 153 by 35 mm, which exactly fill the alumina specimen container. 
Although these dimensions fall below the DIN 51046 limit, we have found 
them adequate for measurements on fibrous materials. This luxury is 
allowed because the "thermal conductivities" of our specimens seldom 
exceed 0.7 W/m- K, which is well below the limit of 2 W/m- K set in the 
standard. These dimensions satisfy Hayashi's criteria [5-7]. 

The specimens are contained in an alumina box with wall thickness 10 
mm. An alumina lid is used to close the box completely and to cause a 
small amount of compression in the specimen, which helps to ensure good 
contact at the interface between the specimen halves. 

The outer thermojunction is situated just inside the box so that the 
entire measuring circuit is shielded from temperature fluctuations in the 
furnace cavity by the high thermal mass of the box. Use of the alumina 
box has significantly reduced the fluctuations in the thermocouple trace. 

Laminar blanket specimens can be packed in two orientations as de
scribed earlier (Fig. 2). Care must always be exercised to ensure good 
contact between the specimen halves; a large air gap near the wire allows 
convective and radiative heat loss from the wire, causing the measured 
"thermal conductivity" values to be too high. It has already been stated 
that putting specimens under slight compression by resting the alumina 
lid on top of them aids good contact. For fiber board specimens, the 
specimen halves are ground together to produce smooth surfaces which 
will contact well. Fibrous materials are well suited to the hot-wire method, 
since by their nature they are typically 95 percent air, and so small gaps 
near the wire are not entirely unrepresentative of the bulk material. For 
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brick specimens, grooves have to be cut for the wire systems and filled 
with cement made from the brici<: material. 

The Furnace 

Experiments are carried out in a small Saffil fiber-lined laboratory fur
nace. The furnace, the enclosure dimensions of which are 350 by 260 by 
200 mm, is heated by five Kanthal molybdenum disilicide elements. 

We adopted a thyristor controller for our furnace and have found that 
it gives rise to considerable noise in the measuring circuit which has been 
very difficult to remove. Eschner et al [4] have studied the interference 
caused by various controllers and have concluded that both thyristor 
control and two-point control methods are particularly susceptible to in
terference, but servo-control of the furnace does not suffer from this 
defect. This is a point worth very careful consideration when designing 
hot-wire equipment. 

Electronics 

It has been necessary to use platinum and rhodium/platinum alloy wires 
in the wire system described earlier, to enable measurements to be made 
up to 1600°C. The differential thermocouple output is amplified by a stand
ard d-c amplifier and is simultaneously fed to a pen recorder and a digital 
computer. It is important that the amplifier has high common-mode re
jection to keep the interference from the furnace controller out of the 
output display. We have found that earthing and screening are vitally 
important in keeping the noise level to a minimum. The configuration 
shown in Fig. 4 has proved to be the most successful. All measuring 
circuits are screened, except within the furnace enclosure, and a common 
earth point is taken at the pen recorder input stage. 

Computerization 

The digitaUzed amplifier output is stored directly in the computer and 
is smoothed by the procedures discussed by Savitzky and Golay [14]. 
Both dtldB against t and 6 against ln(?-?o) curves are plotted out directly, 
thus avoiding the laborious task of plotting them by hand. 

Results and Discussion 

Measurements have been made on polycrystalline alumina fibers in the 
form of blankets, boards, and low-density mats. We have found that the 
method is quick to operate; on one specimen, three runs can be obtained 
at each of seven temperatures within three days. Measurements on a 
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single test piece are capable of ±5 percent reproducibility over the tem
perature range, and, for a single material, repeatability between several 
test pieces is better than ±10 percent. 

In trying to assess the reliability of the hot-wire method, we have com
pared our results, where possible, with results obtained on parallel-plate 
equipment, for example, with the guarded hot-plate method according to 
the standard ASTM Test for Steady-State Thermal Transmission Prop
erties by Means of the Guarded Hot Plate (C 177-71). It is generally 
accepted that ASTM Method C 177 is accurate and reliable in its tem
perature range of application, even though Tye [1] has pointed out that 
results obtained by different workers, using equipment designed to the 
same standard, can differ by as much as 20 percent. These differences 
are attributed to the different operating conditions employed in each case, 
but they serve to highlight the dangers in drawing too strong conclusions 
from comparisons between different methods. Moreover, the temperature 
gradients developed in the hot-wire method are more complex than in the 
parallel-plate methods, and Tye has pointed out that the "thermal con
ductivity" results obtained may depend on the temperature gradient across 
the specimen, particularly at high temperatures, where radiation plays an 
important part in heat transfer. Having acknowledged the pitfalls in com
paring our hot-wire data with parallel-plate data, we would point out that 
it still remains the most useful way of assessing the value of the data that 
we obtain. 

It is also important to consider the effects of heat losses from the 
measuring equipment. Heat losses from the hot-wire equipment would 
cause the wire to heat up more slowly than in the ideal case, giving a 
conductivity value which is higher than the true value. Edge losses from 
the ASTM Method C 177 guarded hot-plate equipment, where the heat 
input is measured at the hot face, would cause the temperature gradient 
set up by a known heat flux to be too small, and thus an equivalent 
"conductivity" value which is again higher than the true value would be 
obtained. This conclusion is confirmed by Tye [1]. Edge losses from 
parallel-plate equipment, where the heat flux is measured calorimetrically 
from the cold face, would give rise to a too small heat flux for the tem
perature gradient that is set up, and so the "conductivity" values obtained 
would be smaller than the true values. However, measurements made 
using large temperature differentials are expected to give higher "thermal 
conductivity" values than isothermal measurements and this would, to 
some extent, compensate for the differences due to heat losses. 

Eschner et al [4] find that hot-wire results are greater than calorimetric 
parallel-plate results obtained by the ASTM Tests for Thermal Conduc
tivity of Refractories (C 201-47), Thermal Conductivity of Refractory Brick 
(C 202-47), Thermal Conductivity of Unfired Monolithic Refractions (C 
417-72), and Thermal Conductivity of Insulating Firebrick (C 182-47). 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JACKSON ET AL ON THE HOT-WIRE METHOD 167 

Measurements have been made on our alumina blankets by four in
dependent laboratories, each using a different form of the steady-state, 
parallel-plate type of equipment. 

Figure 5 shows a comparison of data obtained using the ASTM C 177 
guarded hot-plate technique with our hot-wire data for a 96-kg/m^ 
(6 lb/ft') experimental, high-porosity-grade alumina blanket. The hot-plate 
measurements provide the value ^x directly, but Fig. 5 compares these 
data with the hot-wire values for ki, and /:?[,, and with the values for k x 
computed by the method described earlier. The agreement between the 
two sets of values is very good, particularly in view of the hazards in 
making the comparison that have been cited earlier. The divergence in 
the results above 800°C is probably due to structural changes in the blanket 
material. Conditioning these high-porosity fibers for long periods of time 
at temperatures above 800°C causes a reduction in the fiber porosity and 
consequently an increase in the blanket "conductivity." It is almost cer
tain that the specimens were held at the high temperatures for a longer 
period of time during the hot-plate measurements, where thermal equi
librium is required, than during the hot-wire measurements, and this would 
explain the higher values obtained on the hot-plate equipment. Unfortu
nately, we have had no measurements made by ASTM Method C 177-71 
on commercially available Saffil alumina fiber, whose porosity is reduced 
to a minimum during manufacture. 

Figure 6 compares data obtained on a 96-kg/m^ (6 Ib/ft̂ ) Saffil alumina 
blanket by three alternative parallel-plate methods and the hot-wire 
method. In the first method (marked A in Fig. 6), the heat flow is deter
mined from the calibrated heat losses from a mat-black brass plate. In the 
second (marked B) the heat flow is determined using a heat flowmeter at 
the cold face, and the third (marked C) is an extensively modified version 
of the ASTM Method C 201, where the heat flux is measured calori-
metrically from the cold face. 

The hot-wire results agree with the results from the different types of 
parallel-plate equipment as well as they agree between themselves, show
ing that, although the hot-wire and parallel-plate methods are conceptually 
different, the results obtained are reasonably consistent. The three par
allel-plate curves are seen to diverge in going to higher temperatures, and 
the differences would be very large at, say, 1600°C. This shows the danger 
of following the practice whereby high-temperature "conductivity" values 
are obtained by extrapolating the curves obtained at lower temperatures. 
Tye [7] has observed this problem with data obtained by several workers, 
all using hot-plate equipment to measure the "conductivity" of fiberglass. 

We have found that, if inadequate care is taken in setting the equipment 
up, the errors introduced into the "thermal conductivity" data invariably 
cause the measured values to be too large, and in most cases the error 
is so great as to be immediately obvious. The errors mentioned eariier. 
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FIG.6—"Thermal conductivity" of Saffil alumina blanket at 96 kglm' (6 Iblft^). A com
parison of Mond hot-wire measurements with three different parallel-plate methods. 

arising from the coating formed on the wire, also cause the measured 
values to be too high; in fact, we have never encountered any source of 
error which lowers the "conductivity" values obtained. 

"Thermal conductivity" data on Saffil fibers, obtained by hot-wire and 
parallel-plate methods, correlate better to an exponential function of tem
perature J than to the 'P expression predicted by theory [15]. A survey 
of published "thermal conductivity" data on a wide range of lightweight 
refractory insulations shows this to be typical. The temperature depend
ence of the radiation-scattering properties of fibers is extremely complex 
and it is clear that more work is necessary in this area to explain the 
observed effects. A paper will be published showing how, for lightweight 
refractories, "thermal conductivity" data obtained by different methods 
can be standardized and how they can be used in practical insulation 
design. 
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Conclusions 

1. If sufficient care is taken, the hot-wire method provides a quick 
means of measuring the "thermal conductivity" of insulating materials 
at temperatures up to 1600°C and forms agood basis for practical insulation 
design. 

2. The draft standard specification DIN 51046 (1973) provides a good 
framework on which to base "thermal conductivity" measurements by 
the hot-wire method, but additional guidance in the following four areas 
would be useful: 

(a) the choice of furnace temperature control, 
{b) the need for the electronic components and wiring to be designed 

in such a way as to effectively eliminate electrical interference 
from the measuring circuits, which is particularly troublesome 
with thyristor controlled furnaces, 

(c) the need for special care when measuring the conductivity of 
materials which may attack the wire system, and 

(d) the determination of the "thermal conductivity" in the principal 
directions for laminar materials. 

3. Measurements made on Saffil fibers by the hot-wire method are 
consistent with measurements made on the same material with parallel-
plate equipment. 
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ABSTRACT: The German Standard Deutsche Industrie Norm (DIN) 51046 covers 
the measurement of thermal conductivity of refractories up to 1600°C by the hot
wire method. From the publishing of the first draft in 1969 to issuing the standard 
in 1976, several round-robin tests and other experimental work have shown that 

1. the hot-wire method is safe to use for material up to K = 2 W/m- K, and under 
certain precautions may be used up to ^ = 6 W / m K , 

2. the simplified solution of the Fourier differential equation used in the standard 
can be safely applied if the thermal diffusivity is smaller than a = 0.002 mVh, 

3. for material with a > 0.002 mVh, the recommended measuring time has to be 
reduced. 

4. several recommendations can be given about the type of furnace and measuring 
equipment and suggestions can be made on how to avoid errors, and 

5. the hot-wire method produces consistently higher values for thermal con
ductivity than other methods, including the ASTM procedure. 

The hot-wire method has been adopted by the Federation Europeenne des Fab-
ricants de Produits Refractaires (PRE) as Recommendation 32 and has been sub
mitted to the Technical Committee TC 33 of the International Standardization 
Organization (ISO). 

KEY WORDS; thermal conductivity, hot-wire method, refractories, insulating 
brick, standardization 

If a continuous line source is liberating heat at the constant rate q per 
unit time per unit length, the radial temperature distribution in the sur
rounding material can be calculated as follows 

dT q r^ 
xe~—- (1) d\nt ATTK A at 

'Manager, Research and Development, Didier Werke AG, Didier Research Institute, 
Wiesbaden, Germany. 
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where 
T = temperature, 
q = heat flow, 
K = thermal conductivity, 
r = radial distance from heating line, 
t = time from beginning of heat liberation, and 
a = thermal diffusivity. 

From Eq 1, after inserting finite temperature and time differences, the 
thermal conductivity of the surrounding material can be computed from 
the temperature increase of the line source (r = 0) 

^ q l n /2 - ln r , 
A = X 

4 77 7., - r , 
(2) 

where Ti is the temperature of the line after time t^ and T.^ is the temperature 
of the line after time t2. 

The apparatus is fairly simple and the following example shows a typical 
test procedure. The heat source is a platinum-rhodium wire of 0.175 mm 
radius, and the temperature increase is determined with a platinum-plat
inum-rhodium thermocouple welded on the wire. A reference junction is 
placed at the outside of the specimen. The specimen consists of two 
standard bricks with the wire-thermocouple unit sandwiched in between 
(Fig. 1). 

^ / V '^ 

Z^ 
voltmeter for resistance-measurement 

• ^ V ^ m 

A icurrentmeter 

"7̂  

microvoltmeter 
U 2^^mm'^^ J 

FIG. 1—Hot-wire apparatus. 
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At test temperature, the heating current is switched on and the tem
perature of the heating wire (rather, the voltage of the thermocouple) 
increases as shown in Fig. 2. The evaluation also is shown in Fig. 2 (cor
rection of the variable wire resistance is left out). The main difficulty is 
to measure accurately a temperature increase of (in our example) 0.558 
K at 965°C; this requires sensitive high-quality electronic equipment and 
careful execution of the tests. 

History 

Several authors [2-5]^ have used Eq 2 (or a similar equation) for de
termination of the thermal conductivity; Haupin [6] and Mittenbiihler [7] 
applied the hot-wire method to refractories after eliminating possible 
sources of error and developing a suitable apparatus. In 1%0, Haupin 
reported close agreement between his values and those determined by the 

^ 1 0 

J, 8 
en 6 
-e 5 
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:t2 

2 t 
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9g 
8:i 
7 | 
6 = 
5 
/. 
3 
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I I I I I I I I — I I I I I I — ( -

O.IIO 0.112 O.Ik. 0.115 0.118 0.120 0.122 0.12̂ ; 
EMF-values of thermocouple [mV ] 

Test temperature ; 
Thermocouple factor; 
Length of wire ; L = 
Resistance measurement at 1 mA: 

Resistance of wire : R^^^j^ = 

Heating current: I = 

965 "C 
0.0ll3mV/K 
0.342 m 
l.7l8mV 

5.023fi/m 

1.7525 A 

T| = 0.1144 mV , t |= 2min 
Tj= 0.1207 mV, t2= 5 min 
AT= 0.0063 mV = 0.5575K 

K= - i l K iDJiZIi 32.017 W/mK 
4 n T?- Ii 

FIG. 2 Temperature increase of heating wire and example of test evaluation. 

'The italic numbers in brackets refer to the list of references appended to this paper. 
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ASTM Test for Thermal Conductivity of Refractories (C 201-47); Mitten-
biihler agreed (1962) with the German Klasse method [15] where the 
conductivity is determined by comparison with a standard. 

From 1962 to 1976, the method and its application to refractories were 
improved further. The permissible range of conductivities was defined, 
maximum diameter of the wire and minimum dimensions of the specimen 
were determined, and the evaluation was exactly specified [7,9-11]. 

Standardization 

In 1974, an informal working group was formed within the Federation 
Europeenne des Fabricants de Produits Refractaires (PRE), consisting of 
three laboratories: 

BCRA—British Ceramic Research Association, 
SFC—Societe Fran9aise de Ceramique, Centre National d'Etudes et 

Recherches Ceramiques, 
DFI—Didier Research Institute (for DIN committee B2a4), and two 

further consultants. 
The working group was supposed to coordinate the work done on the 

hot-wire method in Britain, France and Germany and to write up a Eu
ropean Test Recommendation. 

Great Britain 

There exist the BS 2973 from 1961 and BS 1902 from 1%6 using a 
modified ASTM apparatus. In 1974 the hot-wire method was tested at 
BCRA and compared favorably with the calorimeter method [//]. 

France 

There is no standard method in France. Several procedures are in use 
which were evaluated in a report of the SFC [12] in 1962. The Paris 
institute of the SFC has then experimentally compared different methods. 
Among these were ASTM C 201-47, ASTM C 201-47 with a reduced test 
panel, a radial flux method [13], and the hot-wire method [14]. 

Germany 

During the past 20 years, a comparative "disk method" after Klasse 
[15] was widely used. A DIN committee compared different methods from 
1%0 on, including the ASTM and hot-wire techniques. The Klasse pro
cedure was not regarded as suitable for standardization because it is a 
comparative method and needs a master method for the calibration of the 
reference specimens. As early as 1%8, the hot-wire method was selected 
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as German standard DIN 51046. After numerous round-robin tests and 
improvements of the apparatus, the first tentative standard was issued in 
1969. 

After SFC, BCRA, and DFI (for the DIN committee) agreed that the 
hot-wire method was to be recommended to the PRE as a European "Test 
Recommendation," the German DIN 51046 was issued in 1976—still called 
a preliminary standard to leave room for possible adjustments to the PRE 
recommendation to come. 

PRE 

After finishing the tests, the three institutes submitted in 1976 a mutual 
draft which has officially been accepted by the member countries and 
issued as PRE-recommendation 32. 

ISO 

The Technical Committee of the International Standardization Organ
isation (ISO), TC 33, has listed the thermal conductivity as a point of 
interest and an area of future work for Subcommittee SC 2. In 1973, the 
Netherlands submitted the cylinder method [13], and Germany submitted 
the hot-wire method in 1977. 

Theoretical Aspects and Limitations 

All authors and institutes involved agreed that the hot-wire method 
should for the time being be limited to material with low thermal con
ductivity. In the following, the reasons for this Hmitation are explained. 

For the derivation of Eq 2 the following assumptions were made 
1. The heat source is a line (heating wire) of infinitely small radius. 
2. The coefficient of heat transfer between the wire and the surrounding 

medium is infinite. 
3. The length of the wire is infinite. 
4. The radius of the surrounding medium (cyHnder) is infinite. 
In the actual measurements, these conditions can be approached but 

never completely fulfilled, so that the possible errors, by not having ideal 
conditions, must be assessed. 

Errors due to not fulfilling Assumptions I and 2 can be calculated using 
the following equation: 

T - z ^ 2 / ! + l n ^ - ^ ^ ^ ; ^ + ^ ^ : , , ^ x l n ^ + ... 
q 

4nK 

4 F„ 
2h + n 

C 

4h-W W~2 
+ 

2 W Fo 2W F„ 
(3) 
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where 

r = temperature of (finite) heating wire, 

Fo = Fourier number, —-

a = thermal diffusivity, 
t = time from beginning of heat liberation, 
r = radius of heating wire, 
h = 27rK///, 

H = coefficient of heat transfer from wire to surrounding 
medium, 

_ 2 X (p X Cp) medium 
(p X Cp) wire 

py~c^i = density • specific heat = heat capacity, and 
C = 1.772 ( = e^ with y = Euler's constant). 

If the volume actually taken up by the wire consisted of the surrounding 
medium, the heat capacity ratio would be »v = 2; for / / = ^ as ideally 
assumed, the coefficient h would be /i = 0 and Eq 3 could be transformed 
into Eq 2. 

To obtain practical results, calculations were made for which the max
imum allowable error was defined as a 1 percent error in the temperature 
increase of the hot wire. For several materials, the allowable ranges were 
determined in which ?i and t.^ could be chosen under this condition. The 
allowable range is characterized by a linear relationship between tem
perature and log time. The maximum allowable time for the end of the 
measurement is, of course, dependent upon specimen size. For a wire 
radius of 0.175 mm and a specimen "radius" of 57 mm (half width of a 
standard brick), the temperature increase of the reference junction is 
1 percent of the temperature increase of the wire, if 

1.97 
?2 max = , s 

a 
This maximum allowable time for the end of measurement t^ max depends 
only on the thermal diffusivity of the surrounding medium, that is, the 
refractory material. If the reference junction is closer to the heating wire, 
the maximum allowable time t-i max is less. 

The beginning of the measurement, ?i, has to be chosen in such a way 
that the error is not more than 1 percent of the temperature increase of 
the wire between t^ and t^ max-

The coefficient of heat transfer between wire and refractory material 
(//) was determined experimentally. Values between 0.5 and 15 W/m^K 
were found, depending on the imbedding technique and other factors. For 
calculation of the earliest possible /,, H = 0.5 W/m^- K was assumed (Fig. 
3). 
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It can be shown [10] that f, ,̂ in depends on a, h, and w and that above 
/j = 50 no measurement under the specified error conditions is possible. 
The results are given in Table 1. It can be seen that magnesite bricks have 
(theoretically) no allowable range for measurement. 

These calculations (supported by experimental work) have shown lim
itations of the method which were included in the PRE and DIN standards 
as specifications of wire and specimen: 

1. minimum specimen "radius" of 57 mm, 
2. maximum wire radius of 0.175 mm. 

Temperature 
of wire 

error of 
finite wire 
too higfi T • 

actual finite wire 

tfieoretical line 
source 

sample 
boundary 

time 
t|(min 

Choose t2 so that x ; I % of T2-T0 
Choose ti so that (yz-yi) i I % of Tj-Ti 

FIG, 3—Assessment of errors. 

TABLE 1—Permissible measuring ranges. 

Mater ia l 

Insulating brick 

Insulating brick 

Fireclay 

Mull i te 

Forsteri te 

Chrome-Mag. 

Magnesia 

Magnesia 

Magnesia 

K 

'yj/mK] 

0.2 

0.4 

1.0 

1.8 

2.0 

3.0 

4.0 

6.0 

10,0 

g =P 

[kg/nf] [kJ/kgK] 

495 

930 

2100 

2500 

2700 

3000 

3000 

3000 

3000 

1.05 

1.05 

1.05 

0.97 

1.05 

1.13 

1.18 

1.18 

1.18 

a 

[m^/h] 

162 10'̂  

1.72 10'̂  

1.90 10"' 

2.82 10"' 

3.11 10"' 

3.70 10"' 

4.76 10"' 

7.14 10'' 

11.9010'' 

h 

2.513 

5.026 

12.566 

22.519 

25.133 

37.699 

50.265 

75.398 

125.663 

w 

0314 

0.605 

1.260 

1,342 

1.524 

1.751 

1.543 

1.543 

1.543 

t|(min) 

min 

2 84 

1.07 

0.68 

0.58 

0.806 

0.99 

'2(max) 

min 

203 

19.06 

17.22 

10.48 

11.07 

8.86 

no measurement 

possible 
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3. method of wire imbedding, 
4. ^„axOf2 W/mK, and 
5- m̂ax of 0.003 mVh (check t-i max if a is greater than 0.002 mVh). 

Within these boundary conditions, a correct determination of Â  is ensured. 
With an enlarged specimen size, smaller wire radius, and careful imbed
ding, higher ^-values can be measured. 

Apparatus, Practical Experience 

Furnace 

It is necessary to control the specimen temperature before the mea
surement to ± 0.05 K at the wire. This can be accomplished by using a 
furnace with a fairly high heat capacity and the conventional transformer-
servomotor-control system which (once the temperature is established) 
does not change the transformer position any more. 

Measuring Circuit 

The microvoltage of the thermocouple can be measured by a millivolt 
recorder with a 0.1 to 0.2 mV range. A digital nanovoltmeter with a digital 
clock and printer is preferred. It is important that all input noise is com
pletely filtered out. 

Measuring Conditions and Accuracy 

For a typical insulating brick of the 2300 class (K = 0.14 W/m- K), the 
amperage of the heating current was varied between 0.5 and 2.5 A and 
the diameter of the wire between 0.1 and 0.5 mm. No influence of these 
variations on the /T-values was found. Furthermore, there was no differ
ence noted using a-c or d-c current. 

Ten consecutive measurements—each time the setup was completely 
taken apart and reassembled—had a standard deviation of less than 4 
percent. The same standard deviation was found in 20 or more measure
ments when the two bricks of the test setup were turned around between 
measurements. 

All these tests with the foregoing variations were carried out on the 
2300-class insulating brick; the complete set of the total 100 tests had a 
mean of 0.142 W/mK with a standard deviation of 0.0064 W/mK, which 
is ± 4.5 percent. The maximum deviation of a single value from the average 
was 13.9 percent. These experiments covered the whole range of variation 
allowed in the DIN standard. DIN specifies that at each temperature level 
the measurement should be carried out three times. K is the arithmetic 
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mean of these values and no individual measurement may be more than 
10 percent off this arithmetic mean. 

The following is specified for the accuracy of the method: 
Under repeat conditions 

(one observer, one instrument) 
Under comparison conditions 

(different observers, 
different instruments) 

5 to 10 percent 

± 10 to 15 percent 

Influence of Imbedding 

To test this influence, the wire was imbedded in a 2300-class brick in 
extremely wide grooves, contradicting the standard procedure. The 0.5-
mm notch, which usually takes up the heating wire, was replaced by a 
cylindrical hole of 20-mm diameter which was alternately filled with a 
lightweight powder and a magnesia powder or left unfilled. The result is 
given in Table 2. Although these values were obtained under completely 
unrealistic conditions, they show the importance of a correct imbedding 
technique. Using a 20-mm round hole for imbedding, the results deviated 
even more than for the cylindrical hole. 

Measurement of High Thermal Conductivities 

In Table 1 a theoretical limit of about 4 W / m K was calculated. In 
practice, we have determined thermal conductivities up to 20 W / m K 
(magnesite brick at room temperature), and reliable values could definitely 
be obtained up to about 6 W / m K . Recommended is an increase in spec
imen dimensions to enlarge the maximum allowable time of measurement 
(Fig. 4). 

TABLE 2—Variation of imbedding technique. 

Number of 
measurements 

K(average) 

Standard 
deviation 

Error 

Standard 

10 

o.uo 

2.9°/o 

20mm groove fi l led with 

Air 

10 

0.153 

2.9 7o 

• 9.37o 

MgO 
powder 

10 

0.122 

2.2 7o 

- l37o 

ligfitweigfit 
powder 

10 

0.123 

2.8 7o 

-12 7o 
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Comparative Test 

In the refractories field, the thermal conductivity is very important for 
insulating brick, so most determinations are made in the range of 0.1 to 
1 W/mK. After issuing the first tentative standard, the German DIN 
committee organized several round-robin tests which later included SFC 
and BCRA (Fig. 5-7). For the 2300- and the 2800-class insulating brick, 
the maximum deviation of a single laboratory from the average value was 
about 10 percent for the hot-wire method. The results of the hot-wire 
method are about 25 to 30 percent higher than the ASTM results. 

lO-t 
1 — 1 

c •H 
Fi 

•H 
4J 

M 
O 

a-
6-
s-
A-

3-
-

2-

- t . 

X=5.65 W/mK 

Temperature increase 

1.23 1.25 L30 L35 1.̂ 0 [mV] 

3I.5A 32 33 3/, 35 36 [ K ] 

FIG. 4—Determining K of a magnesia brick. 
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FIG. 5—Comparative test. 
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| 0 .3H 

3 0.2 

1 
io.i 

Insulating brick 
2300 

Laboratories 
Hotwire 2.3,5.6.9H.I2 
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FIG. 6—Comparative test. 
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FIG. 7—Average of hot-wire (H) and ASTM (A). 

Interestingly enough, the ASTM resuhs obtained in the United States 
by the producer [7] and by an independent laboratory [8] were lower than 
the values obtained by a method similar to ASTM C 201-47 in Europe [9]. 
The results of laboratory 9 are the average of two measurements, one with 
and one without insulating material between the test specimen and the 
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calorimeter. There seems to be a difference in values between the two 
test setups; this, however, is not certain. 

Other methods have been investigated in the round-robin tests, too. 
The experimental thermoconductivity values obtained by using the Klasse 
method lie between the values obtained by using the ASTM Method C 
201-47 and the hot-wire method. The Klasse procedure relies on a standard 
whose thermal conductivity was defined in a test series between 1960 and 
1965, relying mainly on ASTM values. Today, however, after Klasse, 
higher values are found than after ASTM. The radial flux procedure [75] 
(submitted to ISO by the Netherlands) is in accordance with the hot-wire 
method. 

Discussion and Future Work 

ASTM—Hot Wire; Comparison of Methods 

The hot-wire apparatus is less expensive and the components are avail
able off the shelf so that machining, fitting, and construction work is 
minimized. The apparatus lends itself favorably to automation and the 
man-hours per test are reduced. The tests may be run from room tem
perature up to 1500°C, possibly up to 1600°C; the specimen consists nor
mally of two standard bricks. The method is faster—a test with six or 
seven temperature levels is carried out in two or three days. Three or four 
furnaces can be operated simultaneously with one measuring device. No 
unidirectional testing, however, is possible; the thermal conductivity is 
determined as the mean value of all directions. This makes measurements 
of fibrous material dubious, and of any other material where a variation 
of thermal conductivity in different directions is expected. The main dis
advantage is the limitation to material below K = 6 W/mK, officially in 
the DIN standard even below 2 W/mK. 

Further Development of the Hot-Wire Method 

In Germany, several institutes are working on the measurement of high 
conductivities. First comparative tests have shown good agreement be
tween two laboratories up to 12 W/mK. It is expected that the standard 
will officially be extended to 6 W/m • K or even more within the next years. 

In other trials, an additional thermocouple is imbedded a few millimetres 
beside the hot wire, allowing a measurement from the first second instead 
of from the first minute, which seems promising for high conductivities 
and for the simultaneous measurement of thermal diffusivity. Further
more, trials are underway with no thermocouple at all, using the change 
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of the resistance of the hot wire for determination of the temperature 
increase. 

International Standardization 

The main difficulty to overcome in Germany in the course of standard
ization was the difference in values between hot-wire and ASTM methods 
for the insulating brick. The hot-wire method leads to higher ^-values in 
the catalogs, and some companies, of course, foresee problems and com
plications in sales if all catalogs have to be rewritten. 

After agreement was reached in Germany and, moreover, between the 
three involved European institutes, the same difficulties delayed the PRE 
work because one or more European producers wanted to adhere to the 
low ASTM values in their catalogs. 

Before the ISO engages in a discussion on thermal conductivity, the 
ASTM and hot-wire methods should be compared with a few more ASTM-
laboratories engaged and using three or four different refractory materials 
with A -̂values between 0.1 and 6 W/mK. It should also be investigated 
if different values are obtained within the ASTM specifications by using 
polished or dull calorimeters and with or without spacers or insulating 
layers between the test brick and the calorimeter. It should be possible 
to find out why there is a difference between the ASTM and hot-wire 
procedures. 

References 
[/] Carslaw, H. S. and Jaeger, J. C , Conduction of Heat in Solids, 2nd ed., Oxford 

University Press, 1959. 
[2] Van der Held, E.F.M. and Van Drunen, F. G.,Physica, Vol. 15, No. 10, 1949, pp. 

865-881. 
[3] Hooper, F. C. and Lepper, F. R., Transactions, American Society of Heating and 

Ventilating Engineers, Vol.56, 1950,pp.309-324;Heating, Piping and Air Conditioning 
Journal, Section 22, 1950, pp. 129-135. 

[4] Hooper, F. C. and Chang, S. C., Heating, Piping and Air Conditioning Journal, Section 
24, 1952, pp. 125-129. 

[5] Gupta, M. L., Journal of Scientific and Industrial Research (India), Vol. 19B, No. 7, 
1960, pp. 240-243. 

[6] Haupin, W. E., American Ceramic Society Bulletin, Vol. 39, No. 3, 1%0, pp. 139-141. 
[7] Mittenbiihler, A., Berichte Der Deutschen Keramischen Gesellschaft, Vol. 39, No. 7, 

1962, pp. 387-392. 
[8] Mittenbiihler, A., Berichte Der Deutschen Keramischen Gesellschaft, Vol. 41, No. 1, 

1964, pp. 15-20. 
[9] Schwiete, H. E. and Dohm, K.-D., Archiv fiir das Eisenhiittenwesen, Vol. 38, No. 5, 

1967, pp. 411-414. 
[10] Eschner, A., Grosskopf, B., and Jeschke, P., Tonindustrie-zeitung, Vol. 98, No. 9, 

1974, pp. 212-219. 
[//] Davis, W. R., "The Determination of Thermal Conductivity of Refractory Insulating 

Materials by the Hot-Wire Method," BCRA Technical Note No. 224, British Ceramic 
Research Association, 1974. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JESCHKE ON THE HOT-WIRE METHOD 185 

[12] Halm, L., Bortaud, M., and Lapoujade, P., Berichte Der Deutschen Keramischen 
Gesellschaft, Vol. 39, No. 7, 1962 pp. 370-375. 

[13] Van Konijnenburg, J. T., Toninduslrie-zeitung, Vol. 97, No. 4, 1973, pp. 89-94. 
[14] Provost, G., "Conductivite thermique: Rappel de donnees theoriques, resume d'essais 

comparatifs, conclusions pratiques," Bulletin De La Societe Francaise Ceramique, 
April, 17-23 June 1973. 

[15] Klasse, F., Heinz, A., and Hein, i., Berichte Der Deutschen Keramischen Gesellschaft, 
Vol. 34, No. 6, 1957, pp. 183-189. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



W. R. Davis^ 

Determination of the Thermal 
Conductivity of Refractory Insulating 
Materials by the Hot-Wire Method 

REFERENCE: Davis, W. R., "Determiiiation of the Thermal Conductivity of Re
fractory Insulating Materials by the Hot-Wire Method," Thermal Transmission 
Measurements of Insulation, ASTM STP 660, R. P. Tye, Ed., American Society 
for Testing and Materials, 1978, pp. 186-199. 

ABSTRACT: The hot-wire line source technique has been applied to the mea
surement of the thermal conductivity of refractory insulating materials at temper
atures up to 1000°C. The method is rapid and has a repeatability of better than 5 
percent. Comparisons have been made with other methods. 

KEY WORDS: ceramic fibers, fibrous insulation, heat flux, high-temperature re
search, high-temperature insulation, refractory materials, thermal conductivity 

The work described herein formed part of a program, undertaken some 
years ago, to develop test methods for ceramic fibers. At the time, it was 
intended solely as an assessment of a possible rapid method for the de
termination of thermal conductivity, offering the possibility of carrying 
out a series of relatively inexpensive tests at temperatures up to and 
exceeding 1000°C in about half the time required for conventional tests. 

Theory 

The hot-wire method is a transient technique based on the measurement 
of the temperature rise at the midpoint of a heated wire embedded in the 
material under test. It may have the heater and thermocouple enclosed 
in a thin sheath—the probe type—or it may have an unenclosed straight 
resistance wire heater—the line-source type. It is assumed that the heat 
output is constant and uniformly distributed around and along the wire. 

'Senior scientific officer, British Ceramic Research Association, Queens Road, Penkhull, 
Stoke-on-Trent, England. 
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The original method is attributed to Schieirmacher [1]^, but its practical 
application is due to Van der Held and Van Drunen [2], who first used 
the method to determine the thermal conductivity of liquids. 

If a current is passed through a wire embedded in the test material, the 
wire will heat up. If the temperature at the midpoint of the heater is plotted 
against log^ of the elapsed time, a sigmoid curve (Fig. 1) is obtained. The 
initial portion of the graph is curved due to thermal diffusivity [2]. A linear 
portion follows, the length of which depends on the heat input and the 
conductivity of the specimen. The upper part of the graph is dependent 
on specimen size and end heat losses. Only the linear portion is used to 
determine the thermal conductivity. 

The theory of the method has been developed in detail by Carslaw and 
Jaeger [3], Blackwell [4], and Hooper and Lepper [5], who have elaborated 
on the original Van der Held equations. 

The basic equation for the temperature 0 at a given time t at the midpoint 
of the heater wire is somewhat complex. It can be simpHfied by considering 
the change in temperature between two given times. This change in tem
perature (02 - ^i) is given by 

02 - 01 = (^/47r\) loge/2/̂ , (1) 

where 

q = heat input per unit length of wire, 
02 = temperature at time t2, 
01 = temperature at time /i, and 
\ = thermal conductivity. 

Temperatures 0i and 02 are chosen so that they lie on the linear portion 
of the curve. It should be noted that there is no thermal diffusivity term 
in this equation. 

This expression assumes an infinitely long heater of negligible thickness. 
For practical purposes, a correction must be made for the finite size of 
the heater. This is done by evaluating a time interval to which is subtracted 
from both fi and 2̂ so that Eq 1 becomes 

e2-9i= {ql47rk) log, t^ - tjt^ - h (2) 

where t^ is evaluated by plotting dtidd at intervals of 1 s against the elapsed 
time for the first 15 to 20 s. The best straight line is drawn through the 
points, and the intercept on the time axis gives ô-

If we now plot the temperature against loge of the corrected time, we 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1—Determinaton of k for ceramic fiber blanket: Haupin hot wire. 
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should obtain a straight line whose slope is equal to q/4vk. This is the 
basis of the hot-wire method. 

Experimental Techniques 

Thermal Conductivity Probes 

Wechsler [6] has discussed fully the design and application of thermal 
conductivity probes. The advantages are simplicity of equipment and 
rapidity of measurement; under suitable conditions with a calibrated 
probe, only two temperature readings are required over a time interval 
which may lie between 150 s and 10 min. Accuracy may be as good as 
± 5 percent. The disadvantages include difficulties in finding suitable ma
terial of known thermal conductivity and the fact that the probes must be 
individually calibrated and can be used with confidence only over the 
range of heater currents covered in the calibration. The temperature range 
is restricted to about 100°C, although probes can be used down to -200°C. 
Since the investigations were made at temperatures up to 1000°C, this 
technique was discarded and other hot-wire methods examined. 

Line Heat Source Techniques 

Haupin Type—The first method investigated is due to Haupin [7], where 
a butt-welded thermocouple is used as the heater. The two legs of the 
couple are of different resistance-alloy wires. Since these two alloys have 
differing resistivities, the resistance of each leg must be matched by using 
different wire gages. It was found that a batch of 22 B&S (0.643 mm) 
Nichrome-3 and 27 standard wire gage (SWG) (0.417 mm) Advance gave 
a good match up to 700°C, as shown by the following table: 

Temperature, (°C) 20 100 200 300 400 500 600 700 

Resistance 
match, percent - 3 - 1 -0 .7 +0.5 +1.6 +1.4 +0.4 +0.2 

The butt weld was made by a capacitor discharge method. The couple 
was calibrated against a standard base-metal couple to 1000°C. The ther
mocouple electromotive force (emf)/temperature curve is not linear, as 
can be seen from the following: 

Temperature, (°C) 50 100 200 300 400 600 800 1000 

Emf, (mV) 2.04 4.27 9.32 14.98 21.00 33.42 46.78 60.26 

AiV/°C 44.6 49.2 55.2 59.6 61.0 64.0 68.4 67.0 

Resistance, 
ohms/m 3.565 3.575 3.600 3.630 3.680 3.800 3.950 4.56 
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A heater-couple comprising platinum/platinum 13 percent rhodium was 
considered at this stage, but was discarded since the low thermo-emf 
would have required a stable d-c amplifier. Some difficulty had been 
experienced with interference from the furnace controller and nearby 
electrical equipment, and it was felt that in view of the limited scope of 
the tests too much time might be taken up with possible additional prob
lems associated with the d-c amplifier. The upper temperature limit of 
1000°C imposed by the base-metal combination was acceptable. 

Since both the heater current and the thermoelectric current are flowing 
in the same wire, some means must be used to separate them. The original 
method used 60 Hz a-c to heat the wire, blocking the d-c thermo-emf with 
a large capacitor of low impedance to the a-c. In the thermocouple loop, 
the a-c was removed by a tuned filter comprising two large iron-cored 
inductors and two electrolytic capacitors. The present circuit (Fig. 2a) 
uses a similar setup. To reduce the filter components to a reasonable size, 
the frequency of the heater current is increased to 2200 Hz. A high-
sensitivity oscilloscope was used to check the residual ripple present at 
the recorder input. With 0.7 A flowing, the residual ripple was less than 
0.5 mV and became insignificant when a further filter comprising a l-/u,F 
capacitor in parallel with a 1000-ft resistor was placed across the recorder 
input. 

The ampUfier was a standard 15-W audio amplifier. This gave 1.5 A into 
a 6-0, load before appreciable distortion was noticed. A 50- or 60-Hz 

SOMF ISOV.W. 
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(WI35/IF 
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280 turns 26SW.G. 
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FIG. 2—Schematic of hot-wire thermal conductivity apparatus: (a) a-c heating, Haupin 
type; (b) d-c heating, cross type. 
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alternating current from a combination of a variable autotransformer and 
a fixed-ratio transformer can also be used provided the waveform has low 
distortion. 

In the early tests, a first-grade analog a-c ammeter was used. This was 
later replaced by a digital multimeter. The final setup had a standard 0.100-
or l.OO-H resistor in series with the heater. The voltage drop across the 
resistor was measured with a digital voltmeter. This meter could be 
switched to also measure the voltage drop between two wires spot-welded 
a measured distance apart on the heater. If a-c heating is used and there 
is appreciable distortion of the waveform, it is advisable to use a true root-
mean-square (rms) voltmeter, or errors could arise. 

A dummy load, equal in resistance value to that of the heater, was used 
to set the heater current to a known value and to check that the current 
was constant before switching to the heater. 

The heater was sandwiched between two slabs of the test material. 
Where possible, these were 200 by 200 by 25 mm, but in some cases 
shortage of test material made it necessary to use 200 by 100 mm. In such 
cases the heater lay along the 200-mm direction. For bricks, the heater 
was sandwiched between the 220 by 110-mm faces. 

At room temperature the test specimen was enclosed in a foamed poly
styrene box to eliminate drafts and variations in ambient temperature. For 
the high-temperature measurements a sillimanite box fitted with a hd was 
used. This also acted as a heat sink and kept the specimen surroundings 
constant during a test run. It proved possible to maintain the temperature 
in the box constant to within O.TC over a 5-min period. 

The high-speed recorder used had a maximum sensitivity of 250 /xV 
full-scale deflection (fsd) (200-mm chart width), but for most of the tests 
the top speed of 600 mm/min was used with either the 0.5 or 1.0-mV 
sensitivity. The maximum temperature rise recorded was less than 20°C, 
being only 12 to 15°C for most of the tests. Because of the low cost of the 
wire, the heater-couple was discarded after a high-temperature run. 

Although this method gave good results, it soon became apparent that 
a good butt weld could not be guaranteed. This affected the stability of 
the heater current and also the thermo-emf. Tests showed some variation 
in the temperature coefficient of the latter from one heater-couple to 
another, possibly due to the butt weld. Another disadvantage was the 
rapid rise in the resistivity of the heater above about 850°C. These dis
advantages outweighed the convenience of the method. 

Welded Heater-Thermocouple or Cross-Type Hot-Wire—This method 
has been used for some considerable time and is the basis of DIN 51046: 
1973 [8], which is proposed as a standard test for refractory materials. It 
differs from the combined heater-couple in that a separate thermocouple 
is welded to the center point of the heater. In the present instance, the 
heater was a 22 B&S (0.643-mm) Nichrome-3 wire and the thermocouple 
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34-SWG (0.234 mm) TJT^ alloys (Type K). The thermocouple size com
plies with DIN 51046. 

The equipment layout was as in Fig. Ih. This is very similar to the 
combined heater-couple arrangement. Either d-c or 2200-Hz a-c could be 
used to heat the wire. In the case of the latter, the filter arrangement was 
unnecessary. Heavier-gage leads were used for the heater connections 
outside the box to minimize power requirements. The current was mon
itored throughout with the digital multimeter. It proved possible to main
tain the current constant to better than 2 mA when 1 A was flowing. 
Checks were made to observe the effect of a deliberate variation in heater 
current during a run, and a change of 2 mA produced a measurable change 
in the slope of the curve. 

Experimental Procedure 

The specimen-heater-couple sandwich was assembled with the couple 
leads taken out at right angles to the heater and placed in the box. It was 
then allowed to reach thermal equilibrium, the couple being used to check. 
With the recorder on 1 mV fsd and the steady thermo-emf backed off, it 
was possible to detect changes of the order of 0.025°C. There was normally 
little difficulty in obtaining a temperature stabiUty of 0.05°C over 5 min. 
When equilibrium was reached, the amplifier or power supply was 
switched on and the current set in the dummy load to a suitable value. 
As a rough guide, PR should be of the order of 5 to 8 W/m for a thermal 
conductivity of 0.1 W/mK, where / is the heater current in amps (rms 
for a-c) and R the heater resistance in ohms per metre length (not the 
actual heater resistance). When the current had settled to a steady value, 
the recorder was zeroed, the chart drive engaged, and the current switched 
to the heater. A rapid initial rise in temperature is noted, followed by a 
leveling off to a steady rise, the rate of which slowly decreases. A typical 
run usually lasted 3 min. 

The recorded trace has now to be replotted—recorder reading, d— 
against loge of elapsed time from the start of the run. Before this is done, 
however, the correction factor t^ has to be evaluated to allow for the finite 
size of the heater wire. This was of the order of 5 s for 22 B&S wire or 
1 s for 34-SWG wire. This value is subtracted for each time reading when 
plotting the graph. A typical corrected and uncorrected curve is given in 
Fig. 1. The graph is plotted on semilog paper. 

The slope of the linear portion of the graph is then determined, the 
difference in recorder readings (̂ 2 - 1̂) being converted to degrees (Cel
sius or Kelvin) by multiplying by the appropriate factor (degrees per 
millivolt). The thermal conductivity X is then derived from the expression 

X = QIATTS (3) 

where S is the corrected slope. 
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The energy input q can be obtained from PR, in which case R must be 
corrected for variation with temperature. The necessary correction factor 
usually can be obtained from the manufacturer's literature. For the Ni-
chrome-3 heater the factor is 1.123 at 1000°C. It should be emphasized 
that R is the resistance per metre length. An alternative method to obtain 
q is to measure the voltage V across the heater wire at the voltage takeoff 
points, preferably with a digital voltmeter. The power input is then given 
by VIII, where / is the heater length in the specimen in metres. Both 
methods were used, there being little difference in the results obtained. 

At least three determinations were made at each temperature, preferably 
with a range of heater currents. DIN 51046 suggests taking the temperature 
at 2 and 10 min. This simplified method can be used if a series of tests 
is being made on materials of roughly the same thermal conductivity or 
where the thermal conductivity does not vary greatly with temperature. 
If the variation of \ with temperature is large or unknown, it is advisable 
to plot the readings to ensure that there is a linear portion to the graph 
and that its position is known. Otherwise there is the risk that one or the 
other of the fixed time points may be off the linear portion, giving rise to 
serious errors. The time interval suggested is for insulating bricks or 
refractories and will be found to be excessive for ceramic fiber blankets, 
where a much shorter time interval is more appropriate. 

The main difficulty at higher temperatures is in ensuring that the tem
perature of the specimen surroundings is steady both before and during 
the measurements. For this reason it is advisable to have the specimen 
in some form of refractory box to even out temperature fluctuations. Such 
variations during the measurement period will cause distortion of the 
curve. There may also be some trouble from interference pickup on the 
thermocouple leads, particularly if thyristor control of the furnace is em
ployed. This can be minimized by a suitable disposition of the leads and 
thorough screening outside the furnace. It may be necessary to take the 
leads out parallel to each other rather than in the cross form. 

It is essential that there be good contact between the heater wire and 
the specimen. With ceramic fiber blankets, slight loading of the upper slab 
may be necessary. With bricks, insulating or refractory, it will be necessary 
to smooth the contacting surfaces and cut a groove in the top surface of 
the lower brick. This groove should be of a width and depth only very 
slightly in excess of the diameter of the heater wire, which is cemented 
in place with a paste made from brick dust and a suitable organic binder. 

Results 

The preliminary tests were made at room temperature to establish re
peatability and variation. Both a-c and d-c heating were used, there being 
little difference in the values obtained. A typical set of figures for a ceramic 
fiber blanket is 
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a-c Heating d-c Heating 

Current, A \ , W/mK Current, A \ , W/mK 

0.544 
0.590 
0.646 
0.677 

0.0253 
0.0253 
0.0250 
0.0250 

0.545 
0.607 
0.658 
0.693 

0.0252 
0.0254 
0.0255 
0.0253 

The above figures for k show a spread of about ± 1 percent. In these 
and the high-temperature tests, there was Uttle difficulty in achieving the 
± 15 percent quoted in DIN 51046. The replotted curves of 9 against \oget 
were subjected to statistical analysis, and the straight-line portions of the 
graphs gave coefficients of variation ranging from 0.9995 to 0.99998. 

