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Foreword 
THIS PUBLICATION, Moisture Analysis and Condensation Control in Building Envelopes, 
was sponsored  by Commi t tee  C16 on Thermal  Insu la t ion  and  Commit tee  E06 on  Per- 
fo rmance  of Buildings.  The edi tor  was Heinz  R. Trechsel. This is Manual  40 in ASTM's 
manua l  series. 
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Preface 
by Heinz R. Trechsel I 

P U R P O S E  OF THE MANUAL 

IN ASTM MANUAL MNL 18, M o i s t u r e  Con t ro l  in  Bu i ld ings ,  2 Mark Bomberg and Cliff 
Shirtliffe, in their chapter "A Conceptual System of Moisture Performance Analysis," 
make the case for a rigorous design approach that "should involve computer-based 
analysis of moisture flow, air leakage, and temperature distribution in building ele- 
ments and systems." In the Preface to the same manual, I state that one objective of 
Manual 18 is to help establish moisture control in buildings as a separate and essential 
part of building technology. 

In 1996, the Building Environment and Thermal Envelope Council (BETEC) 3 con- 
ducted a Symposium on Moisture Engineering. The symposium presented an overview 
of the current state-of-the-art of moisture analysis and had a wide participation of 
building design practitioners. The consensus of the participants was that moisture 
analysis was now practical as a design tool, and that it should be given preference over 
the simple application of the prescriptive rules. However, it was also the consensus 
that the architect/engineer community was not ready to fully embrace the analytical 
approach. Thus, both the building research and the broader building design commu- 
nity recognized the need for moisture analysis and for a better understanding of cur- 
rently available moisture analysis methods. 

The concerns for moisture control in buildings have increased significantly since the 
early 1980s. One sign of the increased concern is the number of research papers on 
moisture control presented at the DOE/ASHRAE/BETEC conferences on "Thermal 
Performance of Exterior Envelopes of Buildings" from 8 in 1982 to 17 in 1992 and to 
27 directly related to moisture in 1998. Another measure is that the Building Environ- 
ment and Thermal Envelope Council held four conferences/symposia from 1991 
through 1999, and only two between 1982 and 1990. 

In response to these developments ASTM Committees C16 on Thermal Insulation 
and E06 on Performance of Buildings have agreed to co-sponsor the preparation and 
publication of this new manual to expand and elaborate on the relevant chapters of 
MNL 18: Chapter 2, "Modeling Heat, Air, and Moisture Transport through Building 
Materials and Components," and Chapter 11, "Design Tools." The objective of this man- 
ual, then, is to familiarize the wider building design community with typical moisture 
analysis methods and models and to provide essential technical background for un- 
derstanding and applying moisture analysis. 

THE CURRENT PRESCRIPTIVE RULES TO P R E V E N T  
MOISTURE P R O B L E M S  IN BUILDING E N V E L O P E S  

In 1948, the U.S. Housing and Home Finance Agency (a forerunner of the current 
Federal Housing Administration) held a meeting attended by representatives of build- 

1H. R. Trechsel Associates, Arlington, VA; Trechsel is also an architect for Engineering Field 
Activity Chesapeake, Naval Facilities Engineering Command, Washington, DC. The opinions ex- 
pressed herein are those of the author and do not necessarily reflect those of any Government 
agency. 
2 Manual  on Moisture Control in Buildings, ASTM M N L  18, Heinz R. Trechsel, Editor, Philadelphia, 
t 994. 
3The Building Environment and Thermal Envelope Council is a Council of the National Institute 
of Building Sciences, Washington, DC. 
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ing research  organizat ions ,  home  builders ,  t rade  associat ions,  and  mor tgage  finance 
exper ts  on the issue of  condensa t ion  cont ro l  in dwell ing const ruct ion .  4 The focus of 
the meet ing  was on vapor  diffusion in one- and  two-family  f rame dwell ings in cold 
wea the r  cl imates.  The consensus  and  resul t  of tha t  meet ing  was the Prescript ive Rule 
to place  a vapor  ba r r i e r  (now cal led a vapor  re tarder)  on the w a r m  side of the the rmal  
insula t ion  in cold cl imates.  The meet ing  also es tabl i shed  tha t  a vapor  ba r r i e r  ( retarder)  
means  a m e m b r a n e  or  coat ing with  a wate r  vapor  pe rmeance  of one Perm or  less. One 
Perm is 1 g/h'ft2"in.Hg (57 ng/s 'm2-pa).  The rule was p romulga t ed  th rough  the FHA 
M i n i m u m  Proper ty  S t a n d a r d s ?  It still is referenced unchanged  in some cons t ruc t ion  
documents .  

The 1948 rule was based  on the a s sumpt ion  that  diffusion th rough  envelope mate-  
r ials  and  systems is the governing m e c h a n i s m  of mois tu re  t r anspor t  leading to con- 
densa t ion  in and  eventual  degrada t ion  of the  bui ld ing  envelope. Since 1948, and  par- 
t icular ly  since about  1975, research  conduc ted  in this  count ry  and  ab road  has  b rought  
recogni t ion  tha t  infi l t rat ion of h u m i d  ai r  into bu i ld ing  wall  cavities and  the leakage of 
r a inwate r  are  significant,  in many  cases governing mechan i sms  of mois ture  t ranspor t .  
Accordingly, the  or iginal  s imple  rule wi th  a l imi ted  scope has  been  expanded  to include 
ai r  inf i l t rat ion and  r a inwa te r  leakage, and  to cover  o ther  c l imates  and bui ld ing  and 
cons t ruc t ion  types. The current ,  expanded  prescr ipt ive  rules can be s u m m a r i z e d  as 
follows: 

�9 instal l  a vapor  r e t a rde r  on the inside of the insula t ion  in cold  cl imates,  
�9 install  a vapor  r e t a rde r  on the outs ide  of the insula t ion  in w a r m  climates,  
�9 prevent  or  reduce a i r  infil tration, 
�9 prevent  or  reduce r a inwa te r  leakage,  and  
�9 pressur ize  or  depressur ize  the bui ld ing  so as to prevent  warm,  mois t  a i r  f rom en- 

ter ing the bui ld ing  envelope. 

The cur ren t  expanded  rules have great ly  increased the val idi ty  and  usefulness  of the 
prescr ipt ive  rules. However, the rules still do not  fully recognize the complexi t ies  of 
the movemen t  of mois tu re  and hea t  in bui ld ing  envelopes.  Fo r  example:  

�9 The emphas i s  on e i ther  inc luding or  delet ing a separa te  vapor  r e t a rde r  is misplaced,  
and  the con t r ibu t ion  of the  hygro the rmal  proper t ies  of o ther  envelope mater ia l s  on 
the mois tu re  flow are  not  considered.  In  fact, incorrec t ly  p laced  vapor  re ta rders  may  
increase,  ra ther  than  decrease,  the potent ia l  for mois tu re  dis t ress  in bui ld ing  enve- 
lopes. 

�9 Climate as the only de te rmin ing  factor  is inadequa te  to es tabl ish  whe ther  a vapor  
re ta rder  should  or  should  not  be installed.  Indoor  relative humid i ty  and  the 
mois ture - re la ted  proper t ies  of all envelope layers mus t  also be considered.  

�9 The two c l imate  categories  "cold" and  "warm" have never been adequate ly  or  con- 
s is tent ly defined, and  large areas  of the cont iguous  United States  do not  fall under  
e i ther  cold or  wa rm climates,  however  defined. For  example,  ASHRAE, 6 in 1993, 
used condensa t ion  zones based  on design tempera tures .  For  cold  weather,  Lst iburek 7 
suggests  4000 Hea t ing  Degree Days o r  more ,  and  the U.S. Depa r tmen t  of  Agricul ture  s 
uses an average January  t empera tu re  of 35~ or  less. For  w a r m  climates,  ASHRAE 9 
es tabl i shed  cr i ter ia  based  on the n u m b e r  of hours  that  the  wet  bulb  t empera tu re  
exceeds cer ta in  levels, Odom 1~ suggests  average month ly  la tent  load  greater  than  

4Conference on Condensation Control in Dwelling Construction, Housing and Home Finance 
Agency, May 17 and 18, 1948. 
SHUD Minimum Property Standards for One- and Two-Family Dwellings, 4900.1, 1980 (latest 
edition). 
6ASHRAE, Handbook of Fundamentals, American Society of Heating, Refrigerating, and Air- 
Conditioning Engineers, Atlanta, 1993. 
7Lstiburek, J. and Carmody, J., "Moisture Control for New Residential Buildings," Moisture Con- 
trol in Buildings, MNL 18, H. R. Trechsel, Ed., American Society for Testing and Materials, Phil- 
adelphia, 1994. 
SAnderson, L. O. and Sherwood, G. E., "Condensation Problems in Your House: Prevention and 
Solutions," Agriculture Information Bulletin No. 373, U.S. Department of Agriculture, Forest Ser- 
vice, Madison, 1974. 
9ASHRAE, Handbook of Fundamentals, American Society of Heating, Refrigerating, and Air- 
Conditioning Engineers, Atlanta, 1997. 
~00dom, J. D. and DuBose, G., "Preventing Indoor Air Quality Problems in Hot, Humid Climates: 
Design and Construction Guidelines," CH2M HILL and Disney Development Corporation, Or- 
lando, 1996. 



PREFACE ix 

average monthly sensible load for any month during the cooling season, and Lsti- 
burek 11 suggests defining warm climate as one receiving more than 20 in. (500 mm) 
of annual precipitation and having the monthly average outdoor temperature re- 
maining above 45~ (7~ 

Over the last 20 years or so, building researchers have tried to refine the definitions 
of cold and warm climates. Except for the efforts of Odom and Lstiburek (for which 
the jury is still out), not much progress has been made. In the meantime, much pro- 
gress has been made in the development of analytical methods to predict surface rel- 
ative humidities, moisture content, and even the durability performance of building 
envelope materials. 

The above suggests that the prescriptive rules alone will not assure that building 
envelopes are free of moisture problems. Accordingly, and consistent with the consen- 
sus of the 1996 BETEC Symposium participants, we must look to job specific moisture 
analysis methods and models for the solution to reduce or eliminate moisture prob- 
lems in building envelopes. This does not mean that the traditional prescriptive rules 
should be ignored or that they should be violated without cause. They should, however, 
be used as starting points, as first approximations, to be refined and verified by mois- 
ture analysis. This, then, is analogous to the practice in structural design, where, for 
example, depth-to-span ratios are used as first approximations, to be refined by anal- 
ysis. Which is, very much simplified, what Bomberg and Shirtliffe advocate in Manual 
18. 

ANALYTICAL M E T H O D S  AND MODELS AND 
T H E I R  LIMITATIONS 

The progress made in the development of computer-based analysis methods, or models 
since the publication of MNL 18 in 1994, has been spectacular. At last count, there 
exist now well over 30 models that analyze the performance of building envelopes 
based on historical weather data, and new and improved models are being developed 
as this manual goes to press. The models vary from simplified models useable by 
building practitioners on personal computers to sophisticated models that require spe- 
cially trained experts and that run only on mainframe computers. 

The simpler models may or may not include the effect of moisture intrusion due to 
air and water infiltration. The more sophisticated models are excellent tools for build- 
ing researchers and, as a rule, include the effects of rainwater leakage and air infiltra- 
tion. As mentioned above, air infiltration and water leakage are significant causes of 
moisture distress in building envelopes. This would seem to imply that only models 
that include these two factors are useful to the designer. However, this is not neces- 
sarily so for the following reasons: 

�9 The input data for air infiltration and water leakage are unreliable. Infiltration and 
leakage performance data for various joint configurations and for entire systems are 
generally unknown. Also, much of the performance of joints depends on field work- 
manship and quality control over which the designer seldom has significant control. 

�9 Air infiltration and rainwater leakage, unlike diffusion, occur at distinct leakage sites. 
These are seldom evenly distributed over the entire building envelope. Accordingly, 
the effect of air and water leaks are bound to be localized with the locations un- 
known at the design stage. 

�9 Both air and water leaks are transitional in nature, with durations measured in 
hours, days, or weeks. Rainwater leakage depends on wind direction, and rainfalls 
one day may not fall again during the next day or week. Air infiltration depends on 
wind direction. Moist air moves into the envelope one day; the next day dry air may 
enter the envelope and wetting turns to drying. In contrast, diffusion mechanisms 
operate generally on a longer time horizon, frequently for weeks, months, or over 
an entire season. 

Although models that include air infiltration and rainwater leakage are excellent 
research tools, models that do not include these transport mechanisms are still most 

1, Lstiburek, J., "Builder's Guide for Hot-Humid Climates," Westford, 2000. 
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useful for the designer/practitioner provided that their limitations are recognized and 
proper precautions are taken to reduce or eliminate air infiltration and water leakage. 

The use of moisture analysis alone does not guarantee moisture-resistant buildings. 
Careful detailing of joints and the use and proper application of sealants and other 
materials are necessary. The issues of field installation and field quality control, men- 
tioned above, must be addressed adequately by the designer and specification writer. 
For example, for more complex and innovative systems, specifying quality control spe- 
cialists for inspecting and monitoring the installation of envelope systems in Section 
01450 and specifying that application only be performed by installers trained and ap- 
proved or licensed by the manufacturer will go a long way towards reducing moisture 
problems in service. Also important are operation and maintenance, both for the en- 
velope and for the mechanical equipment. Face-sealed joints need to be inspected and 
repaired at regular intervals. If pressurization or depressurization are part of the strat- 
egy to reduce the potential for moisture distress, documentation of proper fan settings 
is critical. However, these concerns are outside the scope of this manual and will not 
be discussed further. 

Moisture analysis is still an evolving art and science. While great advances have been 
made in the development of reliable and easy-to-use models and methods, some input 
data needed for all the models are still limited: 

Weather Data 

Appropriately formatted data are available only for a restricted number of cities. How- 
ever, it is generally possible to conduct the analysis for several cities surrounding the 
building location and to determine the correctness of the assumptions with great con- 
fidence. Also, the data currently available were developed for determining heating and 
cooling load calculations; their appropriateness for moisture calculations has been 
questioned. Chapter 2 of this manual provides new weather data specifically developed 
for moisture calculations. 

Material Data 

Data on the hygrothermal properties of materials are available only for a limited num- 
ber of generic materials. A major effort is currently under way by ASHRAE and by the 
International Energy Agency to develop the necessary extensive material database. 
Some of the most recent material data are included in Chapter 3 of this manual. 

Failure Criteria 

Reliable failure criteria data are available only for wood and wood products, and even 
for these the significant parameter of length of exposure has not been studied to the 
desirable degree. Chapter 4 of this manual discusses these criteria. 

Despite these concerns about the application of moisture models, designs based on 
rigorous analysis are bound to be far more moisture resistant than designs based on 
the application of prescriptive rules alone. The authors of this manual hope that it will 
encourage building practitioners and students to conduct moisture analysis as an in- 
tegral part of the design process. The more widespread use of moisture analysis to 
develop building envelope designs will then in turn provide an added incentive for 
model developers to improve their models, for producers to develop the necessary data 
for their materials, and for researchers to establish new databases on weather data 
better suited for moisture calculations. 

C O N C L U S I O N S  

One objective of this manual is to provide the necessary technical background for the 
practitioner to understand and apply moisture analysis. In addition, two models are 
discussed in detail to familiarize the practitioner with the conduct of typical computer- 
based analysis. The selection of the two models is based on ready availability and on 
ease of operation. The two models are included on a CD ROM disk enclosed in the 
pocket at the end of the manual. Also included on the disk are two programs to convert 
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various  proper t ies  of air. Based  on  the in fo rmat ion  provided,  the reader  should  be able 
to s tar t  his or  her  own hands -on  t ra in ing  in mois tu re  analysis.  

Heinz R. Trechsel 
Edi to r  
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Glossary 

by Mark Albers 1 

2DHAV--a two-dimensional model by Janssens that allows 
complex airflow paths like cracks, gaps, and permeable ma- 
terials. 

absolute humidity, (kg.m-3),(lb.ft-3)--the ratio of the mass 
of water vapor to the total volume of the air sample. In SI 
units, absolute humidity is expressed as kg/m 3. In inch- 
pound units, absolute humidity is expressed as lb/ft 3. 

absorpt ion coefficient, (kg'm 2"s-1/2), (lb'ft-2"s-~/2)--the co- 
efficient that quantifies the water entry into a building ma- 
terial due to absorption when its surface is just in contact 
with liquid water. It is defined as the ratio between the 
change of the amount of water entry across unit area of the 
surface and the corresponding change in time expressed as 
the square root. In the early part of an absorption process 
this ratio remains constant and that constant value is des- 
ignated as the water absorption coefficient. 

adsorption i so therm-- the  relationship between the vapor 
pressure (or more often relative humidity, RH) of the sur- 
roundings and the moisture content in the material when 
adsorbing moisture at constant temperature. 

air flux, (kg.m-2.s 1), (lb.ff-2.s l)__th e mass of air trans- 
ported in unit time across unit area of a plane that is per- 
pendicular to the direction of the transport. 

air permeability, (kg.m- 1-pa- l-s- 1), (lb.ft ~.in.Hg- l.s- i)--the 
ratio between the air flux and the magnitude of the pressure 
gradient in the direction of the airflow. 

air permeance,  (kg-m-2.Pa-l.s-1), (lb.ft-Z.in.Hg-~.s 1)--the 
ratio between the air flux and the magnitude of the pressure 
difference across the bounding surfaces, under steady state 
conditions. 

air retarder--a material or system that adequately impedes 
airflow under specified conditions. 

building envelope-- the surrounding building structures 
such as walls, ceilings, and floors that separate the indoor 
environment from the outdoor environment. 

capillari ty--the movement of moisture due to forces of sur- 
face tension within small spaces depending on the porosity 
and structure of a material. Also known as capillary action. 

Capillary-active--the term attributed to a material that ab- 
sorbs water by capillary forces when in contact with liquid 
water. 

1Thermal Technology Laboratories, Johns Manville Technical 
Center, Denver, CO. 

capillary conduction--the movement or transport of liquid 
water through capillaries or very small interstices by forces 
of surface tension or capillary pressure differences. 

capillary pressure--the pressure or adhesive force exerted 
by water in an enclosed space as a result of surface tension 
because of the relative attraction of the molecules of the wa- 
ter for each other and for those of the surrounding solid. 

capillary saturat ion--see  capillary saturation moisture con- 
tent. 

capillary saturation moisture content--the completely 
saturated equilibrium moisture content of a material when 
subjected to 100% RH. This is lower than the maximum 
moisture content, due to air pockets trapped in the pore 
structure. 

capillary suction stress--the force associated with the neg- 
ative capillary pressure resulting from changes in water con- 
tent that produces a liquid transport flux. 

capillary t rans fer- -see  capillary conduction. 

capillary t ranspor t  coef f ic ient - -see  liquid transport coef- 
ficient. 

condensation--the act of water vapor changing to liquid 
water, or the resulting water. 

critical moisture content--the lowest moisture content 
necessary to initiate moisture transport in the liquid phase. 
Below this level is considered the hygroscopic range where 
moisture is transported only in the vapor phase. 

CWEC--Canadian Weather year for Energy Calculations 
data developed for 47 locations, available from Environment 
Canada. 

CWEEDS--the Canadian Weather Energy and Engineering 
Data Sets provide weather data for Canada. 

degree of saturation--the ratio between the material mois- 
ture content and the maximum moisture content that can be 
attained by the material. 

density of airflow rate--see air flux. 

density of heat flow rate--see heat flux. 

density of moisture flow rate--see moisture flux. 

density of vapor flow rate--see vapor flux. 

density, (kg.m-3), (lb.ft 3)--the mass of a unit volume of the 
dry material. For practical reasons, the phrase "dry material" 
does not necessarily mean absolutely dry material. For each 
class of material, such as stony, wooden, or plastic, it may 

xx 
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be necessary to adopt prescribed standard conditions; for ex- 
ample, for wood this may correspond to drying at 105~ un- 
til the change in mass is within 1% during two successive 
daily weighings. 

desorpt ion-- the  process of removing sorbed water by the 
reverse of adsorption or absorption. 

desorpt ion i so therm-- the  relationship between the vapor 
pressure (or more often relative humidity, RH) of the sur- 
roundings and the moisture content in the material when 
desorbing or removing moisture at a constant temperature. 
There is often very little difference between this curve and 
the adsorption isotherm. 

dew point--the temperature at which air becomes saturated 
when cooled without addition of moisture or change of pres- 
sure; any further cooling causing condensation. 

Dew Point Method- -a  manual design tool used for evalu- 
ating the probability of condensation within exterior enve- 
lopes by comparing calculated to saturation vapor pressures. 

diffusion resistance factor--the ratio of the resistance to 
water vapor diffusion of a material, and the resistance of a 
layer of air of equal thickness. 

DIM--a  two-dimensional model by Grunewald that calcu- 
lates transient heat, air, salt, and moisture transfer in porous 
materials. 

dry-bulb--see dry-bulb temperature. 

dry-bulb tempera ture - - the  temperature read from a dry- 
bulb thermometer. 

EMPTIED--an  acronym for Envelope Moisture Perform- 
ance Through Infiltration Exfiltration and Diffusion, EMP- 
TIED is a computer program to estimate moisture accumu- 
lation using vapor diffusion and air leakage. The program is 
useful in wetter and cooler climates. Developed by Hande- 
gord for Canada Mortgage and Housing Corporation 
(CMHC), it is available free. 

equil ibrium moisture content (EMC)--the balance of ma- 
terial moisture content (MC) with ambient air humidity at 
steady state. 

fiber saturation point (FSP)--the moisture content at 
which all free water from cell cavities has been lost but when 
cell walls are still saturated with water. 

Fick's Law-- the law that the rate of diffusion of either vapor 
or water across a plane is proportional to the negative of the 
gradient of the concentration of the diffusing substance in 
the direction perpendicular to the plane. 

FRAME 4.0--a  two-dimensional steady-state heat transfer 
model widely used in North America and especially useful 
for windows and other lightweight assemblies. 

free saturation--see capillary saturation. 

free water s a t u r a t i o n - - s e e  capillary saturation. 

FRET--a  two-dimensional simulation program for FREez- 
ing-Thawing processes by Matsumoto, Hokoi, and Hatano. 

FSEC--a  commercially available computer model from the 
Florida Solar Energy Center simulating whole building prob- 

lems involving energy, airflow, moisture, contaminants, and 
air distribution systems. 

(;laser Diagram--one  of the first one-dimensional moisture 
models using vapor diffusion only with steady-state bound- 
ary conditions to predict condensation. It was originally pub- 
lished in 1958-59 as a graphical method. 

gra in-- the  normal unit of weight used for small amounts of 
water at 1/7000 of a pound (0.0648 grams). 

HAM--combined Heat, Air, and Moisture analysis. 

heat flux, (W.m 2), (Btu.ft-2.h-1)__the quantity of heat trans- 
ported in unit time across unit area of a plane that is per- 
pendicular to the direction of the transport. 

HEAT2 and HEAT3--Swedish two- and three-dimensional 
dynamic heat transfer analysis models that are commercially 
available. 

HEATING 7.2--a heat transfer model program developed at 
Oak Ridge National Laboratory (ORNL) which can be used 
to solve steady-state and/or  transient heat conduction prob- 
lems in one-, two-, or three-dimensional Cartesian, cylindri- 
cal, or spherical coordinates. (Oak Ridge, TN 37831). 

HMTRA--a Heat and Mass TRAnsfer two dimensional 
model by Gawin and Schrefler including soils, high temper- 
atures, and material damage effects. 

humidi ty  ra t io-- the ratio of the mass of water vapor to the 
mass of dry air contained in a sample. In inch-pound units, 
humidity ratio is expressed as grains of water vapor per 
pound of dry air (one grain is equal to 1/7000 of a pound) 
or as pounds of water vapor per pound of dry air. In SI units, 
humidity ratio is expressed as grams (g) of water vapor per 
kilogram (kg) of dry air. (Using the pound per pound units 
in the inch-pound system has the advantage that the ratio is 
nondimensional and will be the same for the SI and inch- 
pound systems. In this case the ratio would also be called 
the specific humidity.) 

hydraulic conductivity, (kg.s l-m 1.Pa 1), (lb.s-l.ft 1.in ' 
Hg 1)--the time rate of steady state water flow through a 
unit area of a material induced by a unit suction pressure 
gradient in a direction perpendicular to that unit area. 

hydrostatic--the physics concerning the pressure and equi- 
librium of water at rest. 

hygroscopic--at tract ing or absorbing moisture from the air. 

hygroscopic range-- the  range of RH in a material where 
the moisture is still only in an adsorbed state. This varies 
with material but is usually up to about 98% RH. 

hygrothermal  analysis--the study of a system involving 
coupled heat and moisture transfer. 

IEA Annex 24--par t  of the International Energy Agency 
which publishes documents ("Heat, Air and Moisture Trans- 
fer in Insulated Envelope Parts") through the participation 
of leading physicists and engineers working in this area from 
around the world. 

Kieper Diagram--a  simple one-dimensional steady-state 
moisture model introduced in 1976 using vapor diffusion 
only to predict condensation. 
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LATENITE--a one-, two-, or three-dimensional computer 
model developed by Karagiozis and Salonvaara. Likely the 
most comprehensive heat air and moisture model available. 
It is not available for general use. 

liquid conduction coefficient, (m2"s-1), (ft2.s-l)--the pro- 
portionality constant or transport property that taken times 
the gradient of RH gives the resulting liquid flux. 

liquid conductivity--see hydraulic conductivity. 

liquid diffusivity--see liquid conduction coefficient or liq- 
uid transport coefficient. 

liquid transport coefficient, (m2-s-1), (ftE-s l)--the multi- 
plier or proportionality constant in the diffusion equation 
between the gradient of water content and the resulting liq- 
uid transport flux. 

liquid t ranspor t  flux, (kg.m-2.s-l), (Ib.ft-2.s 1)--the amount 
and rate of liquid movement through a given area or plane. 

MATCH--a one-dimensional computer model by Carsten 
Rode that is similar to MOIST and uses both sorption and 
suction curves to define the moisture storage function. It is 
commercially available. 

max imum moisture content--the building material mois- 
ture content that corresponds to the saturation state where 
the open pores are completely filled with water. This is avail- 
able only experimentally in a vacuum. 

max imum water conten t - - see  maximum moisture content. 

MDRY--a Moisture Design Reference Year weather data set 
that reflects more severe weather conditions perhaps seen 
one out of ten years. 

MOIST a free public domain one-dimensional thermal and 
moisture transfer model and computer program developed 
by Burch while at the U.S. National Institute of Standards 
and Technology (NIST). 

moisture content (MC)--the moisture content of a building 
material can be defined as either (i) the mass of moisture 
per unit volume of the dry material [all building materials], 
or (ii) the mass of moisture per unit mass of the dry material 
[denser materials], or (iii) the volume of condensed moisture 
per unit volume of the dry material [lighter materials]. 

moisture diffusivity, (m2.s 1), (ft2.s-l)__the moisture diffu- 
sivity in the hygroscopic range is the ratio between vapor 
permeability and volumetric moisture capacity. Outside that 
range it is the ratio between moisture permeability and vol- 
umetric moisture capacity. 

moisture flux, (kg.m-2.s-1)--the mass of moisture trans- 
ported in unit time across unit area of a plane that is per- 
pendicular to the direction of the transport. 

moisture load-- the  amount of moisture added to an envi- 
ronment fi'om various sources. 

moisture permeability, (kg-m-l-Pa-l-s-1), (lb-ft-l.in.Hg -~ 
�9 s-~)--the ratio between the moisture flux and the magnitude 
of suction gradient in the direction of the flow. Suction in- 
cludes capillarity, gravity, and external pressure. 

moisture storage funct ion-- the  function describing the re- 
lationship between the ambient relative humidity and the 
absorbed moisture, composed of sorption isotherms (up to 
- 9 5 %  RH), and suction isotherms (above -95% RH). 

MOISTWALL--a one-dimensional computer model devel- 
oped at the Forest Products Laboratory that is a numerical 
version of the Kieper Diagram based on vapor diffusion only. 

MOISTWALL2--a one-dimensional computer model with 
the effect of airflow added to the original MOISTWALL 
model vapor diffusion. 

NCDC--the National Climatic Data Center, which is a source 
of detailed hourly historical weather data. 

open porosity, (m3.m-3), (ft3.ft-3)--the volume of pores per 
unit volume of the material accessible for water vapor. 

performance threshold-- the  conditions under which a ma- 
terial or assembly will cease to perform as intended. 

pe rm- - the  unit of vapor permeance, defined as the mass 
rate of water vapor flow through one square foot of a ma- 
terial or construction of one grain per hour induced by a 
vapor pressure gradient between two surfaces of one inch of 
mercury (or in other units that equal that flow rate). 

permeance coeff icient--see vapor permeance. 

porosity--the ratio, usually expressed as a percentage, of the 
volume of a material's pores to its total volume. 

psychrometric cha r t - - a  graph where each point represents 
a specific condition of an air and water vapor system with 
regard to temperature, absolute humidity, relative humidity, 
and wet-bulb temperature. 

relative humidi ty- - the  ratio, at a specific temperature, of 
the actual moisture content of the air sample, and the mois- 
ture content of the air sample if it were at saturation. It is 
given as a percentage. 

rep- - the  unit of water vapor resistance equal to 1/perm. 

RH--relative humidity. 

SAMSON--the Surface Airways Meteorological and Solar 
Observing Network, a source of historical hourly weather 
data for the United States. 

saturated air--moist  air in a state of equilibrium with a 
plane surface of pure water at the same temperature and 
pressure, that is, air whose vapor pressure is the saturation 
vapor pressure and whose relative humidity is 100%. 

saturation curve-- the psychrometric curve through differ- 
ent temperatures and pressures that represents the dew 
point or 100% RH. 

saturation point - - the  point at a given temperature and 
pressure where the air is saturated with moisture and the 
relative humidity is 100%. 

saturation vapor pressure--the vapor pressure that is in 
equilibrium with a plane surface of water. 

SHAM--a  Simplified Hygrothermal Analysis Method that 
extends EMPTIED's model with guidance on things like driv- 
ing rain and solar radiation. 
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SIMPLE F U L U V - - a  two-d imens iona l  mode l  by Okland de- 
veloped to invest igate convect ion  in t imbe r  f rame walls. 

sling psychrometer--a device consis t ing of bo th  a wet-bulb  
and  a dry-bulb  t h e r m o m e t e r  on  a handle  al lowing whir l ing 
in the  a i r  in o rder  to de te rmine  the mois tu re  content  or  rel- 
ative humid i ty  of the  air. 

sorption--the general  t e rm used  to encompass  the processes  
of adsorpt ion ,  absorpt ion ,  and  desorpt ion.  

sorption c u r v e - - s e e  sorp t ion  isotherm.  

sorption isotherm--the re la t ionship  be tween  the vapor  
pressure  (or more  often relat ive humidity,  RH) of the  sur- 
roundings  and  the mois tu re  content  in a mate r ia l  at  a con- 
s tant  t empera ture .  Since the hysteresis  be tween  the adsorp-  
t ion and  desorp t ion  i so therms  is usual ly  not  very 
p ronounced ,  the  adsorp t ion  i so therm or  a mean  i so therm is 
often used. 

specific heat capacity, (J'kg - I 'K- 1), (Btu.lb - 1.F- ~ ) - - t h e  hea t  
(energy) requi red  to increase  the  t empe ra tu r e  of a dry  uni t  
mass  of a mate r ia l  by 1 degree. 

specific humidity--the rat io  of the mass  of wate r  vapor  to 
the total  mass  of the  dry  air. In  inch-pound  units,  specific 
humid i ty  is expressed as pounds  of wate r  vapor  pe r  pounds  
of dry  air. In  SI units,  specific humid i ty  is expressed as 
k i lograms of wate r  vapor  per  k i logram of dry air. Because 
specific humid i ty  is a rat io,  and  if bo th  the  mass  of wa te r  
vapor  and  the mass  of the  dry  a i r  are measu red  in the  same 
uni ts  (pounds  in inch-pound  units ,  k i lograms in SI units),  
the  numer ica l  values are  the  same for inch-pound  and  for SI 
units.  However, some tables and  char ts  show inch-pound  
uni ts  as gra ins  pe r  p o u n d  and  met r ic  units  as g rams  per  kil- 
ogram.  

specific moisture capacity, (kg.kg-l .pa-1),  (lb.lb 1.in 
.Hg 1)-- the increase  in the mass  of mois tu re  in a uni t  mass  
of the  mate r ia l  tha t  follows a uni t  increase  in vapor  pressure  
or  suction. 

stack e f f e c t - - t e m p e r a t u r e  and  resul t ing pressure  differ- 
ences be tween a bui ld ing  exter ior  and  in te r ior  that  drives a i r  
infi l t rat ion or  exfiltration. 

suction c u r v e - - s e e  suct ion isotherm.  

suction isotherm--the re la t ionship  be tween  the capi l la ry  
suct ion pressure  and  the mois tu re  content  in a mate r ia l  at  a 
cons tant  t empera ture .  

TCCC2D- - the  Transient  Coupled Convect ion and Conduc- 
t ion in 2D structures,  an advanced  model  by Ojanen tha t  also 
predic ts  mold  growth.  

T C C D 2 - - t h e  Transient  Coupled Convect ion and  Diffusion 2 
Dimens iona l  model ,  an improvemen t  bui l t  upon  Kohonen 's  
model ,  main ly  used  for f r amed  bui ld ing  walls. 

THERM 2 . 0 - - a  two-d imens iona l  s teady-s ta te  heat  t ransfer  
model  widely used  in Nor th  Amer ica  and  especial ly useful  
for windows and o ther  l ightweight  assemblies .  

thermal conductivity, (W'm I'K 1), (Btu.ft-l.h-l.F 1) or  
(Btu' in ' f l  2"h I'F 1)--the t ime ra te  of s teady state hea t  flow 
th rough  a uni t  a rea  of a homogeneous  mate r ia l  induced  by  

a uni t  t empera tu re  grad ien t  in a d i rec t ion  pe rpend icu la r  to 
tha t  uni t  area. 

thermal diffusivity, (m2.s 1), (fti.s 1)__th e ra t io  be tween  the 
the rmal  conduct ivi ty  and the volumetr ic  hea t  capac i ty  of  the  
mater ia l .  

thermal moisture diffusion coefficient, (mi.K I'S-1), 
(ft2"F-J's 1)-- the ra t io  be tween the the rmal  mois tu re  per- 
meabi l i ty  and the dry density. 

thermal moisture permeability, (kg.m 1.K 1.s-1), (lb.ft 1 
�9 F - l - s -~ ) - - the  rat io  be tween  the mois ture  flux and the mag-  
n i tude  of the t empera tu re  grad ien t  in the  d i rec t ion  of  the 
t r anspor t  in the absence  of any mois tu re  content  gradient .  

thermal resistance, (K.m2.W 1), (F.fta.h.Btu 1)__th e quan-  
t i ty de t e rmined  by the s teady state t empera tu re  difference 
be tween  two defined surfaces of a mate r ia l  or  cons t ruc t ion  
tha t  induces  a uni t  hea t  flow rate  th rough  a uni t  area.  

TMY--Typica l  Meteorologica l  Year da ta  p roduced  for bui ld-  
ing energy analysis.  

T M Y 2 - - a n  upda t e d  set of TMY da ta  for 239 US cities which  
is avai lable f rom the Nat ional  Renewable  Energy Labora to ry  
(NREL). 

T O O L B O X - - a  publ ic  d o m a i n  compu te r  p r o g r a m  on the psy- 
chromet r i c  char ts  and  t he rmodyna mic  proper t ies  of mois t  
air. 

tortuosity factor--the i l l-defined degree of being to r tuous  
or  full of twists, turns,  curves, or  windings  relat ing to the  
mic roscop ic  inters t ices  of a mater ia l .  

transport coefficient--the propor t iona l i ty  cons tan t  in a dif- 
fusion equation,  which  taken t imes  the gradient ,  gives the  
t r anspor t  flux or  flow density. 

T R A T M O - - t h e  TRansient  Analysis code for Thermal  and 
MOisture  physical  behaviors  of cons t ruc t ions  was developed 
by Kohonen  and was one of the  first compute r i zed  bu i ld ing  
enclosure  models.  

T R A T M O 2 - - T R a n s i e n t  Analysis of Thermal  and  MOisture  
behavior  of 2-D structures,  by Salonvaara .  This advanced  
mode l  considers  convect ion  and  rad ia t ion  in porous  mate-  
rials. 

vapor concentration, (kg.m-3), ( lb . f t -3)-- the  vapor  content  
in a given volume of a i r  (or volume of a i r  in the  pores  of a 
bui ld ing  material) ,  defined as the  ra t io  be tween  the mass  of 
water  vapor  in tha t  volume,  and  the volume. 

vapor diffusion--the movemen t  of wate r  vapor  th rough  ma-  
ter ials  and  systems dr iven by the vapor  pressure  differences 
or  gradient .  

vapor diffusion coefficient, ( s ) - - the  same as vapor  per- 
meabil i ty;  however, pe rmeab i l i ty  is usual ly  expressed in Eng- 
lish uni ts  (perm.in),  while the diffusion coefficient is usual ly  
expressed in met r ic  uni ts  (s). 

vapor diffusion thickness, (m), ( f t ) - - the  p roduc t  of a spec- 
imen  thickness  and the vapor  res is tance factor  of the mate-  
rial. 
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v a p o r  flux, (kg.m-2.s 1), (lb.ft-2.s-l)__the mass of vapor 
transported in unit time across unit area of a plane that is 
perpendicular to the direction of the transport. 

v a p o r  permeabi l i ty ,  (ng-s-l.m-l.pa-1), (gr.h-~'ft-l.in.Hg -1) 
or (perm.in)--the time rate of water vapor transmission 
through a unit area of fiat material of unit thickness induced 
by a unit water vapor pressure difference between its two 
surfaces. In inch-pound units, permeability is given in grains 
of water per hour for each square foot of area divided by the 
inches of mercury of vapor pressure difference per thickness 
in feet (gr/h-ft.in.Hg). In SI units, permeability is given as 
nanograms of water per second for each square meter of 
area divided by the Pascals of vapor pressure difference per 
thickness in meters (ng/s.m-Pa). 

v a p o r  p e r m e a n c e  (ng.s-l-m-2-pa-l), (gr.h-l.fl-2.in.Hg -1) or 
(perm)--the time rate of water vapor transmission through 
unit area of flat material induced by unit water vapor pres- 
sure difference between its two surfaces. In inch-pound 
units, permeance is given in the unit "perm," where one 
perm equals a transmission rate of one grain of water per 
hour for each square foot of area per inch of mercury (gr/ 
h.ft2.in.Hg). (A grain is 1/7000 of a pound.) There is no direct 
SI equivalent to the penn. However, one perm equals a flow 
rate of 57 nanograms of water per second for each square 
meter of area and each Pascal of vapor pressure (ng/ 
s.m2-pa). 

v a p o r  pres sure ,  (Pa), (in.Hg)--the partial pressure exerted 
by the vapor at a given temperature, also stated as the com- 
ponent of atmospheric pressure contributed by the presence 
of water vapor. In inch-pound units, vapor pressure is given 
most frequently in inches of mercury (in,Hg); in SI units wa- 
ter vapor pressure is given in Pascals (Pa). 

v a p o r  r e s i s t a n c e  and  r e s i s t i v i t y - - t h e  reciprocals of per- 
meance and permeability. The advantage of the use of re- 
sistance and resistivity is that in an assembly or sandwich of 
a construction the resistances and resistivities of the individ- 
ual layers can be added to arrive at the resistance or resis- 
tivity of an assembly, while permeances and permeabilities 
can not be so added. 

v a p o r  r e s i s t a n c e  factor,  (dimensionless)--the ratio between 
the vapor permeability of stagnant air and that of the ma- 
terial under identical thermodynamic conditions (same tem- 
perature and pressure). 

v a p o r  resistivity--see vapor resistance and resistivity. 

v a p o r  r e t a r d e r - - a  material or system that adequately im- 
pedes the transmission of water vapor under specified con- 
ditions. 

v o l u m e t r i c  h e a t  capacity ,  (J.m 3.K-1), (Btu'ft-3"F-l)--the 
heat (energy) required to increase the temperature of a dry 
unit volume of the material by one degree. 

v o l u m e t r i c  m o i s t u r e  capacity ,  (kg'm-3"pa-1), (lb-ft-3"in 
.Hg-1)--the increase in the moisture content in a unit vol- 
ume of the material that follows a unit increase in the vapor 
pressure or suction. For the hygroscopic range, volumetric 
moisture capacity can be calculated from the slope of the 
sorption curve, and above critical moisture content it can be 
calculated as the slope of the suction curve. 

WALLDRY--a simple model of the drying of framed wall 
assemblies using moisture transport by vapor diffusion only. 

w a t e r  a b s o r p t i o n  coefficient--see absorption coefficient. 

w a t e r  v a p o r  content--see vapor  concentrat ion.  

w a t e r  v a p o r  diffusion--see vapor diffusion. 

w a t e r  v a p o r  d i f fus ion  coefficient--see vapor diffusion co- 
efficient. 

w a t e r  v a p o r  d i f fus ion  resistance--see vapor resistance. 

w a t e r  vapor  permeability--see vapor permeability. 

w a t e r  v a p o r  permeance--see vapor permeance. 

w a t e r  v a p o r  pressure--see vapor pressure. 

w a t e r  v a p o r  resistance--see vapor resistance, 

w a t e r  v a p o r  resistivity--see vapor resistivity. 

wet-bulb--see wet-bulb temperature. 

w e t - b u l b  t e m p e r a t u r e - - t h e  temperature read from a wet- 
bulb thermometer resulting from the cooling due to evapo- 
ration from its surface. 

WUFI--a  one- or two-dimensional computer model devel- 
oped by Hartwig Kuenzel at the Fraunhofer Institut fuer 
Bauphysik. The model incorporates driving rain, has stable 
calculations, is easy to use, is well validated with field data, 
and is commercially available. 

WUFI /ORNL/IBP- -a  one- or two-dimensional advanced 
computer model originally developed by Kuenzel but ex- 
tended in a joint research collaboration between Oak Ridge 
National Laboratory (ORNL) and the Fraunhofer Institute 
for Building Physics (IBP). 

WUFIZ--a  two-dimensional version of the WUFI computer 
model. 

WYEC--the Weather Year for Energy Calculations data con- 
sists of one year of hourly weather data produced by ASH- 
RAE. 

WYEC2--the revised and improved WYEC data for 52 lo- 
cations in the US and 6 locations in Canada. 
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OVERVIEW AND INTRODUCTION 

T H E  INTENT OF THIS  CHAPTER i s  tO  provide  the prac t ic ing  
bu i ld ing  des igner  wi th  the m i n i m u m  bas ic  under s t and ing  of 
the hygro the rmal  phenomena ,  inc luding mois ture  move- 
men t  and  transfer, and  of its effect on bu i ld ing  construct ions ,  
necessary  to unde r s t and  the chapters  direct ly  re la ted  to 
mois tu re  analysis.  It is not  the  intent  of this  chap te r  to re- 
p lace  more  deta i led  handbooks  or  to supply  a comple te  
knowledge of bui ld ing  physics.  Readers  who wish to s tudy 
the fundamenta l s  of mois tu re  t he rmodynamics  in greater  
dep th  are referred to such excellent  publ ica t ions  as the 
ASHRAE Handbook off Fundamentals [1], ASTM MNL 18, 
Moisture Control in Buildings [2], and  others  ci ted as refer- 
ences. 

As ind ica ted  in the in t roduct ion ,  this manua l  is concerned  
p r imar i ly  wi th  condensa t ion  wi th in  and on the bui ld ing  en- 
velope, that  is, condensa t ion  of wate r  vapor  conta ined  in air. 
In  bui ld ing  environments ,  bo th  ou tdoors  and indoors ,  a i r  
a lways conta ins  some mois tu re  in the form of wate r  vapor. 
The a m o u n t  of wate r  vapor  in ou tdoor  a i r  depends  on 
a tmospher i c  condi t ions ,  inc luding t empera tu re  and  eleva- 
t ion above sea level. The a m o u n t  of wate r  vapor  con ta ined  
in indoor  a i r  depends  p r imar i ly  on occupancy  factors and  on 
the activit ies or  processes  conduc ted  wi th in  the bu i ld ing  or  
space. For  res ident ia l  appl icat ions ,  these include p r imar i ly  
occupan t  density, perspi ra t ion ,  breathing,  cooking, and  bath-  
ing. In  commerc ia l  and  ins t i tu t ional  they also include laun-  
dries, commerc ia l  kitchens,  and  p roduc t ion  processes.  Tem- 
pera tu re  affects the mois tu re  content  in air, as air  absorbs  
more  mois tu re  when  it is w a r m  than  when  it is cold. Air 
p ressure  also affects the abi l i ty  of a i r  to conta in  mois ture ,  
a l though for bui ld ing  appl ica t ions  this  effect can be ignored  
except in areas  at elevations above approx imate ly  5000 ft. 

In  te rms of the propens i ty  for condensa t ion ,  the mos t  sig- 
nif icant  e lement  is the abi l i ty  of a i r  to conta in  mois ture  
based  on its t empera ture .  Neglect ing ai r  pressure  for a 
moment ,  a i r  at low t empera tu r e  can conta in  only smal l  
amoun t s  of wate r  vapor;  a i r  at  high t empe ra tu r e  can absorb  
a greater  a m o u n t  of wate r  vapor. Thus, by  ra is ing the tem- 
perature ,  we can increase  the  abi l i ty  of a i r  to conta in  wa te r  
vapor;  conversely, by lower ing the tempera ture ,  we can de- 

1H. R. Trechsel Associates, Arlington, VA; Trechsel is also an archi- 
tect for the Engineering Field Activity Chesapeake, Naval Facilities 
Engineering Command, Washington, DC. All opinions expressed are 
his own and do not necessarily reflect those of any Government 
agency. 

crease the a m o u n t  of wate r  vapor  that  can be con ta ined  in 
a specific sample  of air. 

While  ra is ing the t empe ra tu r e  increases  the  abi l i ty  of a i r  
to absorb  wate r  vapor, there  is a l imi t  to the  a m o u n t  of wate r  
vapor  tha t  can be con ta ined  in air  at any one tempera ture .  
At that  point ,  the a i r  reaches  its sa tu ra t ion  point ,  and  the 
t empera tu re  at  which  this occurs  is called the dew poin t  of 
the air. If the t empera tu re  of such sa tu ra ted  a i r  is lowered,  
the a i r  will no longer  be able to conta in  its mois ture .  In  the  
a tmosphere ,  the excessive mois tu re  condenses  in the form 
of wate r  drople ts  to form clouds and eventual ly rain.  With in  
bui ld ings  and wi th in  bui ld ing envelopes,  the excessive mois-  
ture condenses  on any surface that  is at a t empera tu re  be low 
the dew-poin t  t empera ture .  

Since the p ropens i ty  of a given mixture  of dry  a i r  and  wa- 
ter  vapor  to condensa t ion  is a funct ion of bo th  the  mois tu re  
content  of the air  and  its t empera ture ,  the t e rm relative hu- 
midity is used. The relat ive humid i ty  of a pa r t i cu la r  sample  
of air  is the rat io  of the  mois ture  content  of the a i r  and  the 
mois tu re  content  of that  air  at  sa tura t ion.  Accordingly, if a 
given sample  of air  conta ins  x kg of mois ture  pe r  kg of air, 
and  at  sa tura t ion,  based  on the a i r s  t empera ture ,  the a i r  
could  conta in  y kg of mois ture ,  the relat ive humid i ty  would  
be x/y expressed as a percentage.  Thus, if x = y, the RH 
would  be 100%, i f x  = 1/2 y, the  RH would  be 50%. 

Based on the above, the bas ic  pr incip le  for prevent ing or  
reducing  condensa t ion  on or  wi th in  bui ld ing  envelopes is to 
reduce  the surface relat ive humid i ty  ( that  is, the  relative hu- 
mid i ty  of the  a i r  in immedia t e  contac t  wi th  the  surfaces)  so 
tha t  the  surface t empera tu re s  are  at all t imes  above the dew 
poin t  of the air, or, conversely, to raise the t empe ra tu r e  of 
the surfaces so that,  again,  the surface t empera tu re  is above 
the dew poin t  of the  air. Al though brief  mois tu re  excursions 
should  not  cause significant mois ture  distress in bui ld ing  
construct ions ,  there  are no firm guidel ines as to wha t  con- 
st i tutes "brief" excursions.  As a general  rule, when  analyzing 
a const ruct ion,  no mois ture  excursions at  design condi t ions  
should  be allowed. 

TERMINOLOGY 

The following defini t ions of te rms apply  to wate r  vapor  as 
conta ined  in air. The first three  te rms descr ibe  rat ios  of wate r  
vapor  to air; absolu te  humid i ty  relates the  mass  of mois tu re  
content  to the volume of the mois t  air  sample.  Humid i ty  ra- 
t io and  specific humid i ty  relate  to the mass  of water  vapor  
and  the air  in the  sample:  
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�9 Absolute humid i t y - - t he  ra t io  of  the mass  of  wate r  vapor  to 
the  total  volume of the  a i r  sample.  In  SI units,  absolute  
humid i ty  is expressed as k g / m  3. In  i n c h / p o u n d  units,  ab- 
solute humid i ty  is expressed as lb / f t  3. 

�9 Humidi ty  ra t io- - the  ra t io  of mass  of wate r  vapor  to the  
mass  of dry  a i r  con ta ined  in the sample.  In  i n c h / p o u n d  
units,  humid i ty  ra t io  is expressed as grains  of wate r  vapor  
pe r  pound  of  dry a i r  (one gra in  is equal  to 1/7000 of a 
pound)  or  as p o u n d  of  wate r  vapor  pe r  p o u n d  of dry  air. 
In  SI units,  humid i ty  ra t io  is expressed as g ram (g) of wa- 
ter  vapor  pe r  k i logram (kg) of dry  air. (Using the p o u n d  
pe r  pound  units  in the i n c h / p o u n d  sys tem has  the advan- 
tages that  the ra t io  is non-d imens iona l  and  will be the 
same for the SI and  i n c h / p o u n d  systems).  

�9 Specific humid i t y - - t he  ra t io  of  the mass  of  wate r  vapor  to 
the  total  mass  of the dry air. In  i n c h / p o u n d  units,  specific 
humid i ty  is expressed as pounds  of wate r  vapor  pe r  
pounds  of dry  air. In  SI units,  specific humid i ty  is ex- 
pressed  as k i logram of wate r  vapor  pe r  k i logram of  dry  air. 
Because  specific humid i ty  is a ra t io  and,  if both  the mass  
of water  vapor  and the mass  of the dry  a i r  are  measu red  
in the  same uni ts  (pounds  in inch-pound  units,  k i lograms 
in SI units),  the numer ica l  values are  the same for inch- 
p o u n d  and  for SI units.  However, some tables and char ts  
show i n c h / p o u n d  units  as gra ins  pe r  p o u n d  and met r ic  
units  as g rams  per  ki logram. 

�9 Relative humid i t y - - t he  rat io,  at  a specific tempera ture ,  of  
the mois tu re  content  of the  a i r  sample  if it were at  satu- 
rat ion,  and  the ac tual  mois tu re  content  of the a i r  sample.  
It is given as a percentage.  

�9 Water vapor pressure- - the  par t ia l  pressure  exerted by the 
vapor  at  a given tempera ture ,  also s ta ted as the componen t  
of  a tmospher i c  pressure  con t r ibu ted  by the presence of 
wate r  vapor. In  i n c h / p o u n d  units,  vapor  pressure  is given 
mos t  f requent ly  in inches of mercury  (in.Hg); in SI uni ts  
wate r  vapor  pressure  is given in Pascals  (Pa). 

�9 Water vapor permeance or  permeance c o e ~ c i e n t - - t h e  t ime 
ra te  of wate r  vapor  t r ansmiss ion  th rough  uni t  a rea  of flat 
p roduc t  induced  by  unit  wate r  vapor  pressure  difference 
be tween its two surfaces. In  i n c h / p o u n d  units,  pe rmeance  
is given in the uni t  "perm," where  1 pe rm equals a t rans-  
miss ion  rate  of 1 gra in  of wa te r  pe r  hour  for each square  
foot of  a rea  pe r  inch of mercu ry  (gr /h  �9 ftz. in.Hg). (A gra in  
is 1/7000 of  a pound.)  There is no direct  SI equivalent  to 
the perm.  However, 1 p e r m  equals  a flow rate  of 57 nan- 
ograms of wa te r  pe r  second for each square  metre  of a rea  
and each Pascal  of  vapor  pressure  (ng/s  �9 m 2 �9 Pa). 

�9 Water vapor permeabi l i ty- - the  t ime rate  of wate r  vapor  
t r ansmiss ion  th rough  uni t  a rea  of flat mater ia l  of uni t  
thickness  induced  by unit  wa te r  vapor  pressure  difference 
be tween its two surfaces. In  i n c h / p o u n d  units,  permeabi l -  
i ty is given in grains  of wate r  per  hour  for each square foot 
of a rea  divided by the th ickness  pe r  inches of  me rc u ry  
(g r /h  �9 ft �9 in.Hg). In  SI units,  pe rmeance  is given as nan-  
ograms of wa te r  pe r  second for  each square  metre  of a rea  
divided by  the th ickness  in metres  pe r  Pascal  of vapor  pres-  
sure  (ng/s  �9 m �9 Pa). 

�9 Water vapor resistance and resis t iv i ty-- the  rec iprocals  of 
pe rmeance  and permeabi l i ty .  The advantage  of the use of  
res is tance and  resist ivi ty is that  in an assembly  or  sand-  
wich of a const ruct ion,  the res is tances  and  resist ivit ies of  

the individual  layers  can be added  to arr ive at  the resist-  
ance or  resist ivi ty of an assembly, while pe rmeances  and  
pe rmeanc ies  can not  be so added.  

P R O P E R T IE S  OF AIR 

Table 1 i l lustrates  the re la t ionship  be tween tempera ture ,  rel- 
ative humidity,  and  specific humid i ty  as pounds  of wate r  va- 
po r  to pounds  of dry a i r  in a sample.  The ra t io  does, of 
course,  not  change  if SI units  were used, p rovided  tha t  the  
same actual  t empera tu re s  are  considered.  The values are 
given for sea level. The humid i ty  rat io  in i n c h / p o u n d  uni ts  
is often given in grains  of wate r  vapor  pe r  p o u n d  of dry. air. 
Since a gra in  is exactly 1/7000 of a pound,  the values given 
in the table can be mul t ip l ied  by 7000 to arrive at the  hu- 
mid i ty  rat io  in grains  of wate r  vapor  pe r  p o u n d  of dry  air. 
In  SI units,  the humid i ty  ra t io  is given in g rams  of  mois tu re  
pe r  kg of dry air, and  the values given in the table  can be 
conver ted  into SI humid i ty  ra t ios  by mul t ip ly ing  them by 
1000.  

Table 2 was p repa red  to provide  an  i l lus t ra t ion of the effect 
of t empera ture ,  relat ive humidity,  and  a l t i tude (elevation 
above sea level) on the densi ty  or  weight  of  air. The table  
shows the elevat ion bo th  in feet and  in metres ,  and  the vol- 
ume  of 1 lb of a i r  in cubic  feet (1 kg of a i r  in cubic  metres) .  
As can be seen, t empe ra tu r e  is the ma jo r  factor  affecting the 
densi ty  of a i r  at  t empera tu re s  above 50~ (10~ Alt i tude 
becomes  a significant factor  only above 4000 ft (1220 m). 
RH becomes  a m a j o r  factor  only at t empera tu res  above 50~ 
(10~ 

Table 3 provides  an  example  of the mass  of a i r  and  the 
a m o u n t  of mois tu re  that  might  be con ta ined  in a typical  bed- 
room,  small  residence,  and  c lassroom,  based  on three  as- 
sumed  relat ive humid i ty  levels. The indoor  t empera tu re  is 
un i fo rmly  a s sumed  to be 70~ (2 I~ and  the a l t i tude is sea 
level. The table  also i l lustrates  that  the ac tua l  mois tu re  con- 
tent  is d i rect ly  p ropor t iona l  to the relative humidity.  As 
shown below, the lowering of the RH level wi th in  bui ld ing  
envi ronments  is the single most  effective means  of reduc ing  
the p ropens i ty  for mois tu re  p rob lems  in buildings.  However, 
there  are  both  prac t ica l  l imits  to the degree the RH can be 
lowered,  as well as physiological  l imits  to both  low and high 
RH levels in bui ld ings  for h u m a n  occupancies .  

While  the in format ion  in Tables 1, 2, and  3 and  in s imi lar  
tables avai lable in the l i te ra ture  is useful in i l lus t ra t ing the  
magn i tude  of the var ious  factors involved in mois tu re  con- 
trol in buildings,  t abu la r  in fo rmat ion  is of l imi ted  value to 
the designer, who needs  to unde r s t and  the overall  re la t ion-  

TABLE 1--Humidity ratio as a function of temperature and 
relative humidity (in pound of moisture per pound of dry air or 

kilogram of moisture per kilogram of dry air). 

Relative Humidity 

Temperature 25% 50% 75% 100% 

0~ ( -  18~ 0.0002 0.0004 0.0006 0.0008 
20~ (-7~ 0.0005 0.0011 0.0016 0.0021 
40~ (4~ 0.0013 0.0026 0.0026 0.0052 
60~ (16~ 0.0027 0.0055 0.0082 0.0110 
80~ (27~ 0.0054 0.0109 0.0165 0.0223 
100~ (38~ 0.0102 0.0208 0.0318 0.0431 



CHAPTER 1 - - M O I S T U R E  P R I M E R  3 

TABLE 2--Volume of 1 lb of air in cubic feet (1 kg of air in cubic metres). 

25~ (-4~ 50~ (10~ 100~ (38~ 

Altitude 25% RH 75% RH 25% RH 75% RH 25% RH 75% RH 

Sea Level 12.23 12.25 12.88 12.96 14.34 14.82 
0.763152 0.7644 0.803712 0.808704 0.894816 0.924768 

1000 R 12.69 12.72 13.37 13.45 14.88 15.41 
300m 0.791856 0.793728 0.834288 0.83928 0.928512 0.961584 
2000 fl 13.16 13.19 13.87 13.93 15.45 16.02 
600m 0.821184 0.823056 0.865488 0.869232 0.96408 0.999648 
4000 fi 14.17 14.21 14.93 15.04 16.65 17.32 
1200m 0.884208 0.886704 0.931632 0.938496 1.03896 1.080768 
8000 fl 16.42 16.47 17.13 17.46 19.36 20.25 
2400m 1.024608 1.027728 1.068912 1.089504 1.208064 1.2636 

TABLE 3--Approximate moisture content in building spaces at differing RH levels. 