Curves are given in Fig. 3 for two different crystalline-type fiber blankets 
(96 kg/m^). The curves in Fig. 4 are for heavy-duty fiber blankets (128 kg/ 
m )̂ from two different manufacturers. 

Comparison with Other Test Methods 

Some time after these evaluation trials had started, the British Ceramic 
Research Association took part in a cooperative test organized by the 
German Standards Committee, DNA [9], in which a number of continental 
laboratories also took part, using a variety of methods with a 2300-Grade 
insulating brick as the test material (Fig. 5). In Fig. 5, the B.S. method 
refers to B.S. 1902: Part lA: 1%6, Section 12. The Klasse method is a 
comparative technique similar to the split-column method [70]. And the 
Radial-flow method uses thermocouples disposed radially at known dis
tances from a central axial heater [11]. 

In this test, each laboratory tested two bricks from a selected batch, 
and there were therefore two sources of differences between laboratories: 
(1) differences due to experimental errors, both systematic and random, 
and (2) differences arising from test-piece variation. The overall spread 
of the hot-wire results is about ±25 percent. Nothing is known in this 
particular test of the variation in specimen conductivities, but an estimate 
of this may be made from data given by Cowling [72] which indicate that, 
if the test bricks were selected to have bulk density variations within ±8 
kg/m ,̂ a spread of conductivities of about 15 percent of the mean value 
might be expected. 

It is customary to label a conductivity value with the mean value of the 
temperature range over which it has been measured. If the conductivity/ 
temperature relationship of the material departs from a straight line—as 
is the case for many ceramic fibers—the conductivity measured over a 
range of temperature will differ from the "true" or "actual" conductivity 
at the mean temperature of that range. This could lead to differences 
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FIG. 3—Variation of thermal conductivity with temperature: crystalline-type fiber blan
kets. A: AI^O:^fiber; B: ZrO^ fiber (96 kg/m^). 

between methods employing small and large ranges such as the hot-wire 
and the B.S. methods. 

Results of an early test on ceramic-fiber blanket are given in Fig. 6. The 
same 5-cm-thick (2 in.) blanket pads were measured by the ASTM Test 
for Steady-State Thermal Transmission Properties by Means of the 
Guarded Hot Plate (C 177-76), the B.S. 1902 method, and the hot-wire 
method, care being taken to maintain the same orientation and spacing. 
The B.S. method was used up to a hot-face temperature of 950°C and the 
hot-wire method between room temperature and 900°C. It can be seen 
that the B.S. method and ASTM Method C 177-76 do not cover the same 
range. The B.S. method operates with a cold-face temperature near the 
ambient level, giving a low mean temperature, whereas the supplementary 
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FIG. 4—Variation of thermal conductivity with temperature: heavy-duty (128 kglm^) ce
ramic fiber blankets, different manufacturers. 

heaters in the hot-plate apparatus bring the rear faces of the specimens 
to within about 100°C of the hot faces, giving a high mean temperature. 
These two methods produced lines of differing slope, meeting at about 
500°C. The hot-wire points lie almost exactly on the two lines, suggesting 
almost perfect agreement. 

Later tests on insulating bricks, however, gave results which were of 
the order of 10 to 20 percent higher than the B.S. method. One such 
comparison is given in Fig. 7 for a 2300-Grade insulating brick (500 
kg/m^), where the difference is about 15 percent. 

Conclusions 

The hot-wire method offers the advantages of rapidity and relatively 
low cost. The temperature rise during a test is less than 20°C, so that the 
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FIG. 5—Cooperative measurements on 2300-Grade insulating brick. 
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FIG. 6—Cooperative measurements on ceramic fiber blanket (128 kglm^). 
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FIG. 7—Comparative measurements on 2300-Grade insulating brick, HW = hot wire: 
B.S. = B.S. 1902. 

test can be regarded as isothermal compared with other methods, where 
a temperature gradient of several hundred degrees may exist. In the present 
instance it has been used at temperatures up to 1000°C. DIN 51046 gives 
1600°C as the upper limit, with 2 W/m- K as the upper limit for the con
ductivity range. However, Eschner [13] shows that this limit can be raised 
to about 6 W/m-K. 

The method is easily set up with standard laboratory equipment, the 
main expense being that of the furnace and temperature controller. It is 
readily adaptable to automatic working. The tedious curve plotting can 
be obviated by using an X- Y recorder with the A'-axis fed from a linear 
ramp generator via a logarithmic amplifier. This will produce the necessary 
loge t axis. If the heater wire has a diameter of 0.25 mm or less, the 
diameter correction will be about 1 s and can be ignored. 

Although an early test with fiber blanket gave excellent agreement with 
the ASTM Method C 177-76 and the B.S. 1902 method, later results, 
particularly with insulating bricks, indicated that the hot-wire results 
tended to be some 10 to 20 percent higher than the other two methods. 
Private communications from other European workers have confirmed 
this, and it is suggested that further cooperative tests under standardized 
conditions be undertaken. 
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for Nonventilated, Triangular-Sectioned, Apex-Upward Air-Filled Spaces," Thermal 
Transmission Measurements of Insulation, ASTM STP660, R. P. Tye, Ed., Amer
ican Society for Testing and Materials, 1978, pp. 203-210. 

ABSTRACT: The optimal pitch angle of a nonventilated triangular-sectioned air 
space, corresponding to a minimum heat transfer (g) versus pitch angle (d), was 
experimentally determined on a laboratory model to be 18 deg inclination for small 
values of temperature difference (AT") appropriate to those that would occur in 
roof spaces. In a more realistic roof cavity, this optimal pitch would be smaller; 
it is suggested that full-size nonventilated roofs be designed with pitches near 15 
deg. 

KEY WORDS: heat transfer, pitch angle, roof, thermal insulation, convection, 
triangular cavity, thermal conductivity 

Nomenclature 
Q Rate of heat transfer 
T Temperature of an inner surface of the triangular cavity (7, < T2) 
e Pitch of the roof 

(prefix) A Difference between 
(suffix) I Referring to the pitched roof 
(suffix) 2 Referring to the horizontal floor of the roof space 

COND,CONV,RAD Due to steady-state conduction, convection, and radiation, respec
tively, through the air under a fixed AI 

(suffix) total As measured experimentally 

In an air-filled cavity having a vertical sectional form of an isosceles 
triangle, with cooled sloping sides, apex upward, and a heated horizontal 
base (Fig. 1), which is geometrically similar to the roof space of many 

'School of Mechanical Engineering, Cranfield Institute of Technology, Bedford, MK43 
OAL, England. 
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204 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

buildings, heat transfer to the sloping sides occurs by (1) radiation, 
(2) conduction, (3) convection (all through the contained air), and 
(4) conduction both across the contact between the eaves and the hori
zontal base as well as through the vertical end walls of the roof space 
(that is, perpendicular to the roof). 

The aim of this project was to determine how the thermal resistance 
of the air in such a cavity, at atmospheric pressure, varies with the pitch 
angle of the identical sloping sides, and to determine the relative mag
nitudes of the heat transfer contributions (1-4) under a range of differing 
boundary temperatures. 

Experimental Rig 

It would have been propitious if a series of full-scale building roofs, 
identical except for roof pitch, had been accessible for experimentation. 
Unfortunately this was not so—there were unsystematic variations with 
respect to dimensions, shapes, and support structures, as well as different 
incursions (for example, chimneys) passing through the available roofs. 
In the initial series of tests, it was decided therefore to experiment upon 
a simple, model, roof space (Fig. 2) so that the only variable was the roof 
pitch angle, which could be appropriately selected in advance. It was 
recognized that any conclusions drawn might be susceptible to scaling 
errors if extrapolated to full-size systems. 

All the walls of the cavity were chosen to be of polished copper (em-

COLI) 'JSLLS AT U'lIFORM 
INNER SIIRFACt TENfER^IURL T j 

ROOF PITCH 

HEATED BASE WITH UNIFOW 
INNER SURFACE TEflPERATURE T, 

FIG. 1—Representative cavity. 
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FIG. 2—Schematic representative section through the experimental rig of lateral, hori
zontal dimension, 305 mm. 

issivity = 0.033±0.003). This reduced the radiant heat exchanges accord
ingly, and therefore convection became a relatively more important heat-
transfer mechanism. In these circumstances any change (resulting from 
a change in roof pitch angle) in the convective contribution to the total 
rate of heat transfer became more apparent. 

Experimental Measurements 

For a horizontal, plane, parallel-walled cavity under small temperature 
differences, convection is virtually eliminated when the heat is required 
to flow downward even though vigorous convection ensues if the applied 
temperature difference is reversed.^ Therefore, in a triangular cavity, apex 
downward, it is probable that a similar situation applies. This hypothesis 
was investigated with a 15-cm field-of-view Mach Zehnder interferometer 
employed in the infinite-fringe mode of operation so that the resulting 
interference lines represented isotherms. To limit any disruption of the 
internal flow in the horizontal-floored cavity, viewing was only via narrow 
vertical slots. 

Typical interferograms for A7"=67°C are shown in Figs. 3 and 4 for the 
cavity with its apex downward and upward, respectively. From such 

'Arnold, J.N., Bonaparte, P.N., Catton, I., and Edwards, D.K. in Proceedings, Heat 
Transfer and Fluid Mechanics Institute, Stanford University Press, 1974, pp. 321-329. 
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FIG. 3—Temperature distribution in a slice through inverted 20-deg pitch cavity with 
T, = 20°C and T, = 87°C: that is; AT = 67°C. 

interferograms, especially those for low values of AT, it was seen that the 
hypothesis was corroborated, and also that the walls of the enclosure were 
truly isothermal as required. Therefore, for a given AT, the difference 
between the steady-state heat fluxes across the cavity with the apex up
ward and downward equals the convective heat transfer in the upright 
situation. [For large pitch angle cavities, at high values of AT (> 35°C), 
some convection ensued in the inverted case, and this technique therefore 
became less trustworthy for higher temperature differences.] For Ar=20°C, 
the difference, that is, QcoNv» is plotted in Fig. 5, the maximum convective 
component occurring at a pitch of about 25 deg. The experimentally de
termined steady-state heat fluxes for a fixed AJ across the upright cavity 
(see Fig. 6) revealed an optimal pitch angle corresponding to a minimum 
in the g-versus-^ graph at about 18 deg inclination for small values of AJ, 
appropriate to those that would occur in roof spaces. 

From experiments with 'Teledeltos' conducting paper, it was deduced 
that the conductive heat transfer through the air decreased with increasing 
roof pitch angle (see Fig. 5). The steady-state radiative heat transfer across 
the cavity was evaluated (for internal surfaces with emissivity 0.033). This 
together with the appropriate convective component can be summed and 
is shown in Fig. 5 together with Qtatai- This incorporates a solid conduction 
contribution, that is, Clause (4) of the initial paragraph of this paper. The 
difference between Qtotai and the sum of 
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FIG. 4—Isothermal map of the system used for Fig. 3 under identical boundary conditions, 
but with the cavity apex upward. 

JCONV + QRAD + Qc 

gave this contribution. It was remarkably consistent in view of the nine 
differing pitch arrangements involved and possible experimental error. 
The onset of free convection for A J ^ 20°C occurred at about 12-deg pitch 
angle, whereas the maximum in the rate of convection versus roof pitch 
angle decreased from 25 deg for AT = 20°C to 23 deg for A7 = 80°C. 

The presented results are for the one-fifteenth scale cavity. In a more 
realistic roof cavity, the surface emissivities involved would probably be 
considerably higher (unless insulated by, say, aluminum foil), and thus 
the radiation contribution may become dominant and its decay-versus-
pitch angle steeper. Thus the optimal pitch, corresponding to the minimum 
(or point of inflexion) in the gtotai-versus-^ curve, would be smaller. It 
must be emphasized that the thermal resistance at the optimal pitch is less 
than that for very large pitch angles, but the extra costs and weights of 
these high-pitched roofs militate against them. Also, for the model tested, 
the use of an interim pitch up to about 35 deg is disadvantageous relative 
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FIG. 5—Component and total rates of heat flows across triangular-sectioned cavities, 
apex upward, for AT = 20°C. 

to, say, 18 deg, not only because of the extra cost of the structure, but 
because it would also have a lower thermal resistance. 

In a full-size roof cavity, the onset of convection for a given applied 
AT" is likely to occur at smaller pitch angles than suggested by the model 
experiments, because of the larger vertical dimensions involved. It is 
therefore suggested that full-size roofs be designed with pitches near 
15 deg, the exact value being dependent on the emissivities of the internal 
surfaces chosen. 

Conclusions 

Thermal insulation design involves selecting the most suitable shape, 
structure, and surface properties for the system, as well as the application 
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FIG. 6—Steady-state total heat fluxes across the cavity. 

of the economically most favorable thickness of insulant (as evaluated 
over the proposed lifetime of the system, due allowance having been made 
for the future inflation of fuel costs). However, too often an insulant is 
appHed to cover up mistakes due to careless design, incurring thereby an 
economic penalty. 

It is suggested that further consideration be given to roofs of buildings 
having pitches of near 15 deg. This recommendation, however, must not 
be implemented in isolation from other design considerations; for example, 
restricting attic ventilation can lead to undesirable condensation within, 
and tiles on lower pitched roofs tend to have accelerated rates of 
deterioration. 
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Low-pitched (<30 deg) roofs are more commonplace in countries (for 
example, Switzerland) with higher annual snowfalls than the United King
dom. The residence time for the snow on the smaller incline is likely to 
be longer and hence the insulation effect of the snow (when most needed) 
is advantageous. However, the roofs must then be appropriately stronger 
to withstand the increased weight of snow.^ Also, in wind, the suction 
loads on roofs (especially around their perimeters) become more severe 
with decreasing roof pitch so that again increased strength is recom
mended.^ Despite these problems, however, sufficient evidence is now 
available to suggest that, as energy becomes more expensive, further 
research into roof pitch (and building orientation) to achieve maximum 
thermal insulation, and simultaneous maximum benefit from solar radia
tion, in this commonly encountered construction is now overdue. 

Acknowledgments 

The authors wish to thank the Science Research Council for financial 
support of this project. 

^Mitchell, G.R., "Snow Loads on Roofs," Building Research Establishment, Paper No. 
33/76, H.M. Stationery Office, London, 1976. 

^Eaton, K.J., Maynes, J.R., and Cook, N.J., "Wind Loads on Low-Rise Buildings— 
Effects of Roof Geometry," Proceedings, 4th International Conference on Wind Effects on 
Buildings and Structures, Brighton, U.K., 8-12 Sept. 1975. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



M. Bomberg^ and C. J. Shirtliffe^ 

Influence of Moisture and Moisture 
Gradients on Heat Transfer Through 
Porous Building Materials 

REFERENCE: Bomberg, M. and Shirtliffe, C. J., "Influence of Moisture and Mois
ture Gradients on Heat Transfer Through Porous Building Materials," Thermal 
Transmission Measurements of Insulation, ASTM STP660, R. P. Tye, Ed., Amer
ican Society for Testing and Materials, 1978, pp. 211-233. 

ABSTRACT: The total heat transfer through moist, porous building materials is 
the sum of a number of heat-transfer phenomena. This paper presents experimental 
data on heat transfer through specimens of moist aerated concrete and mineral 
fiberboard. 

The aerated concrete specimens with known initial moisture distributions were 
exposed to a temperature gradient. This temperature gradient caused a redistri
bution of moisture which in turn changed the heat flow through the material. The 
changes were monitored by means of thermal probes, heat flowmeters, and ther
mocouples. The results of measurements were compared with calculations based 
on a simplified analytical model and with measurements made by other investigators. 

A second series of tests was made on a moist specimen of high-density mineral 
fiberboard to demonstrate the extent of the dependence of the total thermal re
sistance on the distribution of moisture in the material. 

KEY WORDS: thermal conductivity, thermal resistance, heat transfer, heat trans
mission, porous material, fibrous material, glass fiber, aerated concrete, moisture, 
moisture gradient, moisture effects, thermal conductivity probe, heat flowmeters 

The primary objective in the solving of most thermal problems is to 
determine the heat flow through a given material or structure. To determine 
the rate of heat flow through a dry, one-dimensional solid material, the 
thermal conductivity is multiplied by the average temperature gradient. 
For fibrous or porous thermal insulations, in which radiation or convection 
plays a significant role in heat transfer, the rate of heat flow is calculated 
by dividing the temperature difference by the thermal resistance. The heat 
transferred through moist materials must be calculated as the sum of a 

'Research officers, National Research Council of Canada, Division of Building Research, 
Ottawa. 
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212 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

number of components. In addition to transfer through the solid and 
gaseous phases of the material, heat is transferred through the Uquid phase 
and by the movement of moisture in either the Hquid or vapor phase [1 -
3].^ If evaporation and condensation occur within the material, large ex
changes of heat are involved. Thermal energy is stored or released by the 
solid phase and by air and also by liquid or gaseous water. The moisture 
is forced to move by the processes of evaporation, condensation, or cap
illary action. 

Equations describing the simultaneous heat and mass transfer in porous 
bodies can be written, but they involve many physical properties of the 
material [4], For specific boundary conditions and materials, some of the 
terms in these equations can be neglected. In some cases two terms can 
be grouped or approximated by a single term involving material charac
teristics. Few methods have been developed to measure these character
istics and, where they do exist, many measurements are required to de
termine one set of simplified characteristics for a single material. This has 
limited the use of the equations, especially for thermal insulating materials. 

The simplified moisture flow equations have been verified for transient 
flows through building materials by Van der Kooi [5], Jenisch [6], Hens 
[7], Sandberg [8], and Bomberg [9]. Investigators have had less success 
in using simplified equations to predict heat flow through moist materials 
with either known moisture gradients or known average moisture contents. 

This paper describes an attempt to use a particular set of simplified 
equations and to predict the heat flow through moist porous building 
materials with closed boundaries. The materials selected for study were 
an aerated concrete and a high-density mineral fiberboard. The aerated 
concrete was dense, which eliminated complicated radiation effects. It 
had a uniform cell structure and a high open cell content; the cell walls 
supported capillary action. This material represents a type of building 
material that is widely used in Europe and, to a lesser extent, in Canada. 
More important, it has been investigated extensively and many of its 
physical hygroscopic properties are well known. The mineral fiberboard 
represents a fibrous thermal insulation commonly used in roofs. 

A closed system for moisture was used in tests on the two selected 
materials. The average moisture content of the specimens remained un
changed. Application of a thermal gradient caused redistribution of mois
ture which was initially placed in a part of the specimens. The experiment 
involved both a transient and a steady-state phase. Heat flow into each 
specimen of aerated concrete was measured with a heat flowmeter placed 
on the warm side. The apparent thermal conductivity^ was measured at 

*The italic numbers in brackets refer to the list of references appended to this paper. 
^The capability for heat transfer through moist, porous materials, usually obtained from 

measurements, is called either the apparent thermal conductivity [10] or the effective thermal 
conductivity [11,12]. 
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seven locations in this material with a double probe arrangement. Heat 
transfer across this material and at the seven points within it was calculated 
and compared with the measurements. 

The dual system of measurement made it relatively simple to determine 
whether the discrepancies between the calculations and measurements 
were due to errors in the measurements or limitations in the model. The 
hmitations of the simplified set of equations as well as the limitations of 
the dual probe method were illustrated by this study. 

In the experiment on mineral fiberboard, two heat flowmeters were 
used, placed on both the cold and warm sides of the specimen. 

Measurement of Simultaneous Heat and Moisture Transfer 

The apparatus was designed to show how redistribution of moisture 
influences heat transfer through a specimen of porous material. Two cy
lindrical specimens of aerated concrete were tested. Each had a slightly 
different level of average moisture content and initial moisture distribution, 
and each consisted of two layers of aerated concrete (Fig. 1), with carefully 
ground surfaces ensuring good contact. The upper parts of the specimens 
were initially oven dry; the lower were initially water saturated. The dry 
and wet sections of each specimen were placed together and the assembly 
covered with an impermeable sealed membrane. 

A temperature difference was imposed across the specimens by placing 
a heater under them and controlling the air temper&ture and heat-transfer 
coefficient above the top surface. The heat flow through the hot surface 
of each specimen was measured by an Organization for Industrial Research 
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214 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

(TNO)-produced heat flowmeter which consisted of a thermopile imbed
ded in polyvinyl chloride. The thermopile was formed from a helical coil 
of constantan wire, in which half of each wire was plated with copper. 
The helical coil was then spirally wound to produce a circular metered 
area. The windings of the coil produced high conductance paths from one 
surface of the metered area to the other. 

The temperature gradient across the specimen accelerated the moisture 
equalization process and increased the rate of moisture flow from the 
bottom to the top section. Moisture could not escape from the upper 
surface or the sides of the specimens as these were sealed. Condensation 
therefore occurred in the cooler regions of the top section. Eventually a 
dynamic equilibrium was established: the flow of liquid in the downward 
direction counterbalanced the flow of vapor upward. 

The heat flow in the specimen and through the hot and cold surfaces 
of the specimen was affected by the moisture redistribution process. The 
changes of heat flow and ability to transfer heat were measured by heat 
flowmeters, placed between the heater and specimens, and by the probes. 

Two double-line thermal conductivity probes developed by Van Minnen 
and Vos [13] were inserted vertically in each specimen as described later, 
more or less symmetrically around the axis of revolution, and sufficiently 
distant from each other so that measurements could be made simulta
neously without mutual interference. Each probe had two identical line 
sections. Thermocouples in one line section were used as temperature 
references. The other, section acted as a line heat source for measuring 
the apparent thermal conductivity of the specimen at several points. The 
effect of the vertical temperature gradient imposed on the specimen in 
the testing apparatus was eliminated by this arrangement. The second set 
of probes was used to check the reproducibility of the measurements. The 
probes were inserted by drilling holes 4.5 mm in diameter through the 
specimens. A 4-mm glass tube was covered with adhesive and slipped into 
the hole. The probe, consisting of the heating wire and plastic shield 
(diameter 2.5 mm), was placed into the glass tube. 

Owing to the small cross-sectional area of metal and glass in the probes, 
it was assumed that the heat flow along the probes would not introduce 
significant errors in the heat flowmeter measurements. 

Thermocouples were placed on the sides of the specimens to measure 
the temperature at the surface and thus estimate the horizontal component 
of heat flow. Heat also flowed from the heater and aluminum plate to the 
surrounding insulation and then into the sides of the specimens. The net 
heat flow into the sides of the specimens was calculated from knowledge 
of the properties of this insulation. The airflow over the upper surfaces 
of the specimens was maintained at a temperature of approximately 25°C 
and a velocity of about 0.5 m/s. The temperature at the lower surface 
depended on the average heat flow through the specimen. 
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BOMBERG AND SHIRTLIFFE O N INFLUENCE OF MOISTURE 215 

The dry density of the aerated concrete averaged 650 kg/m .̂ The mois
ture contents of the lower sections of the specimens were 250 and 280 
kg/m* (25 and 28 percent by volume) for Specimens A and B respectively. 

Tests similar to those on aerated concrete were made on a specimen 
of a mineral fiberboard with a density of about 160 kg/m*. The specimen, 
50 mm thick and 300 mm square, had an average moisture content of 19.1 
percent by weight. The specimen was enclosed in polyethylene film and 
placed between two heat flowmeters in a standard heat flowmeter appa
ratus to determine its apparent thermal resistance. The probes were not 
used in these tests because of the possibility of larger longitudinal heat 
flows. 

Results of Tests on Aerated Concrete 

The temperature and moisture distributions in the specimens changed 
after the two sections were placed in the apparatus. The rate of temperature 
change decreased with time. During the last two weeks of the test the 
temperature distribution changed very little. The temperature distribution 
on the sides at the end of the tests is shown in Fig. 2. Each point represents 
the average reading for two thermocouples. The temperature profile is 
nonlinear because of the nonuniform moisture content. 
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FIG. 2—Temperature on side surfaces of aerated concrete Specimen A at end of test. 
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2 1 6 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

Each specimen was assumed to be composed of nine layers of material. 
Layers 2 through 7 were 20 mm thick and were centered about the cor
responding thermocouple in the probe; Layers 1 in Specimens A and B 
were 58 and 55 mm thick, respectively, and Layer 9 was 30 mm thick. 
The thermocouples were off-center in each of these layers. Each ther
mocouple was assumed to measure the temperature of that layer. The 
readings from the thermocouples at Layers 3 and 9 were erroneous and 
were discarded. The thicknesses of Layers 2, 4, and 8 were adjusted to 
account for the missing results from Layers 3 and 9. 

The resistance of each layer was calculated from the thickness divided 
by the apparent thermal conductivity measured for that layer by the probe. 
The thermal resistance, 7?, of the total specimen was calculated as a sum 
of resistances of the layers 

0.058 0.030 0.030 0.020 0.020 0.020 0.050 
" 1 "̂ 2 ^ 4 "̂ 5 ^ ^7 "-8 

0.055 0.030 0.030 0.020 0.020 0.020 0.050 
Rg = 

A.] A.2 ^4 A.5 A.6 \^ Xg 

where Xi to \g were measures of the ability to transfer heat in each of the 
layers. Layer 1 was the layer closest to the heater. 

There was a large scatter in the probe measurements during the initial 
stages of the tests but this decreased after a considerable portion of the 
moisture had redistributed. About the 12th day of the test, the thermal 
resistance of the specimens could be calculated with some certainty. Fig
ure 3 shows the readings from Points 1,5, and 8 of Probe 1 in Speci
men A. Point 1 was closest to the heater. The abiUty to transfer heat after 
12 days was already close to the final value for that section of the specimen. 
The measurements from Point 8, which was next to the upper surface, 
show that the ability to transfer heat at that section remained almost 
constant during the whole test. Moisture had been forced to move away 
from the heater and condensation occurred nearer to the cold upper sur
face. EquiUbrium also developed rapidly near the upper surface. The 
results from Point 5 in the middle of the specimen show that the amount 
of heat transferred was high at the beginning but decreased during the test 
due to moisture redistribution. 

The overall thermal resistance of the specimen, calculated from the 
probe measurements, was comparable to the value obtained from the heat 
flowmeter measurements. 

The total thermal resistance for Specimens A and B determined by both 
measuring methods is shown in Fig. 4. After about two weeks, the thermal 
resistance of both Specimens A and B as determined by the probe method 
was approximately the same as that determined with the heat flowmeter. 
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FIG. 3—Apparent thermal conductivity measured on aerated concrete Specimen A with 
Probe I. Point 1 is near the heater, Point 5 in the middle, Point 8 near the cold surface. 
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The scatter in measurements from single points on the probes was con
siderably larger than for the measurements made by the heat flowmeters. 
Daily variation in the total thermal resistances determined with the probes 
was large; for example, a 13 percent difference was found between the 
averages for Days 22 and 23 of the tests. The total thermal resistance 
determined with the heat flowmeters varied by less than 2 percent from 
day to day. 

Average readings at Point 7 in the two probes placed in Specimen A 
differed by 16 percent in the period from Day 32 to Day 40. The difference 
between the two readings on any day during this period varied from 2 to 
35 percent. 

Each of the probe measurements was averaged over several days and 
the overall thermal resistance of the specimen was calculated. The av
eraged values agree reasonably well with the measurements made by the 
heat flowmeters. 

The following were the averaged resistance values for Specimen A for 
the period between Days 34 and 40 of the tests 

Probe 1 0.99m2K/W 
Probe 2 1.03 m^K/W 
Heat flowmeter: 

uncorrected 1.00 m̂  • K/W 
corrected 0.95 m^-K/W 

The overall thermal resistance for Specimen B during this period was 

Average from probes 0.70 m -̂ K/m 
Heat flowmeter: 

uncorrected 0.80 m^-K/m 
corrected 0.76 m̂  • K/m 

Figure 4 shows the ratio of the difference between the surface temper
atures and the rate of heat flow at the lower surface of Specimens A and 
B measured with the heat flowmeter, as a function of time. When the heat 
transfer through the specimen reached a quasi-steady state, this ratio 
became equal to the apparent thermal resistance. Solvason [14] showed 
that after a sudden increase in the temperature of the hot surface of a 
moist material, the rate of heat flow at that surface might exceed the 
steady-state value. This effect increases the time required to establish the 
quasi-steady-state condition. The heat flow rate recorded for Specimen 
A reached a peak of 85.5 W/m^ on the 4th day of investigation and de
creased to 61.6 W/m* on the 14th day. For specimen B, it was 111.7 
W/m'' on the 7th day and decreased to 84.1 W/m '̂ on the 14th day. (The 
tables of results can be obtained, on request, from the Division of Building 
Research, National Research Council of Canada.) 
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Results of Tests on Mineral Fiberboard 

The specimen had a dry density of about 160 kg/m^ and a thermal 
resistance R = 1.424 m^K/W. Moisture was added to the level of 19.1 
percent by weight, that is, 30.5 kg/m*, and the specimen was enclosed in 
sealed polyethylene film. The specimen was then left in the laboratory for 
a few days to allow the moisture distribution to become uniform; it was 
then placed into the heat flowmeter apparatus and heat fluxes recorded. 
The results are shown in Fig. 5 and Table 1. 

After most of the moisture had been moved toward the cold side of the 
specimen, the specimen was reversed and the cold side placed in contact 
with the hot plate. The heat flowmeters remained at the same positions, 
and the temperatures of the plates were maintained constant throughout 
the test. 

Heat fluxes at the surfaces were disrupted, but within half an hour came 
as close as 10 percent to each other. Within 2 h the difference in heat flux 
entering and leaving the specimen was less than 1 percent. This condition 
in which the level of mean heat flux passing the specimen was steady 
persisted for a few hours. 

Inexperienced laboratory personnel might call this stage an established 
steady state. Later measurements showed that the thermal resistance of 
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TABLE 1—Selected results from a test with a heat flowmeter placed on each side of the 
rigid, high-density mineral fiberboard insulation. (Thermal resistance of the dry 

specimen, R = 1.424 m^-K/W; thickness 50 mm.) 

Time from Start of Tests 

h 

25 
27 
27 
28 
51 
52 
71 
71 

0 
0 
2 
4 
8 

25 
47 
% 
98 

min 

45 
25 
55 
25 
30 
30 
00 
30 

Heat Flux 

hot 

35.83 
36.17 
36.24 
36.16 
28.90 
28.61 
25.88 
25.83 

W/m^ 

cold 

36.13 
36.15 
36.06 
35.98 
29.22 
29.12 
26.43 
26.40 

at Surface 

difference 

0.30 
-0.02 
-0.22 
-0.18 

0.32 
0.51 
0.55 
0.57 

Hot and cold sides of the tested specimen reversed 

00 
30 
00 
00 
00 
00 
00 
00 
00 

46.47 
39.47 
36.29 
36.29 
36.55 
36.03 
32.84 
22.54 
22.29 

32.47 
35.70 
36.94 
36.43 
37.20 
36.82 
33.36 
24.66 
24.47 

-14.0 
-3.77 

0.65 
0.14 
0.65 
0.79 
0.52 
2.12 
2.18 

Total Thermal 
Resistance 

m^K/W 

0.447 

0.559 

0.619 

0.444 
0.489 

0.686 

the specimen varies due to changes in moisture distribution and therefore 
this stage is only a quasi-steady state. 

During the quasi-steady state, the heat flow recorded by the meter 
placed on the cold side was larger than that recorded by the meter on the 
hot surface. The difference between the two heat flows was about 2 percent 
during the later part of the first day and about 10 percent at the end of 
the test. The reason for this increase is probably due to the effect of 
condensation close to the windings on the thermopiles. Other experience 
with heat flowmeters having metal running through the metered area in
dicates that, when heat flowmeters are placed on the cold surface, a 
thermal damper such as a sheet of a dry standard thermal insulation a few 
millimeters thick must be placed between it and the surface to break the 
high-conductance paths. 

The total thermal resistance of the high-density mineral fiberboard var
ied during the quasi-steady state. The thermal resistance at the end of the 
test was 50 percent higher than the value of the initial plateau. This 
demonstrates the extent of the dependence of the total thermal resistance 
on the distribution of moisture in the material. 
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Calculations of Simultaneous Heat and Moisture Transfer 

The calculation of moisture flow due to a temperature gradient and heat 
flow due to a moisture gradient is discussed elsewhere [15, 16]. The fol
lowing set of equations for heat and moisture flow, each being the sum 
of a moisture gradient and a temperature gradient term, were derived 

dT dpr. 
^ ^ = - ^ ^ - ^ ' " ^ ^̂ > 

, dpr dT 
(Im^-k-j^-Kr— (2) 

dx dx 

where 
Qe = rate of heat flow, W/m ,̂ 
(?„ = rate of moisture flow, kg/m^s, 

T = temperature, K, 
Pc = capillary suction. Pa, 
X = thermal conductivity, W/(mK), 
k = moisture conductivity, s, 

KT = moisture conductivity due to temperature gradient, kg/(mKs), 
and 

\ „ = heat conductivity due to moisture gradient, J-s/(kgm). 

Transport coefficients in Eqs 1 and 2 hold the following relations to the 
phenomenological coefficients used in the theory of irreversible 
thermodynamics 

where p is the pore-water density in kg/m*. 
Onsager's reciprocal relation for the transport coefficient states thatL^, 

= Lgm. This allows calculation of the Xm-coefficient from the K^ when all 
other gradients and transport coefficients are known. 

The term describing the energy flow due to a moisture gradient was 
calculated and its magnitude shown to be negligible under the conditions 
of these tests. 

The computer program used for the calculation of moisture transport 
in porous materials has been described by Bomberg [9]. The temperature 
field was calculated from a heat flow model in which the thermal capacity 
effects were neglected. The calculated temperature gradients were used 
as driving forces in calculating the moisture flow, which was made using 
a transient-state flow model. 

Eliminating the thermal capacitance from the heat-transfer calculations 
resulted in a rapid establishment of the final temperature gradient forgiven 
steady boundary conditions. As a result, the calculated moisture flows 
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should be somewhat greater than the actual moisture flows. The errors 
in the calculation of moisture movement caused by neglecting the short-
term temperature gradients were found by Sandberg [8] to be negligible. 
Other researchers [5, 17] have also used this simplification with success. 
In general, this means that it is the difference in temperature between the 
two boundaries that has the major effect on the local moisture and thermal 
flows. 

Heat flow and moisture transport in a porous body can be calculated 
only if the approximate dependence of the material properties on the 
moisture content is known. The thermodynamic potential for moisture, 
the moisture conductivity, and the apparent thermal conductivity must 
be known for all values of moisture content. The material characteristics 
of aerated concrete used for the computer calculation are discussed in the 
Appendix. 

Comparison of Calculations with Measurements (Aerated Concrete) 

The temperature gradient in the thermal insulation surrounding the 
tested specimens was almost linear. The temperature gradient measured 
at the side of the specimens was nonlinear because the apparent thermal 
conductivity varied from point to point in the concrete. The difference 
in gradients caused an exchange of heat between the specimens and the 
surrounding insulation. The heat flows through the side of the cylinder 
and the temperature gradient were computed with the finite-element pro
gram described by Konrad and Silvester [18]. Figure 2 shows that there 
was good agreement between the calculated and measured temperature 
gradients. The effect of lateral heat flow on the heat flow through the hot 
surface of the specimens was calculated and this value was used to correct 
the measurements of the steady-state flux through the hot surface obtained 
with the heat flowmeters. The correction for Specimen A was only 5.6 
percent (any error in this estimate would be of second-order magnitude). 

The distribution of moisture in the specimens was measured at the 
beginning and end of the test series and was also calculated with the 
program. Figure 6 shows that there is good agreement between the meas
ured and calculated distribution of moisture content at the end of the test. 
Each point in the figure represents the mean of four measurements. The 
apparent thermal conductivity measured by the two probes in the spec
imens is also plotted in Fig. 6. The curve has the same shape as the curve 
for moisture content. 

The main components of heat and moisture transfer in Specimen A 
determined with the computer program are given in Table 2. The results 
given for ten equal layers, different from those assumed in the probe 
measurements, are 

1. heat flux due to moisture gradient. 
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FIG. 6—Measured and calculated moisture content distribution in aerated concrete Spec
imen A and the apparent thermal conductivity measured with the two probes at the final 
stages of the tests. 

2. apparent thermal conductivity calculated for the specified mean 
moisture content and the moisture gradient. 

3. apparent thermal conductivity calculated for the specified mean 
moisture content and no gradient of moisture, and 

4. mean moisture content of the layer. 
The quantity of heat transported by moisture flow can be significant 

when heat is extracted from one place, carried through a significant dis
tance, then released. Table 2 and Fig. 7 give the results of the calculations 
for the quantity of heat transported by moisture flow. In the 4th layer, the 
heat flow caused by the moisture content gradient alone during the 1st 
day was about 30 percent of the heat flow during the steady state. The 
flow decreased rapidly and in the later stage of the test was in the opposite 
direction. In the final stage of the measurements, the heat flow caused by 
the moisture gradient in Layers 7 and 8 was about 10 percent of the level 
measured with the heat flowmeter placed at the surface. These flows occur 
only within a neirrow portion of the material and do not cause significant 
errors in the calculation of the overall thermal resistance. The difference 
between the local apparent thermal conductivities was slight, whether 
moisture gradients had been taken into account in calculations or not, and 
the total thermal resistance may be calculated without regard to heat flow 
caused by moisture gradients. 
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FIG. 7—Calculated distribution of the heat flows due to moisture gradient in aerated 
concrete Specimen A. 

The heat flow caused by transient moisture flows may result in significant 
errors in values of the apparent thermal resistance measured by heat 
flowmeters placed next to the condensation zone [79]. It will not cause 
errors in the measurements made by the heat flowmeters placed on the 
hot side of the specimen. After a sudden temperature change, however, 
the heat flux measured at the hot surface may greatly exceed the heat flux 
that would occur under steady-state conditions. In these tests the heat 
flux measured by the heat flowmeter placed at the hot surface did not 
equal the average value of heat flux through the specimen during the first 
two weeks. 

Prediction of Heat Flow Through a Porous Material with Known 
Moisture Distribution 

In calculating the heat flow during the period of quasi-steady state, the 
flow of moisture through a closed system can be disregarded. The presence 
of moisture increases the heat conduction in the specimen. The equation 
for heat flow can be approximated by the first term of Eq 1 for qe and an 
apparent thermal conductivity can be used to calculate heat flow. 

Figure 8 illustrates a simple model of the interactions between the 
different modes of conductive heat transfer in a porous body based on 
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FIG. 8—Model of interaction of different modes of conductive heat transfer in a porous 
body. 

work of Verschoor and Greebler [20], Krischer [27], Pelanne [22], and 
Bankvall [23]. Heat can be conducted either in a single phase, or it can 
be transferred from one phase to another and back again— f̂or example, 
from the solid phase to the pore air and back to solid phase. Simple 
apparent thermal conductivities can be used to describe the flow of heat 

1. conducted through the solid phase only, 
2. conducted through the continuous gas phase only, or 
3. conducted through the continuous liquid phase only. 

"Composite" thermal conductivities can be used to describe the heat 
1. transferred from the solid to the gas phase and back to the solid 

phase, or 
2. transferred from the solid to the liquid phase and back to the solid 

phase. 
The thermal conductivity of the gas phase is the sum of the apparent 

gas conductivity and the energy that is transferred by the diffusion of 
water vapor. 

The thermal conductivity of the liquid phase can be treated as a sum 
of series and parallel paths. Heat will be transferred both through a water 
film adsorbed by the pore walls and a series-transport through the en
trapped air bubbles. It can flow from the liquid phase to the gas phase 
and back to the liquid phase. The contribution of the absorbed and ad
sorbed water to the transfer of heat depends on the moisture content of 
the material. The heat flow occurs through both liquid and solid; that is, 
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a "composite" solid and liquid heat transfer mechanism occurs. The 
apparent thermal conductivity of the aerated concrete was calculated using 
such models. A series model was used to calculate the thermal conductivity 
of that portion of the material with a continuous gas phase; that is 

X̂ " = K • K/ [K e + X« (1 - e)] (3) 

Using a total open porosity, e, of 0.70, an air conductivity ka = 0.026 
W/(mK) , and a solid phase conductivity K = 2.5 W/(mK), yields a X"" 
of 0.037 W/(m-K). Equation 3 does not include effects of evaporation, 
diffusion, and condensation on the thermal conductivity of air [12]. 

The calculated thermal conductivity will be low for the range of moisture 
contents where phase changes play an important role in the total moisture 
transfer. The quantity of heat transferred through the air phase is negligible 
even though the porosity of the aerated concrete is 70 percent. The dif
ference between the measured thermal conductivity of a dry material and 
the series conductivity of that portion of the material containing the con
tinuous air phase is the solid-phase conductivity 

^" = Kry - X™, kary = 0.176 W/(m-K), X™ 

= 0.037 W/(mK), \ « = kary - k'^ = 0.139 W/(mK) 

The solid phase conductivity is not influenced by the moisture content. 
The effect of the moisture can be added to the series conductivity by using 
the conductivity of the air-water mixture for the gas conductivity. The 
thermal conductivity of the continuous water phase with entrapped air 
bubbles can be calculated using Maxwell's model \24\ 

K = K (K + 2K - 2Pa [K - kaWika + 2k, + Pg [k, - XJ) (5) 

where 
X„ = conductivity of the mixture, 

\c , ka = conductivity of continuous and disperse phases, respectively, 
and Pa = volume fraction of the disperse phase. 

The following example will illustrate how this formula can be used in 
calculations for an aerated concrete with the following properties: moisture 
content, w = 180 kg/m^ (18 percent by volume); total porosity, e = 0.70; 
and degree of saturation, S = 0.257 {Pa is 0.743). The thermal conductivity 
of the continuous water phase with a disperse air phase becomes X^ = 
\™ = 0.132 W/(mK). 

The apparent thermal conductivity of the system can be calculated from 

X„pp = X̂^ + k'"' • kj {K-€ + k'^^[\- €]) (6) 

or substituting in Eq 6 

kapp = 0.139 + 0.216 = 0.355 W/(mK) 
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The results of the calculations for Specimen B are given in Table 3a. 
The corrected value of the total thermal resistance of the specimen de
termined by the heat flowmeter was 0.76 m^KJW. The probe measure
ments gave a thermal resistance about 8 percent lower. The thermal re
sistance determined from the calculated apparent thermal conductivity 
was about 8 percent higher (Table 3fc). 

The model of apparent thermal conductivity used in these calculations 
does not accurately describe the moisture-air interaction. The effects of 
evaporation, diffusion, and condensation have also been neglected. As 
a result, the calculated thermal resistance is somewhat higher than it 
should be, but even this crude model gives an accuracy comparable to 
the measurements made by the probe. More refined computational models 
could be used for apparent thermal conductivity determination and would 
doubtless give even better results. 

TABLE 3a—Thermal resistance of Specimen B calculated on the basis of measured 
moisture content distribution and calculated apparent thermal conductivity. 

Moisture" Thermal 
Content, Resistance, 

Layer, mm kg/m' m^ K/W 

0 t o 2 0 3 0.112 
20 to 40 5 0.111 
40 to 60 8 0.110 
60 to 80 23 0.101 
80 to 100 41 0.091 

100 to 120 151 0,061 
120 to 140 247 0.047 
140 to 160 253 0.046 
160 to 180 254 0.046 
180 to 200 256 0.046 
200 to 225 257 0.052 

Total 0.82 

"Moisture content 1 percent by volume = 10 kg/m'. 

TABLE 3fc—Thermal resistance of Specimen B determined by different methods. 

Calculated (Table 3a) 
Probe measurements 
Heat flowmeter 

measurements 
Corrected heat flowmeter 

measurements 

Total 
Resistance 

0.82 
0.70 
0.80 

0.76 

Ratio to 
Corrected HFM" 

1.08 
0.92 
1.05 

1.0 

"Heat flow measurements. 
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The computational model developed has been used also to calculate the 
thermal resistance of the aerated concrete under the same conditions as 
were found in measurements made by Kiinzel [25]. He measured a thermal 
conductivity of 0.14 W/(m- K) for dry aerated concrete and 0.74 W/(m- K) 
for the same material with a moisture content of 820 kg/m .̂ Measurements 
by Kiinzel showed that the thermal conductivity of the material increased 
linearly with the moisture content and that at a moisture content of 160 
kg/m^ the thermal conductivity was 0.24 W/(m-K). Using Eqs 3-6, an 
apparent thermal conductivity, KPP = 0.78 W/(mK) was calculated for 
a moisture content of 820 kg/m^ and a value of Xapp - 0.24 W/(mK) for 
a moisture content of 160 kg/m .̂ The difference between the measured 
and calculated values is 5.4 and 0 percent, respectively, these values 
further validate these equations. 

The apparent thermal conductivity of the aerated concrete used in this 
test was calculated with Eq 6 and is plotted versus moisture content in 
Fig. 9. The results of the probe measurements are also shown. The ac
curacy of the probe measurement is good at low moisture contents but 
poor at high moisture contents. 
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FIG. 9—Comparison of apparent thermal conductivities measured with the probe tech
nique with calculated values. 
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Conclusions 

A number of conclusions regarding the effects of moisture on heat 
transfer in a closed system can be made. The heat flows due to moisture 
gradients are significant during the initial stages of the moisture redistri
bution process. When moisture is prevented from leaving the material, 
condensation will usually occur at the colder surfaces. The vapor that is 
transferred to and condenses in this region carries heat with it. This 
reduces the temperature gradient through a part of the specimen during 
the moisture redistribution process and thereby temporarily reduces the 
heat conduction component of the total heat flow. 

Increasing the moisture content increases the time required to reach the 
quasi-steady-state condition, that is, the condition where heat flow meas
ured at the hot surface would equal the mean heat flow through the spec
imen. Only after the quasi-steady state in heat flow is reached do the 
measurements from both the heat flowmeters and probes give values of 
the average heat flow through the specimen and therefore of the average 
apparent thermal conductivity. The results show that under quasi-steady-
state conditions the net effect of the moisture gradient on heat transfer 
through a closed system becomes negligible, and that the total thermal 
resistance depends on the distribution of moisture in the material. Changes 
in the total thermal resistance of aerated concrete as large as 19 percent 
occurred'between Day 13 and Day 44 for Specimen A and between Day 
16 and Day 44 for Specimen B because of the moisture redistribution. 
Measurements taken during this period using both techniques agreed rea
sonably well. 

The apparent thermal conductivity of moist aerated concrete can be 
calculated on the basis of the interactions of different modes of heat 
transfer and material structure to an accuracy compeirable with that ob
tained with current measurement techniques. Such calculations require 
the knowledge and use of material properties that are not usually measured 
by material manufacturers. 

The apparent thermal conductivity indicated by the probe changes with 
the magnitude of the temperature and moisture gradients in the material 
surrounding the probe. When used in the normal manner, probes are not 
an accurate means of measuring apparent thermal conductivity when large 
thermal and moisture gradients are present. The conclusions of this study 
are in agreement with those of Joy [26]. 

The observations made from this study are valid only for aerated con
crete and mineral fiberboard, the materials tested. Aerated concrete was 
specifically chosen for investigation since it had one of the worst com
binations of factors influencing the time to establish quasi-steady-state 
conditions. The material is dense, has a high open micropore and macro-
pore content, and a high capability for capillary liquid transport to coun
teract the moisture transported in the vapor phase. 
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APPENDIX 

Hygrothermal Characteristics of Aerated Concrete 

The following material properties were used in the calculations: 
1. The moisture retention curve, which describes the variation of thermody

namic moisture potential with moisture content, was taken from Van der Kooi 
[5] for equilibria conditions below 98 percent and from Bomberg [9] for equilibria 
at higher moisture contents. 

2. The moisture diffusivity curve, which describes the variation of the dynamic 
transport coefficient for moisture flow within a porous body, was derived from 
two sources; The isothermal moisture diffusivity curve was taken from the drying 
experiments of Van der Kooi [5]. This curve is discussed by Nielsen [17]. The 
thermal moisture diffusivity was assumed constant at 0.32 x 10~* kg/(msK) 
when the moisture content was between 20 and 260 kg/m .̂ At moisture contents 
below and above this region, it decreased to a nonsignificant level. (A detailed 
discussion is included in Ref 9.) 

3. The thermal conducdvity for the dry material was assumed to be 0.176 
W/(m-K). The apparent thermal conductivity of the wet material was calculated 
using a series and parallel heat flow model of the air, water, and solid phases. A 
term was added to account for the energy flow due to the moisture gradient. The 
following values were used in the calculations of the dry and wet thermal 
conductivities: 

\s = 2.5 W/(m-K) for solid phase of the material 
Ka = 0.026 W/(mK) for moist air in pores, that is, the gaseous phase 

Ke = 0.58 W/(mK) for water, that is, the liquid phase 

The average density of the material was 650 kg/m ;̂ the total open porosity was 
not measured but could safely be assumed to be 70 percent. 

Hygrothermal properties of aerated concrete have been reported by Sandberg 
[8], Vos [27], Lund-Hansen [28], Nicolajsen [29], and Kiinzel [30,31]. Paljak [32] 
measured the apparent thermal conductivity of moist materials by transient and 
steady-state methods. 
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ABSTRACT: Much work has been done in Europe, Canada, and the United States 
with respect to the effect of moisture on the thermal efficiency of various insulations. 
However, very little research has been done to orient the laboratory test methods 
to the actual field conditions in which the various insulations will be used. 

This paper reports on the moisture performance characteristics of various thermal 
insulations under laboratory conditions and under actual field conditions. The var
ious moisture effects, such as freeze-thaw cycling in the presence of water, water 
absorption, and water vapor transmission, which occur in insulations in upside-
down roof systems and below-grade applications, reduced the thermal efficiency 
of all insulations tested. This loss of thermal resistance of the common insulating 
materials using both laboratory methods and field data is related to the volume of 
water present in the insulations. The minimum performance criteria for insulations 
exposed to the various laboratory test methods and to actual field conditions are 
also discussed. The insulations investigated include fiber glass, fiberboard, ex
panded (bead) polystyrene, extruded polystyrene, polyurethanes, and cellular glass. 
The effect of various top coverings for upside-down roof applications on the thermal 
resistance performance of insulations is also discussed. 

KEY WORDS: below-grade insulation, cellular plastic, heat transmission, highway 
insulation, insulation, moisture content, thermal insulation, thermal measurements, 
thermal conductivity, upside-down roof 

In this paper several modes of moisture entry into thermal insulations 
have been studied and analyzed for relevance to the moist environment 
commonly found in upside-down (USD) roofs and below-grade (perimeter 
and highway) applications. 

'Senior research chemist and research specialist, respectively. The Dow Chemical Com
pany, Granville, Ohio 43023. 
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The protected membrane or USD roof system places the membrane on 
the deck and then places the insulation above the membrane so that the 
membrane remains very close to room temperature at all times (see Fig. 
1). The insulation must be highly resistant to water in all forms since it 
is placed above the membrane. The two measures of this resistance are 
the measurement of water transport into the foam and the measurement 
of the resistance to freeze-thaw action. The USD roof system has possibly 
the most severe combination of water conditions: (1) a large temperature 
differential across the insulation and (2) a constant source of high humidity 
at both the membrane level and above the insulation. There are over 
10 000 USD roofs in the United States, Canada, Europe, Japan, and the 
Middle East (Saudi Arabia). 

Applications such as below-grade perimeter and below highways also 
subject insulations to similar severe moisture environments. Although the 
authors feel that these environments are not as severe as those found in 
the USD roof applications, both a temperature differential and constant 
source of high humidity on both sides of the insulation do exist. 

Insulations are used under highways primarily for reduction of heaving 
of the pavement due to moisture vapor pressure and freeze-thaw cycling. 
This insulation application is widely used in Alaska, Canada, and the 
Scandanavian countries. 

Insulations have been used in below-grade perimeter applications on 
commercial and on some residential buildings for many years to reduce 
heat loss and to protect the building components from thermal cycling. 
However, only recently has any concern been expressed about the loss 
in thermal efficiency of the insulation due to its exposure to the moist 
environment. 

Table 1 describes the insulations investigated in this work. 

Water Absorption with a Concentration Gradient 

The water absorbed by a slab of foam is determined in ASTM Test for 
Water Absorption of Rigid Cellular Plastics (D 2842-69) by measuring the 

Temperature Of Top Covering Will 
Change With Outdoor Conditions 

g.opaooooc»taCTg>e.g)<3a Top Covering 

- Insulation 

Temperature 
• Profile-
Summer 

-34° 21° 77°C 
BUR Near Room Temperature Year Round 

FIG. 1—Temperature profile of a USD Roof System. 
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T A B L E 1—Insulation nomenclature. 

Cut Cell Extruded Polystyrene—This polystyrene is continuously extruded 

in to th ick b i l l e t s and then cut to desired thickness. 

Extruded Polystyrene Skinboard—This polystyrene is continuously extruded 

to the desired thickness. A high-density polystyrene skin is formed on the 

top and bottom of t h i s product during extrus ion. 

Cut Cell Molded Bead Polystyrene—This polystyrene is molded in to th ick 

b i l l e t s and then cut to desired thickness. 

Molded Bead Polystyrene—This polystyrene is molded to the desired 

thickness. 

Polyurethane/Polyisocyanurate (without skins)—These products are made 

into thick billets and then cut to desired thickness. 

Polyurethane/Polyisocyanurate Laminated with Paper or Aluminum Foil—These 

products are continuously made to desired thickness. The paper (or aluminum 

foil) facing on the top and bottom of these products is placed on the products 

as the products are being made. 

Polyisocyanurate Laminated with Aluminum Foil and Containing Glass Fibers — 

This product is continuously made to desired thickness. The aluminum facing 

is placed on the product as the product is being made. The glass fibers are 

interspersed throughout the polyisocyanurate core as the product is made. 

Cellular Glass—This inorganic product is made in billets and is cut to 

desired thickness. 

Fiberglass — This rigid board contains glass fibers held together with a 

binder and topped with an asphalt-saturated felt on one side. 

Fiberboard—This product contains perlite, verraiculite or other inorganic 

particles held together with a binder. 

change in buoyant force resulting from the insulation's immersion under 
a 5.08-cm (2 in.) head of water for 96 h. In general, multilaboratory test 
results for this method had a reproducibility to within ±1.0 volume percent 
at two standard deviations. However, the test specifies measuring the 
volume of the specimen after completion of the immersion, for computing 
the volume percent of absorbed water. Since some of the foam specimens 
(the polyurethanes) increase in volume when immersed in water, the cal-
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culated volume percent of water absorbed would be lower than actual. 
Also, this test penalizes the insulations that are covered with paper or 
aluminum because the specimen size is small enough that the unprotected 
edges of the insulation represent a larger exposed area of the specimens 
than they would in actual field applications. 

The water absorption data are presented in Fig. 2. Because it is believed 
that the submersion time in the applications mentioned can be for longer 
than 96 h, the test was actually run for 500 h (21 days). Each point 

200 300 

Time (Hours) 

Curve A 
Curve B 
Curve C 
Curve D 
Curve E 
Curve F 
Curve G 
Curve H 

Curve I 

- 2.54 cm thick fiberboard, 169.8 kg/m^ 
- 2.54 cm thick bead polystyrene, 26.2 kg/m^, 31% void 
- 5.33 cm thick bead polystyrene, 26.8 kg/m^, 27% void 
- 3.56 cm thick bead polystyrene, 21.3 kg/m^, 27% void 
- 5.08 cm thick bead polystyrene, 19.7 kg/m-', 37% void 
- 5.08 cm thick bead polystyrene, 16.5 kg/m^, 27% void 
- 5.08 cm cellular glass, 133.9 kg/m^ 

• 5,08 cm thick polyurethane, 50.1 kg/m'', aluminum skins 
o 2.54 cm thick polyisocyanurate, 41.3 kg/m'', aluminum skins, 

glass reinforced. 
• 5.08 cm thick German bead polystyrene, 35.6 kg/m^, 10% void 
* 3.56 cm thick extruded polystyrene skinboard, 36.5 kg/m' 
D 3.81 cm thick extruded polystyrene skinboard, 46.5 kg/m' 

FIG. 2—This test measures the percent volume of water absorbed per unit volume of 
foam. The 96-h test is described in ASTM Method D 2842-69. Since longer periods of 
submersion can occur in the USD application, the test was run for 504 h (21 days). 
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represents the average of three specimens of each insulation with mea
surements taken every 100 h. 

The 2.54-cm-thick (1 in.) fiber glass specimens with a density of 221.32 
kg/m* (13.82 Ib/ft̂ ) absorbed so much water that they sank within 2 h and 
thus their water absorption could not be measured. The fiberboard spec
imens (Curve A of Fig. 2) absorbed over 20 percent by volume water by 
500 h. The bead polystyrene specimens in 500 h absorbed from 0.3 to 7.0 
percent water, depending on foam thickness, density, and void volume. 
The cellular glass. Curve G, absorbed 1.3 percent water; the aluminum-
covered polyurethane or polyisocyanurate specimens. Curve H, absorbed 
2.7 percent water; and the extruded polystyrene skinboard specimens, 
Curve I, absorbed 0.3 percent water after 500-h exposure. Note that the 
relative performance of the materials evaluated, with the exception of 
fiberboard, is not changed by extending the test from 96 to 500 h. 

Water Absorption with Both Thermal and Concentration Gradientŝ  

This test is defined under Paragraph 2.242 of the standard "Dammsch-
ichten als Frostschutz" from the Research Association for Highways at 
Cologne, West Germany ("Forschungsgesellschaft fiir das Strassenwesen 
e. v . ," Koln). In the test, both a temperature gradient [minimum 10°C 
per centimetre thickness (45.7°F per inch)] and a water-saturated envi
ronment are used to drive water into the specimens. 

Insulation specimens, 500 by 500 mm (19.68 by 19.68 in.), of various 
thicknesses were subjected to the water vapor partial pressure gradient 
which exists when an insulation is placed between a cooling plate at TC 
(33.8°F) and a water bath whose temperature is regulated between 40 and 
60°C (104 and 140°F) to maintain a 10°C per centimetre (45.7°F per inch) 
thickness temperature gradient across the foam. The specimens were 
turned daily as specified by the test to achieve a uniform moisture dis
tribution. The test is run for a minimum of 28 days. 

High-density bead polystyrenes (molded and cut), low-density bead 
polystyrene, extruded polystyrene skinboard, a polyurethane laminated 
with paper skins, and a polyurethane without skins were subjected to 
these test conditions for 28 days. Although the reproducibility of this test 
has not been determined by multilaboratory testing, the values for the five 
specimens of extruded polystyrene skinboards agreed to within ± 0.15 
volume percent. The water absorbed on a volume percent basis is pre
sented in Fig. 3. The points on Curve F (extruded polystyrene skinboard) 
represent the average water absorption values for five specimens. The 
water absorption for five specimens of cut cell molded bead polystyrene 
were averaged to define the points on Curve D. The amounts of water 

^This study was performed at the Dow Laboratory in Horgen, Switzerland. 
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- 5.59 cm thick poly-
urethane laminated 
with paper (37.6 kg/m^) 

7 14 21 
Time of Water Exposure (Days) 

5.08 cm thick poly-
urethane without 
skins (33.0 kg/m^) 

5.08 cm thick bead 
polystyrene (25.3 kg/m^) 

5.08 cm thick cut 
cell molded bead 
polystyrene (55.4 kg/m^) 

• 5.08 cm thick molded 
bead polystyrene 
(33.6 kg/m^) 

F- 5.08 cm thick extruded 
_ polystyrene skinboard 
28 (35.2 kg/m^) 

FIG. 3—Water pickup (percent by volume) versus time (days). German water absorption 
test by diffusion (temperature gradient ofWCper centimetre thickness). The Dow Chemical 
Co., Horgen, Switzerland (1976). 

absorption for two specimens of molded bead polystyrene were averaged 
to give the points for Curve E. Curves A (polyurethane), B (polyurethane 
without skin), and C (low-density bead polystyrene) each represent the 
water absorption data points from one specimen. The extruded polysty
rene skinboards (Curve F) picked up less than 2 percent water by volume. 
The molded bead polystyrenes performed well in this test with one spec
imen (Curve E) picking up only 4.2 percent water by volume. The high-
density cut bead polystyrenes (Curve D), with water absorptions of 11 to 
12 percent by volume, performed much worse than the extruded and 
molded polystyrenes, but performed better than the low-density bead 
polystyrene or the polyurethane foams, which absorbed over 25 percent 
water by volume. 
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The greater moisture driving force of this test method over that described 
earlier in this paper can be seen by comparing Fig. 3 with Fig. 2. The 
stronger moisture driving force differentiates the moisture resistance of 
the extruded polystyrene skinboard (Curve F) from the high-density bead 
polystyrene (Curves D and E). Curve C on each graph corresponds to a 
5.0-cm-thick (2.0 in.) bead polystyrene with a density about 25 kg/m^ (1.6 
lb/ft''). The severity of this test is illustrated by this specimen absorbing 
over 25 percent water by volume, whereas in the previous test only 4 
percent water by volume had been absorbed. 

Freeze-Thaw Water Absorption 

Regional Climate Conditions 

L. Williams of the U. S. Army Natick Laboratory discussed [I]^ where 
freeze-thaw cycles occur in North America. Williams defined -2.22°C 
(28°F) as the freeze temperature and 1.1TC (34°F) as the thaw temperature. 
When the temperature drops from 1.11 to -2.22°C (34 to 28°F) or below, 
he considers conditions to be conducive to freeze water. Conversely, 
when the temperature rises from -2.22 to I.ITC (28 to 34°F) or above, 
he considers conditions to be conducive to melt frozen water. 

Williams states that any establishment of temperature levels for freeze-
thaw with the implication of their effectiveness is rather subjective on the 
basis of readily available temperature data. Earlier work by Russell [2], 
and Alpert's determination of freeze-thaw cycles for 24 cities in the United 
States [3], used -2.22°C (28°F) (Russell) or -0.6°C (31°F) (Alpert) as the 
freezing temperature and 0°C (32°F) (Russell) or 0.6°C (38°F) Alpert) as 
the thawing temperature. Thus William's studies are conservative relative 
to the number of freeze-thaw cycles found in any one locality. 

The freeze-thaw activity description by Williams is included in this 
paper because his data allow the laboratory freeze-thaw results presented 
in the later subsections to be correlated with actual freeze-thaw cycles 
occurring in different locations in North America. Figure 4 and Table 2 
give freeze-thaw data on different locations in North America. The geo
graphical region numbers divide North America into regions based on the 
number of freeze-thaw cycles per year, the duration of a freeze, the 
severity of a freeze, and the months when the cycles occur. Representative 
cities for each region are listed. 

'The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 4—Freeze-thaw regions based on frequency, duration, and severity of freeze-thaw 
activity [2]. 

U. S. Army Cold Regions Research and Engineering Laboratory 
(CRREL) Study 

The objective of this CRREL study [4], which presented data on the 
effect of freeze-thaw cychng on various insulations, was to expose dif
ferent thermal insulating materials for use under highway pavement to a 
wet environment and numerous freeze-thaw cycles, to simulate conditions 
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TABLE 2—Freeze-thaw cycle for various regions. 

Geographical Region No. from Fig. 4 Freeze-Thaw Cycles/Year 

1 (Miami, Fla.) 0 
2 (San Francisco, Calif.) 0 
3a (Macon, Ga.) 15 
3b (Bowling Green, Ky.) 54 
4a (Big Springs, Tex.) 26 
4b (Amarillo, Tex.) 67 
5a (El Paso, Tex.) 28 
5b (Albuquerque, N.M.) 68 
6 (San Bernadino, Calif.) 6 
7 (Boston, Mass.) 42 
8 (Elkins, W. Va.) 85 
9 (Garden City, Kans.) 96 

10 (Tonopah, Nev.) 103 
11 (Pendleton, Ore.) 46 
12 (Portland, Ore.) 15 
13 (Yarmouth, N. S., Canada) 52 
14 (Akron, Ohio) 63 
15 (Ogallala, Neb.) Ill 
16 (Elko, Nev.) 137 
17 (Juneau, Alaska) 52 
18 (Millinockel, Me.) 71 
19 (Grand Rapids, Mich.) 63 
20 (Fort Peck, Mont.) 69 
21 (Cranbrook, B. C, Canada) 103 
22 (Val d'Or, P.Q., Canada) 49 
23 (Winnipeg, Man., Canada) 46 
24 (Mayo Landing, Y. T, Canada) 58 
25 (Dawson, Y. T., Canada) 47 
26 (Trout Lake, Ont., Canada) 36 
27 (Baker Lake, N. W. T., Canada) 28 

in any given winter. Eight extruded polystyrene foams, one bead poly
styrene, three urethanes, one perlite, and one cellular glass insulation 
board were tested. 

Two 12.7-cm (5 in.) square specimens of each insulation were oven-
dried and submerged in water for seven days prior to freeze-thaw exper
iments. After the seven-day soak, the 28 specimens were removed and 
submerged flat in shallow metal trays, nine to a tray. One specimen of 
each insulation was then subjected to 15 freeze-thaw cycles and a second 
specimen to 30 freeze-thaw cycles. The trays generally took I'/i h to freeze 
and about 3 h to thaw. 

At the completion of each series, the specimens were trimmed and 
sliced and the gain in water content of each section determined. The 
internal moisture distributions for each material have been plotted in Fig. 5 
for comparison of (1) zero pressure—seven day soaking; (2) 1.03 x 10* 
N/m^ (15 psi) pressure immersion tests; (3) 15 freeze-thaw cycles; and 
(4) 30 freeze-thaw cycles. 
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d - 5.08 cm Thick 
Cellular Glass 
(131.3 kg/m^) 

2.54 1.27 0 1.27 2.54 

Distance from Center 
of Specimen, cm 

c - 2.54 cm 
Thick Perlite 

" * f 5 " F ^ ' 

e • 5.08 cm Thick 
Extruded Polystyrene 

Skin(40.0kg/m^| 

1.27 0 1.27 
Distance from Center 

of Specimen, cm 

1.27 0 1.27 2.54 
Distance from Center 

of Specimen, cm 

Note: Cellular Glass Disintegrated 
Between 15-30 Freeze-Thaw Cycles 

0.01, 
2.54 1.27 0 1.27 2.54 

Distance from Center 
of Specimen, cm 

FIG. 5—Moisture distribution in insulations after freeze-thaw cycling [4]. 
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Conclusions reached in the CRREL report were that (1) the freeze-thaw 
test had destructive results on highly absorbant systems; (2) the internal 
water content increased in practically all specimens; and (3) the cellular 
glass disintegrated before it could be weighed after 30 cycles, thus de
teriorating more rapidly in wet freeze-thaw tests than other insulations. 

The basic recommendation of the CRREL report is that "selection of 
rigid insulations for applications under wet conditions with anticipated 
periodic freezing and thawing temperatures should be based on results of 
tests with 30 or more freeze-thaw cycles." That more laboratory freeze 
thaw cycles are required to model field results for some geographic regions 
was demonstrated in a subsequent CRREL report [5], which showed that 
extruded polystyrene skinboard in USD roof systems in Alaska picked 
up 1.0 to 1.7 percent moisture by volume after 36 months. This is more 
moisture absorption than is indicated in Fig. 5e by the results for extruded 
polystyrene skinboard after 30 freeze-thaw cycles. The authors found that 
the report's data also supported the conclusion that extruded polystyrene 
foam performed best in these tests. The polyurethane foam (no skins) and 
bead polystyrene foams performed worse than the extruded polystyrene 
foams, but better than the cellular glass and perlite insulations. 

Dow Study 

The Dow freeze-thaw study measured the water absorbed by a slab of 
foam which was subjected to alternating cycles of freezing and thawing. 
This test was a variation on the ASTM Tests for Resistance of Concrete 
to Rapid Freezing and Thawing (C 666-73). The procedure used was freeze 
in air (at - 17.8°C or 0°F) and thaw in water (at 4.4°C or 40°F). Each cycle 
lasted 4 h and the weight of each specimen was determined approximately 
every 50 cycles. The increases in weight were taken as the amount of 
water absorbed and this is reported as the percent water per unit volume 
of foam. Two specimens each of various insulations such as cellular glass, 
fiberboard, fiberglass, polyurethane, polyisocyanurate, bead polystyrene 
foam, and extruded polystyrene foam were tested for more than 1000 
freeze-thaw cycles. The specimen size was a 10.2 cm (4 in.) square but 
the thicknesses varied. 

This freeze-thaw method does take into consideration the changes in 
external environment (from 4.4 to - 17.8°C) (40 to 0°F), but does not allow 
the interior (bottom of foam) environment to remain constant as it would 
in the USD roof system. Thus, the entire thickness of insulation goes 
through these cycles. In actual fact, this method may not be as severe for 
water absorption as actual roofing conditions because there is not as great 
a thermal driving force for water vapor to be driven into the insulation. 
Rather, this test method just provides a way to separate those insulations 
which have the physical integrity to withstand the harsh environment in 
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which they wiJ] find themselves. This test method does indicate some 
insulations which will be more sensitive to the combination of water 
absorption and freeze-thaw conditions. 

The data on the various insulations after 1000 freeze-thaw cycles are 
presented in Fig. 6. Several pieces of data should be noted. First, the 
critical number of freeze-thaw cycles where the moisture resistance of 
many of the insulations begins to deteriorate rapidly seems to be between 
300 and 700. The behavior of an insulation throughout this freeze-thaw 
cycle region will give a good indication of its applicability in a freeze-thaw 
environment, because it has been shown [7] that many of the North 
American locations will have over 500 freeze-thaw cycles in 10 years. 
Note the deterioration of even the 35.24-kg/m^ (2.2 Ib/ft̂ ) German bead 
polystyrene in Fig. 6 (Curve G) by 500 cycles. 

Secondly, thickness of the insulation sometimes influences the water 

Number of freeze/thaw cycles 
for a typical ten year period for 
most locations in North America 

400 600 800 

Freeze/Thaw Cycles 

3.81 cm thick 
cellular glass 
(144.2 kg/m^) 
2.54 cm thick 
fiberglass roof 
insulation (221.4 kg/m^) 
2.54 cm thick 
fiberboard (163.2 kg/m^) 
2.54 cm thick 
polyisocyanurate, glass 
reinforced with aluminum 
facings (41.6 kg/m') 

£ - 2.54 cm thick molded 
bead polystyrene 
(16.0 k g W ) 
5.08 cm thick molded 
bead polystyrene 
(27.2 kg/m^) 
5.08 cm thick German 
molded bead 
polystyrene (35.2 kg/m^) 
3.56 cm thick 
polyurethane with 
asphalt felt facing, all 
sides sealed in asphalt 
(38.4 kg/m^) 

I - 2.54 cm thick 
polyurethane without 
skins 

J - 2.54 cm and 5.08 cm thick 
extruded polystyrene 
skinboard (33.6 to 40.0 kg/m') 

FIG. 6—The water absorption of various insulations after freeze-thaw exposure following 
ASTM Method C 666-73 (freeze in air, thaw in water). The Dow Chemical Company, Midland, 
Mich. 1976. 
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pickup. The amount of water available is the same no matter what the 
thickness; so the thicker the insulation, the lower the water pickup (as
suming the insulation does not physically deteriorate in the freeze-thaw 
cycle testing). 

Thirdly, the extruded polystyrene skinboards performed much better 
than the other insulations tested. Several insulations did not survive for 
1000 cycles. The fiber glass (Curve B) and fiberboard (Curve C) insulations 
started to break up after 400 freeze-thaw cycles. These specimens were 
taken out of the chamber at that time. The polyisocyanurate foam with 
reinforcing glass fibers and aluminum skins on the top and bottom 
(Curve D) of the insulation lasted 458 cycles before it began to deteriorate 
and had to be removed from the chamber. The cellular glass specimens 
(Curve A) fell apart before 100 freeze-thaw cycles, which supports the 
data shown in the CRREL report. 

One more note relative to the data shown in Fig. 6: cut cell unfaced 
polyurethane (Curve I) performed better than felt-faced, asphalt-coated 
polyurethane (Curve H) and much better than aluminum foil laminated, 
glass-reinforced polyisocyanurate foam (Curve B) in this freeze-thaw 
cycle testing. 

Laboratory Measurements of Thermal Resistance versus Moisture 
Content of Insulations 

The previous sections have shown the extent to which moisture may 
get into insulation materials by moisture transport and freeze-thaw action. 
The specific effect of moisture on the thermal resistance of various in
sulations will now be illustrated. 

Since liquid water conducts 25 times more heat than the air it replaces, 
open-celled or porous materials are affected to a much greater degree by 
moisture than closed-cell materials in which any moisture is primarily in 
the vapor phase. If the insulation is in a freezing environment, the ice 
trapped in the insulation will conduct over 100 times more heat than air 
would. 

Thorsen Study 

S. H. Thorsen has performed a laboratory study [6] of the effect of 
moisture on the thermal conductivity of extruded polystyrene foam of 
33.96 kg/m^ (2.12 lb/ft»), polyurethane foam of 30.44 kg/m *̂ (1.90 Ib/ft^), 
and bead polystyrene foams of densities from 17.30 to 19.22 kg/m^ (1.08 
to 1.20 1b/ft='). 

Thorsen drove the moisture into the specimens by using them as part 
of the walls of a box housing an immersion heater in a saturated-salt 
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solution maintained at 70°C (158°F) and having an internal constant relative 
humidity of about 75 percent. This box was placed into a thermostatted 
chamber where the temperature was kept constant at 20°C (68°F) and the 
relative humidity was 50 percent. The specimens were of 45 by 45-cm^ 
(17.72 by 17.72 in.^) size with the same nominal thickness of 5 cm (1.97 
in.). The moisture absorption tests lasted for three months. The thermal 
conductivity coefficients for the specimens were determined at a mean 
temperature of 10°C (50°F) in a Lang device calibrated with two standard 
specimens. 

Thorsen's results for specimens both without and with a wax moisture 
barrier on their cold side are shown in Fig. 7 and 8, respectively. He 
points out that the dependence of the thermal conductivity on moisture 
content exhibits a parabolic dependence for the polyurethane foam and 
the bead polystyrene foam. Only the extruded polystyrene foam exhibits 
linear dependence of the thermal conductivity on moisture content. The 
presence of the moisture barrier on the cold side of the insulation more 
than doubled the moisture absorption of each of the insulations. 

Dow Study 

In another laboratory study conducted at the Dow Chemical Co., 20 
different insulation materials were examined for the effect of moisture on 
their thermal resistance. These materials included extruded polystyrene 
foam, molded and cut cell bead polystyrene foam, urethane foam, and 
fiber glass insulation. 

Water was driven into the specimens by placing them on top of a pan 
containing 50°C (122°F) water whose temperature was controlled with a 
hot plate. A towel, acting as a porous wick, was placed over the specimen 

0.080 I -

0.060 -

0.040 - i 

1 
•S 0.020 

0.00 

A - 5 cm bead polystyrene, 19.2 kg/m' 

B - 5 cm bead polystyrene, 17.9 kg/m^ 

C - 5 cm extruded polystyrene, 33.9 kg/m'' 

D - 5 cm polyurethane, 30.5 kg/m^ 

•it - Indicates thermal conductivity at end 
of three months 

5 10 15 20 25 30 
% Water by Volume 

FIG. 7—Effect of moisture absorption on thermal efficiency of insulation without a mois
ture barrier. Mean temperature oflO°C with a 20°C temperature gradient. Study performed 
by Thorsen [6]. 
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FIG. 8—Effect of moisture absorption on thermal efficiency of insulation with a wax 
moisture barrier on the cold side of the insulation [6], 

SO that evaporation of water would keep the top of the specimen cool to 
maintain a driving force for the moisture to enter it. 

The thermal resistance was measured using a K-matic instrument which 
was produced by Dynatech R/D Co. and which was calibrated using two 
standard specimens. The mean temperature of the test was 23.9°C (75°F) 
with a 27.78°C (50°F) differential across the specimen. This temperature 
differential causes relocation of the water in the closed cell specimens. 
For open-cell or fibrous materials with no moisture barrier, the temper
ature differential may cause the water to be driven out of the specimen 
during the test. The specimens were wrapped in polyethylene film to 
prevent moisture condensation in the measurement apparatus. Before and 
after their thermal resistance was measured, the specimens were weighed 
without the polyethylene film wrap to determine whether any moisture 
had been driven from the specimen during the measurement. The before 
and after weights of the specimens agreed to within 6 g (0.21 oz), which 
is a 5 percent maximum difference. At times it took as long as 16 h for 
the specimen to attain a quasi-equilibrium value in the K-matic. The quasi-
equilibrium value was determined by there being less than 1 percent change 
in the thermal resistance of a specimen for one hour. 

The parameter k versus moisture content (percent by volume) for these 
specimens is illustrated in Fig. 9. This accelerated laboratory test does 
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not simulate the amount of water that an insulation will pick up in an end-
use application. The amount of moisture driven into the insulation as a 
function of time varies depending on the physical and chemical properties 
of the insulations. This point is illustrated in Fig. 10, which shows the 
length of time required for insulations to pick up various levels of moisture 
(percent by volume) with this test. 

The dependence of the thermal resistance of these insulations on mois
ture content shows the same trends as the results obtained by Thorsen 

.14391-

.1151 
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•6 .0576 -

i= .0288 

.0000 

A 
B 
C 

- D 

— 

- 2.43 cm fiberglass with asphalt on one side, 235.3 kg/m^ 

3.56 cm bead polystyrene foam, 21.0 kg/m'' ^ 

2.46 cm urethane foam, 28.7 kg/m' .y'^'^•/ 
- 2.54 cm extruded polystyrene foam, ^,/^ jr 

33.2 kg/m^ ^ / ^ / y 

y^ /z 
'yM *%y y ^jt^ 
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FIG. 9—thermal conductivity as a function of moisture content for insulation materials. 
Mean temperature is 22°C. The temperature differential to drive the water into the specimens 
was 30°C. These are laboratory results and do not illustrate the moisture resistance of an 
insulation, but illustrate only the effect of absorbed moisture on the thermal conductivity 
of the insulation 
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FIG. 10—Moisture absorption as a function of time for various insulations. 
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[6] (Figs. 7 and 8) and by Paljak [7]. The following equations describe this 
dependence on moisture content for 0 to 30 percent volume percent water. 
Similar equations, with slightly different coefficients, were obtained in 
studies by Levy [8], Mittasch [9], and Achtziger [10]. These equations do 
not indicate how much water a particular insulation will pick up in an 
actual end-use application, but they do indicate what the effect of a certain 
water percentage (by volume) will be on the long-term thermal efficiency 
of the insulation in question. 

In the equations for the thermal conductivity (X or k),V is the percent 
moisture by volume, the units on X are W/mK, and the units on k are 
Btu.in./hft='deg. F. 

PolyurethanelPolyisocyanurate{\i) 

K wet = k^y* + 0.008 (V) = 0.16* + 0.008 (V) 
(0 to 10% by volume water) X„ wet = 0.0231* + 0.00115 (V) 

K wet = *dry* + 0.0055(V) + 0.00028(V)=' = 
0.16*-h0.0055(V)-^0.00028(VO' 

(10 to 30% by volume water) X̂  êt = 0.0231* + 0.00079(y) -i- 0.000041(y)2 
Low-Density Molded Bead Polystyrene (bd bd)*** 

ktd M wet = A:<,ry* + 0.0122(V) = 0.28* + 0.0122(V) 
(0 to 10% by volume water) X^ M wet = 0.0403* + 0.00175(V) 

kbd bd wet = artificial factor** + 0.0167(y) = 0.225** + 0.0167(V) 

(10 to 30% by volume water) k^ M wet = 0.0325** + 0.00240(V) 

High Density Molded Bead Polystyrene (bd bd)**** 

kbd bd wet = kary + 0.015 (V) = 0.24**** + 0.015(y) 

(0 to 30% by volume) k^ M wet = 0.0346*** + 0.00216(V) 

Fiber Glass (FG) 

kro wet = 'td.y* + 0.082(y) = 0.25* + 0.082(V) 
(0 to 2% by volume water) XFG wet = 0.036* + 0.0118(V) 

fcpG wet = artificial factor** + 0.006 (V) = 0.41** + 0.006(y) 

* Assumed aged value of at least one year using American Society of Heating, Refrigeration 
and Air-Conditioning Engineers (ASHRAE) (1972) table. 

••Artificial factor determined by experimental data. 
***These equations apply only to t>ead polystyrenes with densities at or below 28.83 

kg/m' (1.8 lb/ft»). 
****This equation applies only to bead polystyrenes with densities greater than or equal 

to 33.64 kg/m° (2.11 lb/ft°). The published il:-factor of European high-density headboards 
varies between 0.0326 and 0.0366 W/m • K. 
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(3 to 10% by volume water) Arc wet = 0.059** + 0.00086(V) 

F̂G wet = d̂ry* + 0.0217(V) = 0.25* + 0.0217(V) 

(10 to 30% by volume water) XFG wet = 0.036* + 0.00312(V) 

Extruded Polystyrene (EP) 

k^p wet = 'tdry* + 0.008(V) = 0.20* + 0.008(V) 

(0 to 30% by volume water) XEP wet = 0.0288* + 0.00115(V) 

Field Experience of Thermal Resistance 
Versus Moisture Content of Insulations 

Moisture Content and Thermal Resistance 
Measurement Considerations 

The field insulation specimens were removed from the installation as 
35 by 35 cm (14 by 14 in.) specimens and were immediately sealed in a 
polyethylene bag and delivered to the laboratory. At the laboratory, sur
face dirt was carefully removed from the specimens, which were weighed 
and their thermal resistance determined using the procedure described in 
the foregoing for insulations with moisture content. After the quasi-equi-
librium thermal resistance had been established, the specimens were dried 
at 60°C (140°F) until constant weight was achieved. The moisture content 
of the specimens was determined from the weight loss due to drying. 

The measured parameter /:-values may be compared with the values 
calculated using the equations of the previous section in Tables 3 and 4. 

Upside-Down Roofs 

USD roofs have been in use for the past eight years. Data from some 
of these field installations can be found in Table 3 for the following in
sulations: (1) molded bead polystyrene, (2) extruded polystyrene skin-
board, and (3) polyurethane (without skins). Data on the performance of 
polyurethane insulation are limited because of its limited use in USD 
roofs. 

The data reported in Table 3 are restricted to roofs with slopes of less 
than or equal to 1.25 cm per 30.48 cm (0.5 in. per 12 in.). The top covering 
in all cases is stone. Data for specimens taken from ponded areas are 
footnoted in Table 3. 

When a specific amount of thermal resistance is required by the architect 
and the owner of an installation, it is important for them to know how 
much the thermal resistance may be reduced during a given life span of 
the installation. The authors think it is reasonable to expect an insulation 
to retain at least 80 percent of its specified thermal resistance after 10 
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years of service. The equations of the previous section describing the 
thermal resistance as a function of moisture content were used to calculate 
the moisture absorption each insulation type requires to decrease its ther
mal resistance by 20 percent. The limit on the amount of moisture ab
sorption is 5.0 percent for polyurethane, 5.7 percent for low-density bead 
polystyrene, 4.0 percent for high-density bead polystyrene, 0.8 percent 
for fiber glass, and 6.2 percent for extruded polystyrene. 

The time in service for the extruded polystyrene samples in Table 3 
ranged from 2 to 7.2 years. In each case, even when the insulation specimen 
was from a continuously ponded area, the insulation maintained 90 percent 
or more of its thermal resistance. Only in the continuously ponded case 
in Switzerland (A-3 in Table 3) did a specimen pick up more than 1.0 
percent water by volume. For those cases where both the water pickup 
and the thermal resistance were measured, the relationship between them 
can be described to within ± 10 percent by the equation of the previous 
section for extruded polystyrene. 

As the specimens from this ponded roof show, the moisture content of 
insulation specimens in the USD roofs varies with the time of year. In
sulation specimens taken in the spring will show higher water absorption 
than specimens taken in late summer. This phenomenon is illustrated in 
Fig. 11 for an extruded polystyrene foam and a bead polystyrene foam 
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* 5.08 cm thick bead polystyrene (24.3 kg/m^) 

• 5.08 cm thick extruded polystyrene (35.2 kg/m^) 
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FIG. 11—Fluctuation in absorbed moisture for extruded polystyrene and bead polystyrene 
insulation in USD roof in its third year after installation. The extruded polystyrene almost 
dries out completely by the end of the summer, but the bead polystyrene still retains over 
30 percent water by volume. 
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which were in their third year on the roof when the measurements were 
made. 

The amount of water absorbed after seven years in the nonponded roofs 
with extruded polystyrene was equivalent to the water absorbed by 21 
days in the water absorption test with the specimen subjected to both a 
concentration and a temperature gradient (Fig. 3, Curve E). The amount 
of water picked up by the insulation specimen from the ponded roof 
corresponded to the laboratory test results for 28 days. 

The time in service for the bead polystyrene specimens in Table 3 ranged 
from 0.8 to 7.3 years. The nonponded roofs picked up from 8.6 to 17.2 
percent water by volume after 7.3 years. The thermal resistance of these 
foams had decreased by 30 percent for the 8.6 percent water pickup and 
had decreased by 65 percent for the 15.9 percent water pickup. The meas
ured thermal resistance of the nonponded insulations agreed to within 14 
percent with the values calculated using the equations of the previous 
section for low-density [less than 32.0 kg/m^ (2.0 Ib/ft̂ )] and high-density 
[greater than 32.0 kg/m^ (2.0 Ib/ft̂ )] bead polystyrene. The measured ther
mal resistances of the ponded insulations, of the specimen from Heidel-
burg, Germany, and of the specimen from Midland, Michigan, which 
picked up 17.2 percent water by volume, did not agree as well with their 
calculated values. The equations for the dependence of the thermal re
sistance of insulations on moisture content possibly could be refined by 
including factors involving thickness, density, the size of the voids, the 
number of voids, and the location of the moisture in the insulation. 

The 28-day laboratory water absorption test (Fig. 3, Curve B) in which 
the specimen is subjected to both a temperature and a concentration 
gradient did not cause the high-density bead polystyrenes to absorb as 
much moisture as the field specimens absorbed in just two years. Although 
this laboratory test does not cause the same amount of water absorption 
as field conditions, it is useful in screening potential insulations for moist-
environment applications. Those insulations which absorb less than 5 
percent moisture by volume in this 28-day test and which absorb less than 
5 percent moisture by volume after 7(X) freeze-thaw cycles should perform 
well in moist-environment applications. 

The time in service for the polyurethane specimens in Table 3 ranged 
from 2 to 5 years. By five years, the polyurethanes had picked up an 
average of over 5 percent water by volume, with one specimen absorbing 
17.0 percent water by volume. The average level of absorption corresponds 
to the amount of water absorbed by the laboratory specimen (Curve I of 
Fig. 6) after 200 freeze-thaw cycles. More field data must be collected to 
determine whether the amount of moisture in the field specimens will level 
out as the laboratory freeze-thaw specimens did. The thermal resistance 
of these polyurethanes was calculated to have deteriorated by 38 percent 
on the average (in one case, by 106 percent) after five years in service. 
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The top covering, normally stones, in the USD roof system provides 
the buoyancy resistance, the burning-brand fire protection, and the ultra
violet shield for the insulations. However, the top covering can also cause ' 
disadvantages with respect to the long-term thermal performance of in
sulations. Concrete paving blocks placed directly on top of an insulation 
in a USD roof system may retard the water vapor from escaping from the 
insulation in winter, thus causing water absorption in the insulation. Due 
to the mass and thickness of the block and the surface tension of water 
on the block, the patio block could also act as a barrier and reduce 
evaporative drying of the top surface of the insulation. The overall result 
would be some loss in thermal resistance of the insulation depending on 
the type and thickness of insulation used and the location (that is, Montreal 
or Miami) of the roof application. A recommended way to use concrete 
paving blocks to avoid any potential thermal resistance loss is the use of 
spacers or gravel between the insulation and the concrete paving blocks. 

Below-Grade Perimeter Installations 

The thermal performance of various types of insulations exposed to 
actual highway conditions have been monitored for the past 15 years. 
Most of these data are for extruded polystyrene foam since it was selected 
for field use on the basis of its laboratory performance in moisture ab
sorption and freeze-thaw testing. A few field specimens of other types of 
insulation were available. These data are given in Table 4. Data from soil 
insulation tests and below-grade perimeter insulation are also given in 
Table 4. The field results for the relative susceptibility of the different 
types of insulation to moisture absorption correspond to the results ob
tained in the laboratory studies discussed in the foregoing. The effect of 
this moisture absorption on the thermal resistance of the insulations in 
the field environment also follows the trends noted in the laboratory stud
ies. The amount of water absorbed by the insulations in the below-grade 
applications are less for the same time periods than in the USD roof 
application. Extruded polystyrene foam performs better than molded bead 
polystyrene and polyurethane without skins in terms of moisture absorp
tion resistance and retention of thermal resistance in below-grade 
applications. 

Conclusions 

1. As the water content of an insulation increases, the thermal resistance 
of the insulation decreases. The overall performance of the insulations 
have been dependent on the type used. The extruded polystyrene skin-
board is the most widely used in the applications discussed and has dem
onstrated excellent thermal performance because of its resistance to water 
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absorption in field applications as compared with other insulations. The 
specific long-term performance of the various insulations most commonly 
used in USD roofs can be found in Table 3. The field performance of the 
insulations correlates favorably with the laboratory studies on the effect 
of moisture on thermal resistance described in this paper. Better corre
lation may be attainable by including factors such as thickness, density, 
size of voids, number of voids, and location of the moisture in the 
insulation. 

2. As a minimum criterion for insulations being considered for appli
cations where water is present, the authors recommend that these insu
lations retain at least 80 percent of their thermal resistance for a 10-year 
period. 

3. Water absorption tests without a thermal driving force (ASTM 
Method D 2842-69), even those run for long durations such as 504 h, are 
inadequate for screening insulations for wet environmental applications. 
The best water absorption test for screening thermal insulations is where 
there is a water vapor driving force through the insulation (from bottom 
to top). This test should have both a temperature gradient [minimum 10°C 
per centimeter (45.7°F per in.) thickness] and a water-saturated environ
ment and should be run for a minimum of 28 days. A good water pickup 
limit for screening with this type of test would be 5 percent by volume 
water after 21 days. If the insulation has a higher water pickup than this 
limit, it should not be considered for wet environments (below-grade 
perimeter insulation, highway insulation, or USD roof insulation). 

4. The relevance of the freeze-thaw test as a laboratory screen for 
insulations to be used in wet environmental applications is determined by 
the geographic location of the installation. It is not only the number of 
freeze-thaw cycles in a particular geographic region that must be consid
ered, but also the severity of the freeze, the duration of the freeze, and 
the temperature gradient across the insulation. For most areas of North 
America, a minimum criterion for a laboratory freeze-thaw test would be 
500 to 700 freeze-thaw cycles with a water pickup limit of not more than 
5 percent (water by volume). This test should be used in conjunction with 
the water absorption test employing both thermal temperature and con
centration gradients as moisture driving forces. 
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Light Transmission Measurements 
Through Glass Fiber Insulations 

REFERENCE: Pelanne, C. M., "Light Transmission Measurements Tlirough Glass 
Fiber Insulations," Thermal Transmission Measurements of Insulations, ASTM 
STP 660, R. P. Tye, Ed., American Society for Testing and Materials, 1978, pp. 
263-280. 

ABSTRACT: As part of a study to define the structure of glass fiber insulations, 
light transmission was measured through a number of insulations made by different 
manufacturing processes. 

A significant relationship was observed between light transmitted normal to the 
plane of the insulation and the apparent thermal conductivity. This relationship 
suggests a possible application for the continuous monitoring of glass fiber insulation 
being manufactured. 

The light transmission measurement allows us to see the laminar structure of 
glass fiber insulations as well as the preferred orientation of the fibers resulting 
from manufacturing process characteristics. 

The light transmission measurements also may provide an indirect way of esti
mating the apparent thermal conductivity in the plane of the insulation, as well as 
a way of evaluating heat flow in tailor-made glass fiber specimens. 

KEY WORDS: thermal insulation, glass fibers, structure of insulation, light trans
mission, radiation, thermal conductivity 

While the mechanisms of heat transport through a glass fiber insulation 
are complex, as has been discussed extensively in a number of papers 
([7-9]^ and others), it has been demonstrated that "radiation transmis
sion" is the controlling influence of the upward shape of the A:-versus-
density curve as it goes from high to low densities [7]. As discussed in 
the aforementioned papers, the radiation transmission component of heat 
transport in glass fiber insulation is part of the total radiation transfer 
between the hot and cold faces of the insulation. Thus, the "radiation 
transmission" is influenced by radiation laws. 

For a given temperature, the total radiant energy is the integration of 

'Senior research specialist, Johns-Manville Research and Development Center, Denver, 
Colo. 80217. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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264 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

the energy distribution over a wide band of wavelengths dominated at the 
peak by one wavelength. As shown in Fig. 1, this peak is displaced toward 
the shorter wavelengths as the temperature increases (Wien's displace
ment curve). Also shown in Fig. 1 is the span of the visible spectrum (0.4 
to 0.7^im), the region within which these experiments were performed. 
Except at high temperatures, there is relatively little visible energy emitted 
from a body. At the temperatures at which much of the glass fiber insulation 
is used (24°C mean temperature), between 38°C and 10°C the major portion 
of the energy (—70 percent) is generated between 3 and 20 /am with the 
peak occurring at approximately 9.7 fim. The curves for this temperature 
range are shown in Fig. 2. 

Glass, as shown by the greenhouse effect, is practically transparent at 
the shorter wavelengths in the visible spectrum 0.4 to 0.7 ju,m (solar energy) 
and is opaque to the long wavelengths at the infrared region beyond 2.5 
jum generated by low-temperature surfaces. Thus, as insulating fibers, the 
glass performs its primary insulating function by absorbing and scattering 
the infrared radiation. Since the absorbing and scattering characteristics 
are a function of fiber diameter, correlation of light transmission with the 
heat transmission was not the object of this investigation. 

This study was conducted as a part of a basic research project sponsored 
by the Johns-Manville Corp. The principal objective was to relate the 
structure of glass fiber insulations to the heat flow mechanisms involved 
in the insulating process. In this phase, we measured the light transmitted 

VISIBLE SPECTRUM 

- r 
2 3 4 

WAVELENGTH .^n 

Witn' t d i ip lae« in*nt curvt 

FIG. 1—Radiant energy distribution curves at high temperatures. 
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FIG. 2—Radiant energy distribution at heat meter test conditions. (Net energy transfer 
between 38 and WC shown by dashed line.) 

through the three major axes of 25.4-mm (1 in.) cubes of a number of glass 
fiber insulation specimens and observed a significant relationship between 
the light transmitted in the direction normal to the plane and the apparent 
thermal conductivity of the specimens. This paper discusses only this 
observed relationship and its possible application for product performance 
control. 

Discussion 

Materials and Specimen Preparation 

The insulations used for these experiments were representative of two 
manufacturing processes in use by Johns-Manville when this research was 
carried out (1970-1971) and a specimen from another manufacturer. The 
two manufacturing processes are referred to as Pot and Marble (A and 
AA) and Rotary (B and C). As will be demonstrated, the two processes 
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result in a different lay of the fibers, resulting in different heat flow char
acteristics. The experiments involved a wide range of product densities, 
6 to 25 kg/m (0.375 to 1.6 Ib/ft̂ ), and average fiber diameters (2.2 to 7.2 
ixm, by airflow measurement technique). 

From each sample lot, six 305 by 305 by 25.4-mm (12 by 12 by 1 in.) 
specimens were cut, their densities determined and their apparent thermal 
conductivites k measured with a heat flowmeter apparatus [ASTM Test 
for Steady-State Thermal Transmission Properties by Means of the Heat 
Flow Meter C 518-76] [6]. One specimen from the six was picked on the 
basis of representation of the lot population and its position with respect 
to the average ^-versus-density curve. The k and densities of these spec
imens are given in Table 1 and plotted later in Fig. 6. 