Lb of H20 (kg of H20) Mass Air, 
Space Size Volume lb (kg) at RH - 25 at RH - 50 at RH = 75 

Bedroom 10 ft by 14 ft 1120 f13 90 lb 0.36 lb 0.72 lb 1.10 lb 
(3.05 m by 4.27 m) (31.7 m 3) (41 kg) (0.16 kg) (0.33 kg) 0.50 kg) 

House 1800 ft 2 14 400 ft 3 1100 lb 4.4 lb 8.8 lb 13.2 lb 
(170 m 2) (408 m 3) (500 kg) (2.0 kg) (4.0 kg) (6.0 kg) 

Classroom 30 ft by 30 ft 9000 ft 3 990 lb 4.0 lb 7.9 lb 11.9 lb 
(9.14 m by 9.14 m) (255 m 3) (450 kg) 1.8 kg) (3.6 kg) (5.4 kg) 

ship  of the  var ious  factors.  The most  c o m m o n l y  used source 
of such in fo rmat ion  are  the psychromet r i c  char ts  developed 
by ASHRAE. Figure  1 is the char t  r ep roduced  f rom the 
ASI-IRAE Handbook of Fundamentals [3]. Al though ASHRAE 
publ ishes  five charts ,  only char t  n u m b e r  1 is re levant  for 
mos t  bui ld ing  designers.  I t  appl ies  to sea level and  dry-bulb  
t empera tu re s  f rom about  30 to 120~ ( - 1  to 49~ and  f rom 
wet bulb  t empera tu re s  f rom about  30 to 95~ ( - 1  to 35~ 
For  ext reme cold condi t ions  f rom about  - 8 ~  ( -40~ char t  
n u m b e r  2 should  be used. For  cons t ruc t ion  at  high al t i tudes,  
char t  n u m b e r  4 is for 5000 ft (1524 m) elevat ion and  char t  
n u m b e r  5 is for 7500 ft (2286 m) elevation. 

The char ts  also can be used  to de te rmine  the relative hu- 
midi t ies  and  dew poin t  f rom measu remen t s  of dry-bulb  and 
wet-bulb  tempera tures .  Such measu remen t s  were pe r fo rmed  
with  so-called "sling psychrometers"  before  the  avai labi l i ty  
of re l iable  e lectronic  devices, These ins t ruments  consis ted  of 
two t he rmome te r s  side by  side, one of which  had  its mercu ry  
bulb  enclosed in a wet  fabric  wick. To take measurement s ,  
the  two t he rmome te r s  were  swung for a few minutes ,  af ter  
which  t ime the t empera tu re s  of the two t he rmome te r s  were  
read. The t empe ra tu r e  of the  t h e r m o m e t e r  wi th  the wick was 
the  "wet-bulb" tempera ture ;  the  t empera tu re  of the bare  bulb  
t h e r m o m e t e r  was the "dry-bulb" tempera ture .  By means  of 
tables  or  psychromet r i c  charts ,  the RH level and  the dew- 
po in t  t empe ra tu r e  could  be de te rmined .  

Because the ASHRAE char t  is a r ep roduc t ion  of a larger  
chart ,  it is difficult to read  at  the  scale used  here in Fig. 1. 
Accordingly, to be t te r  i l lustrate  the mean ing  and significance 
of the in format ion  conta ined,  we have p repa red  a s implif ied 
fo rmat  of tha t  char t  in Fig. 2. However, for analysis,  the  orig- 
inal  ASHRAE chart ,  o r  s imi la r  char ts  p roduced  by HVAC 
manufac ture rs ,  should  be used. 

The psychromet r i c  char ts  p rovided  on the x-axis the dry- 
bulb  t empe ra tu r e  and  on the y-axis the  mois ture  content .  
The steep d iagonal  lines represen t  the vo lume of dry a i r  for 
uni t  mass,  and  the low slope d iagonals  represen t  the wet- 

bulb  tempera tures .  The curved lines represent  the  l ines of 
equal  relat ive humidity,  and  the last  curve to the  left repre-  
sents 100% RH or  sa tura t ion.  

Many  psychromet r i c  ca lcula t ions  can  be convenient ly  
done by the use of the psychromet r i c  chart .  F igures  3 
th rough  7 i l lustrate  some c o m m o n  calculat ions  tha t  can be 
pe r fo rmed  readi ly  th rough  the use of the psychromet r i c  
chart .  

Problem 1, Fig. 3: Given are the dry-bulb  t empera tu re  as 30~ 
and the relat ive humid i ty  as 40%. F ind  the dew-poin t  tem- 
perature .  
Solution: Find  the dry-bulb  t empera tu re  on the hor izonta l  
(30~ in the example)  and  move up the nea r  vert ical  30~ 
line unti l  it in tersects  wi th  the curved RH line (40% in the 
sample) .  F r o m  this intersect ion,  move hor izonta l ly  to its in- 
te rsec t ion  with  the  last  curved line on the left, which  repre-  
sents 100% relat ive humid i ty  or  sa tura t ion.  The value is the  
dew-poin t  t empera tu re  of the a i r / v a p o r  mix ture  (15~ in the  
example) .  Al though the char t  is in SI units,  the  p rocedure  
would  be exactly the  same for an i n c h / p o u n d  chart ,  except  
tha t  the t empera tu re s  for dry-bulb  and for dew poin t  would  
be in ~ 

Problem 2, Fig. 4: Given are  the  dry-bulb  t empera tu re  of 35~ 
and the dew-poin t  t empera tu re  of 20~ F ind  the relat ive hu- 
midity. 
Solution: Find the dew-poin t  t empera tu re  on the sa tu ra t ion  
or  dew-poin t  curve (20~ in the  example)  and  move hor izon-  
tal ly unt i l  the in tersec t ion  wi th  the near  vert ical  over the  dry- 
bulb  t empe ra tu r e  (35~ in the example).  By examining  the 
loca t ion  of the closest  in tersec t ion  with  the  curved RH lines, 
the RH of the a i r  and  vapor  mixture  can be es t imated  as 
43%. 

Problem 3, Fig. 5: Given are the dry-bulb  t empera tu re  of 10~ 
and the relat ive humid i ty  as 50%. Find  the humid i ty  rat io.  



A
~H

R
A

E
 

P
~Y

C
H

R
O

M
E

T
R

IC
 

C
H

A
R

T
 

N
O

. 
I 

@
 

N
O

R
M

A
L

 
T

E
M

P
E

R
A

T
U

R
E

 
S

E
A

 L
E

V
E

L
 

III
A

R
O

III
I[ 

|~
III

C
 

P
R

E
[I

II
U

R
E

 
IO

l>
ll

l 
kP

II
, 

C
O

l~
tl~

 G
~n

r 
i~

q~
 

A
IA

E
~

N
t=

A
N

 
IO

C
I(

I~
 

O
F

 
tl

fl
li

l!
lI

G
, 

R
I!

F
R

ii
li

lt
ll

lA
il

li
O

 
A

N
O

 
A

J
R

-C
O

N
D

IT
IO

N
IN

 z
l 

E
N

G
IM

I~
Ir

R
~

 , 
IN

C
. 

I 
"-

r 
''>

 
1-

 
,o

 T
 

.,
 _:

 %
' 

~'/I
~ g~

.-=
o 

~
. 

=
_[

N
I,

S
t !

 
N

ta
t.

 
~ 

<,
, 

"
~

 
T

O
T

A
L 

tI
ll

T
 

" 
4

#
. 

"4
@

 
~ 

~"
 

"
-

 

I~
N

IH
A

tP
Y

 
_ 

. 
ll
h 

1 ~
i'
~ 

~
1

0
~

t 
f 

l~
il

lO
 

" 
i-

ll
 

i ~
 

@
 

' 
l 

"l
i'~

l 
.

.
.

.
.

 
~o

 
/<

'[
 

".
_1

1 
I 

! 
/i 

1"
-4

\/
I 

- 
- 

~"
~"

 
/<

~.
_1

 
I 

\l
~r

 
h

ll
 

I_
 

I~
..

__
]_

_l
 

~
t

 
~ 

"-
J 

II
 

i 
"-

 
--

 
- 

~o
 / 

k 
V 

"-
t~

 
I 

I 
II

 
~ 

I 

I 
i :

; c
f -- 

2
X

 
X

 
i\

A
 

I 
~

-t
i 

i/
I 

k-
ti

~
 

ik
iL

l~
.-

.~
 

i_
~

. 
!.

~
.J

 
I,

~
F

 

R
/~

_
I 

A
 

I~
 /

P
~

 
..

IA
.I

 
1

-'
,l

 
tl 

I 
~

&
'

.
l

 
r-

J.
 

,l 
! 

:l
 ~

" 

X
 

"7
" 

k 
J'

 
I"

.Y
\I

 
1/

17
"-

"I
,~

 
V

 
I 

l
\

-
t

~
.

~
~

.
,

,
~

!
 

i 
i't

,,4
z~

i-:
-Z

IL
 

~
'~

. 
I 

A 
~ 

I 
1~

 
I 

-4
t 

x 
\1

 
I 

-1
;~

>[
 

I 
I 

I~
.t

 
1 

I 
~1

 
p

-R
l\

O
.~

o
 

~ 
N

il
 

-t
.Z

I 
l/

~
'<

~
k_

A
\ 

I 
II

1.
_~

1 
I 

/]
 

1%
%

d-
~ I

_
X

 
{~

--
I-

_ 
I 

I%
 

Il
l'

-~
m

~
.'

-I
~

_
 

..
I~

1
 

J'
'F

-J
'~

 
I 

r/
-~

t-
A

I 
Y

 
I 

~
.1

/1
 

IY
r-

.~
t-

zl
__

~>
l-

K
I\

X
 

I 
re

=
IX

 
2

t2
_

~
kl

l 
I 

lb
tl

 
A

 
l~

'~
'i

 
I 

I\
A

--
J 

I 
\1

 
X

:-
~

"{
I 

1 
~I

-,
~1

 
I 

I 
.L

't
- 

;Z
~

,~
,~

-I
 

Y
 

I 
\r~

<-
l~

,l 
K

'~
j 

1
A

I 
I-

4
 

1
1

1
 

I"
~

't
 

1 
A

" 
V

'-
J 

I 
ll

~
si

 
~ 

~
~

 
~ 

>~
/_

II
:~

.L
j.

Z
I~

L.
~_

~i
_\

~ 
.4

<.
-.'

:~
 IX

 !
 

I 
":b

.~
--

 
t.

I 
vR

-4
/l

--
J 

\l~
.l 

I 
v'

p~
,~

,j
_~

[J
22

I~
_l

_Z
]_

7~
l~

).
 

! 
!-

 _
m

~.
,.

.I
,,

lt 
so

 
~.

~ 
~-

.,
,~

 
"~

-2
o_

 _~
K

 
I\

 
V 

r-
-~

T/
~l

 
I 

"Y
-_

It"
-r

 
17

-I
.\

I 
l 

I >
'~

-, 
I 

l 
r'

~/
L

_l
 

\%
"k

_ 
I 

I\
 

I 
gL

-~
:~

 
_ 

'~
,'

~
'~

-,
4

,.
 

I/
r-

..
3"

-I
Z

l 
I 

A
"'-

-i_
 

I/
I 

1A
~.

12
1,

..
_I

~-
_ 

i/
'l

 
I\

'-
L

 
I 

I_
3

X
"r

 
I~

-I
_

 
(_

__
2"

 
,~

 
~

,,
o

@
~

 
~

'I
\-

~
.I

 
~ 

.V
I 

Ik
'~

l'~
 

I 
I 

\Y
'.

J 
"l

"~
l,

 
"Y

.I
 

I~
I 

"'I
~_

 
l.

i'
i 

1"
4-

,,_
 l

\*
i.

 
I 

"l
--

~
I/

i'
~

" 
�9

 
,.

~
 

N
 

~f
'-
l,
,V
l 

I~
I 

I~
)<
I;
Z-
-L
.m
~.
;(
 i 
-I
~.
.I
,/
'~
I 

I'
-1

 
~ 

~I
',
,L
I 
\I
 

l.
~/
l~
.J
~x
-I
. 

I 
~I
"-
,~
 

l 
li

q~
--

-.
"l

-.
 

""
 

o
~

'~
 

-'
2

/I
 

X
'-

'd
 

X
 

l"
-i

~
 ~

 
"I

,-
:,

~L
.\

I 
I 

.,:
l--

..J
~.

 I
 

I'.
.%

_\
I"

~
,.

 
P

-.
i 

,l /
 

I 
]_

%
_

[_
_

I_
I 

~ 
A

 
I\

o~
-l

~l
 - 

-<
 

,._
 

"-
~

d
\I

"A
L

'-
L

./
I\

 
l-b

,4
. 

I 
\|

/'
I.

 
I 

~
I~

:~
-.

I 
|\

I~
.I

 
I 

I~
 "

I-
._

I/
?

,~
I'

-I
. 

I 
~l

 
l'-

l.
_

 
I,~

(I
 

I"
~

l~
[s

2
i.

. 
/,

 
"~

 
~ 

"l
.<

 
I 

X
'I

.\
 

p 
I 

"1
../

'1
 

I 
-'

F~
,'f

\ 
I~
'-
,~
-~
-,
LI
r.
;(
 

L 
1-

'{
_ 

1\
 

1 
/r

-.
J 

\I
'-

.3
 

7"
t..

_!
~_

I 
IJ

~i
..

\l
 

I 
I 

~-
lt

~ 
-~

 
x 

~
.J

li
\-

l~
_

l 
]~

A
-'%

.I 
f-

l~
-.

l_
Y

 
I'

ll
 

I 
~

lc
~

A
 

I 
I 

"t
&

J 
/ 

I 
F

'.,
I 

I~
-L

.]
a

~
l/

l 
L.

~
t'

. 
I 

I 
~

-i
\'

r-
 

/ 
k 

~
-_

_
~

. 
:.

_
P

l-
~

;~
<

d
 

I~
<L

,, 
I 

Z
-.

I 
\1

 
;W

. 
I 

~
iz

tA
 

1%
'1

-. 
I 

Ik
.I

 
I 

"~
<~

.1
 

I 
I'

K
~

L
_

I_
- 

l~
l.

 
!~

'!:
,-~

-L
t~

--i
 - 

r-
~ 

~o
/"

-~
 

~
"

 
_~

l~
._

i~
.-

-!
~!

-.
s 

t~
 

i 
"K

i 
J~

. 
I\

'~
-L

 
/ 

I 
"4

-~
 

I\
't

. 
! 

I 
_~

.i
 

I 
I%

-1
 

! 
I 

I
Z

T
 

A
 

%
 

"-
-x

_
~

.~
J~

~
4

".
~

l-
-4

 
l~

.l
 

l-
~

r~
i~

l-
.-

~
l~

.l
~

t~
lX

r-
j 

i 
l-

.i
ti

~
\l

 
i 

1
-.

1
 

, 
r-

u\
l 

m
~ 

=!
_~

F~
, ,

~.
.L

\[
,4

 t
 

f-
.. 

'~
 

" 
" 

_ 
""

 
?W

~ 
~ 

]-
-J

 
J~

l_
 

I 
-I-

.~
_1

 
I-

'4
~

-.
J 

I 
~

1-
.I

 
I 

-7
1~

 1
 

l~
.t

_
\l

 
~ 

1~
 

l 
-i

-J
 

\]
 

~
1

%
 

1-
 

l 
--

~
t~

4
f~

-~
r'

-t
~

'l
~

 
"~

%
~c

~t
- 

-~
 ~1

"-
 

I 
"t

A
~

P
t-

.!
 

~
-2

J~
--

~
-i

\l
'l

. 
I 

r-
-~

!.
 

"#
.w

t~
 

I'
-I

 
1 

l-
.l

 
i\

'l
-.

I 
_I

~-
~E

- 
I 

I 
"t

-t
l 

./
.]

-~
] 

l
-

~
 

" 
-_

 
- 

~
%

'~
4

 
f-

.%
~

.~
 

lt
--

] 
P

-L
.M

~*
~4

T.
 

I 
-'

K
-~

L
 
l'
-J
 

\1
"4

 
I 
~

(
o

~
 

1"
--

1 
IV

S
, 

I 
I-

tt
. 

I 
~ 

I 
1

-'
tA

l 
I 

-'
t-

.-
b

 
~

.
t

o
~

-
.

l
~

~
'

-
k

~
 

I'
q

. 
1

"4
. 

I\
~

--
_

'~
r-

_
i.

--
t-

~
-T

l\
l-

.J
 

I-
~

.~
..

r-
4

\l
-b

.I
 

~
,i

~
_

-i
; 

l~
kl

 
I-

'%
..

i 

_
;~

3
~

-~
1

"~
-1

~
-1

 
t-

.l
\ 

]-
.1

 
_ 

_ 
]-

._
1 

V
-.

l 
i-

 
4

_
~

L
-t

.;
 

i 
l~

-J
 

I-
%

~
/ 

] 
.T

~
 

-%
_ 

I 
i~

-t
_

~
 

r,
4

 
I 

N
\I

 
'l~

-c
~L

 
~

1
~

t-
-~

--
I-

~
L

~
 

"-
 

. 
-;

 
--

-~
 

r,
l 

t-
-~

 
"~

.1
 

\P
-J

 
P

-~
 

I'
-L

 
I 

~
t~

-~
k 

]-
.~

 
l'

-t
 

I 
rb

. 
I 

l'
-l

~
L

 
]-

.I
 

\1
 

K
 

I 
~

'4
. 

1 
!~

_.
 _

l--
dr

 
"~

--
~

Y
lt

- 
r-

~
L 

~
i-

-3
 

"t
-_

~
_

-J
 

"t
-M

 "
t.

_
 

l-
-t

t 
1"

-4
_ 

"t
~

_
 

1"
~4

_ 
II

'l
_

 
I 

"'t
-_

~t
 

-t
._

7
~

r~
-I

 
I-

 
b

-I
 

~-
._

i 
L

I-
t_

~
['

.~
 

i 
~

._
! 

t 
I 

"t
2_

1 
1 

~
"

 
~

-"
 

- 
~ 

.
.

.
.

.
.

 
~'

--
-'

- 
"-
-r
 -

 
" 

"-
~

1
"~

..
 

..
..

 
'~

r 
"~

-"
 

~-
- 

1~
 

~
-

~
'

~
 

~ 
1

"~
 

~
- 

"
~

'
~

 
~

'-
~

t-
 

o 
io

 
2o

 
3o

 
~l

 
DR

Y l
iu

U
l ~

l
l

E
 

q~
 

FI
G

. 
1-

-A
S

H
R

A
E

 
P

sy
ch

ro
m

et
ri

c 
C

ha
rt

 N
o.

 1
--

N
o

rm
al

 
te

m
pe

ra
tu

re
, 

0 
to

 5
0~

 
se

a 
le

ve
l, 

ba
ro

m
et

ri
c 

pr
es

su
re

 
1.

01
.3

25
 k

P
a.

 R
ep

ri
nt

ed
 w

it
h 

pe
rm

is
si

on
 

of
 t

he
 A

m
er

ic
an

 
S

oc
ie

ty
 o

f 
H

ea
ti

ng
, 

R
ef

ri
ge

ra
ti

ng
 

an
d 

A
ir

-C
on

di
ti

on
in

g 
E

ng
in

ee
rs

 f
ro

m
 t

he
 1

99
7 

A
S

H
R

A
E

 H
an

d
b

o
o

k-
-F

u
n

d
am

en
ta

ls
. 

7 c~
 



CHAPTER 1 - - M O I S T U R E  P R I M E R  5 

LEGEND 

NEAR VERTICAL UNES : 
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CURVED LINES: 

HORIZONTAL LINES: 

EQUAL DRY BULB TEMPERATURES 

EQUAL WET BULB TEMPERATURE 

EQUAL RELATIVE HUMIDITY 

EQUAL HUMIDITY RATIOS 
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FIG. 2~ impl i f i ed  psychrometric chart based on ASHRAE Chart shown on Fig. 1. 
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FIG. 3--Calculation of dew-point temperature based on dry-bulb temperature and 
relative humidity. 

Solution: Find the dry-bulb temperature on the horizontal 
dry-bulb line (10~ in the example) and move up the near 
vertical line to its intersection with the 50% RH curve. From 
that intersection, move horizontally to the right to the hu- 
midity ratio scale. The humidity ratio is 4 g of moisture per 
kilogram of dry air. 

Problem 4, Fig. 6: Given is the dew point of 5~ Find the 
humidity ratio. 
Solution: Find the dew-point temperature on the dew-point 
or saturation curve (or 100% relative humidity curve) (5~ 
in the example). From that point move horizontally to the 
right until its intersection with the humidity ratio scale, The 
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FIG. a--Calculation of relative humidity based on dry-bulb temperature and on dew- 
point temperature. 

humidity ratio in the example is 5.5 g of moisture per kilo- 
gram of dry air. 

Problem 5, Fig. 7." Given are the dry-bulb temperature of 35~ 
and the wet-bulb temperature of 25~ Find the relative hu- 
midity, dew-point, and humidity ratio. 
Solution: Find the dry-bulb temperature on the horizontal 
line (35~ in the example) and move up the near vertical line 
to its intersection with the diagonal wet-bulb temperature 
line of 25~ The relative humidity is the nearest relative hu- 
midity curve (45% in the example). If desired, the dew point 
temperature can then be determined by moving horizontally 
to the left to the saturation curve. The dew-point is 2 I~ in 
the example. To determine the humidity ratio, move from 
the intersection of the dry-bulb and the wet-bulb tempera- 
ture to the right and find the humidity ratio as 16 g of moist 
air per kilogram of dry air. 

While the use of psychrometric charts is simple, it must 
be noted that calculations based on the charts are approxi- 
mate only. However, for purposes of moisture analysis, the 
results are generally sufficiently accurate. 

Also available are the ASHRAE published tables on the 
thermodynamic properties of moist air [4]. These allow in 
general greater accuracy, but are less convenient to use for 
the envelope design professional. 

In addition, there are several computer programs on the 
market that simplify the calculations. Two of these programs 
are included on the CD Rom in the back cover pocket. 

One of the programs, developed by the Trane Company, is 
one module out of a broader program developed for solving 
many thermodynamic tasks. It is based on inch/pound units 
as used in the United States. 

The other program was developed by Carsten Rode and 
allows the use of both metric (SI) units of measurements and 
of inch/pound units. 

With the computer programs, the need for using psychro- 
metric charts and tables will be greatly reduced, although it 
is recommended that the novice moisture analyst familiarize 
himself or herself with the use of psychrometric charts, as 
the charts do provide a useful graphic depiction of the re- 
lationship between the various values. Instructions for ac- 
cess and downloading of the two programs are provided with 
the disks. 

M O I S T U R E  S O U R C E S  

In cold climates, condensation control in buildings is con- 
cerned mainly with indoor moisture sources. In air- 
conditioned buildings in warm and humid climates, infil- 
trating warm and humid air is the primary concern. In all 
climates, special consideration must be given to indoor 
moisture sources such as indoor swimming pools and spas, 
commercial laundries and kitchens, and moisture-producing 
industrial processes must be considered on a case-by-case 
basis. Except as noted, the following is summarized and ab- 
stracted from Christian [5]. For consistency, all values of 
moisture were converted to pounds (lb) for the inch/pound 
system and to kilograms (kg) for the SI system. 

I n d o o r  S o u rces  

People 
All buildings designed for human occupancies must ac- 

count for the body moisture generated by people. The mois- 
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10~ DRY BULB . . . .  " - 

4 g/kg 
H U M I D I T Y  
RATIO 

FIG. &--Calculation of humidity ratio based on dry-bulb temperature and relative 
humidity. 
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ture release f rom respiration and perspiration depends on 
the activity level and air t empera tu re  Ehrhorn  and Gertis 
[6] estimate the following ranges of moisture release for 
three activity ranges at 68~ (20~ 

Light activity: From 007  lb /h  (0.03 kg/h) to 026  lb /h  (0.12 
kg/h)  

Medium activity: From 0.26 lb /h  (0.12 kg/h)  to 0.44 ]b/h (0.2 
kg/h)  

glkg 
H U M I D I T Y  
RATIO 

FIG. 6~Calculation of humidity ratio based on dew-point temperature. 

Hard work: From 044  lb /h  (02  kg/h)  to 0.66 lb /h  (0.3 kg/ 
h) 

Commercial and Institutional 

Based on the above data and assuming light to medium 
activity levels for schools, offices, and light industrial occu- 
pancies, a daily per capital moisture source of approximately 
2 2  lb /day  (1 kg/day) per 8 h  shift seems a reasonable as~ 
s u m p t i o n  
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lS g/kg 
HUMIDITY 
RATIO 

0 ve m :11 
I lWf f l t ~ l l  l l lM I l ~ fm l  q~ 3w176 DRY BULB " 

FIG. 7--Calculation of relative humidity from wet-bulb and dry-bulb temperature. 

Residential 
Based on assor ted  references,  the in terna l  mois tu re  load  

for single family res idences  can vary f rom a low of 9.4 to 
50.7 l b / d a y  (4.3 to 23 kg/day) ,  a l though the uppe r  range can 
be significantly exceeded by unvented  cloth dryers,  use of 
unvented  kerosene heaters,  a t t ached  greenhouses ,  or  swim- 
ming  pools.  
Bathrooms 

A 5-rain tub  ba th  generates  1.3 lb (0.6 kg) of wate r  vapor, 
but  that  n u m b e r  m a y  be low, cons ider ing  the t ime it takes 
to fill and  empty  the tub. 
Residential kitchens 

Cooking and  dish washing  for a family  of four  generates  
approx ima te ly  3.3 l b / d a y  (1.5 kg/day) .  
Floor mopping 

0.33 lb l f t  2 (1.61 kglm2). 
Indoor firewood storage 

420 to 705 lb (190 to 320 kg) over six mon ths  of storage. 
Cloth drying indoors, not  vented 

4.8 to 6.44 l b / l oad  (2.2 to 2.92 kg/ load) .  
Swimming pools 

Chris t ian provides  the fo rmula  and necessary  table to es- 
t ima te  the mois ture  evapora t ion  f rom swimming  pools.  This 
evapora t ion  depends  on the wate r  t empera tu re  and the RH 
and  t empera tu re  of  the  air. 
Indoor plants and aquariums 

Indoo r  p lants  can also add  significantly to the mois tu re  
load  of  a building.  Almost  all wa te r  used to wate r  p lants  en- 
ters the air. A small  p lant  m a y  add  only 0.22 l b / d a y  (0.1 kg 
/day),  la rger  single p lants  emit  be tween 0.37 and  0.79 p t / d a y  
(0.17 and  0,36 kg/day) ,  and  young trees, as m a y  be used in 
lobbies  of commerc ia l  bui ld ings  or  shopping  malls,  can emi t  
110 to 220 p t / d a y  (50 to 100 kg /day)  each. The con t r ibu t ion  
of  aqua r iums  depends  on the i r  a rea  of wate r  surface and can 
be ca lcula ted  as for swimming  pools.  

Based on the above, it is obvious that  es t imat ing  the mois-  
ture load  of  a p l anned  s t ructure  is more  of an ar t  than  a 
science. Since the des igner  se ldom has much  control  over 
the opera t ion  of the building,  it seems p ruden t  to a ssume a 
mois tu re  load nea r  the uppe r  l imit  for the in tended  occu- 
pancy. Fo r  a more  deta i led  analysis  of i ndoor  mois tu re  
sources,  the  r eade r  is referred to Chris t ian [5]. 
Construction moisture 

Cast-in-place concrete  releases about  198 lb of  wate r  pe r  
cubic  yard  (90 kg per  cubic  metre)  over the first two years  
after  construct ion.  Rousseau  es t imates  that  mois tu re  re- 
leased by a newly cons t ruc ted  house  can a m o u n t  to 5730 lb 
(2600 kg) of wate r  f rom concrete  founda t ions  and  construc-  
t ion l u m b e r  [7]. Quirouet te  es t imates  that  a typical  house  
m a y  release 22 lb (10 kg) or  more  per  day dur ing  the first 
winter, and  11 lb (5 kg) dur ing  the second year  [9]. Thus, 
cons t ruc t ion  mois ture ,  specifically in concre te  and  masonry  
buildings,  can be a ser ious  mois ture  source dur ing  the first 
years  of occupancy,  but  it  should  not  be a long- term prob-  
lem. However, dur ing  the process  of drying out  of a construc-  
tion, such mois tu re  can be significant,  especial ly wi th  mois-  
tu re- re ta rd ing  cons t ruc t ion  ( instal la t ion of vapor  re tarders)  
and  insufficient venti lat ion.  Ear ly  occupancy  before  substan-  
t ial  drying out  should  therefore  be avoided.  