Out of the center 152 by 152-mm (6 by 6 in.) square (heat flowmeter 
measurement area), nine 25.4-mm (1 in.) cubes were cut as shown in Fig. 
3. The preparation of the 25.4-mm (1 in.) cubes proved to be much more 
difficult than anticipated. They were rough cut, placed in a jig, and trimmed 
with an electric hair clipper set for a very close cut. Even with this setup, 
the variations in density through the thickness of the piece caused some 
irregularities in the shape of the cubes. The densities were determined for 
both the 152 by 152-mm (6 by 6 in.) square and the individual cubes. The 
k values were plotted against the density of the 152 by 152-mm (6 by 6 
in.) squares and the average light transmission against the average density 
of the nine cubes. A small dot of paint was placed on the top face of each 
cube as shown in Fig. 3. This dot was used as reference when positioning 
the cube in the test apparatus. 

Light Transmission Measurements 

Instrumentation—The light transmission measurements were per
formed with a Brice-Phoenix Universal Light Scattering Photometer 1000 
series, which is described as "a versatile instrument especially designed 
for the measurement of micro-scattering, micro-fluorescence, micro-lu
minescence and very low transmittance and reflectance of dark materials." 
As shown in Fig. 4, the apparatus consists of a constant-intensity light 
source (mercury vapor lamp), a coUimating tube through which the light 
is directed into a black measurement compartment, a specimen support 
stage located at the center of the compartment, and a photomultiplier tube 
attached to a graduated disk indicating the angle at which the tube is 
viewing the incident beam. This arrangement allows the photomultiplier 
tube to rotate on a 270-deg arc about the stage. The light transmission 
measurements were taken with the photomultiplier tube directly in line 
with the light beam and the center of the specimen. Scattered light mea
surements were taken at a 90-deg angle. 

The light is coUimated to form a 6.35 by 3.81-mm (0.25 x 0.15 in.) beam 
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FIG. 3—Diagram of specimen preparation: Heat meter test specimen, 305 by 305 mm 
(12 by 12 in.); heat meter measurement, 152 by 152 mm (6 by 6 in.): tight transmission 
specimens, nine 25.4-mm (1 in.) cubes. (Dots on corners serve for positioning of cubes.) 

FIG. 4—Brice-Phoenix light-scattering photometer optical system diagram (top view). L 
= light source (mercury vapor lamp); F = neutral filters; C = collimating tube; D = 
graduated disk (photocell positioning); S = stage—specimen position; PT = photomultiplier 
tube; EC = amplifier; SC = scattering compartment. 

striking the surface of the specimen. This incident beam when unob
structed by a specimen or Hght filter is too intense to be viewed by the 
highly sensitive photomultiplier tube. Therefore, the equipment was cal
ibrated with neutral-density filters in terms of millivoltage output from the 
amplifier. 

An opal reference standard was calibrated and, during the measure
ments, inserted periodically into the beam to check the amplifier and the 
calibration of the precision recorder used to collect the data. 
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270 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

Measurement Procedure—Each of the nine cubes of each specimen 
was positioned on the specimen stage in four different positions as shown 
in Fig. 5. The light measurements were taken as indicated in the following 
table: 

Position 
1 
2 
3 
4 

Light Transmission 
'normal to plane 
'cross-machine direction 
'normal to plane 
'machine direction 

Light Scattered 
'machine direction 
machine direction 

'cross-machine direction 
cross-machine direction 

In order to duplicate the positioning of the cube, it was placed against 
a cornering stop fixed to the specimen stage. Only the scattered light 
measurements taken from the cube side placed against the stop were used 
for this study, in this way ensuring a constant through-specimen distance 
of light travel. 

From duplicate testing of two groups of specimens, we concluded that 
the tests were reproducible. The scatter of the individual measurements 
as shown later in Fig. 10 was repeated despite the visible irregularities of 
the matrix within the 25.4-mm (1 in.) cube. Because of this scatter, it was 
decided that for this phase the average of the nine measurements (in the 
case of the normal-to-plane measurements, the average of 18) would be 

POS.I POS. 3 

LS = Light source 

I I Normal Plane 

POS. 4 

T = Transmitted l i gh t 

Cross-machine 
Direction 

S = Scat tered l igh t 

Machine Direction 

FIG. 5—Specimen positions and light measuring pattern. 

'Data referred to in this paper. 
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reported; see Table 1. It is anticipated that the individual values could 
help define better the character of the insulation structure if the data are 
analyzed further. (One hundred and eight individual measurements were 
taken on each insulation specimen for which a single k-va.\ue was obtained.) 

Results (See Table 1) 

Apparent Thermal Conductivity Versus Density—Fig. 6 

The apparent thermal conductiviiy measurements, k, were made on 
25.4-mm-thick (1 in.) specimens with a rapid heat flowmeter apparatus 
[10] (ASTM C 518-76). The A:-versus-density of the Pot and Marble (A) 
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and Rotary (B) products form two curves as expected. The AA fiber point 
is significantly separated from these two populations. 

Light Transmission Versus Density—Fig. 7 

The results of the light transmission measurements normal to the plane 
of the insulation when plotted against the average cube density on semilog 
paper also show separate curves for the A and B products. Both the A A 
fiber and C specimens are significantly separated from the two populations. 

We observe a little more scatter than appeared in the ^-versus-density 
curves. This is not too surprising when we consider the relative areas of 
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the measurement and the representative density against which the data 
are plotted. The ^-data are based on a 232-cm^ (36 in.^) test area and are 
plotted against the density of the same area of the specimen. The light 
transmission measurements are the average of two sets of nine measure
ments representing a total area of 4.36 cm^ (0.675 in.̂ ) (24.2 mm^ by 18), 
which is only 7.5 percent of the area used to determine the density, 58 
cm^ (9 in.2). 

It is very important to remember that light density fibrous insulations 
are not homogeneous. Referring to Fig. 12, the nonhomogeneity at the 
scale of these measurements (24.2 mm )̂ (0.0375 in.̂ ) can be visualized 
when considering that the measurements shown in Fig. 12 represent the 
integration of the light over a 182.41 cm" (28.3 in.') and 5.07 cm' (0.785 
in.') area, respectively. 

Light Transmission Versus k—Fig. 8 

When the light transmission normal to the plane of the insulation is 
plotted against the apparent thermal conductivity of the specimen from 
which the cubes were cut, we observe a very good correlation. Of the 17 
points, we observe that 70 percent fall within ±2 percent of the curve in 
terms of apparent thermal conductivity. Even the very significantly dif
ferent AA fiber specimen is less than 7 percent away from the average 
curve. This agreement is particularly surprising since the light measure
ment area represents less than 2 percent of the heat flow measurement 
area. 

Light Transmission Versus Density and Cube Orientation—Fig. 9 

The light transmitted through the three axes of the cubes demonstrates 
some very significant differences in the structure of the insulations. From 
Fig. 9 we observe that more light travels through the horizontal plane of 
the insulation. In the case of the B insulation, we observed that the two 
horizontal planes, machine and cross-machine direction, offered the same 
resistance to light transmission, indicating a laminar but not preferably 
oriented array of fibers. This was not the case with the A insulation, which 
showed a preferred orientation of the fibers in the direction of fabrication. 
This preferred orientation is less observable as the density is lessened, 
because of the more open fiber network. It might be expected that the 
three curves would also converge at higher densitites as they do at the 
lower densities. 

A typical set of individual cube measurements is shown in Fig. 10. From 
this plot we observe a wide scatter of the points representing the light 
transmission through the two horizontal planes. This scatter can be at
tributed to the irregularities in density within the individual cubes. A better 
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FIG. 8—Light transmission through the normal plane of the insulation versus the apparent 
thermal conductivity of the same specimens. 

agreement might be obtained if a more precise determination of the density 
in the path of the light beam could be obtained. The beam represents only 
3.7 percent of the cross-sectional area of the cube. 

Scattered Light and Light Transmission Versus Density—Fig. II 

Figure 11 shows the percentage of light transmitted and scattered light 
which exists at the center of the lateral surfaces of the cube, at 90 deg to 
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FIG. 9—Light transmission versus density and cube orientation as a percentage of incident 
light. N = normal to the plane; M = machine direction: CM = cross-machine direction. 

the incident beam. The plot of scattered light represents the data for both 
A and B insulation products. The common curve for both products seems 
to indicate that, despite the marked difference in the fiber orientation 
characteristics, both products have the same average light scattering. This 
indicates that at that direction the products behave similarly. 

The intersection of the light transmission and scattered light curves at 
lower densities is to be expected since the light transmission goes to a 
maximum and the scattered light goes to a minimum with zero density. 
The curves will also converge to a minimum when the insulation reaches 
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a maximum density, allowing no light to penetrate: see insert on graph, 
Fig. 11. 

Conclusions and Implications 

1. The most significant practical observation derived from this inves
tigation, so far, is the unexpected correlation of the light transmitted 
through the normal-to-plane direction of the glass fiber insulation and its 
apparent thermal conductivity. This observation has led us to describe 
the possible use of this relationship for the continuous monitoring of the 
thermal resistance of the glass fiber blanket on the production line. Patent 
No. 3,987,660, Method of Determining Thermal Conductivity of Fiber 
Insulation, was issued 26 Oct. 1976. 
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FIG. 11—Light transmission and average scattered light versus density. (The scattered 
light is the average of S, and Sj.) 

Earlier, we had considered the possibility of monitoring production with 
infrared radiation but this approach had two major drawbacks. First, the 
level of energy available at the temperatures of interest was very low, 
making sensitive detection difficult; second, the temperature of the blanket 
would be difficult to keep constant enough so as not to mask the monitored 
radiation with the variable radiation emanating from the blanket. 

The use of light overcomes both of these problems. Light is available 
at a high energy level (intensity) with only negligible effect on the blanket 
temperature. Also, the infrared energy emanating from the blanket remains 
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undetected by the light-sensitive detector. Only a relatively simple shield
ing for extraneous light is necessary. 

Since our measurements showed that the transmitted light through a 
25.4-mm (1 in.) thickness was only a very small percentage of the incident 
light, our first objective in evaluating the practicality of the method was 
to determine if we could accurately measure the light transmitted through 
thick blankets. The results of our first step is shown in Fig. 12. The upper 

S 6 .09-

FIG. 12—Light transmission along a 1.22-m (4 ft) length of building insulation compressed 
to 0.165 m (0.541 ft) thickness. [The photocell followed the same course, viewing a 2.5-cm-
diameter(l in.) field in the first case and a 15.2-cm-diameter (6 in.) field in the second case.] 
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trace shows the recorded output of a 25.4-mm-diameter (1 in.) photo-
multiplier tube under which a 1.22-mm (48 in.) length of thick building 
insulation was drawn on a straight path. The blanket was compressed to 
a uniform 165-mm (6.5 in.) thickness (the appHcation design thicknesses). 
In this instance, the photomultiplier tube orifice was placed in direct 
contact with the blanket surface. The photomultiplier tube viewed many 
small as well as several major irregularities in the blanket density. The 
lower trace shows the output of the same photomultiplier tube viewing 
a 152-mm-diameter (6 in.) area of the blanket over the same course as the 
25.4-mm (1 in.) measurement. The photomultiplier tube was located at the 
top of a457.2-mm-high (18in.) cone with a 152-mm-diameter (6 in.) opening 
in contact with the blanket surface. The smoother trace, as shown, is the 
integration of the many variations indicated by the upper trace. The major 
variations in density remain apparent. The approximate density scale 
shown on the side is based on density measurements of several pieces 
cored from along the length of the blanket. These determinations were 
correlated with the light transmission measurements taken at the same 
positions in the blanket. 

2. The light transmission measurements are of significance since they 
provide a quantitative measure of certain characteristics of the insulation 
structure. The laminar structure of both types of glass fiber insulations 
as well as the preferred orientation of the fibers in the Pot and Marble 
products have been clearly shown by the light transmission measurements. 
The wide scatter in the light transmission in the machine and cross-machine 
directions indicates great variations in density within the small scale of 
the measurement. 

3. As a method for the study of glass fiber insulation, light transmission 
suggests some new investigative possibilities. 

(a) A method for the evaluation of the thermal conductivity along the 
three axes of the insulation. 
(b) A method for the evaluation of tailor-made structures to assess 
the most effective configurations of the fiber array. 
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C. R. King^ 

Fibrous Insulation Heat-Transfer Model 

REFERENCE: King, C. R., "Fibrous Insulation Heat-Transfer Model," Thermal 
Transmission Measurements of Insulation, ASTM STP660, R. P. Tye, Ed., Amer
ican Society for Testing and Materials, 1978, pp. 281-292. 

ABSTRACT: A mathematical model has been developed for the transfer of heat 
through fibrous insulating materials. Model development was an outgrowth of a 
study of heat transfer mechanisms and insulating material efficiencies. 

This paper describes the mathematical derivation of the model based upon fun
damental concepts of heat transfer and certain simplifying assumptions. It is shown 
that the efficiency of a fibrous insulation may be characterized by three model 
constants. One constant is calculated from fiber emissivity data and the other two 
may be determined from measurement of the "apparent" thermal comductivity at 
two different temperatures by the ASTM Test for Steady-State Thermal Trans
mission Properties by Means of the Guarded Hot Plate, (C 177-76). Actual test data 
are included to indicate the model's validity throughout the temperature ranges of 
practical interest for the materials investigated. 

In one form, the model may be used to estimate the "apparent" thermal con
ductivity of a material for various combinations of hot-face and cold-face temper
atures. The model may also be used to calculate heat losses and corresponding 
temperature profiles through insulated systems under known or assumed boundary 
conditions without relying upon the concept of "mean" temperature. 

KEY WORDS: mathematical model, heat transfer, insulation, thermal conductiv
ity, calculation, (material) characterization, physical properties, (temperature) 
profile 

Heat is transferred by the primary modes of conduction, convection, 
and radiation. Studies of the radiation mechanism have led to development 
of a simplified mathematical model for transfer of heat through fibrous 
insulations. 

Radiation studies were prompted by interest in the possibility that var
iations in apparent thermal conductivity (or "apparent A;") of fibrous in
sulations with temperature might be primarily attributable to changes in 
radiant heat transfer rates. An academic exercise designed to test this 
supposition evolved into the proposed simplified model. Studies first led 

'Research engineer. Eagle Picher Industries, Inc., Joplin, Mo. 64801. 
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to the startling discovery that radiant heat transfer coefficients of fibrous 
insulations could, under certain conditions, be expressed by a mathe
matical function containing hot-surface and cold-surface temperatures as 
the only variables. The simplified model resulting from this discovery 
appears to predict rather well the performance of a variety of industrial 
fibrous insulations. This observation has raised the possibility that the 
proposed model could be of more than academic interest. 

Development of the current model was the result of initial efforts in a 
new field and without benefit of prior knowledge of extensive work by 
others in thermal modeling. Subsequent comparisons made with other 
work tend both to reinforce and to contradict the validity of the proposed 
model. An effort has been made to discuss these comparisons at appro
priate points in the text. However, the author's lack of experience has 
precluded the type of exhaustive comparison that would normally be 
expected in a contemporary paper on this subject. 

Discussion 

Basic Assumptions 

Two simplifying assumptions were basic to development of the current 
model. First, it was assumed that the coefficients of conductive and con-
vective heat transfer are constant with temperature. Based upon this 
assumption, the two may be combined into a single term referred to as 
a "conductivity coefficient." The second assumption was that radiant 
heat transfer through fibrous insulations may be considered as occurring 
between equally spaced hypothetical planes in a manner analagous to the 
concept of mass transfer on "theoretical" plates in packed columns. The 
spacing of these hypothetical planes would be a physical constant for each 
insulation type and dependent upon properties affecting the absorption 
and scattering of radiation. Examples of such properties would include 
insulation bulk density, fiber diameter, and orientation of fiber within the 
insulation. 

The boldness of the first assumption was recognized at the outset in 
view of its conflict with published thermal conductivity data for air. Hence, 
the modeling exercise was undertaken merely to obtain a general idea of 
the applicability of the second assumption to the phenomenon of radiant 
heat transfer. 

Mathematical Derivation 

The fundamental theory upon which model derivation is based may be 
applied to various geometric shapes. However, in the interest of simplicity, 
it will be assumed that insulation specimens are such that their cross-
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sectional area does not vary with thickness (that is, that they are flat 
slabs). The conceptual model of layer-to-layer heat transfer through flat 
insulations is depicted in Fig. 1. 

Under equilibrium conditions, the heat transferred from each hypo
thetical layer to the next succeeding layer is a constant. Based upon the 
foregoing assumptions, this equilibrium rate of heat transfer may be ex
pressed in terms of a conduction component and a radiation component 
as follows 

= Conduction component + radiation component (1) 

TN "Ti "Tc 
XN - X I -iiXt 

TN "72 
XM • X 2 

TN - T I 

X N - X I 

TN 'TO "TH 

XN -XO - 0 

WHERE % • LAYER-TO-LAYER HEAT TRANSFER, WAnK 
TN - TEMPERATURE OF N th UYER , K 
TH-HOT SURFACE TEMPERATURE, K 
TC • COLD SURFACE TEMPERATURE , K 
TA-AMBIENT TEMPERATURE . K 
XN-DISTANCE OF Nth LAYER FROM HOT SURFACE, m 

i iXt-TOTAL INSULATION THICKNESS, m 
i • TOTAL NUMBER OF TRANSFERS BETWEEN 

HYPOTHETICAL LAYERS 

FIG. 1—Conceptual heat-transfer model. 
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or q k (T„ - r„+i) 

^ (^n+1 ~ ^ n ) 
+ o-eef,(r„^-!„+,") (2) 

where 
q= heat flow, J/s, 
A= cross-sectional area, m ,̂ 
k= conductivity coefficient, W/m-K, 

r„= temperature of nth layer, K, 
r„+, = temperature of next succeeding layer, K, 

Xn = distance of nth layer from hot surface, m, 
X„+,= distance of next succeeding layer from hot surface, m, 

o-= Stefan-Boltzmann constant = 5.727 x IQ-̂ /CW/m^K*), and 
CefT = effective layer-to-layer emissivity. 

Since, by definition, layers are equally spaced 

(Z„^i - Z„) = ' V '̂  = ̂  (3) 

where 
/ = number of radiant heat transfer occurring between parallel planes. 

(Note: the number of transfers is equal to the number of hypo
thetical insulation layers as long as any cold-surface boundary 
effects may be neglected), and 

AXt= total insulation thickness, m. 

Substituting for {X„+i - XJ 

A (AA'f) 

Expanding and rearranging terms 

{ki) 
(AZ,) 

( r „ + l ) + O-̂ eff ( rn+i") = - — - ( r „ ) + O-^etf (^n") - T (5) 

Layer-to-layer calculations by Eq 5 enable determination of succeeding 
layer temperatures from known originating layer temperatures and the as-
yet unknown constant rate of heat transfer per unit area. Assuming that 
the effective emissivity for all layer-to-layer transfers is constant, it will 
be observed that each succeeding layer temperature is derived from an 
identical function of originating layer temperature less the constant, qIA. 
Thus, after i transfers from TH to 7^, Eq 5 may be expressed in terms of 
hot-surface and cold-surface temperatures as follows 

*̂'̂  • (Jc) + aee„ {Tc'^ = Tzk (JH) + (re,„ ( V ) - / ^ (6) 
{Md' — n - . ' (AA:,)^"" ""'"^"" (A) 
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where 
TH = hot-surface temperature, K, and 
Tc = cold-surface temperature, K. 

Solving again for q/A 

A (AX,) 

Also, in terms of "apparent k," 

<? .A wX (^ Temperature) (TH - Tc) — = (Apparent A:) ^. ^. . , — = (Apparent A:) —-—--— (8) ^ V FF J ^^ Thickness) ^^ (AX,) 

Equating Eqs 7 and 8 and solving for apparent k. 

Apparent k=k + ^ ^^\ ere,,, (T„ *-Tc*) (9) 

The foregoing terms are known from determinations of apparent k ac
cording to ASTM Test for Steady-State Thermal Transmission Properties 
by Means of the Guarded Hot Plate (C 177-76) except for k, i, and e^tt-
The term e^tf can be calculated from the total hemispherical emissivity of 
the insulating fiber. The constants k and / may be determined for a given 
insulation specimen if apparent-^ data are available from tests at two 
different temperature conditions by the simultaneous solution of two 
equations in two unknowns. Once k and / have been established, apparent 
k may be estimated for conditions other than those under which guarded 
hot-plate determinations were made. 

Model Testing 

Model validity has been tested by using ASTM Method C Ml-16 data 
at two relatively low temperature levels to establish the constants k and 
/ and then comparing model predictions with actual measurements of 
apparent k at higher temperature levels. Six specimens have been studied 
to date, five mineral wool insulations and one ceramic fiber insulation. 
Results are given in Table 1. As noted in the table, published emissivity 
values for the materials comprising the insulations were used in the ab
sence of actual emissivity data for the specimens tested. Effective emis-
sivities were calculated from the equation 

eeff = (̂ 1 e^) I [(e^ + e^) - (ei e^)] 
for radiant heat transfer between infinite parallel planes [7].^ 

Perhaps the first observation that one might make in examining the 
validity test results is that model predictions are generally within accepted 
error limits of the measured apparent-^ values. Discrepancies between 
calculated and measured values are less than 2 percent for three of the 

''The italic numbers in brackets refer to the list of referencerappended to this paper. 
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mineral wool specimens. The discrepancy between calculated and mea
sured apparent-A: values for the ceramic fiber specimen is greater, but this 
is not surprising considering the use of assumed emissivity data and the 
degree of extrapolation involved (that is, from mean temperatures of 23 
and 232°C for establishing constants to a mean temperature of 87 TC for 
validity testing). 

It is very interesting to note that reasonable predictability of ceramic 
fiber insulation apparent-A: values could be achieved only when emissivity 
factors were varied with temperature. This is consistent with known ma
terial behavior and emphasizes the theoretical basis for the simplified 
model as opposed to a strictly empirical modeling approach. One might 
suspect that use of actual emissivity data at the various temperatures 
would have improved predictability of the model for the ceramic fiber 
insulation specimen. 

Another interesting observation at this point is that the value of em
issivity used in the calculation of effective emissivity has no bearing on 
model predictability as long as emissivity may be assumed to be constant 
with temperature. This is in view of the fact that €^^11 under conditions 
of constant emissivity is a constant, although of less obvious physical 
significance than that of either €(.« or / considered separately. Thus, in
correct values for constant emissivity introduce errors into calculated 
values of/, but do not affect calculated values of apparent k. Of course, 
if emissivity varies significantly over the temperature range in question, 
accurate predictions are possible only if the actual emissivity values are 
known. 

Model Analysis 

Conduction Component—Components of the "conductivity coeffi
cient" as defined in the model are gas convection, solids conduction, and 
gas conduction. Gas convection in fibrous insulations of moderate density 
(that is, greater than about 16 kg/m )̂ has been reported to be of negligible 
value by various investigators [2-4]. The contribution of solids conduction 
to heat transfer through porous fibrous insulations is, likewise, reported 
to be relatively insignificant [5]. Thus, these components should have Httle 
effect upon the conductivity coefficient with variations in temperature, 
and the assumption of its constancy would appear justified. 

Still unexplained, however, is the apparent lack of effect from ignoring 
the accepted increase in thermal conductivity of air with temperature. At 
least two possibilities might be suggested in addition to the possibility of 
a fortuitous coincidence of compensating errors. First, taking due con
sideration of the difficulties associated with its determination, the variation 
in thermal conductivity with temperature for air may not be so great as 
current measurements indicate. The historical trend in published thermal 
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2 8 8 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

conductivity for air would appear to support this possibility. Presumably, 
this trend may be due to improvements in techniques for separating con-
vective and radiative effects from the property being measured. Secondly, 
it is possible that the model "radiation coefficient" for fiber-to-fiber heat 
transfer may unwittingly include compensation for potential radiative heat 
transfer within the gas medium. Exploration of these possibilities is beyond 
the scope of this paper. 

Radiation Component—The complexity of radiant heat transfer within 
a fibrous medium is an almost insurmountable barrier to development of 
a model that is both practical and capable of withstanding a rigorous 
theoretical analysis. Several different approaches have been taken with 
varying degrees of success. Using the concept of layer-to-layer transfer 
presented in this paper, one investigator has derived an expression for a 
radiation coefficient similar to the one contained in the proposed model 
[6]. However, the expression applies only to transfers between two ad
jacent layers. It is neither suggested nor at all obvious in the form presented 
that the expression might apply to the total insulation thickness. Another 
investigator using a different approach has developed an expression for 
layer-to-layer radiation heat transfer applicable to full insulation thickness 
[7]. Model development assumes that radiation from layer to layer is 
constant with no allowance for the influence of decreasing temperature 
level on the relative contribution of radiant heat transfer to the constant 
total heat transfer. The model, which was tested in the ambient temper
ature range, is said to apply for moderate temperature differentials across 
fibrous insulating materials. Still another approach toward modeling of 
radiant heat transfer has been based upon infrared transmission mea
surements [8]. The net radiative heat transfer is treated as the difference 
between radiant fluxes in the forward and backward directions. Two-flux 
and four-flux models are described, both of which are primarily applicable 
to materials with low radiation absorptivity. 

Perhaps the most notable aspect of the proposed model's radiation 
coefficient in comparison with those of other models is its simplicity. The 
assumed lack of restrictions, other than that the layer-to layer emissivity 
must be essentially constant, is also in contrast with other radiation 
models. 

General—The heart of the proposed model is its derived empirical con
stants, Ic and /. Although empirical, the values of these constants are 
generally in accordance with expectations based upon theoretical consid
erations. For example, values for k in Table 1 approximate the thermal 
conductivity of air at normal ambient temperature and tend to increase 
with specimen density. Also, the values for i in Table 1 tend to increase 
with both thickness and density, except for that of the ceramic fiber 
specimen. The ceramic fiber's i value is much lower than its comparative 
density would suggest. This difference between the mineral wool speci-
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mens and the ceramic fiber specimen may be attributable to a basic dif
ference in the mechanisms of radiant heat transfer. 

Potential Applications 

Material Characterization—Studies to date suggest that fibrous insu
lations of a particular type may be characterized by performance constants 
in the simplified mathematical model for apparent k (that is, ^, 2, and eea). 
Although only fibrous insulations have been tested, there is reason to 
believe that the model could also apply to other types of insulations that 
depend upon the creation of numerous tiny air cells for their insulating 
efficiency. 

It is known that apparent ^ is a function of the temperatures producing 
a given mean and not of the mean temperature itself. This fact is apparently 
accounted for by model predictions of different values for apparent k for 
different combinations of temperatures resulting in the same mean tem
perature. The trend is toward higher values of apparent k as the deviation 
of test temperatures from the mean is increased, which is as one might 
expect. 

Assuming at least the qualitative accuracy of estimated temperature 
effects, the model suggests an explanation for different apparent-/: values 
for flat-slab insulations and pipe insulations of the same material. Flat-
slab tests by ASTM Method C 177 are usually run with relatively low 
temperature differentials. Pipe insulation tests by ASTM Test for Thermal 
Conductivity of Pipe Insulation (C 335-75) are usually conducted with the 
cold surface near ambient temperature and the hot surface at the tem
perature required to produce the desired mean. The resulting higher tem
perature differential for ASTM Method C 335 would, by the model's 
prediction, result in an observed tendency toward higher apparent k values 
for pipe insulations than for supposedly identical flat-slab insulations tested 
by ASTM Method C 177. 

The physical significance of the empirical constant, /, in the model 
suggests a further explanation for differences in values from ASTM 
Method C 177 and C 335. It was stated in the model's derivation that /, 
the number of hypothetical radiation transfers, is equal to the number of 
hypothetical insulation layers as long as any cold-surface boundary effects 
may be neglected. This is not the case in ASTM Method C 177, since 
emissivity of the guarded hot-plate cold surface is always less than 1.0. 
On the other hand, cold surfaces of pipe insulations tested by ASTM 
Method C 335 usually radiate into an open room that may approximate 
a black body. Thus, the additive effect of the hindrance to radiant heat 
transfer presented by the guarded hot plate's cold surface would be ex
pected to result in a lower apparent k by ASTM Method C 177 than for 
an identical insulation tested by ASTM Method C 335. An extension of 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



2 9 0 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

this reasoning could also at least partially explain and help quantify the 
observed thickness dependency of apparent k when insulations are tested 
by ASTM Method C 177. 

Heat Loss Estimation—Preliminary work indicates that model char
acterization of insulating materials would afford a convenient approach 
to heat loss calculations. This is particularly true of those materials ex
hibiting a relatively constant emissivity over a specified temperature range, 
although special treatment would permit calculations for materials with 
variable emissivity. 

In order for this approach to be of any practical value, the number of 
hypothetical layers in a particular type of insulation must be directly 
proportional to insulation thickness. Limited testing of varying thicknesses 
of the same insulation type shows this trend, which should not be surprising 
if one considers the fundamental physical properties thought to influence 
the spacing of hypothetical layers. If the number of hypothetical layers 
is indeed proportional to thickness, a new insulation characteristic con
stant may be introduced as defined by 

- < ^ 
where 

L= hypothetical layers per unit thickness (for example, layers/m) of 
a particular insulation type, 

j= layers in guarded hot-plate test specimen of insulation type, and 
^Xt= thickness of guarded hot-plate test specimen of insulation type. 

Then, the number of hypothetical layers in varying thicknesses of an 
insulation type follows as 

i=(L)(AX,) (11) 
where 

i= layers in installed insulation, and 
^X,= installed insulation thickness. 

Referring to the mathematical derivation of apparent k, it was shown in 
Eq 7 that for flat slabs 

(I (k) (TH* - Tr*) 

Substituting for i 

Q (k) ( V - Tc*) 
A (^Xt) (L) (AX,) 

Solutions for the foregoing equation are possible through utilization of 
the knowledge that equilibrium heat flow through an insulation must equal 
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the rate of heat dissipation from the insulation surface. Mathematical 
expressions have been developed for rates of heat dissipation from various 
surfaces in terms of certain constants, Tc, and T^ (where T^ is the ambient 
temperature). Where surface loss equations apply, and if fc, AZ,, Tu, egtu 
L, and F^ are known, the equality of insulation heat flow with surface 
heat dissipation may be expressed in terms of a single unknown, Tc- This 
equation can be easily solved for Tc and the corresponding value iovqIA. 

It can be shown that a similar approach may be used for estimation of 
heat losses through cylindrical insulations if the characterizing constants 
are known for the insulation type in question. In this case, concentric 
cylindrical surfaces are hypothesized instead of parallel planes. Calcu
lations are complicated by variation in areas of these hypothetical surfaces 
with distance from the pipe surface. However, solutions may be readily 
obtained by computer through iterative calculation procedures. 

Insulation Temperature Profile Estimation—Since heat loss estimations 
based upon the simplified mathematical model involve layer-to-layer cal
culations, intermediate results may be used to predict insulation temper
ature profiles. An example of temperature profile predictions is shown in 
Fig. 2. 

In developing the temperature profile data of Fig. 2, insulation char
acteristic constants for mineral wool-Specimen 3 were assumed to apply 
for a thickness of 2.54-cm (1-in.) over either a flat surface or 7.62-cm (3-
in.) pipe (that is, k = 0.0373, L = 38/0.0508 = 748, and e = 0.90). The 
hot surface and ambient temperatures were taken to be 616 and 300 K, 
respectively. Insulation heat flow rates were adjusted by trial and error 

620 

FLAT SLAB INSULATION, 
1" THICK 

0 1 2 3 4 5 6 7 8 9 10 U 12 13 14 15 16 17 18 19 

LAYER NUMBER 

FIG. 2—Heat-transfer model generated temperature profiles. 
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to obtain equality with estimated rates of surface heat dissipation at model-
predicted cold-surface temperatures. 

The temperature profile curves are concave downward for both the flat 
surface and pipe insulations. This is the result of a model-predicted pre
dominance of radiant heat transfer at relatively low temperature differ
entials between hypothetical layers closest to the hot surfaces. The effect 
is less pronounced in the pipe insulation because of the offsetting influence 
of decreasing heat flux as the distance of hypothetical layers from the hot 
surface is increased. 

No attempt has been made to verify predicted temperature profiles due 
to the virtual impossibility of measuring internal insulation temperatures 
at the required close intervals without distorting thermal performance. If 
the predicted temperatures are reasonably accurate, model-generated tem
perature profiles could promote an understanding of difficulties encoun
tered in assuming linear profiles for estimation of mean temperatures and 
corresponding apparent-^ values of insulating materials. 

Conclusions 

A simplified mathematical model has been used to generate apparent-
k data for a variety of fibrous insulations over a wide temperature range. 
The model has also been adapted for use in the estimation of heat flow 
rates through various insulation shapes without relying upon the concept 
of mean temperature. Although absolute validity has not been established, 
limited verification tests demonstrate a surprising degree of predictability 
in view of the simplifying assumptions made in the model's derivation. 
Subject to further verification and possible refinements, the model could 
afford a practical solution to the problem of representing thermal insulation 
performance through its characterizing constants for different insulations. 
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ABSTRACT: Test results are presented for the thermal conductivity, over a broad 
range of temperatures and pressures, of two refractory blown fiber insulations. The 
data, which were obtained for several bulk densities of each material, are compared 
with predictions from a theoretical expression that accounts for radiation trans
mission as well as solid and gas conduction contributions to the effective conduc
tivity. The simple model utilized provides a remarkably accurate prediction of 
insulation performance for the materials of interest and, therefore, represents a 
useful tool for design purposes, minimizing the amount of actual testing necessary 
to characterize candidate materials. Criteria are indicated by which it is possible 
to determine whether the model will be applicable to a given fiber insulation. This 
study was accomplished over a two and one-half year period, in support of the 
Space Shuttle thermal protection system design. 

KEY WORDS: fibrous insulation, thermal insulation, heat transmission, thermal 
conductivity, guarded hot plate, infrared transmission, high-temperature tests 

Nomenclature 
C Constant 
D Effective fiber diameter 
/ Fiber volume fraction 

kca Effective conductivity attributable to combined solid and gas conduction 
k^„ Effective conductivity attributable to heat transfer by convection within the 

insulation 
kgff Effective thermal conductivity 
kf Thermal conductivity of fiber material 
kg Thermal conductivity of the free gas 
kg Thermal conductivity of the gas within the pores of the insulation 
kri Effective conductivity attributable to radiation transmission 

ksca Effective conductivity attributable to series solid and gas conduction 
kg,c Effective conductivity attributable to solid and solid-to-solid contact conduction 

L Thickness of the insulation 

'Member of technical staff, Rockwell International, Space Division, Downey, Calif., 
90241. 
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Lf Effective pore size 
Lc Mean free path of the gas 
M Extinction cross section 
N Bulk density-independent backscattering cross section 

N' Bulk density-dependent backscattering cross section 
P Pressure 
P Absorption cross section 
q Rate of heat flow per unit area; heat flux 
r Absolute temperature 
a Porosity parameter 
e Emittance 

KK Mean free path for photon-fiber collisions 
p Bulk density 

p . Surface density of insulation specimen 
(J Stefan-Boltzmann constant 

<^p,<\>s Porosity parameters 

In the Space Shuttle thermal protection system, the airframe structure 
will be shielded from excessive temperature in places through the use of 
refractory fiber insulation blankets. Preliminary screening resulted in the 
selection of two commercially available aluminosilicate fiber felts, one 
with chromia addition. Selection of densities and thicknesses for specific 
applications necessitated thorough characterization of the thermal per
formance of several densities of each material at temperatures as high as 
980°C (1800°F) and pressures as low as 1.33 Pa(10-^ torr). Principal among 
the properties required for design and thermal analysis was thermal con
ductivity. Direct measurement with conventional guarded hot-plate ap
paratus was capable of providing fairly reliable atmospheric and reduced 
pressure data at temperatures to approximately 430°C (800°F). However, 
uncertainty in guard-to-test-area heater temperature balance was a per
sistent problem encountered when operating the ceramic core heaters 
above 430°C (800°F) at all pressures. The resultant systematic errors made 
it difficult to obtain reproducible and reliable high-temperature data. In 
the course of the material characterization, it was also observed that the 
test results at elevated temperatures were consistently higher than values 
suggested by the manufacturer (available for atmospheric pressure only). 
The theoretical estimation of the effective conductivity of these materials 
was therefore attempted in order to resolve the discrepancy between 
experimental results and expected behavior at elevated temperatures and, 
further, to minimize high-temperature testing at both atmospheric and 
reduced pressures. Temperatures in excess of 700°C (1300°F) were par
ticularly severe for the heaters, and excessive time had to be devoted to 
repairs. Existing theoretical models and expressions for prediction of heat 
transfer in porous materials, particularly fiber systems, were scrutinized 
and a composite expression, which seemed appropriate to the materials 
of interest, was adopted for use. The necessary physical data for the fibers 
was obtained, either from the manufacturer or by direct experimental 
determination. Finally, predictions based on the theoretical model were 
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compared with the experimental results at both atmospheric and reduced 
pressures. 

Review of Available Data 

Both of the materials evaluated consist of resin-bonded aluminosilicate 
refractory fibers, so-called because of their usefulness at temperatures as 
high as 1260°C (2300°F) for the TF material and 1480°C (2700°F) in the 
case of the DF felt. The latter includes about 4.5 percent chromia addition 
to the fiber composition. Physical data for the fibers are given in Table 
1. The as-received materials contain as much as 12 percent by weight of 
thermosetting organic binder (depending on the bulk density) as well as 
significant amounts of "shot," approximately globular particles said to 
be characteristic of blown fibers. The fibers in these felts are present in 
a rather wide range of diameters. 

Existing literature relating to the thermal conductivity of the refractory 
fiber insulations is sparse. The earliest work is attributable to Verschoor 
and Greebler [1],^ who tested an experimental ceramic fiber insulation 
(mean diameter 2.6 /nm) at temperatures up to 150°C (300°F). They de
veloped a suitable model for estimating the heat transfer attributable to 
gas conduction in such insulation, as well as an expression for the radiation 
transmission, and were able to successfully predict the effective conduc
tivity by combining these contributions, while neglecting convection and 
fiber contact conduction. Subsequently, Greebler [2] reported on the re
sults of extensive conductivity testing of an aluminosilicate fiber felt at 
temperatures up to 590°C (1100°F) and densities ranging from 32 to 192 
kg/m^ (2 to 12 Ib/ft̂ ). Based on the reported data, Greebler derived a semi-
empirical expression for the radiation contribution to the effective con
ductivity, as well as a wholly empirical expression for the contribution 

TABLE 1—Fiber properties. 

Designation TF DF 

Composition AluO^ AI2O3 
Si02 SiOj 

Cr,0, 
Temperature limit, deg C 1260 1480 
Specific gravity 2.6 2.4 
Mean diameter, /xm 3.7 3.7 
Effective diameter, /am 6.7 4,8 

*The italic numbers in brackets refer to the list of references appended to this paper. 
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due to solid and solid-to-solid contact conduction. The material Greebler 
studied appears to be similar to the TF insulation. Thigpen and Short [3] 
also tested material similar to the TF insulation at temperatures to about 
340°C (650°F). They compared their experimental results and manufac
turer's data with predictions from a theoretical model for temperatures 
up to 540°C (1000°F) and demonstrated the effect of density and pressure 
on the effective conductivity, as had Verschoor and Greebler. Rolinski 
and Purcell [4] accomplished conductivity measurements of 128 kg/m' 
(8 Ib/ft̂ ) material similar to the DF felt at temperatures up to 1290°C 
(2350°F) in air and 1070°C (1950°F) in vacuum. They made use of the so-
called two-flux radiation transmission model and determined the infrared 
transmission characteristics of several insulation materials, but unfortu
nately did not report the necessary optical data for the material of interest. 
Furthermore, large guard-to-test-area heater temperature unbalances in 
much of their conductivity testing undoubtedly led to serious errors at 
the higher temperatures. Most recently, Dickson [5], in a study of evac
uated load-bearing insulations, tested an aluminosilicate fiber blanket of 
high density (288 kg/m') (18 Ib/ft̂ ) over a range of pressures from 13.3 to 
IQs Pa (0.1 to 760 torr), at a mean temperature of 390°C (734°F). He 
indicates the fiber diameter was about 2 /xm. In these tests, the insulation 
thickness was reduced by compression under atmospheric pressure as the 
material was evacuated. Therefore the density was not constant through
out the test. 

The available data relate to materials of several different, though similar, 
fiber types and sizes, and proved to be of little use in resolving the dif
ferences between our test data and the manufacturer's recommended 
values. Therefore, it was necessary to attempt a theoretical prediction of 
the material behavior, based on existing knowledge of the mechanisms 
of heat transfer in fiber insulations. 

Theory 

It is well known that heat is transferred through highly porous materials 
by a combination of mechanisms—namely, solid conduction, gas con
duction, and radiation transmission. In fibrous insulation at elevated tem
perature, gas conduction and radiation have been shown to be the major 
contributors. In vacuum, gas conduction and convection are absent, of 
course, and radiation is the principal mode of heat transfer at high tem
peratures. When a material is tested under conditions in which radiation 
or convection or both are known to contribute to the measured heat flux, 
it has been recommended [6] that the derived proportionality constant 
relating heat flux and temperature gradient be referred to as an apparent 
or effective conductivity. It would clearly be desirable if this effective 
conductivity could be estimated as a simple summation of effective con-
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ductivities attributable to the various modes of heat transfer, according 
to the relation 

AT AT 
(JT = '^eff^ = {kcd + k„, + krt) — (1) 

Here, QT is the combined heat flux and /ĉ d, /:„,, and k^t are the effective 
conductivities due to combined solid and gas conduction, convection, and 
radiation transmission, respectively. This simplification of the heat-trans
fer process in porous insulation permits each mode to be analyzed sep
arately. A rigorous approach would require a simultaneous solution for 
all the modes, since each mode is dependent upon the temperature gra
dient, which is controlled by the total heat transfer. 

Theoretical expressions for estimating the magnitudes of the compo
nents of the effective conductivity have been derived by numerous in
vestigators. These are based on the employment of idealized conceptions 
or models of the insulation structure. For most fiber batts, this structure 
is approximated by randomly oriented fibers with the majority of them 
arranged in more or less parallel planes which, in turn, are perpendicular 
to the usual direction of heat flow. Generally, therefore, a series model, 
or perhaps a combined series and parallel arrangement of lumped thermal 
resistances, has been assumed to approximate the effective thermal re
sistance of the insulation. Utilization of the derived expressions requires 
the knowledge or estimation of fiber mechanical, thermal, and optical 
properties as well as certain insulation structural parameters, any of which 
may be difficult or impossible to determine by direct experimentation. 
Examples are the photon mean free path and effective pore size in the 
insulation, and the thermal conductivity, emittance, and elastic modulus 
of the fibers. These difficulties have undoubtedly limited the application 
of some of the expressions, particularly those for the effective conductivity 
due to solid and solid-to-solid contact conduction. It remains, therefore, 
to assess the suitability of the existing relations for predicting the behavior 
of the refractory fiber insulations. 

Conduction (kcd) 

A thorough analysis of the combined conduction heat transfer in fiber 
insulations must take into account both parallel and series paths for fiber 
and gas conduction. This approach requires knowledge of the distribution 
of solid and gas phases in the fiber batt. Thigpen and Short [3], who 
utilized a geometrically regular array of square fibers as their structural 
model, were able to express the distribution in terms of the fiber volume 
fraction (an easily determined parameter). Using their approach, but ne
glecting radiation, one can define a unit cell in the insulation and arrive 
at the following expression 
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K, -Pk, + i p : l l + (l-/)2^, (2) 

KQ kf 

where / is the fiber volume fraction and kp and k^ are the fiber and gas 
conductivities, respectively. The first term represents direct (parallel) solid 
conduction, assuming perfect contact between the fibers. The second term 
represents the series solid and gas conduction, and the last term the direct 
(parallel) gas conduction. Bankvall [7] has analyzed the situation in a more 
general manner, defining arbitrary structural (porosity) parameters that 
indicate the proportions of the condensed phases in series and parallel 
combination. Bankvall derived the expression 

kcd = (1-<A,,) kp + -—— W + ae^p/tc (3) 
4>,kp + (1-0S)A:G 

where the porosity parameters a, <̂ p, and 4>s are related to the total porosity 
(1 - / ) by the relation 

( l - / ) = (l-a)<f),+a(^p (4) 

The similarity between Eqs 2 and 3 is apparent. If Bankvall's porosity 
parameters are expressed in terms of the geometrical factors for the Thig-
pen and Short model, the expressions are found to be identical. Bankvall, 
however, did not deduce the values of the porosity parameters from con
sideration of a structural model, but instead determined them empirically 
from measurements of effective conductivity of a particular glass fiber 
insulation. While this approach may well serve to interpret the behavior 
of a given insulation for which conductivity data are available, the em
pirically determined values of the porosity parameters can be no more 
accurate than that data, and cannot be assumed to be typical of other fiber 
insulations. 

An effective conductivity due to series solid and gas conduction (̂ scd) 
may also be derived from consideration of a simple, condensed fiber model 
in which the fiber batt is represented by parallel layers of solid separated 
by layers of gas. This approach was used by Verschoor and Greebler [1] 
and Hager and Steere [8]. Calculation of the effective conductivity of a 
slab of solid (fiber) in series with a slab of gas phase, when the fiber 
conductivity greatly exceeds that of the gas and the fiber volume fraction 
is very small, leads to the straightforward approximation 

K., = ^ (5) 

Here ke is the conductivity of the gas within the pores of the insulation. 
This has been demonstrated to be a function of the effective pore size. 
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Lp, and mean free path of the gas, LQ, at the temperature and pressure 
of interest [7, 7, 9]. Thus 

Here kg is the conductivity of the free gas at temperature T. The effective 
pore size, which may be thought of as a mean free path for molecule-fiber 
collisions, is given as 

TTD 
U ^ ~ (7, 

D, the effective diameter, is defined as the ratio of the mean square 
diameter to the mean diameter. This quantity is said to give a truer value 
of the effective pore size than would the mean diameter, for insulation 
with a wide range of fiber diameters. The fiber volume fraction,/, is readily 
calculated as the ratio of the insulation bulk density to the fiber density. 
Thus it appears that Eq 6 requires the knowledge only of readily obtainable 
insulation structural parameters, and the gas conductivity. It should be 
noted that for a typical fiber insulation with high porosity, the expression 
LFI{LF + LQ) approaches unity at atmospheric pressure. At this pressure, 
the value ofk^cd can exceed the conductivity of the free gas. This results 
from the influence of the high series conductance due to the fibers, which 
make up part of the conduction path. 

In spite of several fairly sophisticated analyses typified by that of Strong 
et al [9], no really satisfactory theoretical expression exists for predicting 
the solid and solid-to-solid contact conduction, kg^c- The problem with 
many of the existing expressions is that they require knowledge of the 
load per contact as well as fiber mechanical properties such as the modulus 
of elasticity and Poisson's ratio, while all require knowledge of the fiber 
conductivity. Qualitatively, the behavior is predictable. One would cer
tainly expect kgsc to increase with the bulk density or fiber volume fraction. 
One would also expect the fiber conductivity to directly influence k^ge, but 
here the problem of the contact resistance arises. In the uncompressed, 
binder-free condition, the fiber conductivity probably has a limited effect 
on the value of ̂ ssc- Assuming perfect contact, Hagerand Steere [8] arrived 
at 

k^sc = 4pk, (8) 

which would lead to the conclusion that direct conduction through the 
fibers is negligible for insulations with greater than 90 percent porosity. 
As was already noted (Eq 2), Thigpen and Short, similarly assuming 
perfect contact, concluded that 

kgsc —J % (9) 
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Some authors have taken an empirical approach, deducing k^g^. from ex
perimental conductivity data. Greebler [2] found that for an aluminosilicate 
fiber insulation (D = 3.6 fim), the relation 

k,,, = 4.5 X 10-5p wl{m-K) (10) 

satisfactorily represented the data for densities up to 192 kg/m^ (12 lb/ft') 
if the density is expressed as kg/m^. 