O u t d o o r  M o i s t u r e  S o u r c e s  

Sources  of  mois tu re  enter ing the indoor  env i ronment  range  
f rom rain,  fog, b lowing snow, to g roundwate r  and  infi l t rat ing 
h u m i d  air. 
Rainwater 

If wate r  in the form of ra in  is a l lowed en t rance  into the 
bui ld ing  or  into wall  and  roof  const ruct ions ,  this source can 
over-whelm all in te r io r  or  o ther  exter ior  sources.  A single sig- 
nif icant  r a inwa te r  leak has  been observed by this au thor  to 
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al low 22 to 44 l b / h  (10 to 20 kg /h )  to leak into bui ld ing  walls 
dur ing  a heavy ra ins torm,  or, a ssuming  a 5-h ra ins torm,  110 
to 220 l b / d a y  (50 to 100 kg/day) .  Al though a small  leak dur- 
ing a rare  t ropica l  s to rm is unl ikely  to cause  any long- term 
mois tu re  distress,  small  leaks can  cause mois ture  to accu- 
mula te  wi th in  bui ld ing  cavities, and  can  then  evapora te  dur- 
ing w a r m  weather,  only to condense  on interior, colder  sur- 
faces in walls of a i r -condi t ioned buildings.  The first p r io r i ty  
of the  des igner  of a bui ld ing  wall  and  roof  is to provide  an  
envelope tha t  is essent ial ly  ra in  proof.  Apar t  f rom out r ight  
leaks, r a inwa te r  can be a significant con t r ibu to r  to the  mois-  
ture ba lance  wi thin  wall  cons t ruc t ions  and  cavities if it is 
a l lowed to soak into exter ior  bui ld ing  mater ia ls .  Specifically 
in w a r m  climates,  but  also dur ing  wa rm wea the r  in colder  
cl imates,  the mois tu re  wi th in  such mater ia l s  can evapora te  
and move as wate r  vapor  into the  colder  in ter ior  of air- 
condi t ioned  buildings.  
Flooded and damp basements and crawl spaces 

The mois ture  con t r ibu ted  by  f looded or  wet  basements  
and  crawl spaces can be significant.  A 645 ft 2 (60 m 2) wet  
basemen t  m a y  emit  approx imate ly  13 lb (6 kg) pe r  hour, or  
320 lb (145 kg) pe r  day. Al though some of this mois tu re  m a y  
be vent i la ted to the outdoors ,  in pract ice  much  of it will find 
its way into the  s t ructure  above th rough  floor penet ra t ions ,  
ducts,  and  access stairs. It is obvious then  tha t  the des igner  
needs to control,  or  bet ter  prevent,  mois ture  f rom enter ing 
basements  and  crawl spaces.  The first of the  preventive mea-  
sures should  be to provide  adequa te  slope of  the grade away  
f rom the bui ld ing  and  the ins ta l la t ion  of a vapor- re tard ing  
g round  cover in crawl spaces.  This s imple  measure  can of ten 
reduce or  e l iminate  mois t  basements  and  crawl spaces.  In  
pers is tent  cases, the  ins ta l la t ion  of a founda t ion  dra inage  
system, capi l la ry  breaks,  and  vapor  re ta rders  be low floor 
slab may  be necessary. A vapor  re ta rder  should  always be 
ins ta l led under  slabs on grade in new buildings.  
Humid air 

In  cool ing cl imates,  a ma jo r  source of mois ture  wi th in  a 
bui ld ing  and wi th in  bui ld ing  envelope e lement  cavities is the 
in t rus ion  of warm,  h u m i d  outs ide  air. Al though some ap- 
p rox imat ions  are provided  in the ASHRAE Handbook of  Fun- 
damentals [9] and  in ASTM MNL 18, Chapter  8 [5], the  de- 
s igner  of a bui ld ing  envelope will not  be able to predic t  
accura te ly  or  even approx imate ly  the as-bui l t  a i r  leakage per- 
fo rmance  of the envelope, specifically since he or  she often 
has  lit t le control  over field qual i ty  control  dur ing  construc-  
t ion and  has general ly  no control  over the opera t ion  and  
ma in tenance  of the  building,  all of which  will largely deter- 
mine  the air  inf i l t rat ion rate.  The des igner  should,  however, 
inc lude in the specif icat ions adequa te  provis ions  for field 
qual i ty  control,  design the wall  to be inherent ly  res is tant  to 
a i r  infi l trat ion,  and  detail  the wall  consis tent  wi th  the qual i ty  
of workmansh ip  to be specified and  expected.  

BUILDING MATERIALS 

Building mater ia l s  can be affected both  by mois tu re  and  can 
affect the mois ture  pe r fo rmance  of a bui ld ing  and its ele- 
ments .  The proper t ies  relevant  to mois tu re  analysis  are  dis- 
cussed in more  detai l  in Chapter  3 on Materials ,  and  fai lure 
cr i ter ia  are  d iscussed in Chapter  4. The fol lowing is a br ief  

s u m m a r y  of mois ture - re la ted  concerns  for bui ld ing  mater i -  
als. 

The proper t ies  p r imar i ly  relevant  to mois ture  analysis  and  
to mois ture  control  in the  bui ld ings  are: 

�9 mois tu re  t r ansmiss ion  
�9 mois tu re  absorp t ion  and  mois tu re  s torage 
�9 l inear  shr inkage 
�9 surface de te r iora t ion  

The type of bui ld ing  mate r ia l s  of pa r t i cu la r  concerns  are: 

�9 m e m b r a n e s  and  pa in ts  
�9 the rmal  insula t ing mater ia l s  
�9 concre te  
�9 ma son ry  uni ts  and  m o r t a r  

Water Vapor Transmission 

In t e rms  of mois tu re  analysis,  the  most  impor t an t  charac-  
ter is t ic  of mater ia l s  is the t r ansmiss ion  rate  of wa te r  vapol:  
The te rms  permeance and permeability were defined unde r  
Terminology above. Pe rmeance  is a measure  of a specific 
product ' s  rate  of wate r  vapor  t ransmiss ion ,  such as an 
aspha l t - l amina ted  kraft  pape r  or  a 3/4  in. (19 mm)  thick ex- 
t ruded  polys tyrene board .  Permeabi l i ty  is a measure  of a ma-  
terial 's  rate  of wate r  vapor  t r ansmiss ion  per  uni t  thickness.  
Thus, the pe rmeance  of the  above-ment ioned  3/4 in. ex- 
t ruded  polys tyrene  board  is 0.9 pe rm (50 ng / s  �9 m 2 �9 Pa), but  
the pe rmeab i l i ty  of ex t ruded polys tyrene  mate r ia l  is 1.2 
pe rm per  inch thickness  (30 ng / s  �9 m �9 Pa per  met re  thick- 
ness). Other  useful  te rms are  water  vapor  res is tance and  re- 
sistivity, which  are  the  rec iprocal  values of pe rmeance  and 
permeabi l i ty .  

The wate r  vapor  t r ansmiss ion  ra te  th rough  mater ia l  is not  
only dependen t  on that  pa r t i cu la r  mate r ia l  and  its thickness,  
but  also on the vapor  pressure  act ing across the mate r ia l  or, 
a ssuming  equal  t empera ture ,  on the relative humid i ty  on 
bo th  sides of the mater ia l .  The mos t  f requent ly  used  test 
me thod  is ASTM E 96, Test Methods  for Water  Vapor Trans- 
miss ion  of Materials .  The test  essent ial ly  consists  of install-  
ing the mate r ia l  in a dish (or cup), which  conta ins  e i ther  a 
des iccant  (Desiccant  or  Dry-Cup method)  or  conta ins  wa te r  
(Water  or  Wet-Cup method) .  The dish is then p laced  in a 
cabine t  wi th  cont ro l led  t empera tu re  and  humid i ty  and  is 
weighed at  regular  intervals.  When  the increase  (Desiccant  
method)  or  decrease  (Water  method)  reaches  a s teady rate,  
the wa te r  vapor  t r ansmiss ion  rate  can be calculated.  The re- 
sults of the two tests for some mater ia ls  will differ signifi- 
cantly, as the wate r  t r ansmiss ion  ra te  is dependen t  on the 
mois ture  content  of the a i r  on bo th  sides of the specimen.  

The resul ts  of the tests, r epor ted  in Chapters  3 and 4 of 
MNL 18 [2], in general  are based  on ei ther  the Desiccant  or  
the Water  method.  Where  the des igner  has a choice, the re- 
sults f rom Desiccant  tests should  be used where  relat ively 
low relat ive humid i ty  will p redomina te ,  while results  f rom 
Water  tests should  be used  in condi t ions  where  high relat ive 
humidi t i es  will p redomina te .  In  the past,  da ta  for most  ma-  
terials  were avai lable only for e i ther  the Water  me thod  or  
the Desiccant  method.  Thanks  to work  by such organiza t ions  
as the In te rna t iona l  Energy  Agency and var ious  research  in- 
st i tut ions,  da ta  for wate r  vapor  pe rmeab i l i ty  is now avai lable 
for ranges  of relat ive humidi t i es  and  tempera tures .  Chapter  
3 of this manua l  provides  such new data.  
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Moisture Absorption 

Many building materials have the ability to absorb moisture. 
In a well-designed building, moisture absorption in building 
materials should not be of concern; however, excessive mois- 
ture content of some building materials can lead to prema- 
ture deterioration and even failure. Serious decay in wood 
occurs at and above fiber saturation of about 30% moisture 
content and between 50~ (10~ and 100~ (38~ [10]. High 
moisture content in thermal insulation materials can de- 
grade the thermal resistance of thermal insulating materials 
[11]. In some materials, freeze and thaw cycles can lead to 
failure. Surface wetting (by liquid water or by condensation) 
can lead to mold growth, rust on unprotected steel, and to 
the deterioration of finishes. Chapters 3 on Materials and 4 
on Failure Criteria in this manual will elaborate on these 
issues. 

Dimensional  Changes in Wood 

While wood is dimensionally stable at fiber saturation, it 
changes dimensions as it gains and loses moisture below this 
point. In general such changes are not of catastrophic sig- 
nificance in buildings; however, they can cause uneven set- 
tlement, loosened connectors, warpage with attendant un- 
sightliness, splitting of boards, and can, therefore, reduce the 
ability to shed rainwater. The greatest moisture-induced di- 
mensional changes are in the direction of the annual growth 
rings (tangential), about half as much across the rings (ra- 
dial), and only slightly along the grain of the wood. Readers 
interested in greater details of moisture-related shrinkage of 
wood and of other wood-related properties of wood are re- 
ferred to Ref 10, from which the above was extracted. 

Vapor Retarders 

To prevent excessive moisture movement into and through 
building walls, vapor retarders (formerly called vapor bar- 
riers) are frequently used. These are mostly membrane-type 
materials or, more rarely, paints with a low moisture trans- 
mission rate. ASTM C 755, Practice for Selection of Vapor 
Retarders for Thermal Insulation, defines vapor retarders as 
"materials or systems which adequately retard the transmis- 
sion water vapor under specified conditions." It goes on to 
state that "for practical purposes it is assumed that the per- 
meance of an adequate retarder will not exceed 1 perm, al- 
though at present this value may be adequate only for resi- 
dential construction." Regardless of the qualification, the 
1-perm value is currently accepted as the working definition 
of a vapor retarder. To be effective, vapor retarders should 
also be essentially airtight to prevent the passage of moist 
air. 

Air Retarders 

While the purpose of vapor retarders is the prevention of 
excessive diffusion into and through walls and wall elements, 
the purpose of air retarders (AR) is to prevent excessive air 
leakage into and through building walls and wall elements, 
while being highly permeable to water vapor. ASTM E 1677, 
specifications for Air Retarder (AR) Material or System for 
Low-Rise Framed Building Walls, does not specify a level of 

required water vapor permeance. However, materials are 
available in the 10 to 50 perm (570 to 2850 ng/s �9 m Pa) 
range and may be considered appropriate. According to 
ASTM E 1677, the air leakage rate of an AR should not ex- 
ceed 0.06 cfm/ft 2 at 0.3 in. of water (0.3 �9 10 3/(s �9 m 2) at 75 
Pa) when tested in accordance with ASTM Test Method for 
Determining the Rate of Air Leakage Through Exterior Win- 
dows, Curtain Walls, and Doors Under Specified Pressure 
Differences Across the Specimen (E 283). Alternatively to in- 
stalling a separate air retarder, other materials, such as in- 
terior gypsum board in cold climates, can provide an ade- 
quate air seal if the boards are properly caulked at the sill, 
head, and at all joints such as windows, doors, and at plumb- 
ing penetrations [12]. Since airtightness of the AR is critical 
to its performance, and, since the performance of seals is 
primarily a function of field workmanship, adequate provi- 
sions for quality control should be included in the building 
specifications so that the installed AR will meet the intent of 
ASTM E 1677. In cold climates, air retarders installed out- 
side of the insulation enhance the effectiveness of the insu- 
lation by preventing cold air from entering the wall cavity. 

Combined Vapor Retarders and Air Retarder 

A combination vapor retarder and air retarder system will 
prevent moisture movement both by diffusion and by mass 
transport. The system can consist of a single element that is 
both air and water vapor resistant, or it can consist of two 
elements, a vapor retarder and an air barrier. 

ACCEPTABLE M O I S T U R E  L E V E L S  

In buildings, there are three components that limit accept- 
able moisture levels: human health and comfort, the deteri- 
oration of a building's contents--for example the storage of 
hygroscopic materials such as antiquities (in museums) or 
chemicals, and the need to safeguard the building's structure 
itself from moisture-related deterioration. While for most 
buildings RH levels in the 30 to 50% should be acceptable, 
for specialized buildings other allowable RH and tempera- 
ture limits may need to be observed. 

Human Health and Comfort 

Within a fairly broad range, moisture in the air is of no great 
significance to human health and comfort. In other words, 
humans are tolerant of a wide range of moisture and tem- 
perature conditions of the air. ASHRAE suggests the indoor 
levels of temperature and moisture content for human oc- 
cupancies as shown in Fig. 8 [13]. As shown on that chart, 
during winter, the relative humidity level should not fall sig- 
nificantly below 30% and should not exceed 70%. Other au- 
thorities recommend 40 to 60% [14]. 

As summarized by Burge, Su, and Spengler [15], several 
studies have indicated a significant association of home 
dampness and/or  mold and respiratory symptoms in chil- 
dren. Although some of these studies showed conflicting re- 
sults, it appears that excessive RH levels such as higher than 
75%, and any surface mold growth, should be avoided. Sur- 
face mold can grow without the presence of liquid (con- 
densed) water, and high relative surface humidities alone can 
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FIG. 8,--ASHRAE summer and winter comfort zones (acceptable levels of operative 
temperature and humidity for people in typical summer and winter clothing during 
primary sedentary activity). Reprinted with permission of the American Society of 
Heating, Refrigerating, and Air-Conditioning Engineers from the 1997 ASHRAE 
HandbookmFundamentals. 

cause mold growth. The International Energy Agency has 
determined that surface mold can grow at surface relative 
humidities of 80% or higher [16]; other researchers have rec- 
ommended that surface RH should not exceed 70% [12]. Ac- 
cordingly, health and comfort require that both the RH level 
in the occupied spaces and the surface relative humidity be 
controlled within the above suggested limits. 

Building Contents 

Buildings containing antiquities and precious artworks have 
their own moisture/temperature requirements. In general, 
somewhat higher levels of RH will be desirable. Plender- 
leight and Werner [17] recommend RH limits of a minimum 
of 50% to a maximum of 65% within a temperature range 
of 60 to 75~ (16 to 25~ except for picture galleries for 
which a constant RH of 58 and 63~ (17~ is recommended. 
However, it appears that artifacts are more sensitive to rapid 
changes in temperature and RH levels than to absolute val- 
ues. Because the recommended RH levels are above those 
recommended for buildings in general, the storing and pre- 
senting of important artifacts in climate-controlled cabinets 
should be considered. 

For the storage of hygrostatic materials and for some in- 
dustrial processes, specialized temperature and RH levels 
may be required. These must be known to the designer be- 
fore attempting to design the building envelope, but no gen- 
eral guidelines can be provided. 

Building Structure 

The temperature and RH levels recommended for health and 
comfort of building occupants in general are acceptable for 
the building structure. Also, the prevention of mold growth 
will also reduce the potential for premature deterioration of 
interior finishes. Where significant and regular condensation 
is allowed to form on steel constructions, corrosion could 
become a problem. This is one reason that the thickness of 
any one part of structural steel sections as a rule should not 
be less than 1/4 in. thick, although thinner, cold-formed 
light-gage galvanized steel shapes are routinely used as sec- 
ondary elements, such as for supporting metal curtain walls. 

General Recommendat ions  

Since most calculations of temperatures and relative humid- 
ities are based on design values and do not include local 
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discontinuities in insulation, thermal bridges, and air and 
rainwater leaks, it is recommended that designers use con- 
servative estimates and allow indoor RH levels well within 
the comfort zone, surface RH levels below the 70%, and 
moisture content of wood structures not over 20%, unless 
exacting field quality control mechanisms are in place and 
unless maintenance and operations can be expected to meet 
rigorous standards. This may be more likely to be accom- 
plished in major commercial and institutional buildings than 
in one- and two-family dwellings. 

M O I S T U R E  M O V E M E N T  

Moisture in the form of water vapor moves from one place 
to another either through mass transport, that is, by the 
movement of moist air, or through diffusion. The driving 
force of mass transport is air pressure; the driving force of 
diffusion is vapor pressure. The movement of liquid water 
can also result from wind pressure moving raindrops 
through cracks and joints, but as a general rule follows grav- 
ity forces. 

Mass Transport 

Driving Force 

The flow of water vapor as part of airflow follows the same 
laws as the flow of air. The driving force of airflow into and 
across the building envelope is the air pressure difference 
acting on the envelope. When the air pressure within the 
building is greater than the pressure outside the building, 
the building is said to be under positive pressure. If the pres- 
sure indoors is lower than the pressure outside, the building 
is said to be under negative pressure. Note that the pressure 
differential is not necessarily the same for the entire build- 
ing; it can vary depending on orientation or building level, 
both in magnitude and in direction, that is positive and neg- 
ative. Air pressures and resulting air movements within the 
building can also be affected by interior partitions and shafts 
(such as for elevators and stairs). 

The practitioner is seldom required to establish either the 
total pressure difference nor the resulting total air-leakage 
rate. However, building designers should be aware of the fac- 
tors that affect the total driving forces and resulting air in- 
filtration so that he or she can place the needed emphasis 
on those design and detail parameters that primarily affect 
the overall moisture resistance of the envelop. 

�9 Wind pressure acts as a positive pressure on the windward 
side of the building and as a negative pressure on the lee- 
ward side of the building. Since wind speed is a function 
of height above ground, the wind pressure acting on a 
building wall will also vary with height above ground. 
Wind pressure is lowest at ground level and increases with 
building height. It is generally largest near corners and in 
high or unusually shaped buildings; only extensive analysis 
and wind tunnel studies can reliably predict the pressure 
distribution over the surface of the building envelope. 
Wind pressure also is affected by surrounding geographic 
features, other nearby buildings, and by trees and shrub- 
bery. Windbreaks in the form of trees, bushes, and fences 

can effectively lower wind impingement and resulting air 
infiltration from prevailing wind. Both wind direction and 
wind speed can vary rapidly. For a more detailed discus- 
sion of wind pressure as a result of airflow around build- 
ings, see ASHRAE [18]. 

�9 Stack effect in buildings is the result of temperature differ- 
ences between the building interior and the atmosphere. 
During cold weather, heated air in the building is less 
dense and tends to rise. This will cause a negative indoor 
pressure on the lower floors, and a positive pressure on the 
upper floors and on the roof, and will result in exfiltration 
of indoor air at the top of the building and in infiltration 
of outdoor air at the bottom of the building. During warm 
weather in an air-conditioned building, the process is re- 
versed, with air infiltration taking place at the top of the 
building and exfiltration at the bottom. As a general rule, 
the stack effect is greater during winter, since the temper- 
ature differences are greater. For a detailed discussion of 
stack effect and of calculating methods to determine the 
resulting pressure differentials, see ASHRAE [18]. 

�9 Mechanical ventilation acts on the entire building envelope 
to either provide positive or negative pressure and results 
in either a net outflow of inside air or a net inflow of out- 
side air, while wind pressure and stack effect result in 
equal amounts of air being infiltrated as being exfiltrated. 
Mechanical systems that include fresh air intakes allow for 
adjustments to provide for either positive or negative in- 
door pressure depending on damper settings. In residential 
buildings, combustion furnaces and boilers can cause air 
pressure difference and air movement, even in the absence 
of mechanical ventilation fans. 

�9 Combined driving forces: Although the three driving forces 
discussed above can be determined separately, the result- 
ing airflow rates can not simply be added up, but the total 
pressure differential must be established and the infiltra- 
tion must be determined on the basis of the leakage open- 
ings and the total pressure [18]. 

Air Leakage Sites 

Of equal importance to the total air and moisture mass 
transport movement are the leakage sites, their size, effective 
leakage area (ELA), and, to a degree, their location. It is un- 
derstood that the larger the opening, the greater the poten- 
tial air movement. However, some types of openings produce 
different air leakage rates, depending on the direction of air- 
flow. Based on a model developed by the Lawrence Berkeley 
Laboratory, ASHRAE [18] provides a table of typical effective 
air leakage areas (ELA) through building components at a 
nominal pressure difference of 0.016 in. of water (4 Pa). Note 
that the leakage areas can be converted from the reference 
pressure to airflow rates at other pressures, using equations 
also given in ASHRAE [18]. ASHRAE also presents a method 
for relating air infiltration rates to effective leakage area. 

Diffusion 

Water vapor can move through materials by diffusion. The 
driving force for such movement is the difference in water 
vapor pressure (as defined above) between the two sides of 
the material. Water vapor pressure depends on the moisture 
content of the air and its temperature or its relative humid- 
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ity. Diffusion is a much  less effective mois tu re  t r anspor t  
m e c h a n i s m  than  mass  t ranspor t ,  but  it  can not  be ignored  
and,  unde r  cer ta in  condi t ions ,  diffusion can  be the control-  
l ing mechan i sm.  

Fo r  prac t ica l  purposes ,  the flow of mois tu re  th rough  a ma-  
ter ia l  is p ropor t iona l  to the  a rea  of the mater ia l ,  to the  vapor  
pressure  differential  be tween the two faces of the mater ia l ,  
and  to a coefficient which  is a funct ion of the mater ia l ,  and  
is inversely p ropor t iona l  to the  thickness  of the mater ia l ,  d. 
The equat ion  of diffusion th rough  a mate r ia l  then is [19]: 

where  

W V =  
ix = 

A =  

0 =  

Ap= 

W V  = tx . A . O . A p / l  

total  mass  of vapor  t ransmi t ted ,  gra ins  (grams),  
average pe rmeab i l i ty  of mater ia l ,  g r a i n s / h o u r ,  sft �9 
in ,Hg/ in  (ng/s  �9 m 2 �9 Pa /m) ,  
a rea  of cross sect ion of the flow path ,  square  feet 
(square metre),  
t ime dur ing  which  t r ansmiss ion  occurred,  hours  
(seconds),  
wate r  vapor  pressure  difference across  mater ia l ,  
inch mercu ry  (Pascals),  and  

l = thickness  of mater ia l  in inches (metre).  

Fo r  a p roduc t  wi th  a specific th ickness  and  known per- 
meance,  the equat ion  then reads:  

W V  = A . I~ . O . A p  

D i s c u s s i o n  o f  Relat ive  S igni f icance  o f  Mass  
Transport  and  Di f fus ion  

As a rule, mass  t r anspor t  can be the more  significant mech-  
an i sm in mois tu re  movements .  Mois ture - laden  ai r  can con- 
ta in  significant amoun t s  of mois ture ,  and  where  significant 
a i r  movemen t  takes place, significant amoun t s  of mois tu re  
can  be moved wi th in  a shor t  t ime.  On the o ther  hand,  as 
ind ica ted  in this  Manual ' s  in t roduct ion ,  the  driving force of 
air movements  is f requent ly  t rans ient  wi th  changing,  in- 
creasing,  or  aba t ing  wind; the  d i rec t ion  of the a i r  movemen t  
m a y  change wi th in  t ime f rames of minu tes  to days. Also, the 
d i s t r ibu t ion  of leaking ai r  wi th in  the  bui ld ing  envelope is not  
evenly d is t r ibu ted  over the ent ire  surface of the  wall  or  roof, 
but  it is often r andomly  concen t ra ted  in relat ively few ma jo r  
leakage sites. It is for this  reason  that  the design p rac t i t ioner  
mus t  develop the rmal  envelope detai ls  to prec lude  signifi- 
cant  amoun t s  of mois t  a i r  into and th rough  bui ld ing  wall  
and  roof  elements.  Because of the  r a n d o m  and  unknown  lo- 
ca t ion  of a i r  leaks that  invar iably  exist in bo th  new and  ex- 
ist ing bui ld ing  envelopes,  the  analysis  tools sui table  for the  
des igner  do not, or  not  always,  include the effect of a i r  leaks. 
Similarly, the  tools can not  re l iably  account  for wate r  leaks 
tha t  also are  general ly  loca ted  at individual ,  unknown  leak- 
age sites unevenly d is t r ibu ted  over  the ent ire  wall  or  roof. In  
o ther  words,  a i r t ightness  and r a inwa te r  res is tance mus t  be  
des igned into walls and  roofs. Analysis should  not  be rel ied 
upon  to judge  the adequacy  of detai ls  to prevent  a i r  and  wa- 
ter  leakage into walls, roofs, and  buildings.  

In  contrast ,  vapor  diffusion acts evenly d is t r ibu ted  over 
large areas  of wall  and  roofs, and,  while variable,  bo th  wi th  
regard  to d i rec t ion  and quantity, it  general ly  acts over longer  

per iods  of days to whole  seasons.  Fur the rmore ,  the  a i r  t ight- 
ness, the specific a i r  leakage sites, and  the loca t ion  and  ex- 
tent  of r a inwa te r  leaks in a bui ld ing  is seldom, if ever, known  
dur ing  the design stage. (One except ion might  be where  a 
bui ld ing  and  wall  design has been extensively tes ted and 
where,  based  on such tests, close approx ima t ions  might  be 
possible.)  For  all these reasons,  the des igner  can confident ly 
use mois tu re  models  such as MOIST (Chapter  8) and  WUFI  
ORNL/IBP (Chapter  9) which  do not  include l iquid wate r  
and  mass  t r anspor t  of water  vapor. (WUFI ORNL/IBP does 
include the effect of surface wett ing.)  

Special ized,  more  sophis t ica ted  models  are  avai lable  tha t  
are  useful  for conduct ing  research  to gain  a be t te r  under-  
s tanding  of the  hygro the rmal  mechan i sms  in bui ld ing  en- 
velopes, which  al low the evaluat ion of innovative wall  and  
roof  systems and  which  are  excellent  tools for invest igat ing 
the effect of individual  pe r fo rmance  parameters .  Most  of  
these research  models  require  highly t ra ined  opera to rs  and  
m a i n f r a m e  computers ;  they m a y  be avai lable to prac t i t ioners  
on a cont rac t  basis.  

There is little a rgumen t  tha t  r a inwate r  leaks, where  they 
occur  in a building,  can admi t  copious  amoun t s  of water. 
There is also no a rgumen t  that  mois tu re  movemen t  by  mass  
t r anspor t  can be very significant.  This is i l lus t ra ted be low by 
compar ing  the mois tu re  movemen t  by ai r  inf i l t rat ion with  
potent ia l  mois ture  movement  of mois tu re  by diffusion. 

For  the  compar i son  we choose  a i r  infi l t rat ion da ta  f rom 
an example  given in ASHRAE [18] .  The house  has a volume 
of about  9000 ft 3 (255 m3), has an effective a i r  leakage a rea  
(EL) of 107 in. 2 (0.07 m2), and  is loca ted  in an area  wi th  
bui ld ings  and  trees wi th in  30 ft (9 m) in most  direct ions.  
Table 4 shows the a s sumpt ions  and  the ca lcula ted  hour ly  
mois tu re  movemen t  due to infil tration. The total  ca lcula ted  
mois tu re  movemen t  rate  due to a i r  infi l t rat ion for the  house  
would  be 2.8 lb ( l .2  kg) pe r  hour. 

Table 5 shows the ca lcula ted  mois tu re  movemen t  tha t  
could  occur  th rough  diffusion. The calculat ions  are based  

TABLE 4--Calculated moisture infiltration rate due 
to air infiltration. 

In./Lb Units SI Units 

Volume of house 9000 ft 3 255  m 3 

Effective leakage area 107 in. 2 0.07 m z 
Air change rate 0.56 ach 0.56 ach 
Infiltration rate 5000 ft3/h 140 m3/h 
Relative humidity 50% 50% 
Air temperature 70~ 2 l~ 
Specific volume of air 13.5 ft3/lb 0.84 m3/kg 
Specific weight of air 0.07 lb/ft 3 1.2 k g / m  3 

Humidity ratio ( l b / l b . . .  kg/kg) 0.008 0.008 
Mass of infiltrated air 350 lb/h 160 kg/h 
Mass of infiltrated moisture 2.8 lb/h 1.2 kg/h 

TABLE 5--Calculated moisture movement through building 
envelope by diffusion. 

In./Lb Units SI Units 

Exterior building envelope 2500 ft 2 
Average wall/ceiling 1 perm 

permeance 
Vapor pressure difference 0.3 hg 
Hourly moisture movement 0.I 1 lb/h 

by diffusion 

230 m 2 
57 SI perm equ. 

100 Pa 
0.05 kg/L 
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again  on hour ly  mois tu re  movemen t  by inf i l t rat ion rate.  That  
same house  m a y  have a total  above-ground  the rmal  envelope 
of approx imate ly  2500 ft 2 (232 m2). Assuming  that  the en- 
velope has an average wate r  vapor  pe rmeance  of 1 pe rm or  
1 g r a i n / h  �9 sft �9 in.Hg (57 ng / s  �9 m 2 �9 Pa) and  the vapor  
pressure  differential  be tween  outdoors  and  indoors  were  0.3 
in.Hg (100 Pa), the total  mois tu re  movemen t  by  diffusion 
would  be approx imate ly  2500 • 0.3 = 750 gra ins  pe r  hour  
or  0.11 lb (0.05 kg) per  hour. 

As can be seen, in this example ,  the a m o u n t  of mois tu re  
movemen t  across  the  bui ld ing  envelope by  infi l t rat ion is ap- 
p rox imate ly  25 t imes  the a m o u n t  of mois tu re  moved by dif- 
fusion. Of course,  had  the envelope been as sumed  to be less 
pe rmeab le  to wate r  vapor, say only 0.5 perm,  the  mois tu re  
movemen t  by  diffusion would  be even lower; conversely, had  
the effective leakage been smaller, the mois tu re  movemen t  
by mass  t r anspor t  had  been  lower. This i l lustrates  the im- 
por tance  of designing a i r t ightness  into the envelope, of as- 
sur ing that  the  design a i r t ightness  is achieved on the build-  
ing site, and  of ma in ta in ing  such a i r t ightness  t h roughou t  the  
life of the  building.  

However, in t e rms  of prevent ing mois tu re  and mold  prob-  
lems in or  on the bui ld ing  envelope, much  of the mois tu re  
t r anspor t ed  by  mois t  air  inf i l t rat ion can be expected to move 
harmless ly  th rough  cracks,  discrete  openings,  and  disconti-  
nui t ies  and  to escape to the  indoor  env i ronment  in the  case 
of a i r  inf i l t rat ion or  to the ou tdoor  a tmosphe re  in the  case 
of exfiltration. Only where  mois t  a i r  impinges  on, or  r emains  
in contac t  wi th  bui ld ing  surfaces and  condenses ,  or  where  it 
increases  the surface RH levels above safe values will mo ld  
growth  or  mate r ia l  de te r iora t ions  occur. On the o ther  hand,  
mois ture  moving th rough  a wall  or  mater ia l  by the diffusion 
m e c h a n i s m  will be un i formly  d i s t r ibu ted  over  the  ent ire  sur- 
face, will be in in t imate  contac t  wi th  such mater ia l s  over a 
relat ively long dura t ion ,  and,  unde r  app rop r i a t e  condi t ions ,  
can condense  a n d / o r  cause elevated surface relative humid-  
i ty wi th  the a t t endan t  potent ia l  for de te r io ra t ion  over the 
ent ire  surface. In  o ther  words,  the  fact tha t  a i r  leakage 
moves  greater  amoun t s  of mois tu re  than  diffusion does not  
mean  tha t  the potent ia l  mois tu re  damage  is p ropor t iona l  to 
the mois tu re  movemen t  and  does not  jus t i fy  the neglect  of 
diffusion in the design of bui ld ing  envelopes.  

In  addi t ion,  because  of the discrete  locat ions  of mos t  a i r  
leakage sites, any  damage  tha t  does occur  f rom mass  t rans-  
por t  m a y  be res t r ic ted  to a few locat ions  in the envelope, bu t  
where  de ter iora t ions  are  in cr i t ical  locat ions,  they  can lead 
to ca tas t rophic  fai lures and  thus  can not  be ignored.  By con- 
trast ,  mois tu re  moving by diffusion is more  l ikely to involve 
the  ent ire  surface or  ma jo r  par ts  of the the rmal  envelope, 
and  repairs ,  if necessary, may  be much  more  costly and  dis- 
rupt ive than  repai rs  of a i r  or  wate r  leaks. I t  is for all these 
reasons  that,  in the absence  of rel iable  me thods  for account-  
ing for a i r  and  wate r  leakage sites, mois ture  analysis  based  
on diffusion alone is still very useful  to the des igner  for se- 
lect ing mater ia l s  so that  condensa t ion  wi th in  envelope con- 
s t ruct ions  can be avoided and  for de te rmin ing  whe ther  a 
separa te  vapor  re ta rder  is needed  or  not. 

Capil larity 

Where  relat ively porous  mater ia l s  are used  be low and  at 
g round  level, mois tu re  f rom the g round  can rise wi th in  a 

wall  by  capi l lar i ty  and  create  wha t  is referred to as rising 
damp. Rising d a m p  has not  general ly  been  a ma jo r  issue in 
the United States, but  has been  a source of great  concern  in 
Grea t  Bri tain.  The reason  for this  d i sc repancy  is not  clear, 
but  it  appears  to be re la ted  to c l imate  and bui ld ing  mater ia ls .  

Capi l lar i ty  refers to the movemen t  of mois tu re  due to 
forces of surface tens ion  wi th in  smal l  tubes.  Generally, the  
na r rower  the tube,  the  h igher  will be the  r ise agains t  the  
force of gravity. Accordingly, capi l lar i ty  in a mate r ia l  de- 
pends  on the s t ructure  of the mater ia l .  Oliver es t imates  that  
for a pore  radius  of 4 �9 10 .4 in. (0.01 mm),  a r ise of 60 in. 
(1.5 m) can be ant ic ipated,  and  for a pore  rad ius  of 44 �9 10 -5 
in. (0.001 mm),  a r ise of  4500 ft (1500 m) can  be ant ic ipated.  
In  typical  mois tu re  analysis  in the United States,  capi l lar i ty  
is neglected.  However, in areas  where  r is ing d a m p  is known 
to be a p rob lem,  its effect should  be cons idered  in design by  
specifying capi l la ry  breaks  be low concrete  ba semen t  slabs 
and the ins ta l la t ion  of d a m p  proof  courses in walls [20]. 
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R E C O M M E N D A T I O N S  F O R  M O I S T U R E  CONTROL i n  buildings 
should be based on the specific climatic conditions that the 
building experiences or will experience. In Chapter 23, 
"Thermal and Moisture Control in Insulated Assemblies-- 
Applications," in the 1997 ASHRAE handbook [1], three cli- 
mate types are delineated for the purposes of moisture con- 
trol: heating, cooling, and mixed climates. However, the 
definitions of these climate types are somewhat arbitrary, 
and they are used only to formulate a set of prescriptive and 
generic moisture control strategies. Neither the definition of 
climate type nor the moisture control strategies in the 1997 
ASHRAE handbook are supported by analyses of the per- 
formance of buildings under design weather conditions and 
under standard indoor moisture design loads. At present, a 
standard for such moisture design loads is under develop- 
ment within ASHRAE (SPC 160P--Design Criteria for Mois- 
ture Control in Buildings). It will include criteria for mois- 
ture design weather data but will not provide the actual 
weather data. Until such design weather data are available, 
a moisture analysis has to be conducted with currently avail- 
able weather data or design weather data generated by the 
user. 

Building moisture analysis can provide specific informa- 
tion on the expected moisture levels in specific building con- 
structions during a specific period of time. If the analysis is 
done for design purposes, the input data should reflect de- 
sign conditions for the interior as well as the exterior of the 
building. The kind of weather data needed for moisture anal- 
ysis depends on the analytical tool used and the purpose of 
the analysis. Generally, building moisture analysis requires 
more detailed weather data than building energy analysis or 
air-conditioning equipment sizing and design. In addition to 
temperature, wind, and solar radiation data, the analysis re- 
quires a measure of outdoor humidity (vapor pressure, wet- 
bulb temperature, dew point temperature, or humidity ratio) 
and often calls for precipitation data. 

S O U R C E S  OF W E A T H E R  DATA 

Detailed historical hourly weather data are available from 
the National Climatic Data Center (NCDC). The World Data 

Center for Meteorology at the NCDC in Ashville, NC, can 
provide archived weather data from around the world. The 
Surface Airways Meteorological and Solar Observing Net- 
work (SAMSON) data set contains historical hourly data for 
the United States, and the Canadian Weather Energy and 
Engineering Data Sets (CWEEDS) provide data for Canada. 
Some of this information is available on the Word Wide Web. 
Data sets have been derived from these historical data using 
statistical criteria that depend on the intended use of the 
data. A brief description of some of these data sets follows. 

Chapter 26, "Climatic Design Information," in the 1997 
ASHRAE Handbook [1] provides weather information that is 
useful for the design and sizing of heating, ventilating, air- 
conditioning, or dehumidification equipment. These data 
help determine peak operating conditions for the equipment. 
However, the weather conditions described occur only rarely. 
The summer conditions given are exceeded only 0.4, 1, or 
2% of the time, and the winter design conditions are based 
on a 0.4 and 1% frequency (also referred to as 99.6 and 99% 
annual percentiles). The 1997 annual frequency data re- 
placed data at 1, 2.5, and 5% frequency for summer and 1 
and 2.5% frequency for winter [1], which were included in 
the ASTM Manual on Moisture Control in Buildings [2]. Data 
of such extremity would rarely be called for in moisture anal- 
ysis. 

ASHRAE has produced one year of hourly weather data 
known as Weather Year for Energy Calculations (WYEC) 
data [3]. The data were recently revised, improved, and re- 
issued as WYEC Version 2, or WYEC2 data, for 52 locations 
in the United States and 6 locations in Canada [4]. The 
MOIST building moisture analysis computer program uses 
WYEC data [5]. The WYEC data represent typical conditions 
from the viewpoint of building energy consumption and do 
not include precipitation. 

Typical Meteorological Year (TMY) data were produced for 
building energy analysis as well. An updated set, TMY2, for 
239 cities in the United States is available from the National 
Renewable Energy Laboratory [6]. The Canadian Weather 
Year for Energy Calculations (CWEC) data were developed 
for 47 locations, using the TMY algorithm and software and 
is available from Environment Canada. The TMY data do not 
include precipitation. 

* The Forest Products Laboratory is maintained in cooperation with 
the University of Wisconsin. This chapter was written and prepared 
by U.S. Government employees on official time, and it is therefore 
in the public domain and not subject to copyright. 
1Research physicist, USDA Forest Service, Forest Products Labo- 
ratory, One Gifford Pinchot Drive, Madison, WI 53705-2398. 
2Associate professor, Biosystems and Agricultural Engineering De- 
partment, University of Kentucky, Lexington, KY 40506-0276. 

CLIMATE D E F I N I T I O N S  F O R  
M O I S T U R E  CONTROL 

Recommendations for moisture control strategies are usu- 
ally given by climate type. For instance, the 1997 ASHRAE 
handbook provides recommendations for heating climates, 
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T A B L E  l a - - M e a n  m o n t h l y  d ry-bu lb  a n d  dew-po in t  t e m p e r a t u r e s  (~ over  30 yea r s  (1961-1990) for  Uni ted  Sta tes  loca t ions .  

State 

January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
WBAN Location DB DP DB DP DB DP DB DP 

AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AL 
AL 
AL 
AL 
AR 
AR 
AZ 
AZ 
AZ 
AZ 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CO 
CO 
CO 
CO 
CO 
CO 
CT 
CT 
DE 
FL 
FL 
FL 
FL 
FL 
FL 
FL 
GA 
GA 
GA 
GA 
GA 
GA 
HI 
HI  
HI  
HI  
IA 
IA 
IA 
IA 
ID 

26451 A n c h o r a g e  9.2 - 13.3 2.2 - 4 . 4  t4 .7  9.2 1,6 - 2 . 8  
25308 Anne t t e  1.3 - 2 . 2  6.1 1,6 14.3 10.3 8.3 5.3 
27502 B a r r o w  - 2 5 . 2  - 2 8 . 6  - 18.7 - 2 1 . 7  3.9 2 - 10.1 - 12 
26615 Bethe l  - 1 4  - 1 7 . 2  - 4 . 5  - 7 . 6  12.7 9 - 1 . 4  - 3 . 8  
26533 Bett les  - 2 4 . 5  - 2 8 . 3  - 5 . 9  - 11.2 15.5 8.9 - 7 . 3  - 10.5 
26415 Big Delta  - 2 0 . 1  - 2 4 . 6  - 0 . 1  - 8 . 6  15.9 8.4 - 3 . 7  - 7 . 6  
25624 Cold Bay - 1 . 6  - 3 . 9  0.7 2 10 7.8 4.3 1.4 
26411 F a i r b a n k s  - 2 3 . 4  - 2 7 . 3  - 0 . 3  - 8 . 7  17 9.3 - 3 . 8  - 8  
26425 G u l k a n a  - 2 1 . 3  - 2 4 . 8  0.2 - 7 . 2  14.7 6.9 - 2 . 2  - 6 . 2  
25503 King  S a l m o n  9.3 - 1 2 . 7  - 0 . 3  - 5 . 1  12.4 8.3 0.4 - 2 . 9  
25501 K o d i a k  - 0 . 6  - 4 . 3  2.9 - 2  12.3 9.2 4.7 0.3 
26616 K o t z e b u e  - 1 8 . 2  - 2 1 . 9  - 1 1 . 1  - 1 4 . 4  12.1 8.7 - 4 . 9  - 7 . 9  
26510 M c G r a t h  - 2 2 . 3  - 2 5 . 7  - 2 . 4  - 9 . 1  14.9 8.7 - 3 . 9  - 7 . 3  
26617 N o m e  - 1 3 . 6  - 1 7 . 4  - 7 . 3  - 1 1 . 3  11.1 7.2 - 1 . 9  - 6 . 1  
25713 St. Pau l  Is. 2.6 - 4 . 9  - 1 . 7  - 3 . 9  7.7 6.7 3.5 0.7 
26528 Talkee tna  - 11.3 - 15.4 1.3 4.7 15.1 10 - 0 . 1  - 3 . 4  
25339 Yakuta t  - 3 . 7  - 6 , 3  2.6 - 0 . 6  12.1 9.9 4.9 2.8 
13876 B i r m i n g h a m  5.4 - 0 . 2  16.9 9.3 26.1 20.7 16.7 10.7 

3856 Huntsv i l l e  3.8 - 1 . 2  16.3 8.4 25.8 20.3 16 9.8 
13894 Mobi le  9.7 4.3 19.6 13.2 27 22.1 19.7 13.6 
13895 M o n t g o m e r y  7.4 1.6 18.2 11.l 26.7 21.6 18.2 12 
13964 For t  S m i t h  2.3 3.2 16.3 8.5 27.3 20.3 16.3 9.8 
13963 Little Rock  3.8 - 1 . 7  16.8 9.8 27.3 21.2 16.8 10.7 

3103 Flags taf f  - 1 . 9  - 9  6.1 - 6 . 4  18.9 6.6 8.2 - 2 . 6  
23183 P h o e n i x  11.7 0.2 21.6 - 0 . 1  34.3 13.4 23.5 6.1 
23184 Presco t t  2.5 - 5 . 8  11.4 4.6 24.1 9.1 13.5 0.2 
23160 T u c s o n  10.3 - 2  19.1 - 2 . 9  29.8 13.3 20.9 4.1 
24283 Arcata  7.7 4.5 9.4 6.1 13.4 10.9 11.5 9.2 
23155 Bakersf ie ld  8.4 4.1 17.1 5.6 29.2 10.8 19.9 8.2 
23161 Dagget t  8.9 - 3 . 3  18.3 - 0 . 9  31.9 6.9 20.4 1.3 
93193 F re sno  7.1 4.1 16 6.3 27.9 11.3 18 8.6 
23129 L ong  B e a c h  12.9 5.1 16.1 8.9 21.6 15.2 19.3 12.2 
23174 Los Angeles  13.3 5.2 15.3 9.5 20 15.6 18.8 12.4 
23232 S a c r a m e n t o  7 4.1 14,2 6.6 23.2 11.8 16.9 8.7 
23188 S an  Diego 13.9 6.1 16.4 9.8 21 16.2 19.6 13.1 
23234 San  F ranc i s co  9.1 5.2 12.5 6.9 16 10.8 15.3 9.7 
23273 S a n t a  Mar i a  10.7 4.6 13 7.6 16.9 11.8 16 9.7 
23061 A l a m o s a  - 1 0 . 1  - 1 4 . 2  5.7 - 7 . 1  18.2 7.2 6.5 - 3 . 7  
94018 B o u l d e r  - 1 . 6  - 1 0 . 6  9.1 3.2 22.7 9.2 10.4 - 1 . 8  
93037 Colorado  Spr ings  2.1 - 1 2 . 1  8 - 5 . 2  21.3 8.8 9.8 - 3 . 2  
23063 Eagle  - 8  - 1 2 . 1  5.7 - 4 . 3  19.2 6.7 6.4 - 2 . 7  
23066 G r a n d  J u n c t i o n  - 4 . 2  - 9 . 3  11.1 - 4 . 1  25.9 6.5 12.1 - 1 . I  
93058 Pueb lo  - 1.2 - 9 . 4  11.7 - 2 . 8  25.2 11.3 12.4 - 0 . 7  
94702 Br idgepor t  - 1 . 6  - 7 . 4  9 1.6 23.1 17.4 13.4 7.6 
14740 Har t fo rd  - 3 . 9  - 1 0  9.2 0.2 23 16.1 11.1 5 
13781 W i l m i n g t o n  - 0.7 6.3 11.2 3.2 24.5 18.1 13.4 7.6 
12834 D a y t o n a  B e a c h  13.9 9.1 20.7 14.2 26.6 22.1 22.8 17.8 
13889 Jacksonvi l le  11.2 6.3 19.8 13.2 27 22,4 20.7 16.4 
12836 Key  W es t  20.8 16.3 24.8 18.8 29.1 23.5 26.4 21.6 
12839 M i a m i  19.6 14.2 23.9 17 27.9 22.8 25,5 20.4 
93805 Ta l lahassee  10.1 5.1 19.2 12,4 26,4 22.3 19.8 14,3 
12842 T a m p a  14.9 10.1 21.7 15.1 27.3 22.6 23.2 17.9 
12844 W es t  P a l m  B e a c h  18.5 13.2 23 16.2 27.5 22.8 25.1 19.8 
13873 Athens  5.2 - 0 . 9  16.4 8.3 25.7 20.4 16.4 10.5 
13874 At lan ta  4.8 - 1.5 16.3 7.7 25.3 19.9 16.4 9.8 

3820 A u g u s t a  6.3 0.4 17 9.1 26.4 20.7 16.9 11.2 
93842 C o l u m b u s  7.4 1.7 18.2 10.3 26.9 21.4 18.4 12.2 

3813 M a c o n  7.3 1.4 18 10.2 26.7 21.1 17.9 11.8 
3822 S a v a n n a h  8.9 2.9 18.6 11 26.9 21.8 19.2 13.6 

21504 Hilo 21.6 17.1 22.1 18.4 24 20.1 23.8 20 
22521 H o n o l u l u  22.4 17.2 23.8 17.2 26.3 18.9 25.9 19.3 
22516 K a h u l u i  22.2 17.2 23.5 17.6 25.9 19.2 25.4 19.3 
22536 L ihue  21.8 17.3 23.1 18.3 25.7 20.6 25.1 20.5 
14933 Des M oi nes  - 6 . 9  11.5 10.4 2.8 24.6 17.7 11.7 5.1 
14940 M a s o n  City - 1 0 . 3  14.1 7.8 1.6 22.6 16,9 9.4 3.9 
14943 S ioux  City - 7 . 9  - 12.3 10.1 1.9 24.2 17.7 10.8 3.9 
94910 Wate r loo  - 9 . 4  - 1 3 . 4  8.7 1.9 22.9 17.1 9,9 4.1 
24131 Boise  - 1.7 - 5 . 8  9.6 1 23.7 6.2 10.7 0,4 
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TABLE l a - - M e a n  m o n t h l y  d ry -bu lb  and  dew-po i n t  t e m p e r a t u r e s  (~ over  30 yea r s  (1961-1990) for  Uni ted  Sta tes  locat ions .  (continued) 
January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
State WBAN Location DB DP DB DP DB DP DB DP 

ID 24156 Pocate l lo  - 4 . 8  - 8,7 7.3 - 2 . 9  21.8 6,2 8.7 - 1.6 
IL 94846 Chicago  5.8 - 10.2 9.2 2.2 23.1 16,5 11.6 5.4 
IL 14923 Mol ine  - 6 . 5  - 1 1 , 2  10.3 3 24.1 17,8 11.6 5.3 
IL 14842 Peor ia  - 5 . 7  9,7 10.7 3.6 23.9 18 11.8 5.9 
IL 94822 Rockfo rd  - 7.4 - 11,1 8.9 2.1 23.1 16,9 10.7 5.2 
IL 93822 Spr ingf ie ld  - 4 . 2  - 8 . 3  11.9 4.8 24.8 18,5 13 6.6 
IN 93817 Evansvi l le  - 0 . 9  - 5 . 7  13.7 6.4 25.5 19,3 13.7 7.5 
IN 14827 For t  W ayne  - 4 . 9  - 8 . 7  9.6 2.9 23.1 16.6 11.3 5.8 
IN 93819 Ind i anapo l i s  - 3 . 6  - 7 . 6  11.3 4.4 24 18.3 12.3 6.7 
IN 14848 S o u t h  B e n d  - 4 . 7  - 8 . 3  9.3 2.6 22.8 16.5 11.4 6.1 
KS 13985 Dodge  City - 1 . 8  8.2 12.3 2.6 26.6 15.6 13.6 4.1 
KS  23065 G o o d l a n d  - 2 . 8  - 9 . 1  9.6 0.2 24.1 13.8 10.9 1.1 
KS  13996 Topeka - 3  - 8 . 2  12.9 5.4 25.9 19.3 13.6 6.9 
KS 3928 Wich i t a  - 1 . 6  - 6 . 8  13.6 5.8 27.4 17.6 14.6 7.2 
KY 93814 Cov ing ton  - 2 . 1  6.7 11.9 4.2 23.9 17.9 12.7 6.6 
KY 93820 L ex i ng t on  - 0.7 - 5.2 12.7 5 24.1 18.2 13.5 7.3 
KY 93821 Louisvi l le  - 0 . 1  - 5 . 5  13.7 5.5 25.2 19 14.1 7.9 
LA 13970 B a t o n  R o u g e  9.6 4.7 19.9 13.8 27.1 22.3 19.7 13.9 
LA 3937 Lake Char les  9.9 5.9 19.9 15 27.2 23.1 20.1 14.9 
LA 12916 New Or leans  10.8 6.2 20.5 15.1 27.2 23.1 20.5 15.4 
LA 13957 Sh revepor t  7.1 1.8 18.6 12.2 27.6 21.6 18.7 12.7 
MA 14739 B o s t o n  - 1 . 8  - 8 . 6  8.6 0.9 22.8 16.1 12.2 6 
MA 94746 W o r c h e s t e r  5 - 1 0 . 8  6.9 - 1 . 3  20.9 14.8 9.9 4 
MD 93721 B a l t i more  - 0 . 1  - 6 . 7  12 3.2 24.8 18.1 13.6 7.6 
ME 14607 Car ibou  - 1 1 . 9  - 1 5 . 9  3.3 - 2 . 8  18.7 13.5 6.2 2 
ME 14764 Por t l and  - 5 . 8  - 1 1 . 2  6.1 - 0 . 5  20.2 15.1 9.3 4.3 
MI  94849 Alpena  7.2 - 10.9 5.2 - 1.5 19.9 13.6 8.3 3.7 
MI 94847 Detroi t  - 4 . 8  - 8 . 8  8.4 1.7 22.4 15.8 10.6 5.2 
MI  14826 Fl int  - 5 . 5  - 9 . 3  7.8 1.1 21.7 15.2 10.1 5.1 
MI  94860 G r a n d  Rap ids  - 5 . 3  - 8 . 7  7.9 1.3 22.1 15.6 10.1 5.3 
MI 94814 H o u g h t o n  8.1 - i 1.2 5.4 1.1 20.3 13.9 8.3 4.1 
MI 14836 L a n s i n g  - 5.7 - 8.9 7.8 1.4 21.9 15.8 9.9 5.3 
MI  14840 M u s k e g o n  - 4 . 9  - 8 . 2  7.4 0.6 21.4 15.4 10.4 5.6 
MI  14847 Sau l t  Ste. - 1 0 . 2  - 1 3 . 4  3.6 - 2 . 1  17.9 13.2 6.9 3.5 
MI 14850 Traverse  City - 6 . 4  - 9 . 8  5.9 - 0 . 7  20.9 14.1 9.4 4.6 
M N  14913 D u l u t h  - 1 3 . 4  - 1 7 . 4  3.6 - 3 . 5  18.8 12.8 6.4 1.1 
M N  14918 In t e rna t i ona l  Falls - 1 6 . 6  - 2 0 . 7  4 - 3 . 7  19.4 13.4 5.7 1 
M N  14920 La Crosse  - 9 . 4  13.5 8.6 1.2 22.8 16.9 10 4.4 
M N  14922 M i n n e a p o l i s  - 1 0 . 9  - 1 5 . 4  8 - 0 . 2  23.2 15.6 9.4 3.3 
M N  14925 R o c h e s t e r  - 11.1 - 14.4 7.1 0.9 21.5 15.8 8.7 3.3 
M N  14926 Sa in t  C loud  - 1 2 . 9  - 1 6 . 5  6.4 0.8 21.7 15.3 7.8 2.5 
MO 3945 C o l u m b i a  - 2 . 5  - 7 . 4  12.8 5.1 25.3 18.7 13.5 6.8 
MO 3947 K a n s a s  City - 2 . 7  - 8 . 2  13.1 4.8 26.2 18.8 14.2 6.7 
MO 13995 Springf ie ld  - 0 . 6  - 6 . 2  13.4 6.1 25.2 18.9 14 7.4 
MO 13994 St. Louis  - 1 . 8  - 6 . 5  13.5 5.7 26.2 19.2 14.3 7.8 
MS 3940 J a c k s o n  6.8 2.3 18.2 12.1 26.9 21.9 17.8 12.3 
MS 13865 M er i d i an  6.7 1.8 17.8 11.3 26.3 21.4 17.2 11.7 
MT 24033 Bil l ings - 5 . 2  - 1 2 . 2  7.3 - 2 . 9  22.3 8.5 9.2 - 1 . 2  
MT 24137 Cut  B a n k  8.3 - 1 3 . 8  4.8 - 4 . 4  18.6 6.3 7 - 2 . 4  
MT 94008 Glasgow - 1 1 . 7  - 1 5 . 4  6.6 2.6 21.7 9.4 7.4 - 1  
MT 24143 Grea t  Falls - 5 . 8  12.2 6.5 3.6 20.8 6.7 8.6 - 1 . 8  
MT 24144 He l ena  - 6 . 6  - 1 1 . 9  6.2 3.5 20.2 6.5 6.9 - 1 . 7  
MT 24146 Kal ispel l  - 5 . 9  - 9 . 2  6.2 - 1 . 8  18.6 8.4 5.3 0.1 
MT 24036 L e w i s t o w n  - 6 . 4  - 1 1 . 6  5.1 - 2 . 9  19.1 8.3 7.2 1.7 
MT 24037 Miles City - 9 . 1  - 1 3 . 3  7.7 - 1 . 4  23.9 10.l  8.6 0.1 
MT 24153 M i s sou l a  - 5 . 3  - 8 . 1  6.7 - 1.2 19.6 7.6 6.1 0.4 
NC 3812 Ashevil le  1.6 - 3 . 6  12.7 5.2 22.2 18.3 12.6 8.1 
NC 93729 Cape H a t t e r a s  7.1 2.7 15.1 9.7 25.8 22 . l  18.6 13.9 
NC 13881 Char lo t te  4.1 - 2 . 6  15.6 6.5 25.4 19.5 15.8 9.5 
NC 13723 G r e e n s b o r o  2.5 - 3 . 7  14.4 5.8 24.7 19.5 14.4 8.7 
NC 13722 Rale igh  3.6 - 2 . 8  14.9 6.3 24.9 19.8 15.2 9.7 
NC 13748 W i l m i n g t o n  7 1.4 16.8 9.8 26.4 22 17.8 12.9 
ND 24011 B i s m a r c k  - 12.2 - 16.4 6.2 - 1.9 21.7 12.8 7.4 0 
ND 14914 Fargo  - 1 4 . 3  - 1 8 . 1  6.2 - 0 . 8  22 14.8 7.6 1.6 
ND 24013 M i no t  - 1 3 . 1  - 1 7 . 8  5.6 - 2 . 3  21.1 12.2 7.1 - 0 . 2  
NE  14935 G r a n d  I s l and  - 5 . 7  - 1 0 . 8  10.3 1.9 24.6 16.7 I1.1 3.3 
NE  14941 Norfo lk  - 6 . 7  - 1 1 . 9  10.6 1.3 25.1 16.6 11.2 2.9 
NE  24023 Nor t h  Plat te  - 6  - 11.2 9 0.I 23.4 14.9 9.6 1.2 
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20 MANUAL ON MOISTURE ANALYSIS  IN  BUILDINGS 

TABLE l a - - M e a n  monthly  dry-bulb and  dew-point temperatures  (~ over 30 years (1961-I 990) for United States locations. (continued) 

Januai~r April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
State WBAN Location DB DP DB DP DB DP DB DP 