Convection (kpv) 

Considering the fact that the lowest material density of interest in this 
study was 96 kg/m' (6 Ib/ft^), and the minimum temperature was 38°C 
(100°F), heat transfer by convection may safely be assumed to make no 
measurable contribution. In the interest of brevity, consideration of the 
theoretical basis for estimating k„ is not included in this presentation. 

Radiation Transmission (kn) 

The processes that have been recognized as determining the magnitude 
of the radiation heat transfer through fiber insulations are (1) direct transfer 
of radiation from the hot to cold faces of the material by a series of 
scattering reflections at the fiber surfaces, (2) a process of absorption and 
reemission by the fibers, resulting in a net transfer of heat, and (3) direct 
transmission of radiation through the voids and fiber material; for typical 
high-temperature fiber insulations, however, direct transmission is usually 
negligible. Although the scattering and absorption processes may both be 
present in a given material, often one or the other dominates. The effective 
conductivity for any or all of these processes may be referred to as the 
conductivity due to radiation transmission, kr,. Many approaches have 
been taken in order to derive expressions for estimating krt- The simplest 
of these require knowledge only of the effective pore size in the insulation, 
since they assume the fibers are effectively black. Jakob, for example, 
considered absorption and reemission through a porous material whose 
structure may be approximated as a series of opaque plates [70]. He 
concluded that the conductivity due to radiation varies as the cube of the 
absolute (mean) temperature, and the spacing between the plates. This 
approach has been refined by several authors, who attempted to compute 
the radiant transfer between nonblack fibers, also taking into account fiber 
orientation [1, 2, 8, 9]. If it is assumed that the AT is small with respect 
to the absolute mean temperature, the resulting expressions tend to be 
of the form 

kr, = AaT^k^ (11) 

where X„ may be thought of as an effective mean free path for photon-
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fiber collisions. The value ofk„ depends upon the theoretical and structural 
model used by the various authors. It is related to Lf, the mean free path 
for molecule-fiber coUisions discussed earlier, and expressions for/t^ often 
incorporate Lf or the ratio D/f. Equation 11 serves to qualitatively describe 
the heat transfer by radiation, showing it to be dependent on the cube of 
the absolute temperature and the fiber structural parameters, which partly 
determine X .̂ Insofar as Xn includes the optical behavior or radiational 
properties of the fibers, the usefulness of the various theoretical expres
sions hinges on availability or experimental determination of data for these 
properties. Hager and Steere [8], whose work involved fibers with di
ameters larger than the dominant wavelengths, have pointed out that for 
common fiber insulations where the fibers have diameters less than or 
equal to the dominant infrared wavelengths (2 to 5 /xm), the concept of 
a fiber "emittance" becomes theoretically questionable. 

A different approach considers the phenomena of both scattering and 
absorption in the insulation, analyzing the radiant transfer in terms of 
integrodifferential equations describing the directed radiation fluxes, to
gether with a differential energy balance with appropriate boundary con
ditions. The so-called two-flux model was originally utilized by Hamaker 
[11] and has been further apphed and developed by others [12-15]. This 
model leads to differential equations expressing the radiant fluxes in the 
forward and backward directions in terms of the backscattering cross 
section, N, the absorption cross section, P, and the interception cross 
section, M{=N+P). For material in which scattering is the dominant 
mechanism (N > P), the differential equations were solved by Larkin [12] 
to yield an expression for the heat flux due to radiation transmission in 
terms of the boundary conditions and N' as follows 

This expression supposes A '̂ to be independent of wavelength (or source 
temperature), a condition that is reasonably approximated when A'̂ ' varies 
only weakly with temperature and the temperature difference (Tg-Ti) is 
small. The last restriction also permits the assumption 6o = e, when the 
boundary surfaces are of the same material. It can be shown that when 
{To-Ti) < T, the difference in the fourth powers of the temperature can 
be approximated by 4 T^ AT. Defining a conductivity due to radiation 
transmission by the expression qrt = k^t {t\JIL) and equating the two 
expressions for the heat flux leads to the following solution for krt 

4crrL 
'^'= lie - I ^ N'L '''^ 

Equation 13 may be further simplified if (2/e ~\) < N'L to yield finally 
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4 o - P 
l^n = -J^ (14) 

The similarity to Eq 11 is obvious, kn being equivalent to {N'y^. 

Estimation of Effective Conductivity {kett) 

Based on the considerations outlined previously, it remains to select 
appropriate expressions for k^a and k^t to incorporate into Eq 1 for pre
diction of the effective conductivity. For estimating the magnitude of the 
combined solid and gas conduction term, kcd, the general expression at
tributable to Bankvall (Eq 3) presents difficulties since data are not avail
able for either the fiber conductivity or porosity parameters for the in
sulations of interest. The related expression derived by Thigpen and Short 
requires only the assumption of values for kf, but is subject to the limi
tations of the highly simplified model that they utilized. A much simpler 
approach is to combine the Verschoor and Greebler expression for kgcd 
(Eq 6) with a correction term for the solid and solid-to-solid contact 
conduction. For the added correction, Greebler's empirical relation seems 
appropriate. The assumption that fc,,r is constant over a broad temperature 
range will result in little error since this represents such a small part of 
the effective conductivity. Thus the conductivity due to combined solid 
and gas conduction can be calculated from the expression 

^I•J 

Alternatively k^^ can be estimated from Eq 2 if values for /ĉ  are assumed. 
Melonas et al [16] present conductivity data for an aluminosilicate glass 
over the temperature range 70°C to 530°C (leO^F to 980°F). The data 
indicate a weak temperature dependence. Assuming their values are ap
plicable to the TF fibers, kcd was calculated for 96 to 384 kg/m^ (6 to 24 
Ib/ft̂ ) material, over the temperature range of 38°C to 480°C (KXTF to 
900°F). Values calculated from Eq 2 were in good agreement with those 
calculated from Eq 15. The simplicity of the latter, and the uncertainties 
in the use of the former, recommend Eq 15 for engineering calculations. 

For fiber materials for which backscattering and absorption cross sec
tions have been determined experimentally, backscattering is usually 
found to be the governing mechanism for radiation attenuation. Schmitt 
et al [14] have reported measurements on Mullite fibers (3Al203-2Si02) 
that indicate N is more than two orders of magnitude greater than P for 
that material, in the range of fiber sizes from 2.5 to 6^m. Thus it appeared 
to be a reasonable assumption that the aluminosilicate refractory fibers 
of interest would behave similarly. On this basis, it was decided that 
measurements of the cross sections for the refractory fibers would be 
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worthwhile, and Eq 13 was selected for use in estimating the effective 
conductivities. The assumptions on which this expression is based happen 
to correspond very well to the conditions that prevail in the thermal 
conductivity testing using the guarded hot plate. These assumptions are 
(1) that AT is small in comparison with T, and (2) that boundary surfaces 
of essentially identical emittances behave as gray radiators. Furthermore, 
it was found, upon experimental determination of the infrared transmit-
tances and the cross sections for the fiber felts, that the remaining con
ditions, namely N > P and N constant with temperature over the range 
To to Ti^, are also sufficiently satisfied. 

The theoretical expression for the effective conductivity can now be 
completed by combining Eq 13 and 15 to obtain 

4(7 P L ko 

li\-f)\Lp+L P,T + Cp (16) 

This expression demonstrates several established and important aspects 
of the behavior of fiber insulations. The first term (krt) indicates that the 
effective conductivity may be a function of the batt thickness as well as 
the emittance of the bounding surfaces. The second term {kgcd) defines the 
pressure dependence of the effective conductivity, based on the variation 
of the mean free path of the gas within the insulation, while the third term 
(kfgc) reflects the dependence of the solid and solid-to-solid contact con
ductance contribution on the fiber volume fraction, which varies directly 
as the bulk density. The first two terms, which account for the largest 
part of the effective conductivity at atmospheric pressure and at moderate 
to elevated temperatures, are well founded in theory and have been verified 
experimentally for many materials. The third term, although empirical, 
represents only a small fraction of kgff at atmospheric pressure. 

Test Procedure 

All thermal conductivity test data were obtained with guarded hot-plate 
assembHes operated in strict accord with the ASTM Test for Thermal 
Conductivity of Materials by Means of the Guarded Hot Plate (C 177-71). 
The specimens were tested in most cases in the binder-free condition and 
were 200 mm (8.0 in.) in diameter and 10 to 13 mm (0.4 to 0.5 in.) thick. 
Temperature gradients were held at low levels (1.5 to 5.5 deg C/mm) but 
well above the limit recommended by the ASTM procedure, for testing 
of good insulators. The temperature differences across the specimens were 
calculated from the indications of Awg No. 30 thermocouples embedded 
in the surface plates of the hot- and cold-side heaters. 

The radiation transmission parameters were obtained from room tem
perature total infrared transmittance measurements on specimens of sev-
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eral thicknesses for each of the materials, much as described in Ref/5. 
The blackbody source temperature was varied from 480 to 980°C (900 to 
1800°F) with the specimens at essentially room temperature. Infrared 
transmittance data as a function of surface density for a given source 
temperature can be correlated using the two parameters, the backscat-
tering cross section, N, and the interception cross section, M, in accord
ance with the relation 

Is/M^-N^ 
r = ,vP 

M+VM^-N^ S (-1)" 
M -VM^-N^' 

MWM^-N^ 
-2n p. 

where T is the total infrared transmittance of a specimen with surface 
density Ps-

Experimental Results 

The total infrared transmittance determinations were made on binder-
free specimens of each material, using the 96 kg/m* (6 Ib/ft̂ ) density. The 
transmittance is determined as a function of surface density and the data 
are therefore applicable to any bulk density of a material so long as the 
fibers are the same for all bulk densities. The necessity of using very thin 
specimens results in considerable data scatter due to the inhomogeneities 
in the specimens. Energy-limiting effects at the lowest source temperature 
also rendered that particular set of data doubtful. Figure 1 presents the 
experimentally determined (density-independent) backscattering cross 
sections as a function of source temperature for both refractory fiber 

O TF FIBERS 

• DF FIBERS 

• MULLITE FIBERS,4flM IREF.UI 

I J _ 
soo 

SOURCE TEMPERATURE (DEG C) 

FIG. 1—Backscattering cross section versus source temperature for several refractory 
fibers. 
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materials. For use in the expressions for k^t, these values must be mul
tiplied by the bulk density. The extrapolations to the lower temperatures 
result in better fits to the experimental conductivity data, while the ex
perimental Â  values at 430°C (806°F) seem somewhat improbable. The 
absorption cross sections did not in any case exceed 6 percent of the 
backscattering cross sections. 

Effective conductivity data were obtained for 96, 128, 160, and 384 
kg/m^ (6, 8, 10, and 24 Ib/ft̂ *) refractory fiber felts at temperatures from 
38°C (lOOT) to 930°C (]700°F) and pressures from 1.33 to 10̂  Pa (0.01 to 
760 torr). These data as a whole agreed well within 10 percent of values 
calculated from Eq 16. Selected experimental results are compared in 
Figs. 2 through 4 with estimated values given by the solid curves. In Figs. 
2 and 3, two curves are given for keff because of the differences in the 
estimated values for k^ for the two materials. The predicted difference 
in keff was not confirmed by the test data since the differences at the lower 
temperatures were of the same order of magnitude as the accuracy of the 
conductivity test data (± 10 percent), while the high-temperature test data 
are too limited and subject to too great an uncertainty due to systematic 
errors to be useful in critically evaluating the predictive model. The ex
pectation is, however, that if reliable conductivity data could be obtained 
for temperatures above 700°C (1300°F), the predictive model and the back-
scattering cross-section data would be confirmed. 

As is evident from Fig. 4, the agreement between the predicted behavior 
and conductivity test results at ambient and reduced pressures for the 96 
kg/m^ (6 Ib/ft̂ ) TF felt is not very good. The explanation is likely to be 

500 

MEAN TEMPERATURE (DEG C) 

1000 

FIG. 2—Effective thermal conductivity versus temperature; 128 kg/m^ (8 Iblft^) refractory 
fiber felts. 
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FIG. 3—Effective thermal conductivity versus temperature: 384 kglm^{24 Iblft^) refractory 
fiber felts. 
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FIG. 4—Effective thermal conductivity versus pressure: 96 kglm' (6 lb/ft') TFfelt. 

found in one or more of the following factors; (1) Uncertainty in pressure 
measurement. The vacuum system often must be held in a state of dynamic 
equilibrium at a given pressure. Pressure gradients therefore exist within 
the test chamber. (2) Uncertainity in estimation of the effective pore size, 
Lp, which depends on the value used for the effective diameter. This is 
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difficult to measure, and may vary for different specimens of the same 
material. (3) Changes in heater performance due to increase in interface 
resistances upon evacuation. This is a problem particularly with the high-
temperature heaters, due to the construction. (4) The 96 kg/m* material 
may be porous enough to permit limited convection at the lower temper
atures. This would be relevant to the data for the highest pressure only. 

Discussion 

The suitability of the theoretical model having been verified by the 
experimental results, limited as they may be, one is now in a position to 
exploit the model for predicting the performance of a wide range of dens
ities, temperatures, and pressures. A single example will suffice to dem
onstrate the applications. In Fig. 5, a set of curves for the TF felt is given 
which has been generated by the application of Eq 16 through a computer 
program. For the moderately elevated temperature, it is apparent that the 
effective conductivity at ambient pressure is strongly influenced by ra
diation transmission for the lower bulk densities; for the high densities, 
gas conduction is the principal contributor. The curves also indicate a 
likely optimum density (for minimum k^ff) above which no further reduction 
of ^e//is to be expected. The effective conductivity in vacuum, however. 
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FIG. 5—Thermal conductivity versus bulk density: TF felt at 700°C (1292°F) mean 
temperature. 
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is shown to be principally determined by krt with solid conduction playing 
a significant role at the highest densities. 

The criteria for determining whether the model represented by Eq 16 
is appropriate for predicting the behavior of a given fiber insulation will 
now be reviewed. 

1. The structure of the material should be such that the fibers are 
randomly oriented in planes that are normal to the direction of heat flow. 
This is the usual situation for commercial fiber felts and batting. 

2. The fiber volume fraction must be large enough that convection does 
not contribute to heat transfer at the temperatures of interest. On the other 
hand, the fiber volume fraction should not be so large that the approxi
mation on which Eq 5 is based is not valid. The appropriate range for/ 
appears to be between 3 and 30 percent for fiber with specific gravity of 
the order of 2.5 

3. The material must absorb radiation only weakly, and transmission 
of radiation should be governed primarily by scattering {N>P). This be
havior seems to be the rule for the glass and ceramic fibers for which data 
are available. 

4. The temperature drop across the insulation should be small compared 
with the absolute mean temperature, and the material situated between 
opaque surfaces that behave as gray radiators. These conditions prevail 
generally in guarded hot-plate testing. However, for prediction of per
formance in a specific design application, where large AJ's could exist, 
the simplifications inherent in Eq 13 may lead to significant errors. 

Conclusions 

The agreement between the test results and estimates from the theo
retical model represented by Eq 16 is of considerable significance to aer
ospace engineers involved in the areas of thermal design and analysis. 
Since the model suits many commercial refractory fiber batts for which 
reliable high-temperature thermal conductivity data, particularly at re
duced pressure, are not likely to be abundant, the model provides an 
independent device for critically reviewing and extrapolating available 
data. The generation of infrared transmission data, though not without 
difficulty in the area of specimen preparation, is far speedier and less 
costly than performing many thermal conductivity measurements by the 
guarded hot-plate technique. Transmission measurements can also be car
ried out to temperatures well beyond the limit for practical conductivity 
testing. Guarded hot-plate testing of low-conductivity materials at elevated 
temperatures remains full of pitfalls for the unwary or inexperienced ex
perimenter, and suitable standard materials are still unavailable. Although 
these circumstances tend to limit the reliability of such conductivity data. 
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the state of theoretical understanding of the behavior of fiber insulations 
would appear adequate to permit individuals to assess the quality or rea
sonableness of their own data at little added cost and effort, through the 
application of suitable models of the type that has been described. 
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ABSTRACT: The steady-state temperature distribution of two pipe insulation test
ers was modeled using the HEATINGS computer code available in the computers 
at Oak Ridge National Laboratory. One pipe tester, which conformed to the ASTM 
Test for Thermal Conductivity of Pipe Insulation (C 335-69) specification, had the 
core heater mounted inside a pipe around which the test insulation was placed. 
Guard heaters were employed to reduce unwanted axial heat conduction. Computer 
modeling showed that adjustment of the guard heaters was critical for short testers 
but not for long ones. A second tester, called an ideal tester, had no guard heaters, 
and only a simple, resistively heated core heater. The modeling results showed that 
there is a minimum length-to-thickness (L/S) ratio that will lead to a correct value 
of thermal conductivity calculated at the midplane of the tester. A peripheral heater 
with backup insulation can be added to the ideal tester to permit selection of the 
mean temperature of the test insulation. The ideal tester has the advantage over 
the ASTM design in that no balancing of heater power is required. 

A mock-up of the ideal tester was constructed and tested with calcium silicate 
pipe insulation. The core heater was a stainless steel screen, whose low thermal 
conductivity reduces end losses and permits use of a short tester (~0.9m). Measured 
values on asbestos-free calcium silicate show reasonable agreement with the data 
of others that contain asbestos. 

KEY WORDS; thermal conductivity, pipe insulation tester, calcium silicate in
sulation, thermal insulation, heat transmission, thermal modehng, computer sim
ulation, radial heat flow, screen heater 

Nomenclature 
A Effective screen cross-sectional area normal to current flow, m̂  
a, Coefficients in power series expansion of £ 
bj Coefficients in power series expansion of X 
E Voltage at location X on heater, V 
/ Current through heater, A 
\ Thermal conductivity, W/mK 
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'Consultant, University of Tennessee and metallurgists, Metals and Ceramics Division, 
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L Specimen length, m 
P Power, W 
r Radial position in general, m 

ri First radial position in specimen, m 
r: Second radial position in specimen, m 
X Longitudinal position in pipe tester, m 

AAT Incremental length of pipe tester, m 
p Specific electrical resistivity, ohm-m 
T Temperature , °C 

7"i Temperature at radius , r,, °C 
Ti Temperature at radius r̂ , °C 

AJ Temperature difference, °C 
D Specimen outside diameter, m 
5 Specimen thickness, m 
Z X;Zis used in HEATING5 

The desire to conserve energy has focused attention on the heat flow 
chai^cteristics of insulation and the methods for determining this property. 
In steam generating plants and their distribution systems the need for 
high-quality pipe insulation is obvious. The same is true in the chemical 
process industry where process streams flow long distances and range in 
temperature from the cryogenic to the ultrahigh. 

Various testing laboratories and the American Society for Testing Ma
terials (ASTM) are eng£^ed in the development of testing equipment and 
its application to specific insulation problems. ASTM Committee C16 is 
engaged in the development of test methods. This paper focuses on two 
pipe testers that were modeled and simulated at the Oak Ridge National 
Laboratory (ORNL). The details of this analysis and some test results 
from an apparatus are reported. 

Two Pipe Tester Systems 

Descriptions 

The first pipe tester, shown in Fig. 1, is designed to meet the ASTM 
Test for Thermal Conductivity of Pipe Insulation (C 335-69) [1-2Y. It 
consists of a cylindrical core heater with cylindrical guard heaters placed 
one at each end of the core heater. This assembly is spaced by brick 
insulating rings and positioned inside Schedule 40 type 304 stainless steel 
pipe [8.89 cm (3J in.) outside diameter]. This pipe has disks of transite 
0.0381 m (IJ in.) thick by a 0.254 m (10 in.) outside diameter mounted on 
either end. The main test active length is 0.914 m (3 ft) and it is 1.60 m 
(5 ft-3 in.) long, including guard heated lengths. Fiberfrax^ ceramic fiber 

*The italic numbers in brackets refer to list of references appended to this paper. 
'Fibetfrax is a tradename for a ceramic insulation manufactured by Carborundum Corp. 
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FIG. 1—Cross-sectional model ofASTM pipe tester. 

insulation is used to fill the alundum tube on which the heater is wound. 
The specimen insulation to be tested is fitted around the pipe and up to 
the transite ends. The pipe has grooves (webs) cut at the ends of the active 
test length to minimize heat loss from the main test section to the guarded 
sections. The pipe and insulation specimen are fitted with thermocouples 
for determining the steady-state temperature differential across the spec
imen (preferably at its midplane). The apparent thermal conductivity is 
calculated from the formula 

\ =(Plnr2/ri)/(27rLAr) (1) 

The apparent \-value becomes the effective X-value when it is known that 
the longitudinal temperature profile is flat over some reasonable length 
which includes the midplane and is reasonably representative of the spec
imen. Equation 1 is strictly applicable only to the radial flow of heat with 
constant thermal conductivity. In this case the radial AT" is constant along 
L and is the effective value for the insulation. When Eq 1 is applied to 
a heat flow that has a longitudinal component, then the longitudinal tem
perature profile is not flat and M measured at the midplane is different 
from that for a flat profile. The \ calculated under these circumstances 
is referred to here as an apparent (or fictitious) X-value. 

If we continue to apply Eq 1 to materials for which the thermal con
ductivity is not constant but is a function of temperature, then the effective 
X-value obtained appUes only to the range of the radial temperatures 
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involved in the measurement. The effective X-value as a function of tem
perature is determined by methods discussed later in this report. Alter
natively, one can make measurements over a series of narrow temperature 
bands. 

The purpose of the guard heaters is to flatten the specimen longitudinal 
temperature profile by supplying heat lost from the ends of the pipe tester 
as well as peripheral heat losses from the guarded sections. The term 
"adjusting the guarding" will be used to indicate adjustment of guard 
heater power level necessary to produce the flat longitudinal temperature 
profile in the specimen. 

The second pipe tester, called an "ideal" pipe tester, was an outgrowth 
of some ideas for simplification and a desire for a simple test geometry 
to check the computer code being used for simulation purposes. In concept 
the ideal tester involved two regions, that is, an outer cylinder of pipe 
insulation and an inner cylinder in which resistive-type volume heating 
occurred as shown in Fig. 2. Thermocouples were envisioned for meas
uring the AT across the insulation, and Eq 1 would be used to calculate 
the apparent thermal conductivity. 

Although for calculation purposes we focus attention on the midplane, 
our real purpose here is the same as that covered by the ASTM Method 
C 335-69, that is, to establish a flat longitudinal temperature profile over 
some reasonable length of the specimen. Real specimens may contain 

UJ 
o 
z 

INSULATION 

SPECIMEN 

^^///^///^//////^^^^^^ 

CORE INSULATION (OPTIONAL) 

AXIAL DISTANCE (m) 

FIG. 2—Cross-sectional model of ideal pipe tester (peripheral heater and insulation shown 
dotted). 
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inhomogeneities or anisotropic effects. These tend to interact over the 
length of the test region and will therefore effect the midplane temperature 
distribution. Consequently these effects are reflected in the midplane cal
culations. Thus the calculated effective thermal conductivity for real ma
terials based on midplane measurements is closer to reality than might be 
anticipated. 

Models 

In both pipe testers it is assumed that there is no azimuthal heat flow, 
nor is there any flow across the plane midway between the two ends of 
the tester. Thus one need only simulate the two-dimensional heat flow in 
the r-Z plane formed by simply cutting a half-cylinder from its periphery 
along a radius to its longitudinal axis. It should be noted that in this work 
the thermal conductivity of the insulation specimens is considered to be 
isotropic. 

Computer Code for Simulation—HEATINGS 

HEATINGS is the latest revision of "The Heating Program," where 
HEATING is an acronym for Heat Engineering and Transfer in Nine 
Geometries [3]. It is designed to solve steady-state or transient heat con
duction problems or both in one, two or three-dimensional cartesian or 
cylindrical coordinates or one-dimensional spherical coordinates. It is a 
multiregion program that solves numerically the system of simultaneous 
conduction equations that govern the heat transfer involved in the model. 
The program permits solving nonlinear conduction problems involving 
radiative transfer, properties variable with temperature, and moving 
boundaries, among others. HEATINGS is a very versatile code (program) 
available on the ORNL computer,'* and is suited for describing the two-
pipe tester models and solving for the steady-state temperature distri
bution. From this solution or temperature map, one can compute the 
specimen apparent thermal conductivity at any location, and this property 
is of principal interest here. 

ASTM Pipe Tester Analysis 

Simulation 

HEATINGS was used to calculate the temperatures for 1363 nodes in 
the diagram in Fig. 1. The values used for the material thermal conductivity 
are given in Table 1. In these calculations, some of the materials and their 

^Computers at Oak Ridge National Laboratory include IBM 360/65 and IBM 36(V91. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TABLE 1-

JURY ET AL ON PIPE INSULATION TESTERS 3 1 5 

-Temperature-independent thermal conductivity of various pipe tester 
materials. 

Material Number 

1° 
2 
3a 
^b 
4 
5 
6° 
7° 
8 
9a 
9b 

Material 

Fiberfrax core 
brass pipe 
stainless steel 304 
stainless steel 304 pipe 
transite ends 
brick rings 
alundum core 
specimen 
air 
web 
web 

X, W/mK 

0.03461 
159.25 
16.27 
4.153 
0.7442 
1.004 
3.461 
0.03461 
0.03116 

16.27 
1.627 

"Ideal tester components. 

properties were intentionally changed to study effects of alternative con
structions on the pipe tester thermal behavior. Although the selection of 
temperature-independent properties may seem unrealistic, it provided a 
useful basis for comparison of results. In the case of the specimen, the 
midplane thermal conductivity k could be calculated from the radial tem
perature profile and the main heater power density using Eq 1. The result 
could be compared with the input value of 0.0346 W/mK [0.02 Btuft/ 
(hft*°F)]. In Eq 1, AJ = Ji - 72, where the two temperatures are 
calculated by HEATING5 at two radii, r^ and rj, respectively. 

The general goal of these calculations was to evaluate the system per
formance for various input conditions. The main goal of any radial heat-
flow measurement system is to obtain pure radial heat flow as opposed 
to radial flow with an unwanted axial heat flow component which would 
yield an incorrect specimen thermal conductivity. For instance, if the 
guard power density is too low, the system ends run cold and some of the 
main power is leaked axially. This axial leakage reduces the radial heat 
flow, so the resulting radial temperature difference is decreased and the 
calculated thermal conductivity is too high. Similarly, if the guarding is 
excessive, axial heat flow adds to the main power, increases the radial 
temperature difference, and the calculated thermal conductivity is too 
low. 

Because of the effect on k described in the foregoing, the initial cal
culation task was to obtain the proper guard power density for a given 
main power density. For the HEATING5 calculations to be meaningful, 
the program convergence must be adequate, and in this work we used 5 
X 10-«. 
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Results 

During the course of 38 simulation runs, we investigated (1) the effect 
of replacing the red brass pipe with 304L stainless steel, (2) the effect of 
main heater/guard heater power ratio, (3) the effect of changing the degree 
of isolation between sections of pipe in the main region and in the guarded 
regions, (4) the effect of air in gap regions, and (5) the effect of the pipe 
thickness. All of this was done while simulating a hypothetical nominal 
0.0762-m (3 in.) pipe insulation (actually 88.9 mm or 3.5 in.) with a 0.0825 
m (31/4 in.) thickness and \ = 0.0346 W/mK (0.02 Btu/hft°F). 

In general we found that a reduced longitudinal heat conduction lowered 
the guard power required to produce a flat temperature profile in the main 
section. Perhaps the most significant conclusion from this work was that 
the guard heater does not have to be in exact balance. A typical illustration 
of this is based on the results from Run 38, where Fig. 3 shows the 
temperature of the stainless steel wall as a function of distance. There is 
a temperature difference of 16.6°C (30°F) between the stainless steel mid-
plane and web section, and yet, at the midplane, (̂ apparent/̂ reai) x 100 = 
99.74 percent. The 1600°C range of temperatures shown in Fig. 3 indicates 
that we used more power than practical with stainless steels but that it 
was all right for simulation purposes. Another more subtle conclusion is 
that guard heating is unnecessary if the core heater and length of the pipe 
tester are properly designed. 

Ideal Pipe Tester Analysis 

Simulation 

As shown in Fig. 2, the ideal pipe tester had only three regions involved 
in contrast to the 20 required to model the ASTM pipe tester. A second 
cylindrical heater, backed up with insulation, was added in some later 
calculations. The simple ideal tester fitted in this, so that the general level 
of the thermal distribution in the specimen could be controlled. This 
addition to the ideal tester is shown dotted in Fig. 2. 

Results 

Thirty-five calculations were made on the ideal tester to show the effect 
of (1) length, (2) diameter, (3) heater power level, and (4) adding peripheral 
heat. It was found that adding peripheral heat and reducing core heat 
permitted smaller temperature gradients radially across the specimen at 
any temperature level desired. The higher the peripheral heat, the higher 
the temperature level. The more core heat, the greater the temperature 
gradient across the specimen. 

An L/D or LfS effect was observed. If the specimen inside diameter 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JURY ET AL ON PIPE INSUIATION TESTERS 317 

(680 

1620 

<600 

RUN 38 

WEB 

0.2 0.4 

AXIAL DISTANCE ( m ) 

0.6 

FIG. 3—Temperature of stainless steel pipe wall with main and guard heaters nearly 
balanced. 

was held constant and the outside diameter varied, then the pipe tester 
length required to give results within the 1 percent level was related to 
the LID. If length, outside diameter, and inside diameter were varied, 
then the effect was related to LIS where S is the specimen wall thickness. 
The LIS effect can be observed in Figs. 4-7. Figure 4 shows the tem
perature of the heater/specimen interface as a function of axial position 
for several system lengths. A 0.914-m half-length system yields 0.20-m 
isothermal zone, and Fig. 5 shows that the \-error for this region is less 
than 1 percent. Similarly, Figs. 6 and 7 show that for a larger-specimen 
diameter of the same thickness, longer systems are needed. 

Ideal Pipe Tester Tests 

Description 

Based on the results of the computer models, we decided to build a 
pipe tester modeled after the ideal tester. As an initial step, we decided 
to build a mock-up of the ideal tester before building a full-scale one. The 
design of the apparatus is shown in Fig. 8. A crucial aspect of the design 
of the ideal pipe tester is dependent on selection of a core heater with a 
low thermal conductivity. Various heater designs were considered, in
cluding wire wound in a spiral groove in alundum, a resistively heated 
tube, spiral ribbon heaters, and clad heaters. Electrical transformer match
ing, d-c power measurements, ease of instrumentation, ease of fabrication, 
costs, and availability were considered and suggested either a perforated 
metal tube or a tube formed from a metal screen. Finally, a 40 by 40 mesh 
(per inch) 316 stainless steel screen made with 0.25-mm-diameter (0.010 
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FIG. 4—Ideal tester axial temperature distribution along interface between pipe and 
specimen (specimen ID = 0.0889 m and thickness = 0.0825 m). 
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FIG. 5—Apparent thermal conductivity of specimen as a function of axial distance from 
midplane (specimen ID - 0.0889 m and thickness = 0.0825 m). 
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FIG. 6—Axial temperature distribution along interface between pipe and specimen {spec
imen ID - 0.324 m and thickness = 0.0825 m). 
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FIG. 1—Apparent thermal conductivity of specimen as a function of axial distance from 
midplane (specimen ID = 0,324 m and thickness = 0.0825 m). 
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FIG. 8—Mock-up of ideal pipe tester design. 

in.) wire appeared to be near ideal and work proceeded based on this 
selection. 

Nominal 7.62-cni-diameter (3 in.) calcium silicate pipe insulation 0.0508 
m (2 in.) thick and 0.914 m (36 in.) long was shortened to 0.819 m (3214 
in.) to fit between two sets of brass electrode flanges and around an 0.089-
m-diameter (0.29 ft) cylindrical heater fabricated from 316 stainless steel 
screen (40 by 40 mesh/inch) as shown in Fig. 8. This assembly was placed 
in a transite rack that was equipped with vents around the insulation 
periphery to permit the free passage of air and thus to minimize thermal 
distortion at the ends of the test specimen. Five metal straps [approxi
mately 0.0127 m (0.0416 ft) wide] were used to clamp the assembly at 
0.1016-m (4 in.) intervals. Each strap had a platinum 10 percent rhodium 
versus platinum thermocouple welded to its inside surface adjacent to the 
specimen. 

The screen was instrumented with five platinum 10 percent rhodium 
versus platinum thermocouples welded to the screen at longitudinal po
sitions to match the outer thermocouples. Originally the junctions were 
welded directly to the screen, but later they were welded to one end of 
a short length of platinum wire which was welded to the screen. This 
modification removed the thermocouple junction from the path of heater 
current and prevented thermocouple error from voltage pickup (IR drop). 
The ends of the screen were notched 0.0254 m (1 in.) deep so that the 
resulting tabs could be folded for clamping between pairs of brass electrode 
flanges shown in Fig. 8. 

The instrumented screen was formed around disks of Kaowool. A mov
able platinum 10 percent rhodium versus platinum thermocouple was 
placed in an axially located quartz tube for determining the axial tern-
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perature profile. All 11 thermocouples extended to a 0°C ice-water ref
erence bath. All thermal emfs were measured with an L&N-type K-5 
potentiometer.^ 

A Varian d-c power supply* provided direct current to the screen via 
copper wires connected to the brass electrodes. The current in this circuit 
could be reversed and passed through 0.001 and 0.01 fl standard resistors 
for current determination with the L&N-type K-5 potentiometer. The five 
platinum wires attached to the screen as part of the thermometry also 
allowed the screen voltage drop to be measured along its length. 

The flange-to-flange electrical resistance of the screen heater was 0.035 
fi. A water-cooled ballast resistor was added in series to bring the total 
resistance to 0.25 ft, which is the rated load for the Varian d-c power 
supply. 

Simulation 

HEATING5 was used to simulate the mock-up, and results from Runs 
28-35 are plotted in Figs. 9-11. Various heater lengths (Fig. 9; 0.409 and 
1.83 m), power levels (Fig. 10; 0.2 x 10«to4.7x 10« W/m^), core materials, 
and specimens (Fig. 11) were investigated. It is quite obvious that the thin 

0.36 
ORNL-DWG 77-15069R 

6 

o 

0.35 -

1 1 1 1 1 1 1 1 
FIBERFRAX CORE 

SPECIMEN X = 0.0346 W/m-K 
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FIG. 9—Apparent thermal conductivity of specimen as a function of axial distance from 
midplane. Comparison of short (0.41 m) ideal tester 40 x 40 mesh screen heater) with a 
longer tester (1.82 m) (specimen ID = 0.0825 m and thickness = 0.0508 m). 

*Leeds & Northrup Co. Model 7555 type K-5 potentiometer; uncertainty ± 0.005 percent 
of reading plus 0.1 ^V. 

"Varian V-2608 regulated magnet power supply rated for 4.5 kW at 32 V dc and 140 A 
dc. 
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FIG. 10—Apparent thermal conductivity of calcium silicate specimen as a function of 
axial distance from midplane. Comparison of different heat levels in mock-up equipped with 
40 X 40 mesh (per inch) screen heater (specimen ID — 0.0889 m and thickness = 0.0508 
m). 
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FIG. II—Comparison of results obtained from the ideal tester and its simulations. 
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0.533-niin (0.021 in.) mesh heater with its lower thermal conductivity tends 
to produce curves that are much flatter than those shown earlier. As a 
consequence, a pipe tester 0.864 m (34 in.) in overall length is more than 
adequate to produce results which are accurate to 1 percent. The screen 
thermal conductivity was estimated as suggested by Koh and Fortini [4], 
and this was used in Runs 33 and 34. In the latter, we simulated the effect 
of the flanges by holding the heater ends at ambient temperature (22.2°C) 
(72°F). In Run 35 we treated the heater as though it were solid stainless 
steel. Figure 11 shows that the flange temperatures make only a small 
difference. Increasing A., however, shifts the curve to much greater k-
distance sensitivity. For this reason it appears that the k of the screen 
used in the experimental mock-up might be a little higher than the value 
[4] assumed for the computer models. 

Another important point is that the computer models suggest that the 
axial temperature is essentially the same as the screen heater temperature 
for a given axial location in the mock-up pipe tester. At the midplane in 
Run 32, for example, the axis temperature was 452.73°C (846.9rF) and 
452.75°C (846.95°F) at the screen. The temperature drop across the screen 
was 0.59°C (1.06°F). The latter drop should be less in the actual mock-up 
because the screen can see various parts of itself through the holes in the 
screen, and this has a temperature-smoothing effect, particularly since the 
heat flux is so low. 

Experimental Test Results 

The initial run used a screen current of 15 A and reached steady state 
overnight. The midplane heater and core temperature rose to about 54.5°C 
(130°F) while the corresponding outer strap temperature was 23.33°C 
(74°F), and Eq 1 yielded a X of 0.0544 W/mK. During this initial run we 
suspected that the flow direction of current in the heater might be affecting 
the thermocouple readings and this was confirmed by reversing the cur
rent. Therefore, in.Run 2 the current was reversed as a routine part of 
data acquisition. (Subsequent use of the short platinum connecting wire 
removed this current reversing effect.) The averaged X-results are plotted 
in Fig. 11 and compare well with the results from the simulation using 
HEATING5. 

In the simulations, the specimen X was forced to be a constant, but the 
thermal conductivity of the specimen does in fact vary with temperature. 
Therefore we have used the following in the ideal pipe tester analysis. 
For radial heat flow, P, through a specimen increment AA' long 

P =k2TrrAX dTldr (2) 

where in general X is a function of temperature, as 
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k = b^ + bj + b2'P + ... (3) 

which can be truncated after the second-order term. The current in the 
heater is 

I = {Alp)dEldX (4) 

SO 

P = PpiaOCIA = /AX dEldX (5) 

Now A. can be eliminated between Eqs 2 and 3 and P between the result 
and Eq 5. After integration along r, one finds that 

I{dEldX) (In rjr,)l2 = bo{T^-T,) + b,l2(T\-n) + (byj) (Tl-J?) (6) 

Thus if we make three runs with (Ta-TO's spanning the temperature range 
of interest, we can substitute in Eq 6 and solve the three equations si
multaneously for the coefficients bo, b^, and b^ and then put them into Eq 
3 to obtain our result for X. The dEldX for each run is obtained by fitting 

E =a^X + UiX"" + a^X"" -^ ... (7) 

to the voltage data measured along the heater at three points and then 

dEldX = «!-!- la^X + 3a^X\.. (8) 

In our experiments these data were plotted and found to be virtually linear, 
so that the coefficient, a^, was adequate to represent dEldX. 

We made three runs over the temperature range 39.16 to 458.7°C and 
found by the foregoing procedure that 

X = 0.5485 X 10-' + 0.4655 x 10-^ (9) 
X 7" -I- 0.1808 X 10-« X T^(Wlm-K) 

where T is in C. Typical calculated results are presented in Fig. 12 labeled 
"ORNL X(T)." At the lower temperatures, these results are about the 
same as those available in the Uterature [5]. The "ASTM EQ." in Fig. 
12 is 

\ = 0.400 + 0.105 X 10-3 X T + 0.286 x IQ-" x I^ 

where, in this case, J i s the temperature, F, and X the thermal conductivity, 
Btuin . / (hf t2°F) . 

At the higher temperatures, our results are about 10 percent lower. This 
is quite remarkable considering that the literature values are for older 
specimens which contained asbestos and our specimens are of the new 
asbestos-free variety. This material has a measured density of 0.1977 to 
0.2106 mg/m^ (12.34 to 13.14 Ib/ft^). The apparent X-values previously 
plotted are related to the coefficients in Eq 3, or Eq 9; thus 

Xappar̂ n. = ^0 + (*l/2) {T^ + T,) + {b^iy) ( J f - T\) {T^ - T,) (10) 
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FIG. 12—Thermal conductivity of calcium silicate insulation specimen. 

Conclusions 

As a result of our computer modeling and tests we have concluded as 
follows: 

1. The HEATING5 model of the ASTM pipe tester system shows that 
the calculated specimen thermal conductivity agrees with the input spec
imen thermal conductivity to within 0.3 percent for a 16.6°C (30°F) tem
perature difference between the stainless steel midplane and web section 
[0.4572 m (1.5 ft) from midplane]. A 3 percent \-difference was noted for 
a 65.6°C (150°F) temperature difference. This is a very favorable result 
and suggests a useful operational control specification. 
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2. HEATINGS calculations show that in some cases the ASTM pipe 
tester could be replaced by a simplified version which is simpler to con
struct and control because no guard power is necessary. 

3. An LIS effect is apparent in the ideal pipe tester, which suggests a 
half length of more than 0.915 m (3 ft) to maintain the 0.3 percent or less 
deviation from the correct thermal conductivity value. A screen heater 
reduces this half length to about 0.41 m (16 in.) due to the much lower 
thermal conductivity of the screen. 

4. Peripheral heat can be added to the ideal pipe tester with minimal 
complication to allow the measurement of thermal conductivity over a 
narrow specified temperature range. 

5. The mock-up tests confirm our simulation results for the ideal pipe 
tester. 
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A Calibrated/Guarded Hot-Box 
Test Facility 

REFERENCE: Miller, R. G., Perrine, E. L., and Linehan, P. W., "A Cali
brated/Guarded Hot-Box Test Facility," Thermal Transmission Measurements of 
Insulation, ASTM STP 660, R. P. Tye, Ed., American Society for Testing and 
Materials, 1978, pp. 329-341. 

ABSTRACT: A hot-box test facility was fabricated by Wiss, Janney, Elstner and 
Associates for Jim Walter Research Corp. The equipment is capable of operating 
in either a calibrated or a guarded mode. When operating in the guarded hot-box 
mode, the equipment is in accordance with the ASTM Test for Thermal Con
ductance and Transmission of Built-Up Sections by Means of the Guarded Hot 
Box (C 236-66). When operating in the calibrated hot-box mode, the equipment 
is in accordance with the proposed ASTM Test for Thermal Performance of Building 
Assemblies by Means of a Calibrated Hot Box, which is presently being written 
by ASTM Subcommittee C 16.30 and for which input has been provided from this 
facility. The basic design consists of a separate cold box, hot box, specimen frames, 
refrigeration unit, control and data-acquisition panel, and metered box. Both the 
hot and cold boxes a(e insulated with low-density polyurethane foam, with an 
overall minimum thickness of 30.5 cm (12 in.). The attitude of the test facility can 
be varied to provide upward, downward, or horizontal heat flow. Both the hot and 
cold boxes can provide variable air velocities parallel to the specimen face. 

The following is a summary of the operating characteristics of the test facility: 
Test specimen area dimensions: 2.4 by 2.4 m (8 by 8 ft) 
Guarded mode metering area: 1.8 by 1.8 m (6 by 6 ft) 
Cold side: normal temperature range: 27 to -23°C (80 to - 10°F) 

special temperature range: to -46°C (to -50°F) 
air velocity: 0.8 to 24 km/h (0.5 to 15 mph) 

Hot side: temperature range: 2 to 7I°C (35 to 160°F) 
air velocity: 0.8 to 24 km/h (0.5 to 15 mph) 

KEY WORDS: thermal insulation, heat transmission, calibrated hot box, guarded 
hot box, thermal resistance, thermal conductance, thermal conductivity, large-scale 
thermal testing 

With the current fuel shortage and the increasing cost of fuel, more 
efficient thermal insulation systems are required. From a testing point of 

'Senior research engineer, Jim Walter Research Corp., St. Petersburg, Fla. 33702. 
^Manager of Environmental Engineering Services and senior engineer, respectively, Wiss, 

Janney, Elstner and Associates, Inc., Northbrook, III. 60062. 
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view, in order to provide accurate and reliable data on these new systems, 
large-scale thermal testing is needed. One such method is the calibrated 
hot box.^ 

The current test method, ASTM C 236-66, Thermal Conductance and 
Transmittance of Built-Up Sections by Means of the Guarded Hot Box, 
is difficult to utilize when large building sections must be tested. The size 
of the test apparatus becomes unwieldy because guard areas are needed, 
and test panel construction is complicated by the need to isolate the 
metered area from the guarded area. The calibrated hot box avoids these 
problems. As Mumaw^ states: 

The calibrated hot box is a heat transfer apparatus similar in construction 
and operation to the ASTM guarded hot box, with the exception that there 
is no guard chamber surrounding the hot side metering box. The calibrated 
hot box is generally operated in a conditioned laboratory space free from 
localized hot and cold sources; thus, in principle, the laboratory space 
acts as a guard. The unit obtains its accuracy through careful analysis of 
the metering chamber wall heat transfer mechanism. This analysis includes 
the use of a calibrated standard section, having known thermal charac
teristics; thus, the name calibrated hot box. 

General Description of the Calibrated/Guarded Hot Box 

The Jim Walter Research Corp. (JWRC) hot-box test facility is capable 
of operating in either a calibrated or guarded mode. When operating in 
the guarded mode, the apparatus is in accordance with ASTM C 236-66. 
The orientation of the hot box may be varied to provide horizontal, up
ward, or downward heat flow. When providing horizontal heat flow, the 
facility is capable of testing vertical constructions, such as walls. When 
providing vertical heat flow, floors/ceilings/roofs may be tested, with the 
added advantage of being able to simulate either winter (cold-box top/hot-
box bottom) or summer (hot-box top/cold-box bottom) conditions. Both 
boxes can provide variable air velocities parallel to the specimen face. 

In order to simulate a wide range of naturally occurring conditions in 
the United States, the JWRC hot-box test facility was designed with the 
following operating characteristics: (1) hot-side chamber, 2 to 71°C (35 to 
160°F) and 0.8 to 24 km/h (0.5 to 15 mph) air velocities; and (2) cold-side 
chamber, -46 to 27°C (-50 to 80°F) and 0.8 to 24 km/h (0.5 to 15 mph) 
air velocities. 

Figures 1 and 2 show schematics of the JWRC hot-box test facility in 
the wall mode and floor/ceiling/roof mode, respectively. 

^Mumaw, J. R. in Heat Transmission Measurements in Thermal Insulations, ASTM STP 
544, American Society for Testing and Materials, 1973, pp. 193-211. 
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COLD/HOT CHAMBER 

INSULATED 
FLEXIBLE DUCTS 

HOT/COLD CHAMBER 

FiG. 2—Schematic ofJWRC hot-box test facility in vertical heat flow mode. 

Construction of Hot and Cold Test Chambers 

The hot and cold test chambers are nearly identical in construction. The 
inner and outer shells of both boxes were constructed of 19-mm (3/4 in.) 
plywood. Wood and steel reinforcements were used at corners and ad
ditional plywood and steel plates were used for reinforcement at lift points. 
The chamber walls were insulated with five layers of 63.5-mm (2.5 in.) 
Celotex TF-730 (a polyurethane foam with aluminum foil facers on both 
sides). Edges of the foam layers were covered with tape to seal in the 
blowing agent. Contact adhesive was used to attach the successive layers 
of insulation. The inside dimensions of the boxes are 2.7 m wide by 2.4 
m high by 1.4 m deep (9 by 8 by 4.5 ft) and the outside dimensions are 
3.5 m wide by 3.2 m high by 1.7 m deep (11.5 by 10.5 by 5.7 ft). It is 
estimated that the total thermal resistance of the chamber construction 
is approximately 17.6 m̂  K/W (100 hft^deg F/Btu). 

The faces of the test chamber openings were constructed of 13-mm (1/2 
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in.) plywood. Thickness was selected to give the needed strength yet offer 
a minimum cross section for heat loss. In order to provide an airtight seal 
between the faces of the test chamber and the test specimen frames, the 
face of each test chamber has a gasket located near its inner and outer 
edges. The space between the gaskets contains a flexible urethane foam 
to prevent convection of air in the space between test frame and chamber 
opening. Lever clamps secure the test frame to the hot and cold test 
chambers. 

Both test chambers are mounted on casters for maneuverability. Lifting 
pins on the chambers are used in conjunction with a yoke and overhead 
crane to rotate the boxes from a wall testing mode to a roof testing mode. 

Construction of Test Specimen Frames 

Test specimen frame construction was similar to that of the test cham
bers. Outer and inner faces were constructed of 19-mm (% in.) plywood 
and the faces which contact the test chambers were constructed of 13-
mm (V̂  in.) plywood. The inner faces of the frame, on which the test 
specimens are mounted, were attached with screws so that they might be 
replaced after long use. All other connections were made with both glue 
and screws. The frames also contained lifting pins for ease of exchange 
of test specimens. 

Six test specimen frames were constructed. Five are 30.5 cm (12 in.) 
deep and the sixth is 61 cm (24 in.) deep. Two of the 30.5-cm (12 in.) 
frames contain standard test specimens for calibration of the hot box. The 
remaining three are used mainly for testing of wall constructions. The 
larger frame is used for testing of roof constructions. 

The inside dimensions of the test specimen frame are 2.4 by 2.4 m (8 
by 8 ft), which is the metering area in the calibrated hot-box mode. The 
outside dimensions are identical to the test chambers, that is, 3.5 m wide 
by 3.2 m high (11.5 by 10.5 ft). 

Airflow Details—^Hot and Cold Test Chambers 

The hot and cold test chambers have independent interior air-circulation 
fan systems capable of providing air velocities parallel to the test specimen 
of 0.8 to 24 km/h (0.5 to 15 mph). The airflow in the chambers is in a 
"counterflow heat exchanger" configuration in order to maintain approx
imately the same temperature differential across any section of the test 
specimen. 

The high-velocity mode of 24 km/h (15 mph) in conjunction with a 
minimum-flow cross-sectional area adjacent to the test specimen of 25.4 
mm by 2.4 m (1 in. by 8 ft) requires a fan system with a capacity of 
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approximately 0.42 m*/s (900 ft^/min). A fan system which would give this 
flow with minimum heat dissipation was considered crucial to the design. 
Well-insulated test specimens can be expected to produce relatively large 
temperature differences with small input power requirements. Therefore, 
the minimum power generated in the hot box, as a result of fan operation, 
dictates the minimum temperature that can be obtained on the specimen's 
hot face with a fixed cold-face temperature. Low fan power also reduces 
the refrigeration load on the cold side. 

A backward-inclined-airfoil centrifugal fan was chosen for each box as 
this type of fan exhibits high-efficiency characteristics. Each fan is pow
ered by a 0.186-kW {V4 hp) motor via a variable-diameter pulley. The 
actual power drawn at ambient conditions is approximately 125 W (426 
Btu/h) per fan. 

The transition losses to the ultimate test panel velocity were minimized 
by the use of an exponential duct with turning vanes. A photograph of 
the fan and duct system, as located in the hot test chamber, is shown in 
Fig. 3. 

The air velocities parallel to the hot and cold faces of the test specimens 
are varied by adjusting the location of a movable panel in each box (Fig. 
1) and are determined from a curve of air velocity versus distance (between 

FIG. 3—Photograph of air handling system. 
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the movable panel and test specimen face) supplied by Wiss, Janney, 
Elstner and Associates (WJE). Velocity probes will be added in the near 
future for direct measurement of air velocity. The movable panel forms 
one perimeter face of the air discharge across the test specimen in each 
box and is manually positioned by three screw jacks. The screw jacks in 
each box are mechanically driven by a chain-and-sprocket assembly ac
tivated by a steel crank coupled to the system through a port on the side 
of each box. Each movable panel can be moved over a total distance of 
30.5 cm (12 in.). A mechanical linkage couples the baffle on the inlet duct 
of the circulation fan to the movable panel, thereby throttling the inlet air 
as the movable panel is retracted. The overall effect is a reduced airflow 
as the panel is retracted. This technique is necessary in order to provide 
low-velocity gradients across the test section and over the full test panel 
height. 

Refrigeration Equipment 

A low-temperature capability to -46°C (-50°F) was a design require
ment for the test facility; however, the majority of tests did not require 
temperatures below -23°C (-10°F). Based on this consideration, a me
chanical refrigeration system was chosen for temperatures of -23°C, and 
an (liquid nitrogen) LNz injection system operating in conjunction with 
the mechanical refrigeration unit was chosen for temperatures below 
-23°C. The limitation with the LN2 system is the temperature limit of the 
grease used in the cold-chamber fan, -46°C. 

The Thermotron Model F-8-CH-2-S Temperature Environmental Test 
Chamber was chosen for the test facility. This unit is a remote mechanical 
refrigeration system coupled to the cold-test chamber via two 15-cm (6 
in.) insulated flexible ducts, which are used for the forced-air supply to 
the cold chamber and return air to the refrigeration system plenum. The 
air circulation between the Thermotron and the cold chamber is approx
imately 0.12 mVs (250 ft^/min). The unit uses R-502 refrigerant and has 
a cooling capacity of 1025 W (3500 Btu/h) at -23°C ( - 10°F). 

Temperature control is obtained with a bypass circuit, which shuts the 
evaporative coil of refrigerant gas when activated by the temperature 
control of the refrigeration system. The refrigeration system control is 
capable of maintaining the temperature of the cold chamber to within ±0.7 
deg C (±1.25 deg F) of the set-point temperature. However, finer control 
of the cold chamber temperature is attained with the Leeds and Northrup 
(L&N) controller-heater system (see Instrumentation section) operating 
in tandem with the refrigeration system controller. 

The normal mode of operation consists of initial temperature stabili
zation of the cold chamber at a temperature slightly lower than the final 
desired temperature. The refrigeration system controller alone is opera-
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tional during this initial stabilization period. The L&N temperature con
troller-heater system is then activated with the controller set-point ad
justed slightly higher than the refrigeration system set-point temperature. 
The fast reaction time of the L&N controller-heater system, working in 
tandem with the refrigeration system controller, results in a fine temper
ature control of the cold chamber to less than ±0.08 deg C (±0.15 deg F) 
of the set point temperature. 

Cold-chamber temperatures below -23°C ( - 10°F) are attained with the 
assistance of an LN2 injection system. A solenoid valve is used for injection 
of LN2 into the chamber. This LN2 solenoid valve, as well as the me
chanical refrigeration system, are activated by the refrigeration system 
controller. The L&N controller-heater system continues to operate as the 
fine control for the cold-chamber temperature. 

Instrumentation for the Hot-Box Facility 

One of the main requirements for reliable and accurate test results is 
accurate data acquisition and control equipment. The following paragraphs 
describe the control equipment and instrumentation for the JWRC test 
facility. 

The hot and cold test chambers have identical heater-controller systems. 
Each system consists of an L&N Electromax IV Temperature Controller 
which energizes heaters located in each box via a silicon-controlled rec
tifier (SCR). Both L&N controllers use as sensors Type T thermocouples 
located in the circulation fan discharge ducts. The controllers include 
adjustments for proportional band, reset, rate, and approach. A primary 
guide in choosing these controllers was the stability characteristics. A ±10 
percent line voltage variation results in a calibration shift of less than 0.06 
percent of the setting. The temperature stability of the controllers is less 
than ±0.05 percent/deg C change in room ambient temperature. 

The output signal from the temperature controllers controls the heater 
power via the SCR. The SCR's give a steady draw to the heaters, mini
mizing temperature changes. A zero-firing-type SCR unit was chosen in 
order to minimize metering errors (voltage and current). This type of unit 
also eliminates electrical interference problems normally present with 
relay circuitry. The L&N temperature controller-heater system provides 
fine temperature control for both hot and cold chambers to less than ±0.08 
deg C (±0.15 deg F) of the set-point temperature. 

Heaters are located in the circulation fan inlet duct in each box. Each 
system uses three heaters with capacity ratings of 100, 200, and 400 W, 
(341, 682, and 1364 Btu/h), energized from the control panel. Each of the 
heaters can be switched into the heater control circuit, giving seven in
crements of heater power for optimum temperature control. Barenichrome 
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wire heaters were chosen because of their fast temperature response 
characteristics. 

All temperatures (hot air, hot surface, cold air, cold surface, and inside 
and outside surfaces of the hot-test chamber) are measured with 24-gage 
multistrand Type T thermocouples. The thermocouples are fabricated to 
the ANSI special hmits of ±0.4 deg C (+0.7 deg F). 

The data-acquisition system chosen was a Kaye 8000 System consisting 
of a 30-channel skip controller, 150 Type T thermocouple channels, and 
10 voltage channels interfaced with an Automatic-Send-Receive (ASR) 
Type 33 Teletype printer and punch. The primary criterion used in se
lecting this system was the accuracy of the temperature measurements. 
The Kaye 8000 has an absolute accuracy of ±0.17 deg C (±0.3 deg F) and 
differential accuracy of ±0.06 deg C (± 0.1 deg F). The system provides 
the capability for selecting six sample interval times (0.3, 0.5, 1,2,5, and 
10 s) and 11 scan interval times (1, 2, 5, 10, 20, and 30 min; 1,2,4,8, and 
24 h). The data are presented in two forms—a digital display and a printed 
output. The printed output contains the date, time, channel or thermo
couple number, temperature in degrees Fahrenheit, and energy in kilowatt-
hours. A punched paper tape may also be obtained which acts as the input 
to a computer data analysis program. This program is being developed. 

The cumulative watt-hours of electrical energy are measured using an 
Ohio Semitronics Watt-Hour meter. This instrument utilizes two Hall-
effect watt transducers; one measures the SCR heater power, the other 
the fan power. The watt-hour meter develops a voltage output which is 
proportional to the cumulative watt-hours of electrical energy developed 
by the fan and heaters and which is measured using a voltage channel on 
the Kaye 8000 data acquisition unit. The accuracy of the watt-hour meter 
is ±0.5 percent. 

There are several additional components in the instrumentation system. 
Power for all instrumentation is brought from a constant-voltage isolation 
transformer, minimizing line voltage variations. The hot and cold test 
chambers each incorporate temperature-limit alarms which are indepen
dent of all control action. Temperatures above a preset limit in either the 
hot or cold chamber will activate the respective alarm and shut down all 
system power. The instrumentation system also includes two temperature 
recorders. Each recorder uses a thermistor transducer to measure the 
temperature in the circulation fan discharge ducts in the hot and cold 
chambers. The primary function of the recorders is to give the operator 
a quick status check on the test temperature conditions. 

Guarded Hot-Box Test Mode 

Instrumentation and controls are the same in the guarded mode as in 
the calibrated mode except as noted in the following. 
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The JWRC hot-box test facility can be operated in a guarded hot-box 
mode in accordance with ASTM C 236-66. The metered box was designed 
and fabricated to be located inside the hot chamber, the hot chamber then 
serving as the guarded box. The metering area is 1.8 by 1.8 m (6 by 6 ft). 

The metered box includes heater banks from 70 to 650 W (239 to 2218 
Btu/h). The amount of power needed is chosen prior to the starting of the 
test. 

A circulation fan having a capacity rating of approximately 0.07 m'/s 
(150 ft'/min) is used for recirculation of the air across the test section 
through the heater plenum. The air velocity direction is that of natural 
convection and is approximately 0.8 km/h (0.5 mph). The fan power is 
the minimum power available in the metered box and is approximately 
30 W (102 Btu/h). 

The metered box is mounted on the hot chamber movable panel, using 
angle-iron support brackets which are mounted on the movable panel. 
Type T thermocouples on the inside and outside faces of the metered box 
are wired as a thermopile. A differential temperature across the insulated 
face of the metered box generates a differential voltage output, which is 
measured and used to control the hot chamber (guard area) via an L&N 
Electromax III differential voltage controller. The output control signal 
from the differential controller is used to control the amount of heat in 
the hot chamber (guard area), minimizing the temperature differential 
between the inside and outside surfaces of the metered box. The differ
ential controller is wired to the SCR for this test mode, and the SCR in 
turn is used to control the amount of heat in the guard box. 

Power for the metered box is derived from the constant-voltage isolation 
transformer and routed to the metered box via the watt-hour transducer 
in order to measure the watt-hours of electrical energy. Thus the technique 
consists of a fixed amount of power to the metered box, with the differential 
controller-heater system minimizing the temperature difference between 
the metered box and hot chamber (guarded area). 

Standard Test Panels and Hot-Chamber Calibration 

In order for the calibrated hot box to be an effective tool for measuring 
the thermal resistance of large-scale systems, calibrated test specimens 
must be used for proper calibration of the hot test chamber. 

Two of the six test frames incorporate standard test panels. These panels 
were fabricated using high-density molded glass fiber board supplied by 
Owens-Corning Fiberglas Corporation. One panel consisted of two 1.2 by 
2.4 m (4 by 8 ft), 206 kg/m* (12.89 Ib/ft̂ *) boards with an average thickness 
of 26 mm (1.03 in.). The other panel contained two 1.2 by 2.4 m (4 by 8 
ft), 204 kg/m^ (12.73 Ib/ft̂ ) boards with an average thickness of 51 mm 
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(2.02 in.)- All boards were covered with vinyl tape to form a vapor barrier 
on each side and to prevent air circulation through the insulation. 

An additional board of each thickness was fabricated by Owens-Corning 
in order to measure the thermal conductance at each thickness. The mea
surements were performed by the ASTM Test for Thermal Conductivity 
of Material by Means of the Guarded Hot Plate (C 177-71) at various 
mean temperatures. These data were then used in the heat-transfer analysis 
of the calibrated hot box. 

Several preliminary calibration tests were performed by WJE prior to 
shipment of the hot-box facility to JWRC. These tests were performed 
with the nominal 51-mm (2 in.) glass fiber panel and included caUbrated 
and guarded hot-box modes. The data from the calibrated hot-box tests 
provided heat loss factors which could be used to calculate the thermal 
resistance of unknown test panels within 5 percent. The data obtained in 
the guarded mode showed correlation with the guarded hot-plate tests 
within 5 percent. Testing is presently under way at JWRC to further reduce 
this deviation. 

Test Results 

Before discussing some of the test results from the JWRC hot-box test 
facility, a brief description of the testing procedure is in order. 

After completing construction of the test specimen in the frame, the 
frame is inserted between the hot and cold test chambers. If the test is 
to be conducted in the calibrated mode, the necessary electrical connec
tions are made and the thermocouples are attached to the test specimen 
for measuring both air and surface temperatures. The movable panels are 
then positioned for the desired air velocities. The test specimen frame is 
then securely attached to the test chambers by means of the four lever 
clamps. The refrigeration system and the hot-side and cold-side fans are 
switched on, and the power to the hot and cold sides is manually adjusted 
by means of the controllers to obtain the desired surface temperatures. 
Once steady state has been reached, test data are normally taken every 
hour over a 16-h period. The data are reported if the thermal resistance 
values of two 8-h periods agree within 1 percent. Test duration ranges 
from two to seven days depending on type of specimen construction and 
temperatures selected. 

If the test is to be conducted in the guarded mode, the 1.8 by 1.8 m 
(6 by 6 ft) metering box is placed on the movable panel in the hot-test 
chamber. The power needed is chosen prior to the test and is obtained 
by wiring the appropriate heaters from the metering box heater bank. 
After making the necessary electrical connections and attaching the ther
mocouples to the specimen, the box is closed and securely latched. The 
test procedure now follows the calibrated-mode test procedure except 
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that the hot-side controller is not used; instead, the hot-side temperature 
is allowed to find its equilibrium value, while the differential controller 
maintains essentially a zero temperature differential across the metered 
box by adjusting the power in the hot chamber (guard area). 

The absolute accuracy of the hot-box test facility equipment was es
timated based on the following rule from Schenck": "When the result is 
a function of quotients and/or products of a series of measurements, the 
square of the percent error of the result is equal to the sum of the squares 
of the percent errors of the individual measurements." From this math
ematical rule, the maximum error was calculated as approximately 0.70 
percent. Under extreme conditions the maximum error was calculated to 
be approximately 1 percent. 

Figure 4 presents the results of guarded hot-box tests on four different 
insulation boards. The data were obtained at two mean temperatures, 
namely, 4°C (40°F) and 24°C (75°F), from the JWRC test facility and from 
two independent testing laboratories. The average overall error is within 
4 percent. This agreement is excellent considering the large differences 
in guarded hot-box test facilities. 
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FIG. 4—Interlaboratory guarded hot-box test results. 

••Schenck, H., Jr., Theories of Engineering Experimentation, 2nd ed., McGraw-Hill, New 
York, 1968, p. 47. 
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Correlation tests between the guarded mode and the calibrated mode 
have been conducted at JWRC. The calibrated mode has been correlated 
to within approximately 5 percent of the guarded-mode results, which is 
the present accuracy of the heat loss factors for the calibrated mode. Tests 
have also been run between the guarded hot plate (GHP) and guarded hot 
box (GHB), and guarded hot plate (GHP) and calibrated hot box (CHB). 
The results of the GHP/GHB tests have correlated within 3 percent, while 
the results of the GHP/CHB tests have correlated within 5 percent. 

Conclusions 

It is believed that the calibrated hot box is an accurate and reliable 
method for obtaining thermal resistance values on large-scale systems. 
The JWRC hot-box test facility, which includes both guarded and cali
brated modes, has been shown to correlate well with independent testing 
laboratories, with guarded hot-plate tests, as well as with itself (guarded-
calibrated). Testing is underway to further improve the accuracy, mainly 
by determining more accurately the heat loss factors for the calibrated 
mode. 

Improvements are also being made to the facility—namely, the total 
automation of the calibrated hot box. This will shorten total test time, as 
well as improve data handling capability. With automation, transient heat-
transfer tests and diurnal cycle tests, more accurately simulating natural 
conditions, will be possible. 

It is hoped that in the near future more such facilities are constructed 
in order to provide the large-scale thermal testing capabilities needed in 
the United States. 
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ABSTRACT: All-metal reflective insulation, used to insulate commercial nuclear 
power plants, requires special test considerations because of its nonhomogeneous 
nature. Internal convection and conduction paths that exist in the field must be 
preserved in the laboratory if the results are to be representative of field perfor
mance . The existing guarded hot-box method, ASTM Test for Thermal Conductance 
and Transmittance of Built-Up Sections by Means of the Guarded Hot Box (C 236-
66), although intended for testing nonhomogeneous structures, does not property 
consider these effects which could result in large measurement errors. A modified 
high-temperature guarded hot box, constructed for testing reflective insulation 
panels, can test one full-size, 914-mm (36 in.) square, flat panel up to 203 mm (8 
in.) thick. This facility can operate at hot surface temperatures up to 8)1 K (1000°F) 
and can be rotated to test a panel in either the horizontal or vertical orientation. 
The facility was verified for testing both homogeneous and nonhomogeneous in
sulations, and data are presented to illustrate the effect that internal convection 
and orientation can have on heat loss. Large-scale experiments are planned to 
verify the performance of individual units of insulation in a system environment. 

KEY WORDS: thermal insulation, reflective insulation, insulation, testing, test 
methods, high-temperature tests, test facilities, thermal conductivity 

All-metal reflective insulations are currently being used to insulate com
mercial nuclear power plants and industrial piping, For the nuclear ap
plication, this includes both pressurized and boiling-water reactors op
erating at surface temperatures up to 616 K (6S0°F) in 310 K (10(fF) 
ambient air. Equipment inside the containment building that typically is 
insulated with all-metal reflective insulation includes the reactor vessel, 
steam generators, pressurizer, pumps, and piping. Much of the insulation 
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is individual units of pipe insulation. However, insulation for the larger 
pieces of equipment, such as the reactor vessel and steam generators, is 
composed of large curved panels that are normally 914 mm (36 in.) square. 
For a boiling-water reactor vessel, for example, the radius of curvature 
for the insulation panels is about 3 m (10 ft) and the performance is similar 
to that of a flat panel. 

The unique construction of reflective insulation makes it difUcult to 
measure the true field performance in a laboratory test. Existing test 
methods for nonhomogeneous insulation panels, if used without special 
precautions, may yield test results that do not represent field performance. 

This paper presents the problems associated with testing reflective in
sulation panels and then describes a modified high-temperature guarded 
hot box designed for this purpose. Test results are presented that verify 
the new facility for use with both homogeneous materials and nonhomo
geneous reflective insulation panels. 

A large-scale experiment is described that can be used to measure panel 
heat loss in a real system environment. 

Insulation Construction 

A reflective insulation system is composed of prefabricated units. Each 
unit, in either pipe or panel form, is a rigid, self-contained, metal con
struction comprising an inner and outer casing and one or more spaced 
reflective liners. Figure 1 shows a typical 914-mm (36 in.) square reflective 
panel, and two types of construction are shown schematically in Fig. 2. 
The definition of terms is consistent with the proposed revision to the 
ASTM Recommended Practice for Prefabricated Reflective Insulation 
Systems for Equipment and Pipe Operating at Temperatures Above Am
bient Air (C 667-72). The construction is all metal and 304 stainless steel 
is normally used. However, aluminum liners have been used for some 
applications. The liners are thin-metal foils laid parallel to the insulated 
surface and are spaced to form alternate layers of foil and air. Liners can 
be either supported flat parallel sheets or can be formed to provide contact 
points for spacing. Thermal efficiency depends, in part, on minimizing the 
thermal radiation between liners by using metals of high reflectance and 
low emittance. A small liner spacing is also designed to minimize natural 
convection within the enclosed air spaces. Conduction paths can also exist 
because of the nonhomogeneous structure, and can include metal-to-metal 
contact at liner support points and at end supports (see Fig. 2.). End 
supports can be either completely closed to eliminate panel-to-panel con
vection paths, or can be partially open to reduce the through-conduction 
paths. 
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FIG. 1—Reflective insulation panel. 

Measurement Problems 

Heat loss data for reflective insulation panels are needed for design and 
for verification of mathematical models used to predict the performance 
of the insulation. The nonhomogeneous construction, however, causes 
problems when true field performance is to be determined by a laboratory 
experiment. Internal convection and conduction paths within an insulation 
panel have a strong effect on heat loss, and their heat transfer mechanisms 
must not be modified in a laboratory test. Natural convection is strongly 
dependent upon geometry. The possible flow paths are illustrated in Fig. 
3 for two orientations of a reflective insulation panel. The two types of 
convection that exist are the cellular form between adjacent liners and a 
gross convective cell within a panel. These convective cells can also exist 
for contacting liners; parallel liners were shown in Fig. 3 for ease of 
illustration. Both types of convection must be preserved in the laboratory 
test if the heat loss results are to be meaningful. 
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Previous tests on reflective pipe insulation have clearly demonstrated 
the effect of orientation, and thus internal convection, on heat loss. Pipe 
tests were conducted in the horizontal orientation using the ASTM Test 
for Thermal Transference of Nonhomogeneous Pipe Insulation at Tem
peratures Above Ambient (C 691-77). The same facility and test procedure 
were used for the vertical orientation. A comparable standard does not 
exist for the vertical orientation; however, a task group of ASTM Sub
committee C16.30, Thermal Measurements, is currently working on a test 
method for vertical reflective pipe insulation. The effect of orientation on 
heat loss will be shown later for a piece of flat panel insulation. 

Facility Design 

Field boundary conditions, panel size, and orientation must be dupli
cated as closely as possible in the laboratory if true field performance is 
to be determined. A desirable experiment should include the following 
features: 

1. Test at least one full-sized panel from edge to edge so that internal 
conduction and convection paths are not disturbed. 

END SUPPORT 

PARALLEL 
LINERS 

FIG. 2—Reflective insulation panel construction. 
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FIG. 3—Internal convection can affect heat loss. 

2. Simulate the hot equipment surface on one side and ambient air on 
the cold side. 

3. Test in both horizontal and vertical positions because performance 
is affected by orientation. 

4. Provide hot surface temperatures up to 616 K (650°F). 
Based on these requirements, it was decided that a "guarded hot box" 

method would be the best for use with reflective panels. Figure 4 shows 
the guarded hot box facility as described in the ASTM Test for Thermal 
Conductance and Transmittance of Built-Up Sections by Means of the 
Guarded Hot Box (C 236-66). This test method was designed for non-
homogeneous panels such as wall, roof, and floor constructions used in 
buildings. The use temperatures for these facilities are low because of the 
type of construction tested. The facility consists of a test panel between 
a cold box and a hot guard box. Only the central region of the test panel 
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is tested via a metering box while the remainder of the test panel serves 
as guard insulation. Fans are used to provide a forced convection boundary 
on both the hot and cold sides of the test panel. 

The ASTM C 236 apparatus in Fig. 4 is not suitable for testing reflective 
panels because of the panel's nonhomogeneous construction. The existing 
method only meters the central area of a test panel, yet, as discussed in 
the foregoing, reflective panels can have through-conduction paths and 
internal convection in the air cavities, both of which can exist outside the 
central metering area. This is illustrated by the test panel in Fig. 4, which 
shows internal convection paths that extend beyond the central metered 
area into the guard area. The existing method, although intended for 
nonhomogeneous structures, permits blocking internal convection and 
conduction paths at the boundary of the metered area. Notice also in Fig. 
4 that the top and bottom edges of the test panel are sealed with edge 
insulation. This would prevent any convective interchange between 
stacked panels for those reflective designs with partially open end sup
ports. Testing only a central area and intentionally modifying real heat-
transfer mechanisms ensures that the test results will not represent true 
field performance. 

Facility Description 

The modified guarded hot-box facility is shown schematically in Fig. 
5, and it consists basically of only the hot side of the typical facility shown 
in Fig. 4. The major design features required for testing reflective insula
tion panels include the foUowing: 

• EDGE INSULATION 

COLD 6 0 X 7 / / - T E S T PANEL 

FIG. 4—Low-temperature ASTM C 236 guarded hot-box facility. 
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FIG. 5—Schematic of high-temperature guarded hot box. 

1. The test panel does not extend beyond the metering area, which is 
sized to accept one full-sized 914-mm (36 in.) square panel up to 203 mm 
(8 in.) thick. Homogeneous insulation surrounds the edges of the test 
panel and acts as guard insulation. The test panel edge boundary condition 
is important and will be discussed later. All of the internal through-con
duction and convection paths that exist in the field also exist in the test 
panel. Internal panel modifications are not required. 

2. The cold side of the box has been eliminated to expose the cold 
surface of the test panel to ambient air. This allows a natural convection 
boundary condition on the cold side of the test panel. 

3. The forced-convection boundary on the hot side of the test panel 
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has been replaced with a constant-temperature hot surface. This heated 
plate simulates the hot equipment surface. 

4. The entire guarded hot box can be rotated to a position anywhere 
between vertical and horizontal. In the horizontal position the panel is 
bottom-heated and the heat flow is upward. 

5. Hot surface temperatures up to 811 K (1000°F) can be achieved on 
the heated surface. 

Figure 6 shows the facility in the vertical position. A brief description 
of the major facility components follows: 

FIG. 6—New high-temperature guarded hot-box facility. 
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Guard Box 

The guard box consists of a structural steel frame insulated with 152 
mm (6 in.) of calcium silicate block insulation on the inner surface. Air 
in the guard box is circulated by two fans after being heated by tubular 
electric heaters in circular ducts. The temperature in the guard box is 
automatically controlled to maint£iin a near-zero temperature difference 
across the metering box walls. 

Metering Box 

The metering box walls are 102 mm (4 in.) thick and constructed from 
four layers of 25-mm-thick (1 in.) structural insulation board. The layers 
are fastened together by stainless wood screws staggered between layers 
to prevent any through-conduction paths. The inner surface of the metering 
box is painted with a high-emittance paint to increase radiation inter
change and to minimize temperature differences within the box cavity. 
The five metering box walls are instrumented with a thermopile consisting 
of 21 pairs of thermocouples between the inner and outer surfaces. This 
thermopile is used to control the guard box heaters and also to make a 
heat flow correction for the metering box. Several independent thermo
couples are also installed on the inner and outer surfaces for measuring 
local temperature imbalances. 

Hot Plate 

The plate size is 914 mm (36 in.) by 914 mm (36 in.) by 13 mm (0.50 in.) 
and was fabricated by screwing together two thin stainless steel sheets. 
A heater wire, insulated with ceramic beads and cement, is imbedded in 
a machined groove in one of the plates. This groove forms a squared spiral 
from the center out to the edges of the plate. The second thin stainless 
plate covers the heater wire and is painted with a high-emittance paint on 
the surface exposed to the test panel. The back side of the assembled 
plate (toward the metering box) is also coated with a high-emittance paint. 

Power Supply and Controls 

Both the hot plate and the guard box power supplies are automatically 
controlled. Plate power is do and is controlled to provide the desired plate 
temperature. Guard box power is ac and is controlled to maintain a near-
zero temperature difference across the metering box walls. 

Data Acquisition and Reduction 

Data from the facility includes thermocouple and plate power mea
surements. These d-c voltage signals are recorded on magnetic tape via 
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a Hewlett-Packard 2I00A computer-controlled digital data acquisition sys
tem. The primary data reduction and analysis is performed with this tape 
on a Control Data Corp. 7600 computer. 

Test Panel Edge Boundary 

As mentioned in the foregoing, the edge boundary condition for the test 
panel is important and requires special consideration. The new facility 
was designed to test only reflective panels with end supports (see Fig. 2) 
that are completely closed. A closed end support assures that there is no 
direct convection path between stacked panels, and conduction between 
adjacent end supports is the only mechanism for panel-to-panel heat trans
fer. If the end supports are partially open, a convection path would exist 
between vertically stacked panels and a test on several stacked panels 
would be the only way to measure the true heat loss. 

Because the facility was designed to test panels with completely closed 
end supports, any heat conducted in or out of the panel edges will affect 
measured performance and must be included in the data analysis. A two-
dimensional conduction heat-transfer model was developed to calculate 
the heat flow through the edges of the test panel. This finite-difference 
conduction model includes the region of homogeneous insulation that 
forms the test cavity and that portion of the metering box adjacent to the 
edges of the hot plate. Heat flows through these modeled regions can be 
determined quite accurately if the boundary temperatures can be defined. 
Approximately 100 thermocouples are installed on the surfaces of these 
regions, and these temperature measurements provide the steady-state 
boundary conditions for the conduction model. The calculated edge heat 
flow is then either added or subtracted, depending on its direction, to that 
generated in the hot plate. Typically, the magnitude of this edge heat flow 
correction is only about 7 percent of the power generated in the hot plate. 

Facility Verification 

It was desired to verify the panel facility by testing a reflective insulation 
panel at an independent laboratory. However, other facilities were not 
available that could test a 914-mm (36 in.) square panel with the same 
boundary and temperature conditions. Instead, two 914-mm (36 in.) square 
homogeneous panel specimens were tested in the horizontal position on 
the guarded hot box. High-temperature rigid fibrous block insulation was 
used. After testing on the guarded hot box, two 610-mm (24 in.) square 
specimens were cut and sent to an independent laboratory (Dynatech R/D 
Co.) for testing via the ASTM Test for Steady-State Thermal Transmission 
Properties by Means of the Guarded Hot Plate (C 177-76). Two identical 
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specimens were required and testing was done in the horizontal orien
tation. The results from these tests (Fig. 7) show the measured thermal 
conductivity obtained from two independent laboratories using different 
test methods. Agreement between the two data sets is very good, with 
the total spread averaging approximately 3.5 percent. 

It was still desired to verify the facility for reflective insulation panels. 
Since a suitable independent facility that could test panels did not exist, 
a pseudo-verification was performed. With reflective panels in the vertical 
orientation, heat flux was measured from the exposed surface of the test 
panel. A single heat flux meter was moved from position to position to 
measure the cold surface heat flux at 48 grid locations as shown in Fig. 
8. Grid locations were closely spaced in regions of higher heat flux gra
dients based upon temperature measurements on other panels. A com
mercial heat flux meter was specially modified by attaching a lightly ox
idized stainless steel metal foil on the exposed (or cold) surface of the 
meter. The emittance of this metal foil was selected so that the thermal 
resistance from the insulation outer surface to the ambient air did not 
change when the heat flux meter was applied. Flux readings from the 51-
mm (2 in.) square meter were area-weighted and averaged to provide a 
heat flux for comparison with that measured by the guarded hot box 
facility. Results from tests on two panels are shown in Fig. 9, and the 
agreement is quite good. The heat flux meter gave results that were 4.9 
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FIG. 7—Verification tests with homogeneous insulation. 
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FIG. 8—Heat flux measurement array on cold surface of a reflective insulation panel. 
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percent greater than the hot-box facility for one panel, and gave results 
that were 3.7 percent lower for the other panel. 

Convection Effects 

As discussed in the foregoing, internal convection can affect the heat 
flow from a reflective insulation panel. If it does exist to a significant 
degree, the effects will be a higher heat loss and a nonuniform heat flux 
on the outer surface. This is illustrated by heat flux profiles obtained 
during the foregoing verification tests. Figure 10 shows the vertical and 
horizontal heat flux profiles along the outer surface of a reflective panel 
in the vertical position. The nonuniform vertical profile clearly shows that 
internal convection does exist within this particular panel. The horizontal 
heat flux profile is almost flat, as expected, since the buoyancy force acts 
only in the vertical direction. 

The heat flux profiles shown in Fig. 10 were measured on a panel with 
contacting "dimpled" liners. Liners were spaced by the dimples, which 
were a regular array of bumps formed in the liners. Similar heat flux 
profiles were measured for panels with parallel smooth liners and for 
random "crinkled" lines. Crinkled liners were spaced by a random pattern 
of deformations over the entire liner surface. Similar heat flux profiles 

HEAT FLUX ALONG 
VERTICAL CENTERLINE 

914 X 914 X 60mm PANEL 

HEAT FLUX ALONG 
HORIZONTAL CENTERLINE 

FIG. 10—Heat flux distributions illustrate internal convection. 
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means that internal convection did exist in each of the test panels with 
different liner spacing designs. 

Orientation affects internal convection and, therefore, heat loss from 
a reflective panel. This is shown in Fig. 11, by transference data for a 
panel with significant internal convection which was tested in the vertical 
and horizontal positions. Transference is an overall heat-transfer coeffi
cient from the hot surface to the ambient air: The only difference between 
the two sets was orientation, and the heat loss for the vertical position 
was greater than that for the horizontal position. Internal convection was 
the only heat-transfer mode affected by the orientation change. Notice 
in Fig. 11 that the two performance curves tend to converge at the higher 
temperatures. This is caused, in part, by the effect of increasing radiation 
heat transfer, which becomes dominant at higher temperatures. Natural 
convection within the panel is also greatly reduced at higher temperature 
levels. In the air gaps near the hot surface, for example, the Grashof 
number is reduced by about a factor of ten from the lowest to the highest 
temperature test points. The Grashof number is a dimensionless number 
used to characterize the driving force for natural convection. 

System Heat Loss 

A new guarded hot-box facility has been described for testing one flat 
panel of reflective insulation under simulated field boundary conditions. 

• I 1-5 
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FIG. U—Heat loss through reflective insulation is affected by orientation. 
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This facility can be used to measure the effects of insulation thickness, 
number of reflective liners, panel orientation, panel construction, panel-
to-panel joints, and hot surface temperature. All of these parameters must 
be considered when designing a complete reflective insulation system. 
However, it is difficult to exactly duplicate true field boundary conditions 
in a laboratory experiment. Therefore, it is still desirable to verify the 
installed performance of an insulation system. 

A field test of an insulation system on an operating commercial nuclear 
reactor is not practical for many reasons. The primary technical difficulty 
is caused by the number of systems within the containment building and 
the equipment size and complexity. The heat loss from the insulated 
equipment is only a portion of the total containment heat load and cannot 
be isolated from the total. 

A reasonable compromise between a single-unit laboratory test and a 
system test on a nuclear reactor would be a controlled large-scale exper
iment consisting of several panels of reflective insulation assembled into 
a "system." One such test that is being considered consists of a 3-panel-
wide by 4-panel-high array of full-size flat panels installed on a vertical 
hot surface. The hot-surface boundary would be the furnace wall of a 
fossil boiler operating at a temperature of about 561 K (550°F). The heat 
loss of individual panels in the array would be determined by the heat 
flux mapping technique described earlier. This should provide heat loss 
data for a "system" of reflective panels tested with hot surface, cold 
surface, and edge boundary conditions identical to those expected in 
service. 

Summary 

Reflective insulation requires special test considerations because of its 
nonhomogeneous construction, and the existing ASTM C 236 method can 
yield invalid results relative to true field performance. A new high-tem
perature guarded hot-box facility was constructed to test full-sized flat 
reflective insulation panels in both the vertical and horizontal orientations. 
Tests by an independent laboratory, using a different ASTM test method, 
have verified the facility for testing homogeneous insulations. Verification 
tests on vertical reflective insulation panels, using heat flux measurements 
on the exposed surfaces, have shown good agreement with data from the 
panel facility. An in situ system heat loss verification test is desirable, but 
not practical. A large-scale experiment, consisting of several panels me
tered for heat flux on their cold surface, is proposed to verify that reflective 
insulation systems can be accurately designed from tests on individual 
units of insulation. 
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A Calibrated Hot-Box Approach for 
Steady-State Heat-Transfer 
Measurements in Air Duct Systems 

REFERENCE: Lauvray, T. L., "A Calibrated Hot-Box Approach for Steady-State 
Heat-Transfer Measurements in Air Duct Systems," Thermal Transmission Mea
surements of Insulation, ASTM STP 660, R. P. Tye, Ed., American Society for 
Testing and Materials, 1978, pp. 357-373. 

ABSTRACT: The paper describes a procedure for measurement of steady-state 
heat transfer through the walls of air duct systems under actual operating conditions 
and configuration. The procedure uses two independent measurement techniques. 
A calibrated hot box is the primary measurement technique and an airstream 
temperature-drop measurement provides a secondary technique. 

The calibrated hot box is a heavily insulated box which is sealed around a duct 
conveying cold air. A temperature controller and electric resistance heaters maintain 
the box temperature as close as possible to ambient temperature. Thus, the lab
oratory space acts as a guard for the box. The energy input to the box is measured 
with a watt-hour meter. The total energy input, corrected for the heat transfer 
through the box wall, represents the heat transfer through the test system. 

The temperature-drop technique uses thermocouples to measure the temperature 
difference betweeen two stations in the test duct and orifice plates to measure 
airflow. The heat transfer from this technique is compared with calibrated hot-box 
measurements. 

An automatic data collection system is used so that tests can be conducted over 
a long period of time to assure steady-state conditions and to determine reproducibility. 

Verification of the calibrated hot-box technique is achieved by testing a specially 
constructed section of duct whose heat transfer can be readily calculated. Exper
imental and calculated data are presented for this duct section. 

KEY WORDS: air ducts, calibrated hot box, heat transfer, thermal transmission, 
thermal conductivity 

Nomenclature 
U Thermal transmittance based on outside surface area, W/m^K, (Btu/hft^°F) 
q Heat flow through test specimen, W, (Btu/h) 

A„ Outside surface area of test specimen, m", (ft̂ ) 

'Senior engineer, Owens/Corning Fiberglas Corp., Granville, Ohio 43023. 

357 

Copyright 1978 by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



358 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

T„ Average temperature around the test specimen, K, (°F) 
Trf Average air temperature of ducted airstream in test specimen, K, (°F) 
M Mass flow rate in flow loop, kg/s, (Ib/h) 
C„ Specific heat of airstream, J/(kgK), [Btu (lb°F)] 
»i Bulk mean fluid temperature at upstream section of test specimen, K, (°F) 
ti Bulk mean fluid temperature at downstream section of test specimen, K, (°F) 
P Measured energy input to calibrated hot box, W, (Btu/h) 

FD BOX correction factor or heat flow through box walls per degree, W/K, (Btu/(h- °F)) 
Ti, Average temperature in calibrated hot box, K, (°F) 

T„„ Ambient temperature surrounding calibrated hot box, K, (°F) 
Di Outside diameter of metal pipe used for standard duct, m, (ft) 
hi Inside film heat-transfer coefficient, W/ (m'K), [Btu/ih-ft*"?)] 

Da Outside diameter of insulated standard duct, m, (ft) 
X Apparent thermal conductivity of insulation material used on standard duct, 

W/(mK), [Btu/(hft°F)] 
h„ Outside film heat-transfer coefficient, W/(m*K), [Btu/(hft"'F)] 
kf Thermal conductivity of air, W/(m- K), [Btu/hft°F)] 

Re Reynolds number 
Pr Prandtl number 

/ Frictional drag coefficient of standard duct 
h. Convection outside film coefficient, W/(m*K), [Btu/(hft°F)] 
Gr Grashof number 

g Gravitational acceleration constant, m/s*, (ft/s^) 
p Air density, kg/m', (lb/ft') 
P Coefficient of thermal expansion, 1/K, (1/R) 
T, Temperature of duct surface, K, (°F) 

jLt Viscosity of air, kg/(s-m), [lb/(s-fl)] 
E Emittance of duct surface 
V Nusselt number 

hr Radiant outside surface coefficient, W/(m»K), [Btu/(hft*°F)] 

The severe winter of 1977 has accented our energy problems and has 
every segment of society seeking solutions. Obviously, conservation will 
play a key role whatever the solution. Standards and codes requiring 
minimum performance levels for building energy-system components will 
help to encourage conservation. Without accurate procedures for mea
suring the performance of the components, however, such standards will 
be meaningless. 

Insulation requirements for air duct systems exemplify the need for 
improved measurement procedures. The American Society of Heating, 
Refrigeration, and Air-Conditioning Engineers (ASHRAE) Standard 90-
75 contains a thermal resistance requirement for air duct systems. In the 
most straightforward approach to determining compliance, the insulation 
thickness is divided by the thermal conductivity of the insulation material. 
Manufacturers of air duct insulation and preinsulated air duct systems 
provide thermal conductivity data with their products as measured by the 
ASTM Test for Steady-State Thermal Transmission Properties by Means 
of the Guarded Hot Plate (C 177-76), or ASTM Test for Steady-State 
Thermal Transmission Properties by Means of the Heat Flow Meter (C 
518-76). 

However, the construction of some products suggests that thermal re
sistance based on thermal conductivity data may not represent thermal 
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performance under actual operating conditions and configurations. Spe
cifically, products that have a porous insulation material in contact with 
the ducted airstream may have poorer thermal performance than expected. 
A small airflow within the insulation can adversely affect thermal perfor
mance. Joints are another possible cause of unpredicted energy loss. Thus, 
the traditional approach for measuring thermal resistance may be un
suitable in some cases. 

Little thermal performance data exist on air duct systems tested under 
actual operating conditions and configurations. This paper describes a 
procedure which can be used to generate the needed data at accuracies 
within 5 percent. This procedure utilizes a calibrated hot box to provide 
the primary measurement technique. Temperature-drop measurement 
serves as a secondary technique and provides a rough check on calibrated 
hot-box results. 

General Description of Procedure 

Thermal trans mi ttance, U, for a test duct specimen under steady heat 
flow conditions can be computed from 

U =ql[AATa-Ta)] (1) 

The calibrated hot-box test procedure is designed to measure the inde
pendent variables of Eq 1. 

To generate a temperature difference, cold air at a controlled temper
ature is circulated through a closed-loop air duct system. The test duct 
specimen forms one section of the loop. The rest of the loop is an integral 
part of the test apparatus and contains a fan, an air metering duct, re
frigeration equipment, heaters, temperature controls, and connecting 
ducts. 

The heavily insulated calibrated hot box is equipped with an air-cir
culation system, electrical heaters, and temperature controls. The box is 
sealed around a section of the air duct test specimen. A watt-hour meter 
is used to measure total energy input to the box. Ideally, heat exchange 
between the box and ambient space is negligible and energy input to the 
box equals the heat flow, q, between the box and the section of test 
specimen within it. This ideal condition is approximated by locating the 
box in a temperature-controlled laboratory and keeping the box temper
ature as close as possible to the laboratory temperature. The insulation 
on the box walls further reduces heat exchange. 

Nevertheless, there is still some heat exchange between the box and 
laboratory. Since the box wall area is considerably greater than the test 
specimen area, only a small temperature difference between the box and 
laboratory can result in an undesirably large heat exchange between the 
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box and laboratory. In practice, the laboratory temperature fluctuates a 
few degrees from its control point, which makes a zero-degree temperature 
difference impractical. For these reasons it is necessary to measure the 
thermal transmittance of the box in order to correct the test results. This 
is done by maintaining the box temperature several degrees above ambient 
and metering the energy input. The box area is fixed for all tests, so heat 
transfer between the box and laboratory is a function of temperature 
difference only. Thus, once the box transmittance is measured, a correc
tion can be applied to all tests. 

With the design considerations and correction just described, the heat 
flow through the test specimen can be measured with sufficient accuracy. 
The calibrated hot box and flow loop combine to generate a stable tem
perature difference and, thus, steady heat flow. The specimen area and 
temperature difference can be readily measured, so thermal transmittance 
of the test specimen can be computed using Eq 1. 

Thermal transmittance is also measured by a temperature-drop tech
nique. Steady heat transfer occurs between the laboratory space and the 
test specimen portion of the flow loop. The heat flow can be computed 
from Eq 2 by measuring the mass flow, m, and the temperature difference, 
(fj-fz), between two stations in the test duct 

q=MC,{t,-h) (2) 

Again the temperature difference and specimen area are readily measured, 
so Eqs 1 and 2 can be used to compute the thermal transmittance of the 
test specimen. 

This approach is less accurate than the calibrated hot-box approach. 
The temperature difference between two stations in the test duct is very 
small and difficult to measure accurately. Laboratory temperature vari
ations cause fluctuation in heat flow. Despite these limitations, the tem
perature-drop technique serves, with little additional effort, as a rough 
check on calibrated hot-box results. It also can be used to test specimens 
with the heat flow reversed, by testing with duct temperatures above 
ambient. 

Test Apparatus 

Flow Loop 

Figure 1 is a schematic arrangement of the major elements of the test 
apparatus. This is a convenient arrangement that fits within laboratory 
space constraints while meeting requirements for proper test procedures. 

Two considerations need to be addressed regarding airflow. The fan 
must have sufficient capacity to provide the desired air velocity in the 
largest duct specimen to be tested. The chosen fan has a capacity of 2.36 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LAUVRAY ON AIR DUCT SYSTEMS 361 

O 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



362 THERMAL TRANSMISSION MEASUREMENTS OF INSUUTION 

m /̂s (5000 ft̂ /min) at a total pressure rise of 1494 N/m* (6 in. of water). 
Second, and equally important, is the ability to control airflow. The desired 
flow in the test specimen must be obtained while at the same time main
taining a minimum airflow across the coil to prevent frost buildup. This 
is accomplished by a combination of variable inlet vanes on the fan and 
a bypass air duct after the coil. Damper adjustment proportions the total 
flow between the test loop and bypass loop. 

An air metering duct meters the airflow through the test loop. This duct 
is designed according to the 1959 edition of Fluid Meters, published by 
the American Society of Mechanical Engineers (ASME). The primary 
flow metering devices are concentric orifice plates. Three different-size 
orifice plates provide metering capability over a wide range of flows. The 
entire metering duct is constructed of stainless steel. Gaskets and angle-
iron flanges are used for transverse joints. Straightening vanes 2.7m (9.0 
ft) upstream of the orifice plate minimize flow distortions. Four equally 
spaced sidewall pressure taps are located one diameter upstream and one-
half diameter downstream of the orifice plate. 

Use of ASME design parameters allows ASME published orifice flow 
coefficients to be used to compute airflows. This eliminates the need for 
orifice plate calibration, which is very difficult for the desired range of 
Reynolds number. ASME claims accuracies within 1 percent for properly 
designed metering sections. A comparision of the metering duct with a 
carefully conducted pitot-static tube traverse showed agreement within 
3 percent over the range of airflow rates. Orifice plates have a distinct 
advantage over venturi-tubes or flow nozzles. They can easily be replaced 
with different-size plates to cover a wide range of airflows. 

A cooling coil supplied by a cold-water chiller cools the air circulating 
through the flow loop. The chiller has a 4.5-tonne(t) (5 ton) refrigeration 
capacity at a leaving coil temperature of 266 K (20°F). 

Normally, it is desirable to run the test with loop air temperature as 
low as possible. This condition is desirable to minimize the percentage 
of calibrated hot-box correction to heat flow and to maximize loop tem
perature change. For some types of ducts, however, air temperatures of 
266 K (20°F) result in surface condensation, a condition causing errors 
in thermal transmittance measurements. To avoid this, the test specimen 
surface temperature must be maintained above the surrounding air dew 
point. This is achieved by varying the test loop temperature. 