TX 12960 Houston 10.4 5.4 20.4 15 27.8 22.4 20.7 15.3 
TX 23042 Lubbock 3.1 -5 .8  16.1 2.4 26.3 15.4 15.9 6.6 
TX 93987 Lufkin 8.4 3.4 19.7 13.6 27.7 22.1 19.4 13.6 
TX 23023 Midland 5.4 -4 .2  17.9 2.9 27.2 14.9 17.5 8.2 
TX 12917 Port Ar thur  10.3 6.3 20.3 15.7 27.5 23.6 20.6 15.8 
TX 23034 San Angelo 6.7 1.5 19.2 7.9 28.2 16.9 18.7 11.1 
TX 12921 San Antonio 9.6 2.8 20.7 13.2 28.6 20.6 21.1 13.9 
TX 12912 Victoria 11.4 6.7 21.4 15.8 28.3 22.6 21.8 16.3 
TX 13959 Waco 7.1 1.5 19.4 12.4 29.4 20.1 20.1 13.1 
TX 13966 Wichita Falls 3.8 -2 .8  17.4 8.9 29.2 18.3 17.8 10.3 
UT 93129 Cedar City -1 .7  -7 .8  8.8 -4 .2  23.7 4.9 10.8 -1 .8  
UT 24127 Salt Lake City -2 .3  -6 .7  9.9 -0 .6  25.6 7.5 11.2 1.4 
VA 13733 Lynchburg 1.7 -5 .7  13.9 3.9 24.5 18.4 14.2 7.5 
VA 13737 Norfolk 4 -2 .3  14.1 6.2 25.6 20.1 16.3 10.8 
VA 13740 Richmond 2.1 -3 .9  14.1 5.4 25.2 19.8 14.6 9.2 
VA 13741 Roanoke 1.3 -6 .1  13.3 3.6 24 17.8 13.6 7.1 
VA 93738 Sterling -0 .6  -6 .3  11.8 3.7 24.2 18.3 12.8 7.3 
VT 14742 Burl ington - 8.1 - 13.2 6.2 -0 .9  21.1 14.6 8.9 3.8 
WA 24227 Olympia 3.4 1.4 8.7 3.9 17.2 11.2 9.8 7.1 
WA 94240 Quillayute 4.8 2.7 7.9 4.6 14.4 11.1 10.2 7.8 
WA 24233 Seattle 4.5 0.6 9.3 3.8 18 10.8 11.2 7.3 
WA 24157 Spokane -2 .8  -5 .5  7.8 -0 .1  20.8 6.5 8.2 1.6 
WA 24243 Yakima -1 .4  -4 .9  10.1 -0 .6  21.9 7.9 9.3 1.8 
WI 14991 Eau Claire -11 .4  -15 .2  7.5 0 22.2 15.7 8.8 3.4 
WI 14898 Green Bay -9 .4  -13 .2  6.6 0.3 21.3 15.4 8.9 4.2 
WI 14837 Madison -8 .5  -12 .3  7.8 1.1 22.1 16 9.6 4.4 
WI 14839 Milwaukee - 7  -11 .2  7 1 21.8 15.9 10.4 5.2 
WV 13866 Charleston 0.1 -5 .3  12.9 3.7 23.3 18.3 12.9 7.3 
WV 13729 Elkins -2 .4  -6 .8  9.3 2.7 20.1 16.5 9.8 5.2 
WV 3860 Hunt ington 0.2 - 5.2 13.1 4.2 23.7 18.7 13.3 7.4 
WY 24089 Casper - 5  - 11.1 5.8 3.4 21.6 6.6 7.7 -2 .9  
WY 24018 Cheyenne -2 .8  -12.1 5.8 -4 .3  20.1 8 8 -3 .6  
WY 24021 Lander  - 7.2 - 13.2 6.2 -4 .4  21.7 5.7 7.8 -2 .8  
WY 24027 Rock Springs -6 .5  -10 .9  4.7 -5 .1  20.2 3.1 6.6 - 4  
WY 24029 Sher idan -6 .1  -11 .7  6.8 -2 .1  21.4 9 8 -1 .2  

Source: Colliver, D. G. 1999. Mean monthly  dry-bulb and dew-point temperatures  determined from the Samson data set. Biosystems and  
Agricultural Engineering, University of Kentucky, Lexington. 

w a r m  a n d  h u m i d  coo l i ng  c l i m a t e s ,  a n d  m i x e d  c l i m a t e s  [1]. 
T h e  d e f i n i t i o n s  of  t h e s e  c l i m a t e s  a re  s o m e w h a t  a rb i t r a ry .  I n  
t h e  A S H R A E  h a n d b o o k ,  h e a t i n g  c l i m a t e s  a r e  d e f i n e d  as  cli- 
m a t e s  w i t h  4000  h e a t i n g  d e g r e e  days  ( b a s e  65~ (18~ o r  
m o r e .  Coo l i ng  c l i m a t e s  a re  d e f i n e d  as  w a r m ,  h u m i d  c l i m a t e s  
w h e r e  o n e  o r  b o t h  of  t h e  f o l l o w i n g  c o n d i t i o n s  occur :  (i) a 
67~ (19~ o r  h i g h e r  w e t - b u l b  t e m p e r a t u r e  fo r  3000  o r  m o r e  
h o u r s  d u r i n g  t h e  w a r m e s t  six c o n s e c u t i v e  m o n t h s  o f  t h e  
year ;  (ii) a 73~ (23~ o r  h i g h e r  w e t - b u l b  t e m p e r a t u r e  fo r  
1500 o r  m o r e  h o u r s  d u r i n g  t h e  w a r m e s t  s ix c o n s e c u t i v e  
m o n t h s  of  t h e  year.  M i x e d  c l i m a t e s  a re  all  o t h e r  c l i m a t e s  t h a t  
a r e  n e i t h e r  h e a t i n g  n o r  coo l ing .  I n  a d d i t i o n  to  t e m p e r a t u r e  
a n d  h u m i d i t y  c r i t e r i a ,  t h e s e  c l i m a t e s  c a n  b e  f u r t h e r  s u b d i -  
v i d e d  b y  t h e  a m o u n t  of  r a in fa l l ,  c r e a t i n g  six d i f f e r e n t  c l i m a t e  
de f in i t i ons .  

A l t h o u g h  t h e s e  d e f i n i t i o n s  a r e  u s e f u l  fo r  b r o a d ,  p r e s c r i p -  
t ive  r e c o m m e n d a t i o n s ,  i t  is o f t e n  d i f f icul t  to  d e t e r m i n e  i n  
w h i c h  c l i m a t e  z o n e  a p a r t i c u l a r  l o c a t i o n  fits. C l i m a t e  z o n e  
d e f i n i t i o n s  a l so  m a k e  a n  a s s u m p t i o n  a b o u t  w h i c h  p a r t  o f  t h e  
s e a s o n  is m o s t  c r i t i ca l  fo r  m o i s t u r e  con t ro l ,  t h e  h e a t i n g  o r  
c o o l i n g  s ea son .  W h i l e  t h i s  a p p r o a c h  is o f t e n  a d e q u a t e  fo r  
b r o a d  p r e s c r i p t i v e  m e a s u r e s  in  e x t r e m e  c l i m a t e s ,  i t  is f a r  

m o r e  p r o b l e m a t i c  in  m o r e  m o d e r a t e  c l i m a t e s .  I n  s u c h  cli- 
m a t e s ,  w e  r e c o m m e n d  a n  i n d i v i d u a l  ana lys i s .  

WEATHER DATA FOR MOISTURE ANALYSIS 

B u i l d i n g  m o i s t u r e  a n a l y s i s  is m o s t  o f t e n  d o n e  to  a n a l y z e  t h e  
d e s i g n  of  n e w  b u i l d i n g s ,  c h a n g e s  in  d e s i g n  o r  u s e  of  a n  ex- 
i s t i n g  b u i l d i n g ,  o r  fo r  f o r e n s i c  p u r p o s e s  to  i n v e s t i g a t e  bu i ld -  
ing  fa i lu res .  W e a t h e r  d a t a  fo r  f o r e n s i c  p u r p o s e s  i dea l ly  
s h o u l d  b e  h o u r l y  s i te  da ta ,  o r  as  c lose  to t h a t  as  poss ib l e .  
W e a t h e r  d a t a  fo r  d e s i g n  ana lys i s ,  however ,  r e q u i r e  m o r e  
c a r e f u l  c o n s i d e r a t i o n .  I f  a v e r a g e  w e a t h e r  d a t a  a r e  u s e d  fo r  
des ign ,  s u c h  as  T M Y  o r  W Y E C  da ta ,  a l o a d  f a c t o r  s h o u l d  b e  
u s e d  to  a c c o u n t  for  t h e  f ac t  t h a t  a v e r a g e  d a t a  do  n o t  ref lec t  
m o r e  seve re  w e a t h e r  c o n d i t i o n s  t h a t  u n d o u b t e d l y  wil l  o c c u r  
d u r i n g  t h e  l ife of  t h e  b u i l d i n g  [7]. However ,  n o  g u i d a n c e  is 
g iven  in  t h e  l i t e r a t u r e  to  a r r i v e  a t  a v a l u e  fo r  t h i s  l o a d  factor .  
A b e t t e r  a p p r o a c h  is to  se lec t  t h e  level  of  s eve r i t y  d e s i r e d  fo r  
t h e  d e s i g n  c l i m a t e  d a t a  a n d  to  c r e a t e  a se t  of  d e s i g n  w e a t h e r  
d a t a  b a s e d  o n  t h a t  c r i t e r i o n .  S u c h  a se t  h a s  b e e n  ca l l ed  a 
m o i s t u r e  d e s i g n  r e f e r e n c e  y e a r  o r  M D R Y  [7]. A c o n s e n s u s  is 



C H A P T E R  2 - - W E A T H E R  DATA 2 1  

TABLE l b - - - M e a n  m o n t h l y  d ry-bu lb  a n d  dew-po in t  t e m p e r a t u r e s  (~ over  30 Years (1961-1990) for  Un i t ed  Sta tes  locat ions .  

State 

January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
WBAN Location DB DP DB DP DB DP DB DP 

AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AK 
AL 
AL 
AL 
AL 
AR 
AR 
AZ 
AZ 
AZ 
AZ 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CA 
CO 
CO 
CO 
CO 
CO 
CO 
CT 
CT 
DE 
FL 
FL 
FL 
FL 
FL 
FL 
FL 
GA 
GA 
GA 
GA 
GA 
GA 
HI 
HI  
HI  
HI  
IA 
IA 
IA 
IA 
ID 

26451 A n c h o r a g e  15.4 8.1 36.0 24.1 58.5 48.6 34.9 27.0 
25308 Anne t t e  34.3 28.0 43.0 34.9 57.7 50.5 46.9 41.5 
27502 B a r r o w  - 13.4 - 19.5 - 1.7 - 7.1 39.0 35.6 13.8 10.4 
26615 Bethe l  6.8 1.0 23.9 18.3 54.9 48.2 29.5 25.2 
26533 Bet t les  - 1 2 . 1  - 1 8 . 9  21.4 11.8 59.9 48.0 18.9 13.1 
26415 Big Delta  - 4 . 2  - 1 2 . 3  31.8 16.5 60.6 47.1 25.3 18.3 
25624 Cold Bay  29.1 25.0 33.3 28.4 50.0 46.0 39.7 34.5 
26411 F a i r b a n k s  - 1 0 . 1  - 1 7 . 1  31.5 16.3 62.6 48.7 25.2 17.6 
26425 G u l k a n a  - 6 . 3  - 1 2 . 6  32.4 19.0 58.5 44.4 28.0 20.8 
25503 King  S a l m o n  15.3 9.1 31.5 22.8 54.3 46.9 32.7 26.8 
25501 Kod i ak  30.9 24.3 37.2 28.4 54.1 48.6 40.5 32.5 
26616 K o t z e b u e  - 0 . 8  - 7 . 4  12.0 6.1 53.8 47.7 23.2 17.8 
26510 M c G r a t h  - 8 . 1  - 1 4 . 3  27.7 15.6 58.8 47.7 25.0 18.9 
26617 N o m e  7.5 0.7 18.9 11.7 52.0 45.0 28.6 21.0 
25713 St. Pau l  Is. 27.3 23.2 28.9 25.0 45.9 44.1 38.3 33.3 
26528 Talkee tna  11.7 4.3 34.3 23.5 59.2 50.0 31.8 25.9 
25339 Yakuta t  25.3 20.7 36.7 30.9 53.8 49.8 40.8 37.0 
13876 B i r m i n g h a m  41.7 31.6 62.4 48.7 79.0 69.3 62.1 51.3 
3856 Huntsv i l l e  38.8 29.8 61.3 47.1 78.4 68.5 60.8 49.6 

13894 Mobi le  49.5 39.7 67.3 55.8 80.6 71.8 67.5 56.5 
13895 M o n t g o m e r y  45.3 34.9 64.8 52.0 80.1 70.9 64.8 53.6 
13964 For t  S m i t h  36.1 26.2 61.3 47.3 81.1 68.5 61.3 49.6 
13963 Little R ock  38.8 28.9 62.2 49.6 81.1 70.2 62.2 51.3 

3103 Flags taf f  28.6 15.8 43.0 20.5 66.0 43.9 46.8 27.3 
23183 P h o e n i x  53.1 32.4 70.9 31.8 93.7 56.1 74.3 43.0 
23184 Presco t t  36.5 21.6 52.5 23.7 75.4 48.4 56.3 32.4 
23160 T u c s o n  50.5 28.4 66.4 26.8 85.6 55.9 69.6 39.4 
24283 Arca ta  45.9 40.1 48.9 43.0 56.1 51.6 52.7 48.6 
23155 Bakersf ie ld  47.1 39.4 62.8 42.1 84.6 51.4 67.8 46.8 
23161 Dagge t t  48.0 26.1 64.9 30.4 89.4 44.4 68.7 34.3 
93193 F re sno  44.8 39.4 60.8 43.3 82.2 52.3 64.4 47.5 
23129 L ong  B e a c h  55.2 41.2 61.0 48.0 70.9 59.4 66.7 54.0 
23174 Los Angeles  55.9 41.4 59.5 49.1 68.0 60.1 65.8 54.3 
23232 S a c r a m e n t o  44.6 39.4 57.6 43.9 73.8 53.2 62.4 47.7 
23188 S an  Diego 57.0 43.0 61.5 49.6 69.8 61.2 67.3 55.6 
23234 San  F ranc i s co  48.4 41.4 54.5 44.4 60.8 51.4 59.5 49.5 
23273 S a n t a  M ar i a  51.3 40.3 55.4 45.7 62.4 53.2 60.8 49.5 
23061 A l a m o s a  13.8 6.4 42.3 19.2 64.8 45.0 43.7 25.3 
94018 B o u l d e r  29.1 12.9 48.4 26.2 72.9 48.6 50.7 28.8 
93037 Colorado  Spr ings  28.2 10.2 46.4 22.6 70.3 47.8 49.6 26.2 
23063 Eagle  17.6 10.2 42.3 24.3 66.6 44.1 43.5 27.1 
23066 G r a n d  J u n c t i o n  24.4 15.3 52.0 24.6 78.6 43.7 53.8 30.0 
93058 Pueb lo  29.8 15.1 53.1 27.0 77.4 52.3 54.3 30.7 
94702 Br idgepor t  29.1 18.7 48.2 34.9 73.6 63.3 56.1 45.7 
14740 Har t fo rd  25.0 14.0 48.6 32.4 73.4 61.0 52.0 41.0 
13781 W i l m i n g t o n  30.7 20.7 52.2 37.8 76.1 64.6 56.1 45.7 
12834 D a y t o n a  B e a c h  57.0 48.4 69.3 57.6 79.9 71.8 73.0 64.0 
13889 Jacksonvi l le  52.2 43.3 67.6 55.8 80.6 72.3 69.3 61.5 
12836 Key  Wes t  69.4 61.3 76.6 65.8 84.4 74.3 79.5 70.9 
12839 M i a m i  67.3 57.6 75.0 62.6 82.2 73.0 77.9 68.7 
93805 Ta l lahassee  50.2 41.2 66.6 54.3 79.5 72.1 67.6 57.7 
12842 T a m p a  58.8 50.2 71.1 59.2 81 .i  72.7 73.8 64.2 
12844 West  P a l m  B e a c h  65.3 55.8 73.4 61.2 81.5 73.0 77.2 67.6 
13873 A t hens  41.4 30.4 61.5 46.9 78.3 68.7 61.5 50.9 
13874 At lan ta  40.6 29.3 61.3 45.9 77.5 67.8 61.5 49.6 

3820 A u g u s t a  43.3 32.7 62.6 48.4 79.5 69.3 62.4 52.2 
93842 C o l u m b u s  45.3 35.1 64.8 50.5 80.4 70.5 65.1 54.0 

3813 M a c o n  45.1 34.5 64.4 50.4 80.1 70.0 64.2 53.2 
3822 S a v a n n a h  48.0 37.2 65.5 51.8 80.4 71.2 66.6 56.5 

21504 Hilo 70.9 62.8 71.8 65.1 75.2 68.2 74.8 68.0 
22521 H o n o l u l u  72.3 63.0 74.8 63.0 79.3 66.0 78.6 66.7 
22516 K a h u l u i  72.0 63.0 74.3 63.7 78.6 66.6 77.7 66.7 
22536 L i hue  71.2 63.1 73.6 64.9 78.3 69.1 77.2 68.9 
14933 Des M o i n e s  19.6 11.3 50.7 37.0 76.3 63.9 53.1 41.2 
14940 M a s o n  City 13.5 6.6 46.0 34.9 72.7 62.4 48.9 39.0 
14943 Sioux City 17.8 9.9 50.2 35.4 75.6 63.9 51.4 39.0 
94910 Wate r loo  15.1 7.9 47.7 35.4 73.2 62.8 49.8 39.4 
24131 Boise  28.9 21.6 49.3 30.2 74.7 43.2 51.3 32.7 
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TABLE l b - - M e a n  month ly  dry-bulb and dew-point tempera tures  (~ over 30 Years (1961-1990) for United States locations. (continued) 
January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
State WBAN Location DB DP DB DP DB DP DB DP 

ID 24156 Pocatello 23.4 16.3 45.1 26.8 71.2 43.2 47.7 29.1 
IL 94846 Chicago 21.6 13.6 48.6 36.0 73.6 61.7 52.9 41.7 
IL 14923 Moline 20.3 11.8 50.5 37.4 75.4 64.0 52.9 41.5 
IL 14842 Peoria 21.7 14.5 51.3 38.5 75.0 64.4 53.2 42.6 
IL 94822 Rockford 18.7 12.0 48.0 35.8 73.6 62.4 51.3 41.4 
IL 93822 Springfield 24.4 17.1 53.4 40.6 76.6 65.3 55.4 43.9 
IN 93817 Evansville 30.4 21.7 56.7 43.5 77.9 66.7 56.7 45.5 
IN 14827 Fort Wayne 23.2 16.3 49.3 37.2 73.6 61.9 52.3 42.4 
IN 93819 Indianapolis 25.5 18.3 52.3 39.9 75.2 64.9 54.1 44.1 
IN 14848 South Bend 23.5 17.1 48.7 36.7 73.0 61.7 52.5 43.0 
KS 13985 Dodge City 28.8 17.2 54.1 36.7 79.9 60.1 56.5 39.4 
KS 23065 Goodland 27.0 15.6 49.3 32.4 75.4 56.8 51.6 34.0 
KS 13996 Topeka 26.6 17.2 55.2 41.7 78.6 66.7 56.5 44.4 
KS 3928 Wichita 29.1 19.8 56.5 42.4 81.3 63.7 58.3 45.0 
KY 93814 Covington 28.2 19.9 53.4 39.6 75.0 64.2 54.9 43.9 
KY 93820 Lexington 30.7 22.6 54.9 41.0 75.4 64.8 56.3 45.1 
KY 93821 Louisville 31.8 22.1 56.7 41.9 77.4 66.2 57.4 46.2 
LA 13970 Baton Rouge 49.3 40.5 67.8 56.8 80.8 72.1 67.5 57.0 
LA 3937 Lake Charles 49.8 42.6 67.8 59.0 81.0 73.6 68.2 58.8 
LA 12916 New Orleans 51.4 43.2 68.9 59.2 81.0 73.6 68.9 59.7 
LA 13957 Shreveport 44.8 35.2 65.5 54.0 81.7 70.9 65.7 54.9 
MA 14739 Boston 28.8 16.5 47.5 33.6 73.0 61.0 54.0 42.8 
MA 94746 Worchester  23.0 12.6 44.4 29.7 69.6 58.6 49.8 39.2 
MD 93721 Balt imore 31.8 19.9 53.6 37.8 76.6 64.6 56.5 45.7 
ME 14607 Caribou 10.6 3.4 37.9 27.0 65.7 56.3 43.2 35.6 
ME 14764 Portland 21.6 11.8 43.0 31.1 68.4 59.2 48.7 39.7 
MI 94849 Alpena 19.0 12.4 41.4 29.3 67.8 56.5 46.9 38.7 
MI 94847 Detroit 23.4 16.2 47.1 35.1 72.3 60.4 51.1 41.4 
MI 14826 Flint 22.1 15.3 46.0 34.0 71.1 59.4 50.2 41.2 
MI 94860 Grand Rapids 22.5 16.3 46.2 34.3 71.8 60.1 50.2 41.5 
MI 94814 Houghton  17.4 11.8 41.7 30.0 68.5 57.0 46.9 39.4 
MI 14836 Lansing 21.7 16.0 46.0 34.5 71.4 60.4 49.8 41.5 
MI 14840 Muskegon 23.2 17.2 45.3 33.1 70.5 59.7 50.7 42.1 
MI 14847 Sault Ste. Marie 13.6 7.9 38.5 28.2 64.2 55.8 44.4 38.3 
MI 14850 Traverse City 20.5 14.4 42.6 30.7 69.6 57.4 48.9 40.3 
MN 14913 Duluth 7.9 0.7 38.5 25.7 65.8 55.0 43.5 34.0 
MN 14918 Internat ional  Falls 2.1 -5 .3  39.2 25.3 66.9 56.1 42.3 33.8 
MN 14920 La Crosse 15.1 7.7 47.5 34.2 73.0 62.4 50.0 39.9 
MN 14922 Minneapolis 12.4 4.3 46.4 31.6 73.8 60.1 48.9 37.9 
MN 14925 Rochester  12.0 6.1 44.8 33.6 70.7 60.4 47.7 37.9 
MN 14926 Saint Cloud 8.8 2.3 43.5 30.6 71.1 59.5 46.0 36.5 
MO 3945 Columbia 27.5 18.7 55.0 41.2 77.5 65.7 56.3 44.2 
MO 3947 Kansas  City 27.1 17.2 55.6 40.6 79.2 65.8 57.6 44.1 
MO 13995 Springfield 30.9 20.8 56.1 43.0 77.4 66.0 57.2 45.3 
MO 13994 St. Louis 28.8 20.3 56.3 42.3 79.2 66.6 57.7 46.0 
MS 3940 Jackson 44.2 36.1 64.8 53.8 80.4 71.4 64.0 54.l 
MS 13865 Meridian 44.1 35.2 64.0 52.3 79.3 70.5 63.0 53.1 
MT 24033 Billings 22.6 10.0 45.1 26.8 72.1 47.3 48.6 29.8 
MT 24137 Cut Bank 17.1 7.2 40.6 24.1 65.5 43.3 44.6 27.7 
MT 94008 Glasgow 10.9 4.3 43.9 27.3 71.1 48.9 45.3 30.2 
MT 24143 Great Falls 21.6 10.0 43.7 25.5 69.4 44.1 47.5 28.8 
MT 24144 Helena 20.1 10.6 43.2 25.7 68.4 43.7 44.4 28.9 
MT 24146 Kalispell 21.4 15.4 43.2 28.8 65.5 47.1 41.5 32.2 
MT 24036 Lewistown 20.5 11.1 41.2 26.8 66.4 46.9 45.0 28.9 
MT 24037 Miles City 15.6 8.1 45.9 29.5 75.0 50.2 47.5 32.2 
MT 24153 Missoula 22.5 17.4 44.1 29.8 67.3 45.7 43.0 32.7 
NC 3812 Asheville 34.9 25.5 54.9 41.4 72.0 64.9 54.7 46.6 
NC 93729 Cape Hatteras  44.8 36.9 59.2 49.5 78.4 71.8 65.5 57.0 
NC 13881 Charlotte 39.4 27.3 60.1 43.7 77.7 67. I 60.4 49.1 
NC 13723 Greensboro 36.5 25.3 57.9 42.4 76.5 67.1 57.9 47.7 
NC 13722 Raleigh 38.5 27.0 58.8 43.3 76.8 67.6 59.4 49.5 
NC 13748 Wilmington 44.6 34.5 62.2 49.6 79.5 71.6 64.0 55.2 
ND 24011 Bismarck 10.0 2.5 43.2 28.6 71.1 55.0 45.3 32.0 
ND 14914 Fargo 6.3 - 0 . 6  43.2 30.6 71.6 58.6 45.7 34.9 
ND 24013 Minot 8.4 0.0 42.1 27.9 70.0 54.0 44.8 31.6 
NE 14935 Grand Island 21.7 12.6 50.5 35.4 76.3 62.1 52.0 37.9 
NE 14941 Norfolk 19.9 10.6 51.1 34.3 77.2 61.9 52.2 37.2 
NE 24023 North Platte 21.2 11.8 48.2 32.2 74.1 58.8 49.3 34.2 
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TABLE l b - - M e a n  month ly  dry-bulb and dew-point tempera tures  (~ over 30 Years (1961-1990) for United States locations. (continued) 
January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
State WBAN Location DB DP DB DP DB DP DB DP 

NE 94918 Omaha  21.4 12.9 52.2 37.2 77.2 64.8 53.4 41.4 
NE 24028 Scottsbluff 24.4 12.9 46.9 29.3 73.6 54.1 48.6 30.7 
NH 14745 Concord 19.9 10.6 44.4 30.0 70.0 59.2 48.0 38.5 
NJ 93730 Atlantic City 31.3 21.9 50.5 38.1 74.7 64.8 55.4 46.6 
NJ 14734 Newark 30.7 19.8 52.0 35.4 76.8 62.4 57.0 44.8 
NM 23050 Albuquerque 33.6 18.0 55.6 21.4 77.4 49.1 56.7 32.5 
NM 23048 Tucumcari  36.1 20.3 57.9 30.7 79.3 56.8 58.6 37.8 
NV 24121 Elko 24.6 16.3 44.8 25.3 72.3 37.2 46.9 25.5 
NV 23154 Ely 23.5 12.6 41.7 21.9 68.9 35.4 45.1 24.4 
NV 23169 Las Vegas 44.6 22.1 64.8 24.1 91.0 40.6 67.5 30.4 
NV 23185 Reno 31.8 21.4 48.4 25.5 72.1 39.7 50.5 29.8 
NV 23153 Tonopah 30.6 17.6 48.9 20.1 75.9 32.7 52.7 23.5 
NV 24128 Winnemucca  29.1 19.8 46.9 24.1 74.5 34.7 48.7 25.5 
NY 14735 Albany 32.0 13.2 32.0 32.1 32.0 60.2 32.0 40.4 
NY 4725 B inghamton  21.4 14.0 44.2 31.6 68.9 58.5 48.7 39.9 
NY 14733 Buffalo 23.5 16.9 45.0 33.4 71.1 59.0 50.9 41.7 
NY 94725 Massena  15.1 8.8 43.0 31.6 69.6 59.2 47.1 39.6 
NY 94728 New York City 31.5 18.9 51.1 35.6 75.9 62.2 57.4 44.8 
NY 14768 Rochester  23.9 16.5 45.9 34.2 71.4 59.9 50.9 42.3 
NY 14771 Syracuse 22.8 15.4 45.9 33.3 71.1 59.9 50.5 41.7 
OH 14895 Akron 25.0 17.4 48.6 35.2 71.8 60.6 52.2 41.7 
OH 14820 Cleveland 25.2 17.4 47.8 35.8 72.1 61.0 52.7 42.6 
OH 14821 Columbus  26.6 18.3 51.3 37.6 73.8 62.8 53.4 42.6 
OH 93815 Dayton 26.1 18.1 51.3 38.1 74.3 62.4 53.6 42.6 
OH 14891 Mansfield 24.6 18.0 48.7 36.3 72.5 61.3 52.5 42.1 
OH 94830 Toledo 23.0 16.0 47.8 35.6 72.1 61.3 51.1 41.5 
OH 14852 Youngstown 23.9 16.9 47.3 34.9 70.3 60.1 51.1 41.5 
OK 13967 Oklahoma City 35.2 23.9 60.6 45.3 81.7 65.5 61.5 47.8 
OK 13968 Tulsa 34.9 23.5 61.3 46.0 82.9 67.8 61.7 48.7 
OR 94224 Astoria 42.1 36.9 47.8 41.4 59.7 53.2 52.7 47.3 
OR 94185 Burns  25.5 19.8 43.7 26.4 69.3 39.7 46.6 29.8 
OR 24221 Eugene 39.7 36.1 49.5 41.5 66.7 51.8 52.5 46.0 
OR 24225 Medford 37.0 32.4 50.4 37.4 72.1 48.4 52.9 41.5 
OR 24284 North Bend 45.0 39.6 49.3 42.4 59.0 52.5 54.0 48.4 
OR 24155 Pendleton 33.4 26.4 50.2 34.3 73.6 42.4 51.8 36.1 
OR 24229 Portland 39.6 33.6 50.7 40.8 67.3 52.9 54.1 46.4 
OR 24230 Redmond  31.3 22.6 44.2 27.9 66.6 41.4 47.7 31.5 
OR 24232 Salem 39.6 34.5 49.3 40.3 66.4 51.6 52.2 45.0 
PA 14737 Allentown 26.8 17.4 49.8 34.9 73.9 61.9 53.2 43.3 
PA 4751 Bradford 19.6 13.6 42.6 31.3 65.7 57.4 46.6 38.8 
PA 14860 Erie 25.2 17.8 45.1 34.2 70.3 60.3 52.0 42.3 
PA 14751 Harr isburg 28.8 17.6 51.6 36.1 75.4 63.1 54.3 44.1 
PA 13739 Philadelphia 30.6 19.8 52.3 37.0 76.3 64.6 56.1 45.9 
PA 94823 Pit tsburgh 26.2 17.2 49.6 34.5 72.0 60.1 52.2 40.8 
PA 14777 Wilkes-Barre 25.0 16.2 47.8 33.1 71.4 60.4 51.3 41.5 
PA 14778 Will iamsport  25.5 16.5 49.3 34.5 72.0 62.2 51.4 42.8 