Coarse temperature control is achieved by bypassing a portion of the 
fluid from the coil back to the chiller. The use of a chilled fluid rather 
than direct refrigeration is more compatible with a bypass system. 

Fine temperature control is achieved with electric resistance heaters 
coupled with a temperature controller. The total reheat capacity is 4000 
W—3000 W fixed and 1000 W control. The temperature controller consists 
of fine nickel wire and forms one leg of a Wheatstone bridge circuit. The 
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nickel wire is strung on a frame with the same internal diameter as the 
duct into which it is mounted. This approach serves to control the average 
air temperature. 

Connecting air ducts in the flow loop are constructed from galvanized 
metal. All joints are carefully sealed. To minimize condensation, 2.54-cm 
(1 in.) fibrous glass with an aluminum foil vapor barrier is applied to the 
exterior walls of the loop air ducts. Insulation joints are covered with 
aluminum-foil tape to ensure a continuous vapor barrier. 

Calibrated Hot Box 

Figures 2 and 3 are schematic diagrams o£the calibrated hot box. The 
diagrams show the arrangement and relative size of the various elements. 

The box is constructed of 12.7-mm (1/2 in.) plywood and is insulated 
with 152-mm (6 in.) urethane foam. The resulting thermal resistance is 
greater than 5.3 m^K/W (30 h • {t^°F/Bt\i). The surface of the foam insulation 
is protected with an elastomeric coating. Blocks of foam insulation 76 mm 
(3 in.) were cut and fitted to insulate the box. All joints were offset to 
minimize heat transfer through cracks in the insulation. 

The box contains two independent sections, which allows either straight 
duct sections or elbows to be tested. Each section has one removable end 
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FIG. 2—Cross section of calibrated hot box. 
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and side panel. When a straight section of duct is tested, the sections are 
joined and the test specimen enters and leaves the ends of the box. When 
elbows are tested, only one section is used and the test specimen enters 
the end and leaves the side of the box. The box is 3.0 m (10 ft) long with 
a 0.91 m (3 ft) square interior. Box sections are supported by carts with 
adjustable heights. 

Each section has its own air circulation system. Small circulation fans 
are located in recessed air ducts. The fans have a free delivery capacity 
of 0.026 m /̂s (55 ft̂  min) and a maximum power draw of 6 W. Air is 
supplied through a linear air diffuser in the bottom of the box and returned 
through a linear air diffuser in the top of the box. Linear diffusers deliver 
a constant slot velocity along their lengths. The linear diffusers and their 
supply ducts are recessed so that the tops of the diffusers are flush with 
the interior surface of the box. The circulation system is designed to 
maintain a uniform air velocity below 0.25 m/s (50 ft/min) around the test 
specimen. Actual measurements indicate the velocity to be approximately 
0.13 m/s (25 ft/min). 

Electric resistance heaters coupled with a temperature controller main
tain a nearly constant box temperature. Using the same control approach 
described for the loop air temperature, fine nickel wire serves as the 
temperature sensor. Test data show that the average box temperature is 
maintained within 0.3 K (0.5° F) over a test period of several hours. 

For most tests, the temperature uniformity of the box was within 1.4 
K (2.5° F). This value is based on maximum measured temperature dif
ferences along the supply and return air diffusers. 

Instrumentation 

A watt-hour meter measures the total energy input to the calibrated hot 
box. The manufacturer certifies the meter to be accurate within 0.10 
percent for any range with a load from 25 to 150 percent of full scale. The 
meter accuracy is periodically verified by comparing it with another meter. 

Electronic pressure transducers measure upstream and downstream 
orifice pressures. The transducers are calibrated against water manometers 
with a sensitivity of 0.249 N/m^ (0.001 in. of water). The gain of the 
transducer is adjusted so that 1 mV transducer output equals 249 N/m^ 
(1 in. of water) pressure. Internal calibration resistors provide a calibration 
check at the beginning of each test, and calibration against the water 
manometer is repeated quarterly. 

All temperatures are measured with thermocouples that meet the fol
lowing requirements: 

1. National Bureau of Standards premium grade wire, 
2. Type T-copper/constantan wire, 
3. No. 30 B&S gage wire. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



366 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

4. inert gas welded wire, and 
5. small bead diameters. 

Finished thermocouples are spot-checked with a precision mercury ther
mometer to see that they are within the standard error limits of ±0.42 K 
(0.75° F) for the operating range of temperatures. 

The calibrated hot box temperature is measured with 12 thermocouples. 
Six thermocouples are located in each section, three each spaced along 
supply and return air diffusers. The thermocouples are positioned so that 
the bead is in the center of the diffuser slot. 

Surface temperatures of the test specimen are measured at one position • 
in the center of each hot box section. For round ducts, four thermocouples 
are placed irll rad apart along vertical and horizontal lines. For rectangular 
ducts, one thermocouple is placed in the center of each side. The ther
mocouples are fastened with tape that has a surface emittance approxi
mately matching that of the duct surface. 

Test specimen air temperature for the calibrated hot-box technique is 
measured with a thermocouple placed in the center of the ducted airstream 
before and after the box. The thermocouples are held in place and shielded 
with a piece of copper tubing. The temperature measurements needed for 
the temperature-drop technique are obtained with thermocouple grids 
located at the beginning and end of the test specimen section of the flow 
loop. A grid consists of 25 thermocouples located at the center of equal 
segments of the duct cross-sectional area. The bulk mean fluid temper
atures, ty and ti, are obtained by averaging the individual temperatures, 
each weighed according to the air mass flow through its segment. The 
precentage mass flow through each segment is determined experimentally 
with pitot-static tube transverses and is assumed to be constant for all 
test conditions. The laboratory temperature is measured by six thermo
couples spaced around the calibrated hot box. 

An automatic data acquisition system permits a test to be run over a 
period of several hours to assure steady heat flow and to determine re
producibility. A brief description of the system, starting at the sensors 
and ending at the data output, follows. 

Thermocouples are referenced to a uniform, highly conductive tem
perature block located inside an insulated box within the laboratory space. 
The block, in turn, is referenced to ice point with an electronic compen
sation network. Referenced thermocouples and pressure transducer volt
age outputs are accessed through data scanners. An integrating digital 
voltmeter measures the accessed sensor output. 

Watt-hour meter output is measured with a photoelectric pickup system. 
Each revolution of the disk generates four voltage pulses which are totaled 
by an electronic counter. 

Data acquisition functions are controlled by a minicomputer. A timer 
initiates a data scan at precise 60-min intervals. The computer is pro-
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grammed to read the totalized watt-hour counts, and then address the 
sensors in a predetermined sequence. As the data points are read, they 
are fed to a terminal and recorded on paper and cassette tape. The cassette 
tape is later used as input for a large data processing machine. 

Specimen Preparation 

Test specimens are constructed following manufacturer's recommen
dations, except for joint closure. The calibrated hot box is not designed 
for test specimens that leak air. To prevent leakage, special care must be 
taken to seal joints. This normally involves sealing both longitudinal and 
transverse joints with duct tape. 

The clearance between the test duct and the opening in the ends of the 
caUbrated hot box must be insulated. Blocks of urethane foam insulation 
are hand cut to fit around the test duct. Cracks are stuffed with fibrous 
glass. Finally, duct tape is applied over the insulation on both the inside 
and outside of the box. 

Figures 4 and 5 are photographs of a completed installation. 

Procedure 

Each duct specimen is tested at three airflows, representative of its 
anticipated service conditions. Normal test velocities are 3.6, 7.61, and 
12.7 m/s (700, 1500, and 2500 ft/min). These serve as approximate targets 
for sample ducts used in typical heating and air-conditioning applications. 

FIG. 4—Front view of calibrated hot box with side panels removed. 
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FIG. 5—Close view of test specimen entering calibrated hot box. 

The desired flow rate is set by adjusting bypass dampers, the variable inlet 
vanes on the fan, or both. 

With the flow rate set, the duct air temperatures and calibrated hot box 
temperatures are selected and set. The duct air temperature is usuafly set 
at the lowest temperature the refrigeration equipment can produce, about 
266 K (20°F), unless the test specimen construction indicates that con
densation could occur. In this case, chilled fluid bypass and electric reheat 
are adjusted to provide a higher temperature. The box temperature is set 
within 0.6 K (1° F) of the ambient laboratory temperature. Recognizing 
that the laboratory temperature may drift slightly during the test, it is 
desirable to intially set the box temperature as close as possible to the 
laboratory temperature. 

Using the data acquisition system, the apparatus is monitored hourly 
until steady heat flow conditions are achieved. Steady heat flow is defined 
as three consecutive hourly data sets meeting all of the following criteria. 

1. Box temperature controller is cycling and maximum average box 
temperature variation does not exceed 0.3 K (0.5° F). 

2. Duct air temperature controller is cycling and maximum variation 
in duct temperature does not exceed 0.6 K (1° F). 

3. Box temperature and ambient temperature are within 1 K (2° F). 
4. Maximum difference between watt-hour meter reading is within 5 

percent of the average reading. 
For sample ducts with very good thermal performance, it may be nec

essary to tighten Criterion 3 to ensure that heat exchange between box 
and laboratory does not exceed 5 percent of the heat flow through the 
duct wall. 
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After steady heat flow conditions are obtained, a velocity run is started. 
A run consists of a minimum of three 1-h data sets. Normally several 
additional data sets are taken. The data acquisition system automatically 
scans the data hourly. Each data set is treated as an individual observation. 
Atmsopheric pressure and loop air dew point temperature are recorded 
at the beginning and end of a velocity run. The average of these readings 
is used in calculations for each data set. 

To complete a test, the procedure is repeated for the other two flow 
rates. 

Box Calibration 

Heat exchange between the box and laboratory is designed to be less 
than 5 percent of the heat flow through the specimen walls. To achieve 
the desired overall test accuracy of 5 percent, it is necessary to correct 
the total energy input to the box for the heat exchange between the box 
and ambient air. Equation 3 is used to do this. 

q=P- F,(T, ~ J„„) (3) 

The box correction factor, F ,̂, is experimentally measured by sealing the 
openings in the end with urethane foam insulation, maintaining the box 
several degrees above ambient temperature, and metering the energy input 
to the box. The box correction factor is then computed by dividing the 
measured energy input by the difference in mean temperature between 
the box and laboratory. This is done for several 1-h intervals to determine 
reproducibility. A measured box correction factor follows. 

Average Box No. of Standard 
Correction Factor Observations Deviation 

2.7 W/K [5.2 Btu/ (h^F)] 12 0.4 W/K [0.7 Btu/ (h°F)] 

Test Procedure Verification 

To verify the test procedure described in the foregoing, various instru
ments of the test apparatus were calibrated or their accuracies verified 
against other instruments. This gave some degree of confidence in the 
overall accuracy of the procedure. To gain further confidence, a standard 
duct was built and tested. The construction was such that theoretical heat-
transfer calculations were simplified. For this case, a comparison of ex
perimental and theoretical heat transfer for the standard duct provides a 
means to verify the overall accuracy of the procedure. 

Construction of the standard duct was based on the following design 
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considerations. The duct should approximate the size and thermal trans-
mittance of a typical test specimen. It should be circular to eliminate 
corner effects, which are difficult to predict. It must be airtight. The 
insulation material should have a stable thermal conductance with respect 
to age. It should be flexible enough to install easily, but rigid enough to 
ensure a uniform thickness. The insulation should be applied in a manner 
that will minimize joint losses. 

To meet these considerations, a one-piece metal pipe was built and 
insulated with a cellular, elastomeric plastic sheet insulation. The pipe 
had a 0.25-m (10 in.) diameter and was 3.7 m (12 ft.) long. It was built 
from rolled sections of 16-gage black iron. Joints were welded and ground 
smooth. To meet thermal transmittance requirements, two 15.9-mm (5/8 
in.) layers of insulation were cemented to the pipe. Two layers of insulation 
were used so that insulation joints could be staggered. 

To compute the thermal transmittance of the calibration duct, interior 
surface roughness, insulation thermal conductivity, and exterior surface 
emissivity must be known. The interior surface roughness was assumed 
to be 0.00015 m (0.0005 ft), the same as galvanized sheet metal ducts. The 
surface emittance was measured with a disk receiver type of emissometer 
and found to be 0.79. 

Thermal conductance measurements were made on test specimens con
structed from two layers of 1.59-mm (5/8 in.) sheet insulation and adhered 
with contact cement. The construction of the specimens simulated the 
insulation construction on the duct. Thermal conductance data at three 
mean temperatures are presented in Table 1. The data are expressed as 
apparent thermal conductivity to simplify calculations of thermal 
transmittance. 

Calculation of Theoretical Thermal Transmittance for Standard Duct 

The following procedure to compute the theoretical thermal transmit
tance of the standard duct is based on the assumption of steady, one-
dimensional heat flow. With this assumption, Eq 4 can be used to compute 
thermal transmittance. 

" [DJ(Dihd + (£)„ In (D„/D0/(2X)] -t- llh„ ^^^ 

The pipe is assumed to have negligible thermal resistance so that the pipe 
diameter, Df, is taken to be the outside pipe diameter. 

All variables in Eq 4 are known except the film coefficients, /ij and hg. 
Assuming a Prandtl number of 1 and using an analogy between heat and 
momentum transfer, Eq 5 can be derived 

V =Re Prf/8 (5) 
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372 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

Equation 5 can be corrected for nonunity Prandtl numbers by multiplying 
by the Prantl number to the 2/3 power. Substituting {hiD,/\j) for v, taking 
0.72 as the Prandtl number for air in the range of test temperatures, and 
applying the correction, Eq 6 results 

hi = 0.072 \f Re f/Di (6) 

Equations yielding slightly different values can be found in heat-transfer 
texts. However, the effect of the interior film coefficient,/!,, on the thermal 
transmittance of the standard duct is minimal. 

The outside surface coefficient, h„, is a combination of radiant and 
convective heat transfer. This can be expressed with 

ho = K + h, (7) 

Assuming free convection over a horizontal cylinder, Eq 8 yields the 
convective coefficient, h^ 

/ic = 0.53\/(GrPrp5/£)„ (8) 

The Grashof number is defined by 

Gr=p^g^D-^{T,-T,)l,x^ (9) 

To simplify calculations, the mean temperature between the box air and 
specimen surface was assumed to be 291 K (65°F) in order to evaluate the 
parameters g p p^/fj-^-

To compute the radiant coefficient, h^, the standard duct was assumed 
to be a small gray body in a black surrounding. For this case, h^ can be 
computed from Eq 10a (SI units) or Eq 10b (U.S. customary units) 

(10a) 

(r. - T, <•*> 

For a true theoretical solution, Tg is unknown, so an iterative technique 
is applied. A value of T^ is assumed. Then, Gr, h^, hr, h^, and U are 
computed from Eqs 9, 8, 10, 7, and 4, respectively. The heat flux is 
computed from Eq 1 and a new surface temperature is computed from 

T, = T,-q/{h„A„) (11) 

Finally, the old and new values of surface temperature are compared. If 
they are within 1 percent, the interation is ended. Otherwise, the new 
surface temperature is used and the calculation procedure repeated. 

h 

0.567 e I 

0.171 e I 

A100/ \m)) 

' (Ta+ 459.6y (T, + 459.6y\ 
A 100 j \ 100 j j 
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LAUVRAY ON AIR DUCT SYSTEMS 373 

Comparison of Theoretical and Experimental 
Transmittance for Standard Duct 

Table 2 lists results of tests on the standard duct. The data show agree
ment within 3 percent between theoretical transmittance and average ex
perimental transmittance. This agreement is within the 5 percent design 
accuracy for the procedure. The agreement is quite good, considering that 
theoretical calculations are probably subject to as many errors as exper
imental measurements. The agreement is taken as verification of the 
procedure. 

Conclusions 

An experimental approach to measure the thermal transmittance of air 
duct systems under different operating conditions and configurations has 
been developed. The accuracy of the approach has been verified and three 
years' experience has shown it to be a practical procedure. 
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ABSTRACT: The thermal performance of candidate pipe insulation systems for 
the sodium piping at the Fast Flux Test Facility (FFTF) in Richland, Wash., has 
been tested at pipe temperatures up to 838.7 K (1050°F) using a 40.64-cm (16 in.) 
pipe test rig. Where applicable, procedures outlined in the ASTM Test for Thermal 
Conductivity of Pipe Insulation (C 335-69) were followed. These tests have dem
onstrated the feasibility of measuring thermal performance using large-diameter, 
guarded pipe test systems. To compare and evaluate the large-diameter pipe test 
results, the thermal performance of these insulations was also measured by an 
independent testing laboratory on a 7.62-cm (3 in.) pipe test apparatus. 

Mineral wool, calcium-silicate, and aluminum-silica refractory fiber blanket-type 
insulations were evaluated on both the 40.64-cm (16 in.) and 7.62-cm (3 in.) pipe 
test apparatus. A contractor-installed calcium silicate and a duplex calcium-silicate-
mineral wool system were also tested on the 40.64-cm (16 in.) pipe test apparatus 
to investigate thermal performance resulting from different installation procedures. 

These measurements of the thermal performance of insulations assembled on 
large-diameter testing apparatus have been shown to be both feasible and inform
ative. In cases where the insulation can be installed in a seam-free manner, that 
is, few cracks and gaps, the thermal properties are in excellent agreement with 
those measured on the standard 7.62-cm (3 in.) pipe test system. 

In cases where installation is difficult and seam cracks and gaps occur, the 
additional heat losses can be evaluated on the large-diameter pipe test apparatus. 

KEY WORDS: pipe insulation, heat transmission, guarded pipe test apparatus, 
calcium-silicate, insulation, thermal conductivity, alumina-silica insulation, block-
type insulate, blanket-type insulation 
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SVEDBERG ET AL ON PIPE INSULATIONS 375 

The thermal performance of installed piping insulation is usually never 
measured on large-diameter pipes. Most of the thermal data available to 
designers are derived from guarded hot plate or pipe tests as per the 
ASTM C177 Tests for Steady-State Thermal Transmission Properties by 
Means of the Guarded Hot Plate (C 177-76) or Thermal Conductivity of 
Pipe Insulation (C 335-69), respectively. This paper presents data mea
sured on a 40.64-cm-diameter (16 in.)^ pipe test apparatus which describes 
the thermal performance of three high-temperature pipe insulations in as-
installed configurations. The use of large-diameter pipe insulation test 
facilities is shown to be feasible, and this report describes the apparatus 
and provides data which substantiates its utility. Installation techniques 
for these insulations duplicated those used at the Fast Flux Test Facility 
(FFTF) in Richland, Wash. The following insulation systems were tested: 

1. mineral wool (Epitherm-1200; Eagle Picher), 
2. alumina-silica refractory fiber blanket (Cerablanket; Johns-Manville), 
3. calcium-silicate (Thermo 12; Johns-Manville), 
4. fiber glass cloth encapsulated refractory fiber blanket (Encapsulate 

Cerablanket; Johns-Manville), 
5. calcium-silicate-mineral wool (48 Mineral Fiber) composite system 

(installed on pipe test apparatus by professional installers). 
6. calcium-silicate (installed on pipe test apparatus by professional 

installers). 

The mineral wool, alumina-silica, and calcium-silicate were evaluated by 
an independent testing laboratory' on the 7.62-cm (3 in.) pipe test apparatus 
as specified by ASTM Method C 335. A direct comparison of thermal 
conductivity is made between the manufacturer's data, the 7.62-cm (3 in.) 
pipe test data, and the 40.64-cm (16 in.) pipe test data. The considerations 
outlined in the ASTM Method C 335 were followed as closely as possible 
during construction of the 40.64-cm (16 in.) pipe test apparatus and the 
evaluation of the thermal performance. Hopefully, the data presented 
herein may serve as a basis for expanding the test method to include larger 
pipe test apparatus. 

Experimental Apparatus 

The guarded pipe test method, ASTM C 335-69, was used as a guide 
for building 40.64-cm-diameter (16 in.) test apparatus and for measuring 
the thermal performance of the selected insulations. In this 40.64-cm-
diameter (16 in.) apparatus a portion of the FFTF sodium piping system 

'16-in. and 3-in. designations are nominal and used to identify specific apparatus. 
"•Dynatech, Inc., Cambridge, Mass. 
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376 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

was simulated by using a stainless steel pipe section and incorporating 
the insulation support structure designed for the FFTF piping. 

The pipe test apparatus was 2.438 m (8 ft) long. The central test section 
was 1.22 m (4 ft) long, and the guarded heater sections were 0.61 m (2 ft) 
long. Figure 1 shows an axial cross-sectional schematic of the pipe test 
apparatus. Slot type gaps 12.7 mm (0.5 in.) wide and 15.87 cm (6.25 in.) 
long were machined at six locations around the circumference to thermally 
isolate the center test heater section from the guard heater section. This 
reduced axial conduction heat loss through the pipe by 76 percent. The 
pipe wall thickness was 6.4 mm (0.250 in.). Chromalox tubular heating 
elements of triangular cross section were clamped to the inside diameter 
of the 40.64-cm (16 in.) pipe. Three independent and controllable heater 
circuits were used, one on the test section and two in the guarded heater 
section. The heater installation is shown in Fig. 2. Thermocouples were 
spot welded to the outside diameter of the test pipe at the axial locations 
shown in Fig. 1. The axial locations were repeated at 2.09 rad (120 deg) 
and 4.19 rad (240 deg) as measured from the top of the pipe. 

The readings from thermocouples mounted at 2.54 cm (1.0 in.) from 
each side of the machined slots were used to indicate when a balanced 
thermal condition existed between the guard and test sections. Baffles of 
insulation materials were placed inside the pipe at the guard-test section 
interfaces to prevent conductive heat transfer between the three inde
pendently heated sections. Insulation was also placed inside the guard 
heater ends of the pipe. The thermocouple signals were fed to a reference 
junction and recorded by a multichannel digital voltmeter system. Volt
meters, ammeters, and a-c wattmeters were used to monitor and measure 
the power applied to each of the three independent heater sections. Tem
perature errors are estimated to be about ± 1 K, and power was determined 
to ±0.5 W. 

The insulation was installed on a 0.381-mm (0.015 in.) stainless steel 
inner jacket supported by standoffs from the test pipe. These standoffs 
are shown in Fig. 3. For sodium piping insulation, trace heaters are located 
in the annulus between the pipe and the inner jacket. 

The insulation was installed over the inner jacket using standard pro
cedures for blanket and block-type insulations. A stainless steel outer 
jacket was wrapped around the insulation and held in place by strap-
breather spring assemblies. 

Experimental Procedure 

At least five steady-state heat loss measurements were made on each 
insulation system covering the range of pipe temperatures from approx
imately 366.5 K (200°F) to 838.7 K (1050°F) except as noted. The electrical 
input to the heaters was controlled so that the ramp rate did not exceed 
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5. 
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FIG. 2—Heater placement inside the 40.64-cm (16 in.) test pipe. 

55.6 K (100°F) per hour from room temperature to 699.8 K (800°F) and 
27.8 K (50°F) per hour from 699.8 K (800°F) to 838.7 K (1050°F). The 
power into the guard heaters was adjusted to maintain a temperature 
difference of less than ±2 K (3.6°F) or 0.5 percent of the pipe test tem
perature across the slot gaps of the heater pipe and guard ends. 

Steady-state conditions were assumed when the guard heater-test heater 
temperature difference was within ±2 K or 0.5 percent of the test tem
perature. Three sets of steady-state data were recorded at half-hour in
tervals. If these readings were within ±1 K (1.8°F) over the time span, 
then the average value of the three readings for each thermocouple was 
used in calculating thermal performance data. 

Experimental Results 

The experimental results are presented for each of six system tests. 
Relevant observations concerning the characteristics of the particular in
sulation installation procedures are included as part of the specific ex
perimental system. In a test utilizing an apparatus of this size, the fit-up 
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of the insulation is most important when discussing the thermal behavior 
(heat losses of the system). In a system test, one is measuring the heat 
losses for the system and not the conductivity of a homogeneous 
insulation. 

Mineral Wool 

The insulation was received in 914-mm-long by 50.8-mm-thick (3 ft by 
2 in.) preformed sections. The 457.2- and 558.8-mm-diameter (18 and 22 
in.) pipe size layers were received in two half-sections, and the 660.4-mm 
(26 in.) pipe size layer was in three sections. The sections were lightweight, 
and installation was not difficult. The insulation was easily cut to fit with 
a hand-held hacksaw blade. 

The insulation layers were arranged so that butted seams in adjacent 
layers were not in line. Breather springs were used on the banding straps 
between all insulation layers and on the outer jacket. Gaps as large as 
12.7 mm (0.5 in.) wide on the outer layers were stuffed with insulating 
material. The completed test setup as pictured from the guarded heater 
end for the mineral wool insulation is shown in Fig. 4. 

The mineral wool was tested over a mean insulation temperature range 
of 333 K (140°F) to 501 K (442°F). Because of excessive outer skin tem
peratures, the testing was halted before completion of the planned test 

FIG. 3.—Insulation standoffs installed on 40.64 (16-in.) test pipe. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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FIG. 4—Mineral wool during testing at 589 K (600°Fj liealer temperature. 

program. Axial temperature profiles for each set of equilibrium temper
ature data points are shown in Fig. 5. The power input to each heater 
section is shown in parentheses under each temperature profile. The testing 
order is shown to the right of the graph in Fig. 5 and in all subsequent 
graphs. The outer jacket temperature distribution was measured, and the 
readings are summarized in Table 1 with the other systems tested. The 
standard deviation of the surface temperature measurement is a good 
indication of the homogeneous behavior of a particular insulation system. 
The large standard deviation of surface temperature reading signifies more 
hot spots and heat leaks due to installation irregularities. 

The thermal performance data are tabulated in Table 2 along with the 
average temperatures and test section power inputs. 
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To evaluate how the 40.64-cm (16 in.) pipe test apparatus results com
pare with the results obtained using the standard 7.62-cm (3 in.) pipe test 
and with the data presented by the manfacturer's literature, a common 
property must be used. As a result, thermal conductivity of the installed 
insulation was calculated along with thermal conductance, even though 
the insulations on the 40.64-cm (16 in.) apparatus were built up and not 
homogeneous as defined in the ASTM Definition of Terms Relating to 
Thermal Insulating Materials (C 168-67). The 40.64-cm (16 in.) pipe test 
thermal conductivity is calculated by using the inner jacket and outer 
jacket temperature and the measured thickness of the installed insulation. 
These data are plotted in Fig. 6. The installed insulation density was not 

MINERAL WOOL 

AXIAL PIPE - TEMPERATURE PROFILES 

1000 

900 

800 

^ 700 

— 
3 

1 600 E o 
1— 

s. 
11-

500 

400 

-

Guard 
•* Heater 

(350) 

f 

(210) 

(120) 

r~ 

^ 

t 

1 

1 1 

(429.6) 

(268.8) 

(166.7) 

t 
Heater Power (waits) 

1 1 

• 

1 

Guard 
Heater 

(350) 

(220) 

(130) 

1 

—> 

-

® 

© 

50 100 150 
Distance Along Pipe (cm) 

200 250 
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as required by ASTM Method C 335, although this could be done by first 
weighing the amount of insulation and by measuring its installed volume. 

Calcium-Silicate 

The hydrous calcium-silicate insulation for these experiments was sup
plied as an inner layer with 0.914-m-long (3 ft) half sections, 101.6 mm 
(4 in.) thick, and an outer layer consisting of 18 truncated pie-shaped 
pieces 76.2 mm (3 in.) thick by 0.914 m (3 ft) long. 

The insulation was difficult to install because of the many outer layer 
segments. The excessive amount of handling, required in order to fit the 
many outer layer sections, caused an undesirable amount of dust. The 
preformed inner layers fit the irregular shape of the inner stainless steel 
jacket. The outer layer segments left gaps between the inner and outer 
insulation layers as well as longitudinal gaps as large as 12.7 mm (0.5 in.) 
wide between the outer layer segments. These gaps were stuffed with 
fiber insulation to reduce the loss of heat. 

An overall view of the apparatus prior to the installation of the outer 
jacket is shown in Fig. 7. Breather springs were employed only on the 
banding straps of the outer jacket. 

FIG. 7—Calcium-silicate insulation before outer jacket was installed. 
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Thermal conductance measurements were made over a mean temper
ature range of 330.4 to 597 K (135 to 615°F), which included (1) a four-
day degradation test at 852.6 K (1975°F) heater pipe temperature; (2) 
wrapping the outer skin with 1.814-kg (64 oz) canvas while heater pipe 
temperature was at 852.6 K (1075°F); and (3) two thermal cycles from 
852.6 K (1075°F) to 477.6 K (400°F) and back to 852.6 K (1075°F). The 
axial temperature profiles for these tests are shown in Fig. 8 along with 
the respective heater input power and test sequence. The surface tem
peratures taken when the pipe temperature was at 710 K (818°F) are 
summarized in Table 1. The maximum hot-spot temperature was 407 K 
(273°F). 
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FIG. 8—Calcium-silicate axial pipe temperature profiles. 
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The results of the aforementioned tests are tabulated in Table 3 along 
with other pertinent information. The data include (1) the thermal con
ductance of the system and (2) the thermal conductivity of the insulation. 

The experimental thermal conductivities are compared in Fig. 9 with 
the reported manufacturer's conductivities and 7.62-cm (3 in.) pipe test 
conductivity data. The conductivity determined at a mean temperature 
of 333.2 K (140°F) is greater than the conductivity determined for the next 
higher mean temperature. This difference is attributed to the water present 
in the as-received material which was not completely driven off at this 
temperature. (As in a plant situation, the insulation was not predried for 
these tests.) Condensation of water at one of the overlapping seams of 
the stainless steel outer jacket was noted while the mean temperature of 
the insulation was being increased from 381.8 to 443.8 K (227.6 to 339.2°F). 

The thermal conductivity measured on the 40.64-cm (16 in.) pipe test 
is only slightly higher than the 7.62-cm (3 in.) pipe test data at the lower 
temperatures. However, the conductivities diverge rather sharply as tem
perature increases. This divergence is due to the difference in the insulation 
installation between the pipe test apparatus. The 40.64-cm (16 in.) insu
lation system consisted of two layers as described earlier which when 
installed produced many axial and radial cracks through which heat could 
escape. The 7.62-cm (3 in.) pipe test insulation was assembled from two 
half-sections 101.6 mm (4 in.) thick and provided only two axial discon
tinuities through which heat loss could occur. 

Wrapping the entire outer stainless steel jacket with the equivalent of 
1.814 kg (64 oz) canvas only raised the average temperature of the system 
slightly and had no effect on the measured heat losses. 

Neither the four-day soak at 852 K (1075°F) pipe temperature nor the 
two thermal cycles from 852 K (1075°F) pipe temperature to 478 K (400°F) 
and back to 852 K (1075°F) affected the thermal conductance. 

After testing, the outer jacket was removed. It was observed that the 
circumferential butt joints of the 0.914-m (3 ft) sections had gaps ranging 
from 3.2 to 9.5 mm (0.125 to 0.375 in.). Radial cracks were also observed 
in the outer layers of the insulation. 

Alumina-Silica Refractory Fiber Blanket 

The alumina-sihca insulation was received as 7.62-m-long (25 ft) rolls, 
1.22 m (4 ft) wide by 25.4 mm (1 in.) thick. The density of the material 
was reported by the manufacturer to be 128 kg/m^ (8 Ib/ft̂ ). The 25.4-mm-
thick (1 in.) fiber material was the minimum thickness needed to prevent 
the insulation from pulling apart in handling. 

Seven layers of insulation were wrapped around the inner jacket. The 
odd number layers consisted of two 1.22-m-wide (4 ft) pieces of insulation 
wrapped and butted at the center of the test section. The even-numbered 
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390 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

layers of insulation consisted of one 1.22-m-wide(4ft) piece and two 0.61-
m-wide (2 ft) pieces of insulation wrapped and butted at the guard test 
section interface. The axial insulation seams were located at the bottom 
of the test system and were overlapped so that no three consecutive layers 
of insulation had the same axial seam location. The completed alumina-
silica insulation on the 40.64-cm-diameter (16 in.) pipe system is shown 
in Fig. 10. Breather springs were used only on the outer stainless steel 
banding straps. 

Four steady-state thermal measurements were made covering a mean 
temperature range of 405 to 583 K (270 to 590°F) for the system. 

The axial temperature profiles for the five equilibrium test measurements 
are shown in Fig. 11 along with the heater power and test sequence. The 
surface temperatures are listed in Table 1. The surface temperatures were 
very uniform ranging from 313 to 328 K (103 to 130°F) over the entire test 
section. The thermal properties for the alumina-silica test system are 
tabulated in Table 4 and plotted in Fig. 12. The close agreement between 
the 40.64-cm (16 in.) and 7.62-cm (3 in.) pipe test can be attributed to the 
ability to apply the insulation uniformly on both test systems. Neither a 
four-day soak at 839 K (1050°F) nor a thermal cycle between 839 and 478 
K (1050 and 400°F) affected the thermal performance. 

Post-test observation included no residue deposited on the inner surface 
of the outer jacket, no gaps in the butt joint seams in either the axial or 
radial direction, and no evidence of any discoloration in any of the seven 
layers. 

FIG. 10.—Wrapped alumina-silica insulation assembly before outer jacket installation. 
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FIG. 11—Axial pipe temperature profiles for alumina-silica refractory fiber blanket. 

Fiber Glass-Covered Refractory Fiber Insulation 

The fiber glass insulation used in this test sequence consisted of precut 
blankets incorporating clips for field wiring. The inner layer was a 25.4-
mm-thick (1 in.) insulation enclosed in a stainless steel wire mesh. The 
second, third, and fourth layers were 50.8-mm (2 in.) layers of insulation 
enclosed in a fiber glass cloth cut to proper circumferential dimensions 
for each particular layer. Each layer was 0.81 m (32 in.) wide. 

Each layer of insulation was installed such that the axial seam was 
located at 0.79, 2.36, or 3.93 rad (45, 135, or 225 deg), thereby ensuring 
that seams did not coincide with the thermocouples spaced around the 
test assembly. Circumferential seams were similarly staggered. 
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No difficulty was encountered in installing the insulation layers. While 
the nominal insulation thickness was to be 0.178 m (7 in.), the actual 
thickness was 0.203 m (8 in.) based on circumference measurements. This 
increase in thickness apparently results from bunching of the flat insulation 
blankets as they are wrapped to conform to the pipe, as well as the effect 
of the wiring clips. For a given number of layers, this effect should be 
more pronounced for those cases where the ratio of insulation thickness 
to pipe diameter is greatest. 

The thermal properties were measured for insulation mean temperatures 
ranging from 367 to 589 K (200 to 600°F). The partially assembled test 
system is shown in Fig. 13. The axial temperature profiles are shown in 
Fig. 14 for the equilibrium temperatures measured. The calculated thermal 
properties are tabulated in Table 5. Surface temperatures as given in Table 
1 indicate a very homogeneous insulation with no hot spots, similar to 
that reported for the nonencapsulated refractory-fiber insulation test. The 
thermal conductance is plotted in Fig. 15. 

Calcium-Silicate Installed by Outside Contractor 

The insulation specified for this fixture was received in the following 
sizes: 

Half cylinders: 0.475 m (18 in.) inside diameter by 0.089 m (3.5 in.) thick 
by 0.914 m (36 in.) long 

Quarter cylinders: 0.635 m (25 in.) inside diameter by 0.089 m (3.5 in.) 
thick by 0.914 m (36 in.) long. 

FIG. 13—Partially assembled encapsulated alumina-silica insulation system. 
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FIG. 14—Axial temperature profiles for encapsulated alumina-silica refractory fiber 
blanket. 

The inner jacket and outer layer of the calcium-silicate insulation were 
held in place with tie wire. The inner layer was held in place with 6.4 mm 
(0.25 in.) by 0.51 mm (0.020 in.) stainless steel banding straps. The outer 
jacket was held in place with 6.4 mm (0.25 in.) by 0.51 mm (0.020 in.) 
stainless steel breather spring assemblies. 

Small seams were sealed by local hammering to upset the insulation. 
Large seams were filled with loose alumina-silica packed and hammered. 

Tie wires were locally hammered during the tensioning process to embed 
the wire in the surface of the insulation. This action minimized the inter
ference on the inside diameter of the next insulation layer. 
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300 400 500 600 700 

Pipe Temperafure ( K) 

FIG. 15—Thermal conductance (C) as a function of pipe temperature for all systems 
tested. 

During assembly of the second layer of calcium silicate, it was noted 
that the radius of curvature appeared to be too large to properly fit the 
circumference. To improve the fit and reduce the circumferential gaps 
between layers, the four quarter segments were split axially and wired in 
place. 

Figure 16 shows the completed calcium-silcate insulation assembly prior 
to installing the outer jacket. Steady-state measurements were made at 
mean insulation temperatures of 399, 458, 513 and 595 K (258, 364, 463, 
and 61TF). The axial temperature profiles are shown in Fig. 17 along with 
heater input power and test sequence. The outer jacket temperatures are 
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398 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

FIG. 16—Contractor-installed calcium-silicate before outer jacket installation. 

summarized in Table 1 for a pipe temperature of 843 K (1057°F). Several 
hot spots at 467 K (380°F) were measured on the surface, and these were 
attributed to a shrinkage gap of about 11.1 mm (0.438 in.). Many gaps 
opened during the thermal testing. The thermal performance data are 
tabulated in Table 6, and the system conductance is plotted in Fig. 15. 
The plot shows the values calculated ""om measurements during cooldown 
to be consistently higher than those calculated from measurements during 
heatup. This difference is due to changes in the insulation system at 
temperature such as loss of water, cracking, and opening of shrinkage 
gaps. Cracking of the preformed insulation segments was evident during 
disassembly. Run 5b (Fig. 17) shows an effect of removing the outer jacket 
on the pipe temperature. Thermal performance does decrease, although 
the magnitude of the effect cannot be determined because of insufficient 
data. 

Calcium-Silicate-Mineral Fiber Installed by Outside Contractor 

The insulation specified for this fixture was received in the following 
sizes: 
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Half cylinders (calcium silicate): 0.475 m (18 in.) inside diameter by 
0.089 m (3.5 in.) thick by 0.914 (36 in.) long 

Quarter cylinders (calcium silicate): 0.635 m (25 in.) inside diameter by 
0.064 m (2.5 in.) thick by 0.914 (36 in.) long 

Half sections (mineral wool): 0.762 m (30 in.) inside diameter by 0.025 
m (1 in.) thick by 0.61 m (24 in.) long 

The inner jacket and both layers of the calcium-silicate were held in 
place with tie wire. The single outer layer of mineral wool was held in 
place with 6.3 by 0.51-mm (0.25 by 0.020 in.) stainless steel banding straps. 
The outer jacket was held in place with 6.3 by 0.51-mm (0.25 by 0.020 in.) 
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FIG. \7—Axial temperature profiles of contractor-installed calcium silicate. 
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stainless steel banding strap breather spring assemblies. All radial and 
circumferential seams were staggered to minimize heat leaks. 

The same precautions and general assembly techniques used on the 
contractor-installed calcium-silicate insulation were employed on this test. 
A picture of the test assembly is shown in Fig. 18 prior to installing the 
stainless steel outer jacket. Steady-state heat losses were measured at 
mean temperatures of 397, 453, 512, and 585 K (254, 355, 461, and 593°F). 
The equilibrium axial temperature profiles are plotted in Fig. 19, showing 
the test and guard section power inputs and the test sequence. The surface 
temperatures are summarized in Table 1. These results show a maximum 
temperature of 346 K (163°F), a minimum temperature of 316 K (110°F), 
and an average over temperature of 327 K (127°F). The calculated thermal 
properties are presented in Table 7, and the system thermal conductance 
is plotted in Fig. 15. The thermal conductance of the composite calcium-
silicate mineral insulation system was about 10 percent lower than the all-
calcium-silicate system. Run 5a, Fig. 19 shows the effect on pipe tem
perature of removing the stainless steel outer jacket. The exact effect on 
system conductance cannot be determined because of insufficient data. 
Disassembly showed gaps and cracks formed in the insulation as noted 
for all calcium-silicates reported by this paper. 

Discussion of Results 

The test results shown in Figs. 6, 9, and 12 compare the thermal con
ductivities of the insulations 40.64-cm for the (16 in.) pipe test, the standard 

FIG. 18—Combination calcium-silicate-mineral wool insulation prior to outer jacket 
installation. 
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FIG. 19—Axial temperature profiles for calcium-silicate-mineral wool contractor-installed 
insulation. 

7.62-cm (3 in.) ASTM Method C 335 pipe test, and the manufacturer's 
supplied data. In spite of the shortcomings of calculating a conductivity 
value from the 40.64-cm (16 in.) pipe test results, it is the only means of 
attempting to compare experimental results to evaluate reliability of the 
large-diameter pipe test results. 

The alumina-silica refractory fiber test results for the 7.62-cm (3 in.) 
pipe test and the 40.64-cm (16 in.) pipe test are in excellent agreement as 
shown in Fig. 12. At temperatures below 500 K (44rF), the points fall 
on the same straight line. At 600 K 40.64-cm (16 in.) pipe test values are 
about 4 percent higher than the 7.62-cm (3 in.) pipe test data. Considering 
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404 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

the differences in insulation thickness and other factors, this is excellent 
agreement between these test systems. 

The data for the mineral wool system in Fig. 6 show good agreement 
between the 40.64-cm (16 in.) and 7.62-cm (3 in.) pipe tests, the 40.64-cm 
(16 in.) pipe test data being of about 6 percent higher than the 7.62-cm 
(3 in.) pipe test. The variation from the manufacturer's sales data is also 
shown. 

The calcium-silicate system exhibited the largest deviation between the 
40.64-cm (16 in.) and 7.62-cm (3 in.) pipe test results. The lowest tem
perature data point on Fig. 9 for the 40.64-cm (16 in.) pipe test is not valid 
because of moisture initially present in the insulation when testing. As 
mean insulation temperature increases, the conductivity differences be
tween the system increase. This is the result of radiation-type heat losses 
through the gaps in the insulation. 

The deviations between the 40.64-cm (16 in.) pipe test and 7.62-cm (3 
in.) pipe test conductivity values appear to be directly related to the 
number of joints in the installed insulation system. Many joints and gaps 
were evident in the calcium-silicate insulation. After one thermal cycle, 
these gaps widened, and insulation effectiveness was impaired as indicated 
by the data shown in Fig. 15. The contractor-installed calcium-silicate 
system conductance was larger after one temperature cycle. The mineral 
wool insulation was more forgiving during installation but still contained 
a number of seams. The alumina-silica, on the other hand, was installed 
without axial seams and the radial seams were overlapped. Another in
dication of the presence of seams is the variation in the outer jacket 
insulation temperature. Table 1 shows the largest variation of surface 
temperature for the calcium-silicate insulation and the lowest for the alu
mina-silica refractory fiber blanket. The duplex calcium-silicate-mineral 
wool system showed a more uniform surface temperature, but the thermal 
conductance of the system was not much different from that measured 
for the standard calcium-silicate. 

A guarded pipe test apparatus can be used to measure the thermal 
properties of large-sized insulation systems. As shown, the fit-up of the 
insulation is important. KimbalP has demonstrated the utility of large-
diameter tests in the cryogenic region using calibrated end caps to account 
for the heat losses. 

The large-diameter pipe test results indicate that the installation of the 
insulation can have a great effect on the thermal performance of the 
insulation system. In many cases, thermal performance analyses of an 
insulation system cannot rely on homogeneous insulation thermal property 
data, but the designer must know the effects of installation, shrinkage, 
and fit-up. 

"Kimball, L. R. in Heat Transmission Measurements in Thermal Insulations, ASTM STP 
544, American Society for Testing and Materials, 1974, pp. 135-146. 
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The purpose of the paper is to demonstrate the feasibihty of scaHng up 
the standard ASTM Method C 335 to larger pipe sizes. Real-size insulation 
system heat loss values are required to enable a designer to evaluate a 
plant insulation system and to adequately size a heating, ventilating, and 
air-conditioning (HVAC) system to handle heat losses and to be able to 
predict surface temperatures of the outside of the insulation. 

The scale-up of the pipe test from 7.62-cm (3 in.) to 40.64-cm (16. in.) 
did not pose any difficulty. EquiHbrium temperatures and balanced tem
peratures were readily achieved. An analysis of the possible heat leaks 
leading to errors in conductivity values indicates that a 2 K (3.6°F) dif
ference between the guard and test section would result in about 13 to 23 
W being transferred axially through the pipe and inner jacket into or out 
of the test heater section, depending on temperature. At the low temper
ature, a 13-W power uncertainty would mean a 10 percent uncertainty in 
conductance, while at the highest temperature this would cause a 3 percent 
error in conductance values. 

Conclusions 

1. The guarded pipe test procedure can readily be adapted to testing 
insulations on large-diameter pipe. 

2. The largest differences between 7.62-cm (3 in.) and 40.64-cm (16. in) 
pipe test results were found in the system where the insulation assembly 
resulted in gaps and discontinuities in the insulation. 

3. Where insulation could be installed identically (for example by wrap
ping a refractory fiber blanket on the test pipe), excellent agreement in 
pipe test data between 7.62-cm (3 in.) and 40.64-cm (16 in.) pipe test 
apparatus is found. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Other Parameters and Measurements 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



C. G. Bankvall^ 

Forced Convection: Practical Thermal 
Conductivity in an Insulated Structure 
Under the Influence of Workmanship 
and Wind 

REFERENCE: Bankvall, C. G., "Forced Convection: Practical Thermal Conduc
tivity in an Insulated Structure Under the Influence of Worlimanship and Wind," 
Thermal Transmission Measurements of Insulations, ASTM STP660, R. P. Tye, 
Ed., American Society for Testing and Materials, 1978, pp. 409-425. 

ABSTRACT: This paper describes the practical heat resistance in an insulated wall 
structure as influenced by workmanship and forced convection. Experimental in
vestigations of crossbar walls are compared with calculations. Examples show the 
influence of heat resistance of insulation installation, airflow along the insulation, 
and airflow through the insulation. Full information on theoretical calculations and 
experimental investigations can be found in footnote 2. 

KEY WORDS: thermal insulation, permeability, forced convection, air leakage, 
workmanship, thermal conductivity 

Nomenclature 
A Area, m̂  
Bii Permeability, m̂  
B Permeance, m 
d Thickness, diameter, m 
L Length, m 
p Pressure, Pa 
R Thermal resistance, m^K/W 
Q Volume flow, m'/s 
V Velocity, m/s 
X Thermal conductance, W/mK 
p Density, kg/m^ 
•q Viscosity, Ns/m^ 

The external wall of a building has as its primary function the preser
vation of the desired indoor climate. Therefore, certain requirements are 
put on the different layers of the wall structure. 

'Doctor of engineering, Decent, Statens Provningsanstalt, Swedish National Testing In
stitute, Box 857. S-501 15 Boris, Sweden. 
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410 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

In principle, the layers in a crossbar wall have the following function. 
The outside panel or brick wall protects against rain and direct wind. The 
airspace behind this enables ventilation of moisture. The wind-protective 
sheet will secure insulation from external air movements. The insulating 
material gives the structure its main thermal resistance. The vapor barrier 
protects from moisture transport from inside and gives the wall its main 
airtightness. On the inside a board is mounted to facilitate the required 
surface treatment, for example, with paint or wallpaper. In this way the 
airtightness of the wall is normally further enhanced (Fig. 1). 

The thermal resistance of the structure depends mainly on the insulating 
properties of the thermal insulation. In an actual structure the cold bridges 
from crossbars will increase the heat transfer. The thermal resistance 
observed in practice, however, will also be influenced by workmanship 
and forced convection. The installation of the insulation will influence the 
final function. This is obvious, since often the thermal resistance of the 
insulating material is more than an order of magnitude greater than the 
resistance in the airspace which it fills. The effect is, however, poorly 
understood in quantitative terms. The same is true for air movements due 
to forced convection. By forced convection is meant air movements gov
erned from outside, for example, by wind or mechanical ventilation. It 
is obvious that such air movements as well as those due to natural con
vection will influence the heat transfer in a structure or in a permeable 
insulating material. 