41415 Guam 77.7 71.6 79.2 72.3 79.7 74.8 79.5 74.8 
PR 11641 San Juan  76.5 67.3 78.6 68.2 82.0 73.4 81.0 72.7 
RI 14765 Providence 28.0 16.5 47.7 33.3 72.7 61.5 53.1 42.6 
SC 13880 Charleston 46.8 36.0 64.0 51.4 80.1 71.4 65.5 55.9 
SC 13883 Columbia 43.2 32.2 63.1 47.5 79.5 69.3 62.4 52.0 
SC 3870 Greenville 39.7 27.9 59.9 44.1 77.2 67.5 59.9 48.7 
SD 14936 Huron  13.5 5.9 46.2 33.8 74.3 60.4 48.0 36.0 
SD 24025 Pierre 16.9 8.6 46.8 31.8 75.9 57.6 49.5 34.2 
SD 24090 Rapid City 22.1 10.9 45.3 29.1 72.5 53.8 48.6 30.4 
SD 14944 Sioux Falls 14.4 6.6 46.9 33.8 74.5 60.8 48.6 36.9 
TN 13877 Bristol 33.8 24.6 55.4 41.0 73.6 64.8 55.9 45.7 
TN 13882 Chat tanooga 37.2 27.9 59.5 45.3 77.7 68.2 59.2 49.6 
TN 13891 Knoxville 36.7 27.7 58.8 44.6 76.5 67.3 58.5 48.7 
TN 13893 Memphis  39.0 28.6 63.0 48.6 82.0 70.0 63.0 50.2 
TN 13897 Nashville 36.1 26.6 59.4 45.1 78.4 68.0 59.9 48.4 
TX 13962 Abilene 42.1 27.3 64.9 45.9 82.9 62.4 65.5 49.6 
TX 23047 Amarillo 33.8 18.3 56.7 33.1 78.3 57.7 57.7 39.4 
TX 13958 Austin 48.2 36.3 68.5 55.0 83.5 68.9 69.3 56.7 
TX 12919 Brownsville 58.6 51.4 74.1 65.1 83.5 73.0 74.7 65.7 
TX 12924 Corpus Christi 54.7 46.8 72.0 63.1 83.3 73.6 73.2 64.0 
TX 23044 E1 Paso 43.3 23.4 64.8 25.3 82.2 54.9 63.7 39.7 
TX 3927 Fort Worth 43.0 31.5 65.5 52.0 84.7 67.6 66.7 53.2 
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TABLE l b - - M e a n  monthly dry-bulb and dew-point temperatures (~ over 30 Years (1961-1990) for United States locations. (continued) 
January  April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
State WBAN Location DB DP DB DP DB DP DB DP 

TX 12960 Houston 50.7 41.7 68.7 59.0 82.0 72.3 69.3 59.5 
TX 23042 Lubbock 37.6 21.6 61.0 36.3 79.3 59.7 60.6 43.9 
TX 93987 Lufkin 47.1 38.1 67.5 56.5 81.9 71.8 66.9 56.5 
TX 23023 Midland 41.7 24.4 64.2 37.2 81.0 58.8 63.5 46.8 
TX 12917 Port Arthur 50.5 43.3 68.5 60.3 81.5 74.5 69.1 60.4 
TX 23034 San Angelo 44.1 29.3 66.6 46.2 82.8 62.4 65.7 52.0 
TX 12921 San Antonio 49.3 37.0 69.3 55.8 83.5 69.1 70.0 57.0 
TX 12912 Victoria 52.5 44.1 70.5 60.4 82.9 72.7 71.2 61.3 
TX 13959 Waco 44.8 34.7 66.9 54.3 84.9 68.2 68.2 55.6 
TX 13966 Wichita Falls 38.8 27.0 63.3 48.0 84.6 64.9 64.0 50.5 
UT 93129 Cedar City 28.9 18.0 47.8 24.4 74.7 40.8 51.4 28.8 
UT 24127 Salt Lake City 27.9 19.9 49.8 30.9 78.1 45.5 52.2 34.5 
VA 13733 Lynchburg 35.1 21.7 57.0 39.0 76.1 65.1 57.6 45.5 
VA 13737 Norfolk 39.2 27.9 57.4 43.2 78.1 68.2 61.3 51.4 
VA 13740 Richmond 35.8 25.0 57.4 41.7 77.4 67.6 58.3 48.6 
VA 13741 Roanoke 34.3 21.0 55.9 38.5 75.2 64.0 56.5 44.8 
VA 93738 Sterling 30.9 20.7 53.2 38.7 75.6 64.9 55.0 45.1 
VT 14742 Burlington 17.4 8.2 43.2 30.4 70.0 58.3 48.0 38.8 
WA 24227 Olympia 38.1 34.5 47.7 39.0 63.0 52.2 49.6 44.8 
WA 94240 Quillayute 40.6 36.9 46.2 40.3 57.9 52.0 50.4 46.0 
WA 24233 Seattle 40. i 33.1 48.7 38.8 64.4 51.4 52.2 45.1 
WA 24157 Spokane 27.0 22.1 46.0 31.8 69.4 43.7 46.8 34.9 
WA 24243 Yakima 29.5 23.2 50.2 30.9 71.4 46.2 48.7 35.2 
WI 14991 Eau Claire 11.5 4.6 45.5 32.0 72.0 60.3 47.8 38.1 
WI 14898 Green Bay 15.1 8.2 43.9 32.5 70.3 59.7 48.0 39.6 
WI 14837 Madison 16.7 9.9 46.0 34.0 71.8 60.8 49.3 39.9 
WI 14839 Milwaukee 19.4 I 1.8 44.6 33.8 71.2 60.6 50.7 41.4 
WV 13866 Charleston 32.2 22.5 55.2 38.7 73.9 64.9 55.2 45.1 
WV 13729 Elkins 27.7 19.8 48.7 36.9 68.2 61.7 49.6 41.4 
WV 3860 Huntington 32.4 22.6 55.6 39.6 74.7 65.7 55.9 45.3 
WY 24089 Casper 23.0 12.0 42.4 25.9 70.9 43.9 45.9 26.8 
WY 24018 Cheyenne 27.0 10.2 42.4 24.3 68.2 46.4 46.4 25.5 
WY 24021 Lander 19.0 8.2 43.2 24.1 71.1 42.3 46.0 27.0 
WY 24027 Rock Springs 20.3 12.4 40.5 22.8 68.4 37.6 43.9 24.8 
WY 24029 Sheridan 21.0 10.9 44.2 28.2 70.5 48.2 46.4 29.8 

Source: Colliver, D. G. 1999. Mean monthly dry-bulb and dew-point temperatures determined from the Samson data set. Biosystems and 
Agricultural Engineering, University of Kentucky, Lexington. 

e m e r g i n g  tha t  10% is the  a p p r o p r i a t e  level  of  severity, m e a n -  
ing  tha t  one  ou t  of  t en  years  wil l  be  as severe  o r  m o r e  severe  
t h a n  the  MDRY w e a t h e r  c o n d i t i o n s  [8]. C rea t i on  of  a MDRY 
involves  ana lyz ing  m o i s t u r e  a c c u m u l a t i o n  in a n u m b e r  of  
se lec ted  bu i l d ing  c o m p o n e n t s ,  u s ing  a c o m p u t e r  m o d e l  a n d  
h i s to r i ca l  w e a t h e r  data,  and  se lec t ing  the  des ign  w e a t h e r  
y e a r  based  on  the  resul ts .  This  m e a n s  tha t  t he  cho ice  of  
MDRY m a y  d e p e n d  on  the  c o n s t r u c t i o n  selected.  Moreover ,  
to th is  date,  m e t h o d o l o g i e s  for  c r ea t ing  MDRY da ta  have  fo- 
cused  on  cold  c l imates ,  a n d  no  m e t h o d o l o g y  as yet  exists  to 
c rea te  a MDRY for  w a r m  or  m i x e d  c l imates .  The  p r o c e d u r e  
to se lect  t he  MDRY needs  to be  s impl i f ied  a n d  g e n e r a l i z e d  
so it appl ies  to all bu i l d ing  types  and  c l imates .  Be t t e r  yet,  
specif ic  MDRY da ta  sets for  l oca t ions  in the  U.S., Canada ,  
a n d  e l s ewhere  shou ld  be  d e v e l o p e d  a n d  m a d e  avai lable .  In  
t he  in t e r im,  b e c a u s e  such  MDRY da ta  a re  no t  ye t  avai lable ,  
u s ing  a s e q u e n c e  of  10 years  of  ac tua l  w e a t h e r  da t a  is a rea-  
sonab le  a l te rna t ive .  

S o m e  m o i s t u r e  analys is  m e t h o d s  a l low the  use  of  t ime-  
a v e r a g e d  w e a t h e r  data.  K u e n z e l  d e t e r m i n e d  that ,  w h e n  an-  
a lyz ing  the  d ry ing  of  a ce l lu la r  c o n c r e t e  roof ,  u s ing  t ime-  
ave raged  da ta  led  to e r ro r s  [9]. H o u r l y  w e a t h e r  da t a  
p r o d u c e d  m o r e  a c c u r a t e  resul t s  t h a n  t i m e - a v e r a g e d  w e a t h e r  
data ,  a n d  the  e r ro r  was  no t  a f fec ted  very  m u c h  by the  cho ice  
of  ave rag ing  per iod ,  for  example ,  daily, month ly ,  o r  six- 

m o n t h  means .  This  ind ica tes  tha t  a c c u r a t e  resul t s  c a n  m o s t  
l ikely on ly  be  o b t a i n e d  wi th  h o u r l y  data.  I f  ave rage  da t a  are  
used,  the  ave rag ing  p e r i o d  is p r o b a b l y  no t  ve ry  i m p o r t a n t .  I f  
use  of  h o u r l y  da t a  is no t  feasible ,  o r  h o u r l y  da t a  a re  no t  
avai lable ,  a p p r o x i m a t e  m o i s t u r e  a c c u m u l a t i o n  ca l cu la t ions  
m a y  be  d o n e  u s ing  dai ly  o r  m o n t h l y  ave rage  w e a t h e r  data,  
bu t  la rge  e r ro rs  m a y  o c c u r  w i t h  such  ca lcu la t ions .  

The  fo l lowing  tables  p rov ide  m o n t h l y  ave rage  d ry-bu lb  

a n d  d e w - p o i n t  t e m p e r a t u r e s  for  the  m o n t h s  of  January ,  
April ,  July, and  O c t o b e r  for  use  in s impl i f ied  a p p r o x i m a t e  
m o i s t u r e  ca lcu la t ions ,  such  as d e w  p o i n t  ca l cu la t ions  (see 
C h a p t e r  7). The  da t a  r e p r e s e n t  w e a t h e r  c o n d i t i o n s  d u r i n g  
the  f o u r  seasons  and  can  be  u s e d  to e s t i m a t e  w h e t h e r  d ry ing  
o r  we t t i ng  of  the  a s s e m b l y  is l ikely to occur.  Table 1 c o n t a i n s  

loca t ions  in the  Un i t ed  States .  The  da t a  in Table 1 are  b a s e d  

on  h o u r l y  o r  3-h m e a s u r e d  da t a  for  the  p e r i o d  1961 to 1990 
a n d  w e r e  d e t e r m i n e d  f r o m  the  S A M S O N  da ta  set  [10]. Table 
2 c o n t a i n s  loca t ions  in Canada ,  ba sed  on  1973 to 1993 data .  

Table  3 c o n t a i n s  da t a  for  a few se lec ted  i n t e r n a t i o n a l  loca-  
t ions.  M o r e  i n f o r m a t i o n  on  c l i m a t e  for  U.S. a n d  in te rna -  
t iona l  loca t ions  can  be  f o u n d  on  the  W o r d  Wide  Web  at  the  
NCDC w e b  si te (www.ncdc .noaa .gov) .  C a n a d i a n  w e a t h e r  
da t a  can  be  f o u n d  at  the  E n v i r o n m e n t  Canada ' s  C a n a d i a n  
M e t e o r o l o g i c a l  Cen t re  w e b  si te ( w w w . c m c . e c . g c . c a / c l i m a t e ) .  
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TABLE 2 a - - M e a n  m o n t h l y  d r y - b u l b  a n d  d e w - p o i n t  t e m p e r a t u r e s  (~ f o r  C a n a d i a n  l o c a t i o n s .  

Province 

J a n u a r y  April July  Oc tobe r  

Loca t ion  DB DP DB DP DB DP DB DP 

M b e r t a  

B C  

M a n i t o b a  

N e w  B r u n s w i c k  

N e w f o u n d l a n d  

N o r t h w e s t  
T e r r i t o r i e s  

N o v a  S c o t i a  

O n t a r i o  

P r i n c e  E d w a r d  
I s l a n d  

C a l g a r y  - 7 . 2  - 13 .9  5 .0  - 4 . 4  16 .7  7 .8  6.1 - 2 . 8  
E d m o n t o n  - I 1.7 - 16.1 4 .4  - 3 . 3  16.1 10 .6  4 .4  - 1.7 
G r a n d e  P r a i r i e  - 15 .8  - 16 .7  2 .5  - 2 . 2  15 .8  9 .4  4 .2  0 .0  
L e t h b r i d g e  - 8 . 9  - 1 1 . 7  5 .6  - 1 . 1  17 .8  10 .0  6 .4  1.1 
M e d i c i n e  H a t  - 1 1 . 1  - 1 3 . 3  7 .2  0 .0  2 0 . 8  11.1 7 .5  1.7 
P e a c e  R i v e r  - 15 .3  - 16 .7  3 .3  - 4 . 4  16 .7  8 .9  4 .2  0 .0  
R e d  D e e r  - 12 .2  - 13.3  3 .3  - 1.7 15.8  I 1.7 4 .7  0 .0  
F o r t  N e l s o n  - 2 1 . 7  - 2 2 . 2  2 .2  - 5 . 0  16 .9  10 .6  1.1 - 1 . 7  
P e n t i c t o n  - 3.1 - 6 .7  8 .9  1.1 20 .3  11.1 9 .2  4 . 4  
P r i n c e  G e o r g e  - 10 .6  - 11 .7  4 .7  - 1.7 15.3  9 .4  5 .0  1.1 
P r i n c e  R u p e r t  1.4 - 0 . 6  6 .4  2 .8  13.1 11.1 8 .6  6 .7  
Q u e s n e l  - 9 . 7  - 15 .0  5 .8  - 0 . 6  16 .7  10 .6  5 .8  1.1 
S m i t h e r s  - 9 . 4  - 9 . 4  5 .0  - 0 . 6  15 .0  9 .4  4 .7  1.7 
V a n c o u v e r  3 .3  0 .6  9 .4  5 .0  17.2  12 .2  10 .6  7 .8  
V i c t o r i a  3 .9  1.7 8 .9  4 .4  16.1 11.1 i 0 . 0  6 .7  
B r a n d o n  - 19 .2  - 18 .3  3 .3  - 2 . 2  18 .6  13.3  4 .4  0 .6  
C h u r c h i l l  - 2 5 . 0  - 3 0 . 0  - 9 .4  - 12 .8  12 .2  7 .2  - 1.7 - 4 . 4  
D a u p h i n  - 1 7 . 8  - 1 7 . 8  3 .3  - 3 . 3  19 .4  14 .4  5 .3  2 .8  
T h e  P a s  - 2 2 . 5  - 2 3 . 3  0 .6  - 5 . 6  18.1 12 .8  1.9 0 .6  
W i n n i p e g  - 16 .7  - 18 .9  4 .4  - 2 .8  2 0 . 0  13 .9  5 .6  0 .0  
F r e d e r i c t o n  - 10 .3  - 12 .8  3 .9  - 0 . 6  18 .9  15 .6  7 .5  4 .4  
M o n c t o n  - 8 . 9  - 10 .6  3 .3  - 1.1 18 .6  14 .4  7 .8  4 .4  
S a i n t  J o h n  - 7 . 8  - 12 .2  3 .9  - 1.7 17.2  12.8  7 .8  3 .9  
C a r t w r i g h t  - 14 .4  - 16.1 - 2 . 8  - 4 . 4  13.1 10 .0  3 .3  1.7 
St .  J o h n ' s  - 4 . 4  - 7 . 2  1.7 - 1 . 7  15 .6  11 .7  7 .2  3 .9  
F o r t  S m i t h  - 2 5 . 3  - 2 2 . 8  - 3 . 3  - 5 . 0  16.1 10 .6  - 0 . 3  0 .6  

I q u a l u i t  ( F r o b i s h e r )  - 2 5 . 6  - 3 0 . 6  - 15 .0  - 18.3  7 .8  3 .3  - 5 . 0  - 7 . 8  
I n u v i k  - 2 6 . 1  - 2 9 . 4  - 12 .8  - 17.8  13 .9  6 .7  - 8 .3  - 11.1 
R e s o l u t e  - 3 0 . 6  - 3 5 . 6  - 2 2 . 2  - 2 6 . 7  4 .4  1.7 - 15 .0  - 17 .2  
Y e l l o w k n i f e  - 2 5 . 0  - 2 9 . 4  - 5 . 0  - 11 .7  16 .7  7 .8  - 1.7 - 5 . 0  
H a l i f a x  - 5 . 6  - 9 . 4  4 .4  - 0 . 6  18.3  13.3  8 .3  5 .0  
S y d n e y  - 5 . 6  - 8 . 9  2 .2  - 1.7 17 .2  13.3  8 .3  4 .4  
Y a r m o u t h  - 2 . 8  - 5 . 6  5 .0  1.1 16.1 13 .9  9 .4  6.1 
K a p u s k a s i n g  - 18 .9  - 19 .4  - 0 . 6  - 3 . 9  16 .9  11 .7  3 .9  1.7 
K e n o r a  - 17 .8  - 16 .7  2 .2  - 2 . 8  19 .4  13 .9  4 .7  2 .0  
L o n d o n  - 5 . 6  - 6 . 7  6 .4  1.7 20 .8  16.1 9 .2  6 .7  
N o r t h  B a y  - 1 2 . 2  - 1 6 . 1  3 .9  - 3 . 3  18 .9  12.8  6.1 1.7 
O t t a w a  - 10 .0  - 14 .4  6.1 - 1.7 21 .1  13 .9  7 .8  2 .8  
T o r o n t o  - 6 . 1  - 8 . 9  6 .7  0 .6  21 .1  14 .4  8 .9  4 . 4  
W i a r t o n  - 5 .8  - 7 . 2  5 .0  0 .6  18 .6  14 .4  9 .7  6.1 
C h a r l o t t e t o w n  - 7 . 8  - 1 0 . 0  2 .5  - 0 . 6  18 .6  15 .6  8 .6  5 .6  

S u m m e r s i d e  - 8.1 - 7 . 2  2 .5  0 .0  18 .6  13 .9  8 .3  5 .0  
Q u e b e c  B a l e  C o m e a u  - 14 .4  - 12 .8  0 .8  - 2 . 2  16 .4  13.3  5 .0  2 .8  

M o n t  J o l i  - 11.1 - 12 .8  1.7 - 2 . 2  18.1 13.3  6 .4  2 .8  
Q u e b e c  - 12 .2  - 16 .7  3 .9  - 2 . 8  19 .4  13 .9  6 .7  1.1 
R i v i e r e  D u  L o u p  - 11.1 - 12 .8  1.7 - 2 . 2  18.1 13.3  6 .4  2 .8  
S h e r b r o o k e  - 10 .0  - 12 .2  4 .4  - 0 . 6  19 .7  15 .6  7 .5  4 . 4  
Va l  d ' O r  - 16 .7  - 17 .8  1.4 - 3 . 9  17 .2  11.1 5 .6  0 .6  

S a s k a t c h e w a n  E s t e v a n  - 16.1 - 15 .0  3 .9  - 1.1 19 .4  13 .9  5 .8  1.7 
M o o s e  J a w  - 15 .6  - 15 .6  4 .2  - 0 . 6  18 .9  12 .2  4 .4  1.7 
N o r t h  B a t t l e f o r d  - 1 8 . 3  - 2 1 . 1  3 .9  - 2 . 2  18.3  12 .2  4 .7  - 1 . 1  
P r i n c e  A l b e r t  - 2 0 . 3  - 18 .9  2 .5  - 2 . 8  17.5  12.8  3 .6  0 .6  
R e g i n a  - 18.1 - 16.1 3 .3  - 1.7 18.3  12.2  4 .2  0 .0  
S a s k a t o o n  - 18.3  - 18 .3  3.1 - 2 .2  18.1 11.1 3 .9  0 .0  
S w i f t  C u r r e n t  - 13 .6  - 14 .4  5 .3  - 0 . 6  19 .2  11 .7  5 .8  1.1 
Y o r k t o n  - 2 0 . 0  - 18 .3  1.9 - 2 . 2  18 .3  12 .8  3 .9  0 .6  

Y u k o n  T e r r i t o r y  W h i t e h o r s e  - 1 5 . 0  - 1 3 . 9  - 0 . 3  - 6 . 1  13.3  6 .7  1.4 - 1 . 7  

Source: N C D C .  1 9 9 5 .  I n t e r n a t i o n a l  S t a t i o n  M e t e o r o l o g i c a l  C l i m a t e  S u m m a r y  V e t  3 .0 .  F l e e t  N u m e r i c a l  M e t e o r o l o g y  a n d  O c e a n o g r a p h y  
D e t a c h m e n t ,  U S A F E T A C  0L-A,  N a t i o n a l  C l i m a t i c  D a t a  C e n t e r .  Ashv i l l e ,  N C .  
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TABLE 2 b - - M e a n  m o n t h l y  d ry-bu lb  a n d  dew-po in t  t e m p e r a t u r e s  (~ for C a n a d i a n  loca t ions .  

January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
Province Location DB DP DB DP DB DP DB DP 

Alber ta  Calgary  19.0 7.0 41.0 24.0 62.0 46.0 43.0 27.0 
E d m o n t o n  11.0 3.0 40.0 26.0 61.0 51.0 40.0 29.0 
G r a n d e  Pra i r ie  3.5 2.0 36.5 28.0 60.5 49.0 39.5 32.0 
Le t hb r i dge  16.0 11.0 42.0 30.0 64.0 50.0 43.5 34.0 
Med ic ine  Ha t  12.0 8.0 45.0 32.0 69.5 52.0 45.5 35.0 
Peace  River  4.5 2.0 38.0 24.0 62.0 48.0 39.5 32.0 
Re d  Deer  10.0 8.0 38.0 29.0 60.5 53.0 40.5 32.0 

BC For t  Ne l son  - 7 . 0  - 8 . 0  36.0 23.0 62.5 51.0 34.0 29.0 
Pen t i c t on  26.5 20.0 48.0 34.0 68.5 52.0 48.5 40.0 
Pr ince  George  13.0 11.0 40.5 29.0 59.5 49.0 41.0 34.0 
Pr ince  R u p e r t  34.5 31.0 43.5 37.0 55.5 52.0 47.5 44.0 
Quesne l  14.5 5.0 42.5 31.0 62.0 51.0 42.5 34.0 
S m i t h e r s  15.0 15.0 41.0 31.0 59.0 49.0 40.5 35.0 
Vancouve r  38.0 33.0 49.0 41.0 63.0 54.0 51.0 46.0 
Victoria  39.0 35.0 48.0 40.0 61.0 52.0 50 .0  44.0 

M a n i t o b a  B r a n d o n  - 2 . 5  - 1.0 38.0 28.0 65.5 56.0 40.0 33.0 
Church i l l  - 13.0 - 2 2 . 0  15.0 9.0 54.0 45.0 29.0 24.0 
D a u p h i n  0.0 0.0 38.0 26.0 67.0 58.0 41.5 37.0 
The  Pas  - 8 . 5  - 10.0 33.0 22.0 64.5 55.0 35.5 33.0 
W i n n i p e g  2.0 - 2 . 0  40.0 27.0 68.0 57.0 42.0 32.0 

New B r u n s w i c k  F rede r i c ton  13.5 9.0 39.0 31.0 66.0 60.0 45.5 40.0 
M o n c t o n  16.0 13.0 38.0 30.0 65.5 58.0 46.0 40.0 
Sa in t  J o h n  18.0 10.0 39.0 29.0 63.0 55.0 46.0 39.0 

N e w f o u n d l a n d  Car twr igh t  6.0 3.0 27.0 24.0 55.5 50.0 38.0 35.0 
St. John ' s  24.0 19.0 35.0 29.0 60.0 53.0 45.0 39.0 

N o r t h w e s t  For t  S m i t h  - 1 3 . 5  - 9 . 0  26.0 23.0 61.0 51.0 31.5 33.0 
Terr i tor ies  

Nova  Scot ia  

On ta r io  

Pr ince  E d w a r d  
I s l and  

Iqua lu i t  (Frobisher )  - 14.0 - 2 3 . 0  5.0 - 1.0 46.0 38.0 23.0 18.0 
Inuv ik  - 15.0 - 2 1 . 0  9.0 0.0 57.0 44.0 17.0 12.0 
Reso lu te  - 23.0 - 32.0 - 8.0 - 16.0 40.0 35.0 5.0 1.0 
Yellowknife - 13.0 - 21.0 23.0 I 1.0 62.0 46.0 29.0 23.0 
Hal i fax  22.0 15.0 40.0 31.0 65.0 56.0 47.0 41.0 
Sydney  22.0 16.0 36.0 29.0 63.0 56.0 47.0 40.0 
Y a r m o u t h  27.0 22.0 41.0 34.0 61.0 57.0 49.0 43.0 
K a p u s k a s i n g  - 2 . 0  - 3 . 0  31.0 25.0 62.5 53.0 39.0 35.0 
K e n o r a  0.0 2.0 36.0 27.0 67.0 57.0 40.5 36.0 
L o n d o n  22.0 20.0 43.5 35.0 69.5 61.0 48.5 44.0 
Nor t h  Bay  10.0 3.0 39.0 26.0 66.0 55.0 43.0 35.0 
O t t awa  14.0 6.0 43.0 29.0 70.0 57.0 46.0 37.0 
Toronto  21.0 16.0 44.0 33.0 70.0 58.0 48.0 40.0 
W i a r t o n  21.5 19.0 41.0 33.0 65.5 58.0 49.5 43.0 
C h a r l o t t e t o w n  18.0 14.0 36.5 31.0 65.5 60.0 47.5 42.0 

S u m m e r s i d e  17.5 19.0 36.5 32.0 65.5 57.0 47.0 41.0 
Quebec  Baie  C o m e a u  6.0 9.0 33.5 28.0 61.5 56.0 41.0 37.0 

M o n t  Joli 12.0 9.0 35.0 28.0 64.5 56.0 43.5 37.0 
Quebec  10.0 2.0 39.0 27.0 67.0 57.0 44.0 34.0 
Riviere Du  L o u p  12.0 9.0 35.0 28.0 64.5 56.0 43.5 37.0 
She rb rooke  14.0 10.0 40.0 31.0 67.5 60.0 45.5 40.0 
Val d 'Or  2.0 0.0 34.5 25.0 63.0 52.0 42.0 33.0 

S a s k a t c h e w a n  E s t e v a n  3.0 5.0 39.0 30.0 67.0 57.0 42.5 35.0 
Moose  Jaw 4.0 4.0 39.5 31.0 66.0 54.0 40.0 35.0 
Nor t h  Ba t t l e ford  - 1.0 - 6 . 0  39.0 28.0 65.0 54.0 40.5 30.0 
Pr ince  Albert  - 4 . 5  - 2 . 0  36.5 27.0 63.5 55.0 38.5 33.0 
Reg i na  0.5 3.0 38.0 29.0 65.0 54.0 39.5 32.0 
S a s k a t o o n  - 1.0 - 1.0 37.5 28.0 64.5 52.0 39.0 32.0 
Swift  C u r r en t  7.5 6.0 41.5 31.0 66.5 53.0 42.5 34.0 
Yorkton  - 4 . 0  - 1.0 35.5 28.0 65.0 55.0 39.0 33.0 

Yukon  Terr i tory  W h i t e h o r s e  5.0 7.0 31.5 21.0 56.0 44.0 34.5 29.0 

Source: NCDC. 1995. I n t e r n a t i o n a l  S ta t ion  Meteoro log ica l  C l ima te  S u m m a r y  Ver 3.0. Fleet  N u m e r i c a l  Me teo ro logy  a n d  O c e a n o g r a p h y  
D e t a c h m e n t ,  USAFETAC 0L-A, Na t iona l  Cl imat ic  Da ta  Center.  Ashville,  NC. 
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TABLE 3a- -Mean  monthly dry-bulb and dew-point temperatures (~ for international locations. 