Laboratory Experiments 

In order to find the effects of workmanship and forced convection, 
investigations were made on a crossbar wall in the laboratory. The wall 
structure and the actual test area used were selected from field inventories, 
made at building yards. These field inventories showed what kind of 
workmanship could normally be expected when the insulation was in-

l^f^ 

M 

" 5 • 

IC 
- ^ 1 

BRICK WALL 

AIR SPACE 

WIND PROTECTION 

INSULATION (AND CROSSBARS) 

VAPOUR BARRIER 

GYPSUM BOARD 

FIG. 1—External multilayer wall. 
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BANKVALL ON FORCED CONVECTION 411 

Stalled. Field measurements were also made to indicate what pressure 
differences could be found over, for example, the height or the thickness 
of a wall. These investigations gave information about how the laboratory 
experiments should be set up.^ 

The test wall was mounted between two climatic chambers. One reg
ulated to +20°C and the other to -20°C. The pressure difference over the 
test wall could be controlled up to 20 Pa by evacuating the warm chamber 
somewhat. 

The crossbar wall contained a test area which in its center had a cross 
of crossbars (Fig. 2). By having this cross in the test area, various forms 
of insulation installation could be simulated within the area. This was 
achieved as indicated in the figure, which corresponds to defects recorded 
in practice. 

The depth of the crossbar space was 0.145 m. On the inside of the 
insulation was a plastic foil and a gypsum board. On the outside, different 
types of wind protection were mounted. On the outside, different types 
of wind protection were mounted. Outside this wind protection there was 
an airspace where the airflow could be regulated. The thermal resistance 
value for the test area was measured by hot box with an accuracy estimated 
to be better than 8 percent.^ 

The insulating materials used in the experiments were chosen with 

FIG. 2—Crossbar test wall with example of insulation installation defects: h = horizontal 
'air crack"; d̂  = vertical "air crack"; d, = airspace, warm side. 

^Bankvall, C. G., "PStvingad konvektion. Praktisk vanneledningsform4ga under inverkan 
av arbetsutforande och vind", Statens Provningsanstalt, Bor^s, Sweden, 1977 (in Swedish; 
summary and figures in English). 
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412 THERAAAL TRANSMISSION MEASUREMENTS OF INSULATION 

regard to their permeability. The thermal conductance values were ap
proximately identical. The aim was to investigate to what extent air move
ments, either in built-in air spaces around the insulation or due to forced 
convection from outside, would influence the heat transfer in the insulation 
itself. The materials under investigation are listed together with measured 
parameters 

Glass fiber 
Rock wool 
Cellular plastic 

p , kg/m^ 
16 
40 
20 

fio. m^ 
40 X 10-1" 
20 X 10-'" 

X, W/mK,a tO°C 
0.034 
0.0335 
0.033 

In one part of the investigations, measurements were performed with 
different kinds of wind protection. In this case, too, the wind protection 
materials were chosen with regard to their permeance since this is the 
most important factor when evaluating the influence from forced convec
tion. The wind protection materials were mainly the following 

d,m B,m \ , W/mK, at 0°C 
Asphalt-impregnated 0.013 3.8 x lO"'" 0.07 

porous fiberboard 
Mineral wool board 0.03 150 x lO î" 0.03 

Workmanship 

In practice, the thermal resistance of a crossbar wall will depend upon 
the workmanship during installation of the insulation. Field investigations 
have shown that deficient workmanship generally leads to insulation that 
insufficiently fills the space to be insulated; that is, the material is cut 
or mounted so that air spaces or cracks are formed around the insulation.^ 
GeneraUy, two main kinds of air spaces are noted: (1) "The crack" is an 
air space going through the insulation from the warm to the cold side; and 
(2) "the space" is an air space on one side of the insulation, either the 
warm or the cold side (compare Fig. 2). To study the influence of spaces 
or cracks on the heat transfer, measurements were made on the test wall 
carrying such defects. These measurements were then compared with 
theoretical calculations. 

The heat-transfer coefficient in air cracks or in air spaces was evaluated 
theoretically by calculation of the convective and the radiative heat trans
fer. The result from one such calculation is shown in Fig. 3, giving the 
heat-transfer coefficient for a vertical crack of varying width as a function 
of insulation thickness. 

Figure 4 shows the results from measurements on the test wall with 
vertical cracks in the insulated space. The figure indicates fair agreement 
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HEAT TRANSFER 
COEFFICIENT 

a W/m^K 
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d, m 
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FIG. 3—Calculated heat-transfer coefficient for vertical air crack (width, d^; depth, d,; 
T„ = OX; AT - SS'C). 

between the measured values and the calculated curve. This was also true 
with the other mineral-wbol insulation. In case of the cellular plastic, 
however, consistently lower values were measured as compared with 
theoretical predictions. This was attributed to the difficulty in completely 
filling the insulated space with this insulation, which had a very low 
compressibility. To make installation possible, the material had to be cut 
with height and width 5 mm less than the space to be insulated. 

Measurements on horizontal cracks and on air spaces in the insulated 
space showed similar results. All measurements were performed in the 
absence of any influence of forced convection on the structure. 

Comparisons between the theoretical analysis and the laboratory mea
surements indicate that the theoretical model could be used to illustrate 
the influential factors. A representative example is given in Fig. 5, which 
shows the dominant effect on the thermal resistance value of a vertical 
air crack in an insulated crossbar space. The figure reveals that the higher 
the thermal resistance, the greater the influence of air cracks. This example 
also shows that the important factor is the extent to which the insulating 
material fills the space to be insulated. The measurements also demon
strated that the permeabilities of the different insulation materials used 
in this study were of no importance to the overall thermal resistance of 
the wall.^ 
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THERMAL RESISTANCE 

R m^ K/W 

0,02 0,04 0,05 0,08 

WIDTH OF VERTICAL CRACK 

FIG. 4—Reduction of thermal resistance due to vertical crack in insulated space of test 
vail (compare Fig. 2). Comparison between measured values and calculated curve. 

Forced Convection 

The heat transfer in a structure can be affected by forced convective 
airflow. Factors governing this flow are the pressures around the structure 
and the flow resistances in the materials and in the joints between 
materials. 

Two different kinds of forced convection can be considered in principle. 
One is airflow through an insulated structure and the other is airflow along 
an insulated structure, Fig. 6. In the first case the airflow is mainly from 
warm to cold side at right angles to the wall layers. In the second case 
the airflow is mainly along the layers, eventually passing sections of the 
insulation without going from warm to cold side. The two types of forced 
convection are defined separately; in practice, however, intermediate 
types are common. 

To calculate airflow due to forced convection, the following equations 
were used. 

In the case of turbulent airflow the equations for pipeflow were used. 
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BANKVALL ON FORCED CONVECTION 415 

where 
/8 = friction factor (defined in footnote 2) 

Ap= pressure difference, 
Ax= flow length, 

p= density, 
V= velocity, and 

d^= pipe diameter. 

THERMAL RESISTANCE 

R m^K/W 

r d , 

1 1 

MljUUh 
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///// 
///// 
///// 
/ / / / / 

^ • 

0 55 
—> 
0,0 

\ ^ 

/ 

5 

^1 
0.30 

020 

0,10 

7*d, 

1m 

0,02 0,0A 

WIDTH OF VERTICAL CRACK 

FIG. 5—Reduction of thermal resistance in crossbar wall due to vertical crack in insulated 
space with varying insulation thickness: k (insulation) = 0.035 W/mK. 
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— AIR-FLOW ALONG INSULATION 

- - AIR-FLOW THROUGH INSULATION 

FIG. 6—Principal types offorced-convective influence on thermal insulation. 

In cases of bends, elbows, and contraction or expansion in the pipeline, 
the following equation was used 

Yl 
2 

^p = ^ • P • ^ 

where ^ defines a loss coefficient.^ 
The foregoing equations are true for circular cross sections. For other 

cross sections, approximate calculations were made by using the hydraulic 
diameter 

d„ = 
4A 

where A is the area and 5 the perimeter of flow. 
For laminary flow in an air space or in a crack, the following equation 

was used 

where b is the crack width and T) the viscosity. 
Airflow through cracks can be calculated in principle from the foregoing 

equations. This, however, presupposes a detailed knowledge of the flow 
path and its dimensions and surface properties. In many cases, therefore, 
empirical equations of the general type expressed in the following are used 
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Q=:VxA=axAp^ 

where a and y are derived from measurements and vary with different 
structures, y = Vi indicates that the flow is turbulent; y = 1 indicates that 
it is laminar. Q denotes the volume flow (m^/s). 

For calculation of flow through openings in thin layers, the following 
equation was used^ 

Q = 0.827 xAx t^,''^ 

Flow through joints, in wind protection sheets, for example, was eval
uated by the following equation derived from measurement" 

Q = 0.28 X 10-5 X L X Ap»-̂ 5 

for a nailing distance of 100 mm. L denotes the length of the joint. 
For overlapping and clamped joints in vapor barriers, measurements 

yielded the following equation^ 

Q = 2x 10-̂  X L X Ap 

For flow through permeable material, the equation used was 

T) Ax 

This equation is valid only for laminar flow; that is, at moderate flow 
velocities, higher velocities require corresponding measurements, giving 
permeability (£„) that varies with velocity. 

The flow characteristic of a layer can also be described by its permeance 
B 

B = BJd 

Airflow Along Insulation 

Airflow along an insulation can be illustrated as in Fig. 7. The figure 
shows an outer wall consisting of a brick wall, and air space, wind pro
tection, and an insulated crossbar space. The ventilation in the air space 
is facilitated by openings over and at the bottom part of the brick wall. 
In some cases the permeability of the brick wall may contribute to the 
ventilation of the air space. 

Depending upon the pressure difference in the air space and the wind 

'IHVE Guide Book A 1970. The Institution of Heating and Ventilation Engineers, London, 
1971. 

••Nylund, P. O., "Vindtathet hos flerskiktsvaggar," Byggmastaren, No. 11, Stockholm, 
1966. 

^Granum, H., Svendsen, S., and Tveit, A., "Lette treveggers vindtetthet," NBI, Report 
No. 7, Oslo, 1954. 
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418 THERMAL TRANSMISSION MEASUREMENTS OF INSULATION 

FIG. 7—Airflow in air space along insulated crossbar structure with outer brick wall. 

protection, there may exist an interchange of air between the air space 
and the insulation. This interchange varies over the height of the insulated 
space. The results of calculations for an insulated space with a height and 
width of 1 m are shown in Fig. 8. The pressure over the height of the 
space was 5 Pa. The insulating material had a specific permeability o{B„ 
= 40 X 10"'" m^ The insulation thickness was 10 cm. In Fig. 9, the air 
interchange between the air space and the insulation has been considerably 
reduced by a wind protection of asphalt-impregnated porous fiberboard. 
The calculations were based on the previously presented equations. 

To establish the influence of this type of airflow on the thermal resistance 
of the insulated space, experiments were conducted with the crossbar 
wall. The forced convection was simulated by regulating an airflow along 
the wall on the cold side. The airflow velocity was 2.5 m/s, corresponding 
to a pressure gradient of 0.7 Pa/m. Comparisons were made with fully 
insulated walls, wind protected in different ways (Fig. 10). The reduction 
in thermal resistance due to the forced convective flow was less than 10 
percent, even for the unprotected insulation. The measured values are 
also in fair agreement with calculations. 

Measurements were carried out also on the crossbar wall with defects 
in its insulation installation. Figure 11 shows the reduction in thermal 
resistance for the crossbar wall with vertical cracks under the influence 
of forced convection. When the wall was unprotected and exposed to full 
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INSULATION 

0,1m 

5 PQ 

10-10 

AIR-FLOW 

FIG. 8—Air interchange between insulation and air space with airflow along the insulated 
space (compare Fig. 7): insulation thickness, 0.1 m; height, I m; B„ = 40 x /0"'° m"; 
pressure difference over height, 5 Palm; unprotected insulation. 

forced-convection airflow velocity — 2.5 m/s (2.5), there was a substantial 
decrease in thermal resistance. Also, with reduced forced-convection air
flow velocity == 0.1 m/s (0), the decrease was noticeable. When, on the 
other hand, the structure was protected by an asphalt-impregnated porous 
board, the reduction in thermal resistance was substantially reduced. 
Measurements on other insulations showed approximately the same re
sults.^ 

In conclusion, these measurements indicated that for an insulation well 
installed and well protected from the wind, there was little influence from 
the permeability of the insulating material. At high loads of forced con
vection, the unprotected structure showed a larger reduction in thermal 
resistance when the permeabihty of the insulating material increased. This 
applied especially in the case with defects in the insulation installation. 
Wind-protective covering with high permeance gave a slightly higher re
duction in heat resistance, especially if high permeance was combined 
with high permeability in the insulating material. The influence of an 
airflow along the insulation when installation defects are present in the 
insulated space is illustrated by the experimental investigations. 

The heat transfer in the fully insulated wall can be calculated theoret-
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INSULATION^PROTECTIVE COVERING 

5 Pa 

FIG. 9—Air interchange between insulation and air space with airflow along the insulated 
space (compare Fig. 7): insulation thickness, 0.1 m; height, 1 m; B„ = 40 x 10'^" m*; 
pressure difference over height, 5 Palm; wind protection by asphalt-impregnated board 
(ASF, B = 3.8 X lO-"> m). 

THERMAL RESISTANCE 
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2. BOARD OFMINERAL WOOLB=150-10-^°m 

3 ASPHALT-IMPREGNATED BOARD B = 3,8-10-iOm 

FIG. 10—Reduction in thermal resistance of crossbar wall. Insulation thickness, 0.15 m. 
Pressure difference over height of test wall, 0.7 Palm. Comparison between measured values 
and calculated levels. 
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THERMAL RESISTANCE 

RATIO 

R/Ro 

0,02 0,04 
d, m 

WIDTH OF VERTICAL CRACK 

PIG. 11—Reduction in thermal resistance of crossbar test wall with vertical crack and 
varying wind-protective covering, B =3.8 x 10^^" m, and airflow along the insulated space. 
ASF: Protected by asphalt-impregnated board; 2.5: 2.5 mis (= 0.7 Palm}; 0 : O.I mis. 

ically as well. This is shown in Fig. 12, where the thermal resistance for 
an insulated structure is given as a function of pressure difference over 
the height of the insulated space, thermal insulation thickness, and dif
ferent wind-protective covering with varying thermal resistance and 
permeance. The insulated structure with high thermal resistance is more 
sensitive to this kind of forced convection. This structure will also require 
a wind protection with low permeance. The figure also shows how the 
mineral-wool board initially increases the thermal resistance of the struc
ture. This increase is gradually lost when the forced convection increases. 

Airflow Through Insulation 

Airflow through an insulated crossbar wall is exemplified in Fig. 13. The 
airflow from the outside passes mainly through openings at the top and 
bottom of the brick wall and only partly through the wall itself. The main 
crossbar part of the wall has a wind protection on the outside and a vapor 
barrier and a board on the inside. Through this part of the wall, the air 
will flow through the materials themselves and through the joints between 
materials in the different layers. The inside board and its vapor barrier 
constitute the main protection against airflow through the wall. For these 
layers, joints between materials and small aircracks around electrical in
stallations, for example, may be of great importance with regard to the 
airtightness of the wall.^ 
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THERMAL RESISTANCE 
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FIG. 12—Reduction in thermal resistance of cross bar wall due to flow along the insulated 
space. Insulation, B„ = 40 x 10''" m^ and \ = 0.035 WImK. Wind-protective coverings. 
ASF: asphalt-impregnated board, B = 3.8 x 10'^" m. FAS: mineral-wool board, 0.03 m, 
h = 150 X 10-^" m. O : unprotected. 

The airflow through the wall can be calculated from the equations pre
sented previously. In each layer, the flow resistance of the material itself, 
of joints between materials, and of eventual holes has to be considered. 

The effect of airflow on the thermal resistance through the crossbar wall 
was investigated in the test situation presented previously. To study the 
influence of airflow through the insulation, holes were made in the inside 
board and in the vapor barrier (hole area in vapor barrier: A = 2.36 x 
10"* m ;̂ in inside board: A = 4.55 x lO"** m )̂. Measurements were made 
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FIG. 13—Principal ways of airflow through insulated crossbar structure with air space 
and outer brick wall. 

of various thermal insulations with different wind protections. In some 
measurements, half the number of holes in the inside gypsum board were 
covered by tape. Results from the measurements are shown in Fig. 14. 
The measured values indicate a lesser reduction in the heat resistance 
value than the theoretically-calculated curve. The difference, however, 
is well within the accuracy of determining the hole area in reality. There
fore, these observations can be accepted as in sufficient agreement with 
theory. The results were similar for all the different kinds of insulations. 

Using the previous equations, calculations were made of the thermal 
resistance of a typical insulated crossbar space. Figure 15 shows the 
decrease in thermal resistance for two insulation thicknesses and two 
different cases, one with vapor barrier, the other without. The results 
shown are obtained with different kinds of wind protection. The influence 
from the wind protection is mainly twofold. One is the enhanced thermal 
resistance and the other is the increase in total resistance to airflow through 
the structure. 

In summary, to prevent airflow through the insulated structure, the 
airtightness of the vapor barrier and partly of the inside board is of great 
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THERMAL RESISTANCE 
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FIG. I4~Reduction in thermal resistance due to airflow through the insulated crossbar 
test wall, with and without wind protection by asphalt-impregnated board. Holes through 
the gypsum board and the vapor barrier according to the text (+,o); half the holes in the 
gypsum board covered by tape (x). ASF: wind protection by asphalt-impregnated board: 
B = 3.8 X 10''" m. Otherwise unprotected. Comparison between measured values and 
calculated curves. 

importance. If there are holes and defects in these layers, the permeance 
of the wind protection can be of importance to the overall airflow through 
and the heat resistance of the wall. An insulated wall structure with such 
defects, however, will normally show a considerable reduction in its ther
mal resistance due to forced convective airflow. 
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THERMAL RESISTANCE 
R m^ K/W 

Ap Pa 

PRESSURE DIFFERENCE 

FIG. 15—Reduction in thermal resistance due to airflow through the insulation and with 
(—) and without (—) vapor barrier: insulation thickness di(in). X (insulation) = 0.035 
WImK. Wind-protective covering. ASF: asphalt-impregnated board, B = 3.8 x 70"'° m 
FAS: mineral-wool board, 0.03 m, B = 150 x 10'^" m O : unprotected. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



T. Ashworth,^ W. G. Lacey,^ and E. Ashworth^ 

Drift Measurement Technique Applied 
to Poor Conductors 

REFERENCE: Ashworth, T., Lacey, W. G., and Ashworth, E., "Dritt Measure
ment Technique Applied to Poor Conductors," Thermal Transmission Measurements 
of Insulation, ASTM STP 660, R. P. Tye, Ed., American Society for Testing and 
Materials, 1978, pp. 426-436. 

ABSTRACT: Many applications require knowledge of thermal properties, over a 
wide range of temperature, to within 5 percent. The speedy and economical ac
quisition of the data is often a prime concern. We are investigating the potential 
of the very simplest system (an unguarded plate system), used in a drift mode 
rather than in a steady-state mode, to fulfill this need. 

When heat flows across a specimen whose mean temperature is drifting slowly 
and linearly with time, a term of the form CfidT/dt) must be added to the steady-
state equation. Data are taken over a given temperature range with the temperature 
both increasing and decreasing; the value of CF is then adjusted until the two sets 
of data produce the same value of conductivity. Since Cf is a function of the density 
of the specimen and its specific heat at constant pressure, an approximate value 
of the thermal diffusivity is obtained as a by-product in this drift mode of operation. 

The successful application of the technique is illustrated by both drift technique 
and steady-state measurements on microconcrete over the temperature range -20 
to -I-60°C. Corrections for heat losses and nonlinear heat flow have been appraised 
by finite-element analysis and by comparisons with data from adiabatic linear heat 
flow systems. Our objective is to develop the apparatus for use up to SOCC. 

KEY WORDS: thermal conductivity, thermal diffusivity, drift measurement tech
nique, microconcrete 

Thermal conductivity measurements can be divided into three general 
classifications corresponding to three classes of applications: measure
ments with high absolute accuracy, measurements with high consistency, 
and measurements with moderate absolute accuracy. The first class, typ
ified by the precision measurements of the National Bureau of Standards 
(NBS) [I],^ is necessary for standards. Many systems are capable of a 

'i^-ofessor of physics, graduate research assistant, and assistant professor of mining en
gineering, Physics Department, South E>akota School of Mines and Technology, Rapid City, 
S. Dak. 57701. 

'The italic numbers in brackets refer to the list of references appended to this paper. 

426 

Copyright 1978 by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:27:17 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ASHWORTH ET AL ON DRIFT MEASUREMENT TECHNIQUE 4 2 7 

high degree of repeatability, but due to factors such as difficult-to-deter-
mine heat losses, they cannot provide high absolute precision; this is often 
the case when working at high temperatures. Such systems can be very 
effective in applications requiring absolute precision when they are caH-
brated with standard specimens. In many applications, particularly those 
involving specimens of high variability (such as core samples), the re
quirement is to make measurements of moderate absolute precision, say 
5 to 10 percent, in a short period of time. Measurement demands here are 
of the third type. This type of application is becoming of much greater 
relative importance, mainly because of energy-related problems of un
derground nuclear waste disposal, in situ retorting of shales and lignites, 
and general heat-transfer problems. Many of these applications involve 
vapor migration and often phase transitions as well. 

The purpose of the work described is to determine the potential of a 
non-steady-state measurement technique to provide rapid acquisition of 
thermal conductivity data of adequate accuracy (10 percent) for types of 
material and applications mentioned in the foregoing. Its potential for 
operation in the second classification is being evaluated as the project 
progresses. Simplicity of design and operation are the fundamental ob
jectives and design criteria. Thus an unguarded plate apparatus is being 
used; it allows the simplest possible construction, and any specimen which 
can be fabricated into a cylindrical disk can be mounted in a few minutes. 
As will be shown, in principle, simultaneous determination of both con
ductivity and thermal diffusivity is possible. In this respect the system 
has resemblence to the heat flowmeter apparatus described by Shirtliffe, 
Stephenson, and Brown [2]. The potential for continuous data by the drift 
measurement technique is of obvious value when phase transitions are 
involved. Previous experience indicated that this type of apparatus can 
be used in the conventional steady-state mode with temperature gradients 
as low as 50°Km~' to yield conductivities with random errors of no more 
than 10 percent, usually much less. Thus the system potentially has many 
desirable features for investigation of energy-related materials. 

The performance of the system will be illustrated by data on micro-
concrete, whose conductivity is a function of the water content, and in 
which water vapor does migrate under a thermal gradient. 

Rather than cite a large collection of articles and papers, the reader is 
referred to Thermal Conductivity (R. P. Tye, Ed.) [4] for all the necessary 
background on measurement techniques. Chapters by McElroy and Moore 
("Radial Flow Methods"), Danielson and Sidles ("Non-Steadystate Meth
ods"), and Laubitz ("Analysis of Heat Losses") are particularly germane. 
A compilation of the properties of concrete has been given by Neville [5]. 
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Theory of Operation 

Heat flow in any system is described by the general energy conservation 
equation 

V XVr = -Q{x,y,z) + f^pJJ (1) 
where 

X, p, and Cp = thermal conductivity, density, and specific heat 
respectively, of the conducting medium, 

T = temperature at point {x,y,z), and 
Q (x,y,z) = internal heat generated within an elementary volume 

located at that point. 

Thus for heat flow across a specimen in the form of a right circular disk 
from which there are no edge losses (that is, linear or axial heat flow) and 
which has no internal sources of heat, Eq 1 becomes 

V2r = 
d^T 

(2) 
pc^dJ^_ dT 1 dT 

'dx^~~'dl~ dt ~ D dt 
provided X may be considered constant; D = X/(pCp) = 1/A is the thermal 
diffusivity of the material. 

Transient solutions for this equation can be found by the superposition 
integral method (see, for example, Hildebrand [i]). However, for the 
boundary conditions appropriate for the apparatus, albeit idealized as 
shown in Fig. 1, the response is a complicated series of exponential terms. 
Below, a simpler and more lucid derivation is presented for the special 
case in which the temperature of the heat sink varies linearly with time. 

If we assume that a steady drift condition has been attained so that 
dT/dt is constant and has the same value at all points within the specimen, 
then Eq 2 yields 

T = A'x^ + Bx + C 
where 

A' 
AdT 

I dt 
and for the boundary conditions specified in Fig. 1, 

x = o-

X=L 

HEATER • I : M-

|Q(x) iww 

SAMPLE 

HEAT SINK 
/ / / / 

-Tu 

FIG. 1—Boundary conditions. 
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T = A'x^ +^^^Y-^x -A' Lx + T„ (3) 

The amount of heat absorbed per unit time by an elementary disk of 
thickness dx and area A^ is dq = Agdx c^ p (d T/d t). Therefore 

Q(x) = Q(o) - f dq = Qio) - A^^px ^ = Q{p) - lAA '^ (4) 
Jo dt 

For the system considered, Fourier's law gives 

Q{x) = -\A„VT= -\A„-— (5) 
ox 

Substituting for Q(x) from Eq 4 and dT/dx from Eq 3 gives 

[Qio)-2A„A'kx] 
k = 

2A'x + { ^ ^ -A'L 

(6) 

But since \ is assumed constant, this expression must have the same 
value at all values of A:. Choosing A: = 0 therefore gives 

Q{o)L/A„ Q(o)F 

(T„-Td + A 'L2 Ar + (CB/X) dTldt 

where F is the form factor L!A„ and 

(7) 

Equation 7 correctly reduces to the steady-state equation when dTldt is 
zero. 

Of the energy supplied to the heater, a portion is used to raise the 
temperature of the heater and the remainder flows into the upper surface 
of the specimen. Thus 

QH = Q(P)+H-- (10) 

a t 
where QH is the rate of energy dissipation in the heater, and H is the heat 
capacity of the heater; heat losses from the heater are neglected. Substi
tuting for Q{o) in Eq. 7 yields 

'«-«l-0 
AT + {Colk) ^ 

a t 

(11) 
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If the portion of QH adsorbed by the heater is small, so that 

then a binomial expansion gives 

dT \ . 

QHF 
\ = . ^^— (12) 

^ /Co + HF\ dT 

using the relation \— QHF IT and neglecting the second-order term. 
Equation 12 contains three unknowns: X, Co, and H. So far we have 

treated these three unknowns as two unknowns, the conductivity k and 
the drift correction factor Cp = (C^ + HF)\ to determine them, an ex
perimental procedure involving two conditions must be used. Upward 
drift and downward drift of temperature were chosen; the data reduction 
technique is described in the following. When the determination of O by 
this method has been thoroughly validated, the additional task of cali
brating the heater to find H will be considered. If successful, this will then 
allow simultaneous determinaton of both the thermal conductivity and 
thermal diffusivity. In the present apparatus, Cc == HF for the concrete 
specimen. 

Apparatus 

Figure 2 shows the configuration of the apparatus; it is entirely con
ventional. The specimen chamber is contained within a spring-loaded 
pressure plate assembly, surrounded by removable insulation and enclosed 
in an outer protective box. The specimen chamber is designed to hold a 
1.27-cm-thick by 12.7-cm-diameter circular disk of microconcrete or any 
other solid. The specimen is sandwiched between a heater plate and a 
cooling unit. The heater plate consists of 20 m of No. 28 double-nylon-
wrapped manganin wire uniformly woven into a window screen pattern, 
coated with enamel, and ovenbaked between two l6-mrn by 12.7-cm cop
per disks to form an integral unit. The heater le^ds are brought out through 
heat-shrink tubing which is secured with epojcy into recesses milled into 
the heater plate to prevent excessive flexing ^nd eventual failure of the 
wire leads. Two grooves are milled into tjie heater platp surface to ac
commodate copper-constantan thermocouples. The thermocouples are 
enameled into the grooves and their leads are brought out through tubing 
as were the heater leads. One thermocouple is referenced to room tem
perature in a heavy brass block for the purpose of computing the absolute 
temperature of the specimen. The second thermocouple is a differential 
thermocouple whose other junction is located in a recess milled into the 
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FIG. 2—Unguarded plate apparatus. 

heat sink on the surface in contact with the cold side of the specimen. 
This thermocouple provides the temperature gradient across the speci
mens as well as determining the mean temperature of the specimen in 
conjunction with the absolute thermocouple. Separate tests with additional 
thermocouples embedded in the specimen showed no significant (within 
1 percent) differences between these thermocouples and the ones embed
ded in the copper plates. These tests were carried out at and slightly above 
room temperature. 

The heat sink is a 4.8-mm-thick disk of copper, 12.7 cm in diameter, 
with 4.8-mm-outside-diameter copper tubing sweat-soldered to its bottom 
in a spiral pattern. 

The heater plate, specimen, and cooling unit are held in thermal contact 
under pressure by a system of steel plates and springs. The entire specimen 
chamber is surrounded by high-grade styrofoam or fiber glass insulation 
and closely fitted into the 30-cm-square by 20-cm-high wooden box con
structed of 2-cm-thick sides, bottom, and removable top. 

The simple measuring system used is shown in Fig. 3. 

Heat Loss Corrections 

Energy supplied to the heater is dissipated from its edges and the edge 
of the specimen, and through the styrofoam between the heater and the 
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FIG. 3—Measurement system. 

pressure plate, as well as through the specimen. To account for the con
duction through the upper styrofoam, we introduce a factor Fi(7) into Eq 
12, while a second factor, F^iT), is used for all the edge losses. Thus 

\ = 
QHF 

AT + \ dt 

F,{T)F,iT) (13) 

Both factors F^ and Fa are evaluated by a finite-element analysis of the 
system and by calibration using specimens of known conductivity. It is 
also easy to estimate F^ from the geometry and properties of the materials. 
With a specimen of the same conductivity as the styrofoam, F, equals 
0.80. For concrete specimens, Fj is approximately 0.99. 

Simple calculations do not provide accurate estimates for Fj, but they 
can be used to give upper and lower bounds [6]. We have shown that 
values between 0.95 and 0.99 can be expected at 300 K. These favorably 
large values result from the chosen ratio of specimen diameter to thickness 
of about 10:1. Finite-element analyses and calibration values of F2 are 
both about 0.98. At temperatures approaching 400 K, the estimated value 
of F2 drops to about 0.70. Thus we believe the certainty of the product 
Fi F2 to be about 2 percent up to 310 K. Moreover, the error thereby 
invoked is systematic and will not detract from investigations involving 
ratios of conductivity such as the variation of X with temperature. 

Experimental and Interpolation Procedure 

Steady-state data are taken by the normal procedure of measuring the 
temperature difference across the specimen for two or more values of Q„ 
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at a given mean temperature. Spurious voltages in the differential ther
mocouple can then be eradicated from the computed values. 

To obtain drift data, a constant rate of supply of energy to the heater 
is established and then the temperature of the fluid circulating through 
the heat sink is caused to increase at a slow linear rate, usually between 
5 and 20°K h~'. A period of 30 to 60 min is usually needed for a steady 
drift condition to be established, after which / and AT are carefully re
corded as functions of time. When the desired upper temperature has been 
exceeded by a few degrees, the direction of drift is reversed, and data 
taking resumes when a steady condition is reestabhshed. 

Values of k for the upward drift (\„) and the downward drift (\d) are 
first obtained by setting Cp equal to zero. Typically the two values, plotted 
against temperature, differ widely. The value of C^ is then varied to bring 
the two curves as nearly as possible to coincidence. Normally Cp is slightly 
temperature dependent. The \„ and X̂  curves cannot then be expected 
to agree over a wide range of temperature if only a single constant value 
of Cp is used. It is intended to modify the data reduction code to allow 
Cf to be determined as a linear function of temperature by a least-squares 
regression. However, for the present, the value of Cp is adjusted by 
increments to obtain agreement at various temperatures. 

For Cf nonzero, a simple iterative technique is applied to Eq 13 for the 
calculation of \ . Provided the drift rate is not excessive, the magnitude 
of the coefficients of this equation ensure rapid convergence of the method. 

Results 

Before commencing work on the concrete specimen, measurements 
were taken on a specimen of nylon for which the conductivity was known. 
These measurements had the primary objective of providing a calibration 
point. Also, the first set of data taken clearly illustrated the need for a 
constant drift rate; otherwise the data contains unacceptable scatter. 

Figure 4 shows data obtained on a specimen of microconcrete. More 
careful temperature regulation was effected; the drift rate did decrease 
significantly during the first half of the experiment, but the changes were 
slow and steady. Transients were present below 280 K and in the Xa curve 
above 300 K. Temperature changes of at least 5 K are required for steady 
conditions to develop. In the range 280 to 300 K the corrected values 
show the variation of Cp with temperature. A larger value of Cp is required 
at 280 K, while the values used (225 Jm 'K ') are appropriate for 300 K. 
This apparent decrease in Cp with increasing temperature is partially due 
to some water loss during the progress of the experiment. 

Fully corrected data obtained with somewhat longer runs are shown in 
Fig. 5. In view of the difficulty of maintaining a constant accurately known 
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FIG. 4—Drift correction effects: Specimen—3.9 percent moisture content microconcrete: 
0—data without drift correction; •-data witk drift correction (Cy = 225 Jm'^K''). 

water content in the specimen, the repeatability of the data is satisfying, 
as is the demonstration of systematic dependence upon water content. All 
the measurements employed a temperature gradient of 2 K cm~^ Although 
many more tests are required to substantiate the total efficacy of the drift 
measurement technique, the agreement with values obtained at 290 K by 
the steady-state method is encouraging. 

Also, these data are in good general agreement with previous data given 
in the references for other types of concrete, both in terms of magnitude 
and the dependency on water content and temperature. 

Using the approximation Co ~ HF, an approximate value of D = 6 x 
lO"'̂  m ŝ"* is obtained. Typical values for the properties of concrete taken 
from Ref. 3 indicate a value of diffusivity of about 5 x lO'^m^'s"'. Agree
ment between these two estimates is encouraging and suggests that further 
developmental work would be worthwhile. 

Discussion 

In deriving the simple theory for the continuous method of measure
ment, the important limitations inherent in the approximations must be 
clearly recognized. Variations in \ due to the temperature distribution 
within the specimen must be kept small, as must heat capacity and density 
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variations. Fortunately all of these conditions are met if the drift rate is 
kept small. Its constancy is also a requirement. 

This investigation was of the nature of a feasibility study; thus presen
tation of a detailed error analysis of the technique would be inappropriate 
at this stage of its development. However, the system has been used to 
take a significant amount of data using steady-state operation. Most of 
this measurement has been on nylon and styrofoam specimens whose 
conductivity was known. These measurements verified the heat loss cor
rection factors, and thereby provided some measure of calibration. The 
agreement between steady-state values for nylon and concrete with those 
obtained by the drift method is then taken as an indication that the latter 
technique does produce viable results. 

Clearly, this non-steady-state method, by its very nature, cannot com
pete with steady-state measurements when the limits of accuracy are 
challenged. However, the continuous nature of the data and the speed of 
their acquisition are of considerable advantage when a precision of 5 to 
10 percent is adequate. Using three different values of QH, it requires two 
days to obtain one value of conductivity by the steady-state method for 
the concrete specimen. In an equal time period, a complete set of con-
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FIG. 5—Thermal Conductivity of Microconcrete: *-8.7 percent moisture content: a— 
5.6 percent moisture content; A and H—3.9 percent moisture content; o and A—0 percent 
moisture concent; ©—steady-state measurement, 3.4 percent moisture content. 
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tinuous data over a temperature range of 35 K was obtained. As our 
technique is improved and some automation added to the apparatus, a 
temperature range of 200 to 400 K, depending upon the specimen, could 
be fully explored in four or five days. 
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Summary 

In many ways the energy crisis can be considered a blessing in disguise. 
Certainly it brought upon us the realization that our supply of energy in 
convenient forms was finite. Furthermore, it could be seen that a concerted 
international effort would be required to solve what is a global problem. 
There is no one solution: solar, wind, tidal, nuclear, fusion, and the other 
proposed newer sources of energy, coupled with measured efficiency in 
current forms of energy production and conservation, all have their par
ticular position in time and place in the overall scene. 

Conservation may be considered a prime subject in the short- and me
dium-term solution of the problem. Within this overall subject, thermal 
performance of insulations is a major factor. With only a cursory study, 
it soon becomes apparent that our knowledge of the thermal performance 
of thermal insulation materials and systems is inadequate whatever the 
application. The subject of thermal insulation is no longer simple in terms 
of consideration only of materials applications and results obtained as a 
result of laboratory tests. Thermal insulations have to perform in the real 
world where steady-state conditions are virtually unknown. We have to 
know more about their performance under realistic conditions in order 
to design and operate better systems and to be more certain of the energy 
savings. The economic factors of poor thermal performance are available 
to all of us when monthly statements of utilities costs are received. 

Thermal insulation performance and its measurement has always been 
prominent in the activities of ASTM C16 Thermal Insulation Committee. 
For the past 25 to 30 years various symposia have been devoted to the 
subject. In examining the subject in more detail, it becomes obvious that 
the scope of the symposia, unless it was restricted to a particular topic, 
as in 1966, widens at each successive meeting. This reflects the growing 
complexity of the subject, and the contents of the present publication are 
ample evidence of this fact. 

In the 1973 symposium, the C16.30 Thermal Measurements Subcom
mittee presented a position paper on "What Property Do We Measure." 
This outlined the basic philosophy that thermal insulation material or 
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system is, in fact, a complex entity which could not be considered in 
simple physical terms. The concept of thermal conductance or thermal 
resistance was proposed and the term "thermal conductivity" eliminated 
unless it was truly applicable. Since that time the subcommittee has been 
involved in the revision of their test specifications to reflect this philos
ophy. It is to be hoped that other national and international standards will 
follow this example. In 1973 the C 16.30 subcommittee also recommended 
that much work should be carried out in the area of reference materials 
production and evaluation since our knowledge of thermal performance 
will improve only when we are satisfied that our measurement techniques 
are adequate. 

There are several contributions to the present publication which extend 
these subjects first discussed in 1973. The subcommittee itself provides 
a further position paper amplifying the need not only for reference ma
terials of known thermal performance, but for a variety of materials of 
different sizes and forms to provide a range of thermal conductances for 
a wide range of applications and temperature. This is a logical extension 
of the first paper since it is realized that problems of measurement of 
different orders of thermal conductance exist and can be remedied only 
if measurement apparatus and techniques can be evaluated by use of 
known reference specimens. 

The need for reference materials is now more urgent since it is expected 
that laboratory accreditation for the evaluation of insulating materials and 
systems will be in force in the United States by 1979. Furthermore, there 
are indications that the accreditation of test laboratories and organizations 
is becoming an international subject. Clearly the whole subject is one 
where intense activity among members of the insulation community within 
ASTM C16 and International Standards Organization (ISO) 163 commit
tees is expected in the next two years. 

The paper by Bertasi et al indicates that the subject of reference ma
terials is important to the insulation field in Europe. As a result of this 
work in the United States and Europe, it is clear that the molded high-
density fibrous glass board (-250 kg/m") has been studied enough to accept 
that it is truly a reference material. Since the symposium, the National 
Bureau of Standards has analyzed all of its measurements on this material 
and has recommended that it be classed as a Standard Reference Material. 
However, this one material is clearly not sufficient for the total 
requirements. 

Papers by Degenne et al and Pelanne highlight the problems which face 
us if we talk in terms of an insulating material having a thermal conduc
tivity. Clearly both papers show how radiation heat transfer predominates 
in low-density materials. They further illustrate the errors in measurements 
of thermal performance which can be made unless a material or system 
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is evaluated in its actual thickness or at such a thickness that the thermal 
resistance is directly proportional to thickness. 

The accuracy of the results in, these thick specimens is still dependent 
upon there being available a number of thick reference specimens, both 
for qualifying guarded hot-plate apparatus and for calibrating heat flow
meter equipment. However, the present uncertainties in the accuracy of 
measurements of thick specimens of low-density materials, when the 
measurements are properly carried out, are less than the errors which can 
arise by evaluating the thermal resistance in terms of the results obtained 
on a thin specimen. As more reference materials become available and 
additional apparatus is used, these uncertainties will be reduced still 
further. 

The present ASTM Tests for Steady-State Thermal Transmission Prop
erties by Means of the Guarded Hot Plate (C 177-76) and the Heat Flow 
Meter (C 518-76) implemented the new concepts in 1976. The methods 
are currently accepted by a wide section of the thermal insulation industry 
and are being incorporated in various U.S. and Canadian Government 
specifications. These standards are recognized internationally as the lead
ing documents in their field as to their direct applicability to the real 
performance characteristics of thermal insulations as opposed to the lim
ited physical concept of thermal conductivity. 

The original philosophy of the 1973 symposium was that better insulation 
practices would follow when we knew more about the heat-transfer mech
anisms in insulation. Recently, more attention has been paid to modeling 
of heat-transmission materials, especially fibrous insulations, and four 
papers on this topic are included in the present publication. Three of the 
authors related their model to experimental results, and the overall picture 
in this area is encouraging. The paper by Pelanne relating light transmission 
measurements to thermal performance characteristics in building insula
tion is of considerable interest and the extension of the principle to other 
temperatures should be considered. 

A completely new topic covered herein is the application of transient 
measurement techniques for determining thermal performance of insu
lations. Until recently, steady-state measurement techniques have been 
the only ones utilized for evaluating thermal performance. One of the 
objectives of the present symposium was to present to the attendees 
possible alternatives, particularly since there is always the definite need 
to reduce the time of measurement whenever practical. 

An international selection of analytical and experimental papers on this 
subject was presented and, as in many other subjects, no definite con
clusions were forthcoming. Jeschke outlined the German experience, in
cluding the development of a national specification for refractory mate
rials. While these methods appear to be very promising for the thermal 
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conductivity range of these types of materials, the range is somewhat 
above that of the basic thermal insulations. Two papers from the United 
Kingdom presented opposing views. Jackson et al indicated that the line 
source heat flow method can be used for fibrous insulations at elevated 
temperatures by means of measurements with heat flow in two perpen
dicular directions coupled with an analysis. In application, two measure
ments have to be made on the same specimen, one with the line source 
lying along the fibers and one with the line source perpendicular to the 
fibers. However, Davis indicated that there were still problems with the 
method. The analytical paper by Fine also indicated that the line source 
method was not truly applicable on materials where radiation was the 
significant heat-transmission mode. Thus the whole subject is open for 
further analytical and experimental contributions for fibrous and cellular 
materials. 

Since the 1973 symposium when the first paper on the calibrated hot-
box technique for evaluating building systems was presented, a number 
of such facilities have been built and more experience has been gained. 
Furthermore, the calibrated-system approach has also been used for non-
building applications. The paper by Miller et al outlines a further advance 
on a system for building components. This hot-box facility can be used 
in both the calibrated and guarded modes as well as for steady-state or 
dynamic conditions, and thus is a very reliable tool for research purposes. 
The approach by Lauvray for studying duct systems is also new and 
potentially of great use in an industrial field which until now has been 
somewhat neglected. 

These measurement systems are both large and expensive to develop 
and to operate. However, they are absolutely necessary to enable one to 
obtain the necessary basic information on the real-life performance of 
thermal insulation systems and thus to bridge the gap between laboratory 
measurement and field test studies. Ultimately, field testing is the only 
sure way of measuring actual performance. 

It has been estimated that currently there is more energy lost from 
industrial systems than from buildings. Thus the subject of high-temper
ature insulation is most relevant. Much of the current thermal performance 
information for high-temperature thermal insulations has been obtained 
from small-scale horizontal flat-plate and horizontal pipe-oriented appa
ratus. Results for this orientation can be transposed directly for the vertical 
orientation, particularly for heterogeneous and reflective-type insulation 
systems. External and internal convective heat transfer can be a very 
significant factor in the vertical orientation. In addition, applicability of 
the results from small-scale tests to larger-scale systems has not been 
verified. 

Several contributions to the present publication indicate that some 
much-needed attention is now being paid to this subject. HoUingsworth 
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in his paper covers the results of a round-robin series of measurements 
carried out on one specimen of a pipe insulation material by a large number 
of organizations. Svedberg et al describe a large high-temperature pipe 
apparatus while Allmon and Wahle provide details of a new high-tem
perature hot-box facility specifically designed to investigate reflective-type 
insulation systems. Collectively the papers just touch the surface of the 
whole subject and only illustrate how much additional work is required 
in this area. 

The excellent agreement in the results of the round robin indicate clearly 
that one can have great confidence in the present ASTM Test for Thermal 
Conductivity of Pipe Insulation (C 335-69) when run in the horizontal 
orientation. The preliminary results obtained on mass-type insulations in 
both the hot-box apparatus and on the large pipe are very encouraging. 
We can only look forward with great anticipation to further papers by 
these and other authors describing their experiences with the more com
plex heterogeneous systems. 

It is to be hoped that these papers will stimulate others to carry out the 
necessary analytical and experimental work which will allow us to have 
the same confidence in results obtained for this orientation as those for 
the horizontal direction. The development and use of the larger-scale 
apparatus are necessary to evaluate not only the thermal performance 
characteristics of heterogeneous materials in systems, but also to study 
heat-transfer mechanisms in more detail, the effects of joints, and the 
effects of forced convection. Once reliable, quantitative laboratory studies 
have been made, the results of field studies, particularly those by ther
mography, can be better interpreted. 

Three papers from Scandinavia relating to factors which affect overall 
systems performance illustrate the advances made in this geographic re
gion compared with the materials approach still taken by many others. 
Of particular interest are two papers by Bankvall illustrating the very real 
effects of both natural and forced convection in building structures. This 
is an area where more quantitative information is required, and Sweden 
is to be commended in being among the leaders in this matter. The paper 
by Thirst and Probert from the United Kingdom described a particular 
system for insulated roofs. Clearly, systems evaluation is the subject of 
topical interest. It is where we should see a great deal of impetus in the 
future. 

While system studies of the total thermal insulation system are directly 
relevant to our present and future requirements, studies on the individual 
materials should not be neglected since they are complementary. Concern 
is very often expressed at the lack of knowledge of materials performance 
after installation in buildings or in an industrial system. The past decade 
has seen a vast improvement in the individual techniques available for 
determining thermal properties under "ideal" laboratory conditions. It 
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must be realized, however, that during and after installation, thermal 
insulation materials are subjected to real-world conditions, and among 
these there are a number of critical factors which can influence performance. 

Two of these factors are discussed herein. Dechow and Epstein deal 
with some effects of moisture on cellular plastics, and moisture effects 
on porous media are also discussed by Bomberg and Shirtliffe. Moisture 
may affect thermal insulation both in terms of the immediate decrease in 
thermal resistance as the moisture is picked up and the possible longer-
term problems caused by environmental cycling. 

Bomberg and Shirtliffe, in another paper, describe their work on the 
effects of various parameters, but especially density, on the thermal per
formance of cellulose fiber insulations. This material has become very 
widely used in North America, particularly for retrofit applications. It is 
also one where a great deal of controversy does exist both on absolute 
value of thermal resistance and the variations with "settled" density. The 
present results help to reduce these areas of controversy. 

The topics covered advance our knowledge in two very specific cases 
devoted to thermal insulation materials used in buildings. However, they 
only highlight the necessity for more detailed and systematic studies deal
ing both with the different affecting parameters and with all materials, 
whether used for buildings or industrial applications. 

To summarize, therefore, the papers of the present Symposium have 
continued to bring about the realization that the thermal insulation field 
is both complex and multifaceted. Measurement techniques are developing 
and improving and there is now more confidence in the results of such 
studies. Materials and systems are better understood and they too are 
being improved. International cooperation in the field, essentially begun 
at the 1973 symposium, is continuing to flourish, which augurs well for 
the results of the future activities of the newly established ISO Committee 
163 on Thermal Insulation. 

There is much we now know but there is a great deal more that we do 
not. Given the expertise and enthusiasm of the present group of authors 
and those whom they stimulate, we should expect to see remedies to this 
problem in the coming years. We should thus expect to see further sym
posia in this continuing series. 

R. P. Tye 
Senior scientist, Dynatech R/D Co., Cam

bridge, Mass. 02139; symposium chairman 
and editor. 
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