January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
Country Location DB DP DB DP DB DP DB DP 

Argentina Buenos Aires 23.9 16,1 16.7 12.2 10.0 6.1 16.1 10.6 
Australia Sydney AP 22.8 16,7 18.9 13.3 12.2 5.6 17.8 10.6 
Austria Vienna 0.0 -3 .3  9.4 2.2 20.0 11.7 10.6 5.6 
Belgium Brussels 3.3 1.1 8.9 3.9 17.8 12.8 11.1 7,8 
Brazil Rio de Janeiro/Galeao 28.3 21.7 26.1 20.6 22.2 16.7 24.4 18,3 
Bulgaria Sofia - 1,1 -5 .0  10,0 2.8 20.0 11.7 11.7 5,0 
Chili Santiago 2 i. 1 11.1 15.0 8.3 8.3 5.0 14.4 8.3 
China Beijing -3 .3  - I6 .1  13.9 0.6 26.l 20.6 13.9 4.4 
Finland Helsinki/Vantaa -5 .6  -7 .8  3.3 - 1.7 16.7 11.1 5.0 2.8 
France Paris/Orly 3.9 1.1 10.0 3.9 19.4 12.8 11.7 8.3 
Germany Berlin/Schonefeld -0 .6  -2 .8  7.8 1.7 18.3 11.7 9.4 6.1 
Greece Athens 10.0 3.9 15.0 8.3 27.2 14.4 19.4 11.7 
Hungary Budapest /Ferihegy -0 .6  -3 .9  10.6 3.3 20.6 12.8 10.6 5.6 
Ireland Dublin AP 5.6 2.8 8.3 4.4 15.6 11.7 10.6 7.2 
Italy Rome/Fiumicino 8.3 4.4 12.8 8.9 23.9 19.4 17.8 13.3 
Japan Tokyo Intl 5.6 -3 .9  13.9 7.8 25.0 21.1 17.8 12.2 
Malaysia Kuala Lumpur 27.2 22.8 28.3 23.9 27.8 23.3 27.8 23.3 
Mexico Mexico City 13.9 3.9 18.9 6.1 18.3 11.1 17.2 8.9 
New Zealand Auckland Intl AP 20.0 14.4 16.1 12.8 11.1 8.3 14.4 10.6 
Poland Warsaw -1 .7  -3 .9  7.8 2.2 17.8 12.8 8.3 5.6 
Russia Moscow/Sheremetievo -8 .9  -11.1 5.6 -0 .6  17.2 12.2 3.9 1.I 
South Africa Pretoria 23.3 14.4 18.9 10.0 12.8 1.7 21.1 9.4 
South Korea Seoul/Kimpo -3 .3  -9 .4  11.7 4.4 25.0 20.6 13.3 7.8 
Spain Madrid 5.6 1.1 11.7 4.4 24.4 11.1 14.4 7.8 
Sweden Stockholm/Essa -2 .8  - 5.0 3.9 - 1.1 17.2 10.6 6.1 3.9 
United Kingdom London/Heathrow 5.0 2.8 8.9 3.9 18.3 12.2 11.1 8.3 
Ukraine Kiev -6.1 -8 .3  7.8 2.2 18.3 12.8 7.2 3.3 
Venezuela Caracas/La Carlotas 21.1 16.1 23.9 18.3 23.3 18.9 23.3 18.9 

Source: NCDC. 1995. International Station Meteorological Climate Summary Ver 3.0. Fleet Numerical Meteorology and Oceanography 
Detachment, USAFETAC 0L-A, National Climatic Data Center. Ashville, NC. 

TABLE 3b- -Mean  monthly dry-bulb and dew-point temperatures (~ for international locations. 

January April July October 

Mean Mean Mean Mean Mean Mean Mean Mean 
Country Location DB DP DB DP DB DP DB DP 

Argentina Buenos Aires 75 61 62 54 50 43 61 51 
Australia Sydney AP 73 62 66 56 54 42 64 51 
Austria Vienna 32 26 49 36 68 53 51 42 
Belgium Brussels 38 34 48 39 64 55 52 46 
Brazil Rio de Janeiro/Galeao 83 71 79 69 72 62 76 65 
Bulgaria Sofia 30 23 50 37 68 53 53 41 
Chili Santiago 70 52 59 47 47 41 58 47 
China Beijing 26 3 57 33 79 69 57 40 
Finland Helsinki/Vantaa 22 18 38 29 62 52 41 37 
France Paris / Orly 39 34 50 39 67 55 53 47 
Germany Berlin / Schonefeld 3 l 27 46 35 65 53 49 43 
Greece Athens 50 39 59 47 81 58 67 53 
Hungary Budapest / Ferihegy 3 l 25 51 38 69 55 51 42 
Ireland Dublin AP 42 37 47 40 60 53 51 45 
Italy Rome/Fiumicino 47 40 55 48 75 67 64 56 
Japan Tokyo Intl 42 25 57 46 77 70 64 54 
Malaysia Kuala Lumpur 8l 73 83 75 82 74 82 74 
Mexico Mexico City 57 39 66 43 65 52 63 48 
New Zealand Auckland Intl AP 68 58 6I 55 52 47 58 51 
Poland Warsaw 29 25 46 36 64 55 47 42 
Russia Moscow/Sheremetievo 16 12 42 31 63 54 39 34 
South Africa Pretoria 74 58 66 50 55 35 70 49 
South Korea Seoul / Kimpo 26 15 53 40 77 69 56 46 
Spain Madrid 42 34 53 40 76 52 58 46 
Sweden Stockholm/Essa 27 23 39 30 63 51 43 39 
United Kingdom London/Heathrow 41 37 48 39 65 54 52 47 
Ukraine Kiev 21 17 46 36 65 55 45 38 
Venezuela Caracas/La Carlotas 70 61 75 65 74 66 74 66 

Source: NCDC. 1995. International Station Meteorological Climate Summary Ver 3.0. Fleet Numerical Meteorology and Oceanography 
Detachment, USAFETAC 0L-A, National Climatic Data Center. Ashville, NC. 



28 MANUAL ON MOISTURE ANALYSIS IN BUILDINGS 

R E F E R E N C E S  

[1] ASHRAE Handbook--Fundamentals, American Society of Heat- 
ing, Refrigerating, and Air-Conditioning Engineers, Atlanta, GA, 
1997. 

[2] Trechsel, H. R., Ed., Manual on Moisture Control in Buildings, 
ASTM manual series MNL 18, American Society for Testing and 
Materials, West Conshohocken, PA, I994. 

[3] ASHRAE, Chapter 24--"Weather Data," in ASHRAE Hand- 
book--Fundamentals, American Society of Heating, Refriger- 
ating, and Air-Conditioning Engineers, Atlanta, GA, 1993. 

[4] Stoffel, T. L. and Rymes, M. D., "Production of the Weather Year 
for Energy Calculations: Version 2 (WYEC2) Data Files," ASH- 
RitE Transactions, Vol. 104, No. 2, American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers, Atlanta, GA, 
1998. 

[5] Butch, D. M. and Chi, J., MOIST--"A PC Program for predict- 
ing Heat and Moisture Transfer in Building Envelopes," (Re- 
lease 3.0), NIST Special Publication 917, National Institute of 
Standards and Technology, Gaithersburg, MD, 1997. 

[6] Marion, W. and Urban, K, "User's Manual for TMY2s, Typical 
Meteorological Years, Derived from 1961-1990 National Solar 
Radiation Data Base," NREL/SP-463-7668, E95004064, Na- 
tional Renewable Energy Laboratory, Golden, CO, 1995. 

[7] Geving, S., "Moisture Design of Building Constructions-- 
Hygrothermal Analysis Using Simulation Models, Part I and II," 
Ph.D. thesis, Department of Building and Construction Engi- 
neering, Norwegian University of Science and Technology, 
Trondheim, Norway, 1997. 

[8] Sanders, C., Heat, Air and Moisture Transfer in Insulated Enve- 
lope Parts, Final Report, Vol. 2: Environmental conditions, In- 
ternational Energy Agency, Annex 24, Laboratory for Building 
Physics, Catholic University, Leuven, Belgium, 1996. 

[9] Kuenzel, H. M., "Averaging of Climate Data and Its Effect on 
the Results of Heat and Moisture Transfer Calculations," Report 
T1-D-93/05, lEA Annex 24, Fraunhofer Institute for Building 
Physics, Holzkirchen, Germany, 1993. 

[10] NCDC, Surface Airways Meteorological and Solar Observing 
Network (SAMSON) data set. National Climatic Data Center, 
Ashville, NC, 1991. 



Hygrothermal Properties of 
Building Materials 
by M. K. Kumaran 1 

MNL40-EB/Jan. 2001 

T H E  ENVELOPE OF ANY BUILDING continuously responds to the 
changes in indoor and outdoor temperature, pressure, and 
humidity conditions. This results in an exchange of energy 
and mass (air as well as moisture) between the indoor and 
outdoor environments through the envelope. Building phys- 
icists refer to this phenomenon as "heat, air, and moisture 
transport" through building materials and components. De- 
signers and builders are always interested in knowing the 
long-term performance of the building envelope, as sub- 
jected to the transport processes. But the global differences 
in construction practices, building materials, weather con- 
ditions, and indoor climate are so large that it is impractical 
to develop this knowledge only through experimental inves- 
tigations. However, such knowledge, as and when required, 
can be generated through calculations. Building physicists, 
over the past four or five decades, have been attempting to 
develop reliable calculation methods for this purpose. These 
attempts, especially with the advance in computer technol- 
ogy, have resulted in a diverse set of procedures and com- 
puter models [1]. All such procedures, in spite of any diver- 
sity, make use of the following two axioms: 

1. The transport of any entity B through a medium is given 
by the expression 

Rate of transport of B = A property of the medium x, 
a driving force responsible 
for the transport 

2. During the transport of B, in any given volume, V, of the 
medium, the following balance exists: 

Rate of storage of B in V = Rate of B entering V 
through its bounding surfaces 
+ rate of generation of B in V 

The first axiom gives rise to a variety of equations used in 
calculations, and these equations are called transport equa- 
tions. They are usually of the form 

JB = K • grad q~ (1) 

which introduces three types of physical quantities in all cal- 
culations. The quantity)B is referred to as a "flux of B" or a 
"density of B flow rate" and the quantity K as a transport 
property of the medium. The driving potential is defined as 
the gradient of an appropriate physical quantity q~. 

The second axiom, when used in calculations, introduces 
another set of equations called the "conservation equations." 
These equations, in turn, also introduce new physical quan- 

1Building Envelope and Structure, Institute for Research in Con- 
struction, National Research Council, Canada. 

rifles. The term on the left-hand side of the balance equation 
results in physical quantities that define the storage of B in 
the medium. These are referred to as "capacitive" properties 
[2]. The first term on the right hand side of the balance equa- 
tion, though only a divergent of JB, often may result in a set 
of derived physical quantities defined in terms of a transport 
property and a capacitive property. These properties are re- 
ferred to as combined properties [2]. 

Building materials continually evolve. The main conse- 
quence is a noticeable change in the properties of these ma- 
terials. Hence, the properties reported in the literature may 
have become "nonrepresentative" of contemporary products. 
This demands continuous updating of the hygrothermal 
properties. Otherwise, however, sophisticated the calculation 
method that one employs may be, the results will not be 
representative of the hygrothermal behavior of the building 
component under consideration. 

DEFINITIONS~  SYMBOLS j, AND UNITS OF H Y G R O T H E R M A L  

P R O P E R T I E S  

Density of heat flow rate or heat flux (symbol: q; unit: W • 
m 2) 
The density of heat flow rate in a material at a point is ex- 
pressed as the quantity of heat transported in unit time 
across the unit area of a plane that includes the point and is 
perpendicular to the direction of the transport. 

Density of vapor flow rate or vapor flux (symbol: rnv; unit: 
k g ' m  2"s ') 
The density of vapor flow rate in a material at a point is 
defined as the mass of vapor transported in unit time across 
the unit area of a plane that includes the point and is per- 
pendicular to the direction of the transport. 

Density of moisture flow rate or moisture flux (symbol: rhm; 
unit: kg • m 2. s-l) 
The density of moisture flow rate in a material at a point is 
defined as the mass of moisture transported in unit time 
across the unit area of a plane that includes the point and is 
perpendicular to the direction of the transport. 

Density of air flow rate or air flux (symbol: rha; unit: kg • 
m - 2 .  S -1)  

The density of airflow rate in a material at a point is defined 
as the mass of air transported in unit time across the unit 
area of a plane that includes the point and is perpendicular 
to the direction of the transport. 

Density (symbol: Po; unit: kg • m 3) 
Density of a building material is defined as the mass of 1 m 3 
of the dry material. 
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For  prac t ica l  reasons,  the phrase  "dry mater ia l"  does not  
necessar i ly  mean  absolute ly  dry  mater ia l .  For  each class of  
mater ia l ,  such as stony, wooden,  or  plast ic,  it m a y  be nec- 
essary  to adop t  p rescr ibed  s t anda rd  condi t ions;  for example,  
for wood  this m a y  co r respond  to drying at 105~ unt i l  the  
change in mass  is wi th in  1% dur ing  two successive dai ly  
weighings.  

Moisture content (symbol  (i); w; unit:  kg �9 m 3) or  (symbol  
(ii): u; unit:  kg �9 kg 1) or  (symbol  (iii): t~; unit:  m 3 �9 m - 3 )  

Mois ture  content  of  a bui ld ing  mate r ia l  is defined as: 

(i) mass  of mois tu re  pe r  uni t  volume of the  dry  mater ia l ,  
or  

(ii) mass  of mois ture  pe r  uni t  mass  of the dry  mater ia l ,  o r  
(iii) vo lume of condensed  mois tu re  per  uni t  volume of the  

dry  mater ia l .  

The definit ion (i) is general ly  used  wi th  reference to all 
bui ld ing  mater ia ls ,  while it is a c o m m o n  prac t ice  to use (ii) 
wi th  reference to denser  bui ld ing  mater ia l s  such as concrete,  
brick, and  wood  produc ts  and  to use (iii) wi th  reference to 
l ighter  mater ia l s  such as insulat ion.  

Many bui ld ing  mater ia l s  are  porous  bodies .  In  these po- 
rous  bodies  the  mois ture  content  m a y  vary be tween the dry  
state referred to above and  a fully sa tu ra ted  state when  the 
open pores  are  comple te ly  filled with water. The mois tu re  
content  tha t  cor responds  to the sa tu ra t ion  state is cal led the 
maximum moisture content (symbols:  w . . . . .  or  Urea x o r  ~/max)'  

Experimental ly ,  a bui ld ing  mate r i a l  absorbs  mois tu re  to the  
m a x i m u m  mois tu re  content  level if the process  is carr ied  out  
in vacuum.  Otherwise,  the sa tu ra t ion  is comple te  at a lower  
mois tu re  content  level. This mois tu re  content  is referred to 
as capillary saturation moisture content (symbols:  Wcap o r  Uca p 

or  %ap)" Between the dry and  sa tu ra ted  states,  the mois tu re  
content  varies wi th  the wate r  vapor  pressure  of the  sur- 
roundings  in a non- l inear  way. An example  is shown in Fig. 
1. The re la t ion be tween  vapor  pressure  (or more  often rela- 
tive humidity,  RH) of the su r roundings  and the mois tu re  
conten t  in the  mate r ia l  is cal led the  sorption curve. In the  
lower  humid i ty  range,  the  mois tu re  is in an adso rbed  state. 
This range  varies f rom mate r ia l  to mater ia l ,  and  for cer ta in  
mater ia l s  could be up to 98% RH. The range  of RH unt i l  
98% is called the  hygroscopic range of a mater ia l .  At the  
h igher  end of the  adsorp t ion  range,  mois tu re  f rom the sur- 
round ings  begins  to condense  in the  pores,  but  ini t ial ly with-  
out  any  cont inu i ty  of the l iquid at  a macroscop ic  level. This 
cont inues  unti l  a critical moisture content (symbols:  wcr or  
ucr or  t~cr) is establ ished.  Thus, cr i t ical  mois tu re  content  can 
be defined as the lowest  mois tu re  content  necessary  to ini- 
t iate mois tu re  t r anspor t  in the  l iquid phase.  Below this level, 
due to macroscop ic  d iscont inu i ty  of the l iquid, mois tu re  is 
t r anspor t ed  only in the vapor  phase  (and par t ly  by surface 
movemen t  in the  adso rbed  layer).  

Degree of  saturation (Symbol:  S; unit:  d imensionless)  
The degree of sa tu ra t ion  of a mate r ia l  at a given mois tu re  
content  is defined as the ra t io  be tween tha t  mois ture  content  
and  the m a x i m u m  mois ture  content  that  can be a t ta ined  by  
the mater ia l .  

Specific heat capacity (Symbol:  Co; unit:  J �9 kg -1 �9 K 1) 
Specific heat  capac i ty  of a ma te r i a l  is defined as the hea t  
(energy) requi red  to increase  the t empera tu re  of uni t  mass  
of  the mate r ia l  by 1 K. 

The mass  in the  above defini t ion refers to dry mass.  If  the  
mate r ia l  is wet, the specific hea t  capac i ty  c is to be ca lcula ted  
a s :  

c = Co + 4187 �9 (W/Oo) (2) 

The above re la t ion  assumes  that  the  specific hea t  capac i ty  of  
wa te r  is a cons tan t  equal  to 4187 J �9 kg -1 �9 K 1. 

Volumetric heat capacity (Symbol:  90c0; unit:  J �9 m 3. K- l )  
The volumetr ic  hea t  capaci ty  of a mate r ia l  is defined as the 
hea t  (energy) requi red  to increase  the t empe ra tu r e  of uni t  
volume of the  ma te r i a l  by 1 K. 

If the mate r ia l  is wet, the volumetr ic  hea t  capac i ty  poe is 
ca lcula ted  as: 

Po c = Po% + 4 1 8 7 - w  (3) 

Equa t ion  3 also assumes  that  the  hea t  capac i ty  of wa te r  is 
cons tant  a t  4187 J �9 kg 1 . K-1. 

Thermal conductivity (Symbol:  ~; unit:  W �9 m -1 �9 K 1) 
The the rmal  conduct ivi ty  of a mate r ia l  at  a po in t  is defined 
as the  ra t io  be tween the densi ty  of  hea t  flow rate  and the 
magn i tude  of the the rmal  grad ien t  at that  po in t  in the  direc- 
t ion of the  flow. 

The defini t ion for the rmal  conduct ivi ty  s tems f rom Four ie r  
equat ion  for hea t  conduct ion:  

c) = - X  �9 grad  T (4) 

But in a dry  bui ld ing  mate r ia l  the  hea t  t ransfer  is a resul t  of 
conduct ion,  r ad ia t ion  f rom the surfaces of the  pores,  and  
convect ion wi th in  the pores,  and  in a prac t ica l  defini t ion of 
the rmal  conduct ivi ty  all three  modes  of heat  t ransfer  are  in- 
cluded.  If  the mate r ia l  is wet, hea t  t ransfer red  by mois tu re  
in the  capi l lar ies  and  the en tha lpy  changes  tha t  a c c o m p a n y  
phase  t rans i t ions  also add  to the densi ty  of hea t  flow rate. 

Thermal resistance (Symbol:  R; unit:  K �9 m 2 �9 W -1) 
The the rmal  res is tance of a spec imen  of a mate r ia l  b o u n d  
by two paral le l  surfaces is defined as the ra t io  be tween the 
magn i tude  of the  t empera tu re  difference across  the two 
bound ing  surfaces and the densi ty  of heat  flow rate  across  
the spec imen  unde r  a s teady state condi t ion.  

Thermal diffusivity (Symbol:  a; unit:  m 2 " S - 1 )  

The the rmal  diffusivity at  a po in t  in a mate r ia l  is defined as 
the ra t io  be tween  the the rmal  conduct ivi ty  at  that  poin t  and  
the volumetr ic  hea t  capac i ty  of the  mater ia l .  

Vapor concentration (Symbol:  9~; unit:  kg �9 m -3) 
The vapor  concen t ra t ion  in a given volume of a i r  (or vo lume 
of a i r  in the pores  of a bui ld ing  mater ia l )  is defined as the  
ra t io  be tween  the mass  of wate r  vapor  in tha t  volume and  
the volume.  

Vapor permeability (Symbol:  gp; unit:  k g -  m 1 . pa-1 . s - l )  
The vapor  pe rmeab i l i ty  at  a po in t  is defined as the ra t io  be- 
tween the densi ty  of vapor  flow rate  at  that  po in t  and  the 
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magni tude  of  the  vapor  pressure  g rad ien t  in the  d i rec t ion  of 
the flow. 

The defini t ion for vapor  pe rmeab i l i ty  s tems f rom the t rans-  
por t  equat ion:  

n~ v = - S p -  grad  p~ (5) 

Among all the  mois tu re  t r anspor t  proper t ies ,  the vapor  per- 
meabi l i t ies  of  bu i ld ing  mate r ia l s  are mos t  readi ly  mea-  
surable  by use of the  "cup method."  Various da ta  repor ted  in 
the  l i te ra ture  show that  for mos t  of the hygroscopic  mate-  
rials, the vapor  pe rmeab i l i ty  is a s t rong funct ion of the mean  
relative humid i ty  of the mater ia l .  

For  prac t ica l  purposes  a quant i ty  cal led vapor permeance 
(Symbol:  81; unit :  kg �9 m 2 . pa-1 . s 1) of a spec imen  of a 
bu i ld ing  mater ia l  is useful. This quant i ty  is defined as fol- 
lows: The vapor  pe rmeance  of a spec imen  of  a mate r ia l  
b o u n d  by  two paral le l  surfaces is the ra t io  be tween  the den- 
sity of vapor  flow rate  and  the magn i tude  of the vapor  pres-  
sure difference across  the bound ing  surfaces under  s teady 
state condi t ions .  

The rec iprocal  of  vapor  pe rmeabi l i ty  is vapor resistivity 
(Symbol:  N; unit:  m �9 Pa �9 s �9 kg 1) and  tha t  of vapor  
pe rmeance  is cal led vapor resistance (Symbol:  Zp; unit:  
m 2" Pa"  s"  k g - ' )  

If  the vapor  t r anspor t  equat ion  is wr i t ten  as: 

m v = -8~ �9 grad  Pv (6) 

The vapor permeability (Symbol :  8,; unit :  m 2 �9 s -1) at  a po in t  
is defined as the ra t io  be tween  the densi ty  of vapor  flow rate  
at  that  poin t  and  the magn i tude  of the vapor  concen t ra t ion  
grad ien t  in the  d i rec t ion  of  the flow. 

Vapor resistance factor (Symbol:  Ix; unit: d imensionless)  
The vapor  res is tance factor  of a mate r ia l  is defined as the  
ra t io  be tween the vapor  pe rmeabi l i ty  of s tagnant  air, 8a, and  
tha t  of the mate r ia l  unde r  ident ical  t h e r m o d y n a m i c  condi-  
t ions (same t empera tu re  and pressure) .  The vapor  perme-  
abi l i ty  of s tagnant  a i r  can be ca lcula ted  accord ing  to the 
equat ion  given by Sch i rmer  [3] in agreement  wi th  more  
Schirmer ' s  equat ion  is given below: 

2.306 X 10 -s Po ( r ~1.81 
8" = R,,TP \ ~ ]  (7) 

where  

T = tempera ture ,  K, 
P = a mb ie n t  pressure ,  Pa, 

P0 = s t anda rd  a tmospher i c  pressure ,  i.e., 101 325 Pa, and  
R~ = ideal gas cons tan t  for water, i.e., 461.5 J �9 K 1. kg-1. 

The concept  of vapor  res is tance factor  in t roduces  two phys-  
ical quant i t ies  that  descr ibe  the  pore  s t ructure  of the  build-  
ing mater ia l .  By definition, IX for s tagnant  a i r  is 1. If  in a slab 
of dry mater ia l ,  the pores  connect  two paral le l  bound ing  sur- 
faces of the ma te r i a l  s t ra ight  across  and  each  pore  is uni-  
form with  respect  to the cross-sect ional  area,  then: 

= 1 /% (8) 

where  % is called the open porosity (unit: m 3 �9 m-3), which  
refers to the  volume of pores  per  uni t  volume of the mater ia l ,  
accessible  for wate r  vapor. 

If the  pores  are nonun i fo rm and  are  d i rec ted  randomly,  

= (O J%)  (9) 
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where  t~ is cal led the tortuosity factor. 

Vapor diffusion thickness (Symbol:  txd; unit:  m) 
Vapor  diffusion thickness  of a spec imen  is the  p roduc t  of its 
th ickness  and  the vapor  res is tance  factor  of the mater ia l .  

Water absorption coefficient (Symbol:  Aw; unit:  kg �9 m 2 . 
S 1/2)  

The p rope r ty  cal led wate r  absorp t ion  coefficient quantif ies 
the  wate r  entry  into a bu i ld ing  mate r ia l  due to absorp t ion  
when  its surface is jus t  in con tac t  With l iquid water. I t  is 
defined as the  ra t io  be tween the change of the a m o u n t  of 
wate r  entry  across  the uni t  a rea  of the surface and the cor- 
r e spond ing  change  in t ime expressed as the  square root; in 
the ear ly par t  of an absorp t ion  process,  this  ra t io  r emains  
cons tan t  and  tha t  cons tant  value is des ignated  as the  wate r  
absorp t ion  coefficient. 

Moisture permeability (Symbol:  kin; unit:  kg �9 m -1 �9 Pa 1. s i) 
Mois ture  pe rmeab i l i ty  of a ma te r i a l  at a po in t  in a d i rec t ion  
is defined as the ra t io  be tween the densi ty  of mois tu re  flow 
rate  at  tha t  po in t  and  the magn i tude  of suct ion grad ien t  in 
the  d i rec t ion  of the  flow. Suct ion  includes  capillarity,  gravity, 
and  external  pressure .  The defini t ion for mois tu re  pe rme-  
abi l i ty  s tems f rom the t r anspor t  equat ion:  

m,~ = k m  �9 grad  s (10) 

where  s is the  total  suct ion (unit: Pa); then  for capi l lar i ty  
suction, s inc ludes  the  pore  l iquid pressure  and  for gravi ty 
includes  the p roduc t  of acce le ra t ion  of free fall, densi ty  of 
water, and  height.  The sorp t ion  curve in the region above the 
cri t ical  mois ture  content  includes  the suction. But it  is not  
par t icu la r ly  evident.  Hence it is prac t ica l  to cons t ruc t  a curve 
tha t  represents  the  re la t ion be tween mois tu re  content  and  
pore  size d is t r ibut ion.  Then the full mois tu re  content  range 
can be divided into t w o - - t h e  first range up to the  cri t ical  
mois tu re  content  in the form of a sorp t ion  curve and the 
second from cri t ical  mois ture  content  up  to m a x i m u m  mois-  
ture  content  in the form of a suct ion curve. 

Specific moisture capacity (Symbol:  6; unit:  kg �9 kg -1 �9 Pa 1) 
Specific mois ture  capaci ty  of a mate r ia l  is defined as the  in- 
crease in the mass  of mois ture  in uni t  mass  of the mate r ia l  
tha t  follows the uni t  increase  in vapor  pressure  or  suction. 
If  the vapor  pressure  is expressed in t e rms  of relat ive hu- 
midity, the uni t  of  this  quant i ty  changes  to k g .  kg i and  then  
the symbol  ~ should  be used. 

Volumetric moisture capacity (Symbol:  PoE; unit:  kg �9 m -3 �9 
p a  -1) 

The volumetr ic  mois ture  capac i ty  of a ma te r i a l  is defined as 
the  increase  in the  mois tu re  content  in uni t  volume of the 
mate r ia l  tha t  follows the uni t  increase  in the vapor  p ressure  
or  suction. 

Fo r  hygroscopic  range,  volumetr ic  mois ture  capac i ty  can  be 
ca lcula ted  f rom the slope of  the sorp t ion  curve, and  above 
cri t ical  mois ture  content  it  can  be ca lcula ted  as the s lope of 
the suct ion curve. 
Moisture diffusivity (Symbol:  Dw; unit:  m 2 �9 s -1) 
The mois ture  diffusivity in the  hygroscopic  range is the ra t io  
be tween  vapor  pe rmeab i l i ty  and  volumetr ic  mois tu re  capac-  
ity. Outside that  range  it is the ra t io  be tween mois tu re  per- 
meabi l i ty  and volumetr ic  mois tu re  capacity. 

The above defini t ion is ana logous  to tha t  for the rmal  dif- 
fusivity. However, mois tu re  diffusivity is cur ren t ly  used  ac- 
cording  to the  fol lowing definit ion for the densi ty  of mois-  
ture flow rate: 

mm = - p0Dw �9 grad  u (11) 

Thermal moisture permeability (Symbol:  kr; unit:  kg �9 m 1 . 
K - 1  �9 s 1) 

The the rmal  mois tu re  pe rmeab i l i ty  of a ma te r i a l  at a po in t  
is defined as the  ra t io  be tween  the densi ty  of mois tu re  flow 
rate  at  tha t  po in t  and  the magn i tude  of t empe ra tu r e  grad ien t  
in the  d i rec t ion  of the  t r anspor t  in the absence  of any  mois-  
ture content  gradient .  

The above defini t ion for the rmal  mois ture  pe rmeab i l i ty  
s tems f rom the t r anspor t  equat ion:  

m m =  - k r "  grad  T (at un i fo rm mois tu re  content)  (12) 

Thermal moisture diffusion coefficient (Symbol:  Dr; unit:  
m 2 . K-I  . S - I )  

The rat io  be tween the dry dens i ty  and  the rmal  mois ture  per- 
meabi l i ty  is called the the rmal  mois tu re  diffusion coefficient. 
Therefore,  Eq 12 can also be wr i t ten  as: 

r~t m = -poDr"  grad  T (at un i fo rm mois ture  content)  (13) 

Air permeability (Symbol:  ka; unit:  kg �9 m 1 . pa-1 . s - l )  
The ai r  pe rmeab i l i ty  of a mate r ia l  at  a poin t  is defined as the 
ra t io  be tween the densi ty  of airflow rate  at  tha t  poin t  and  
the magn i tude  of the  pressure  grad ien t  in the  d i rec t ion  of 
the flow. 

For  prac t ica l  purposes  the quantity, air permeance (Sym- 
bol: Ka; unit:  kg" m -2.  Pa -1 �9 s 1) of a spec imen  of a bui ld ing  
mate r ia l  is useful. This quant i ty  is defined as follows: The 
ai r  pe rmeance  of a spec imen  of a mate r ia l  b o u n d  by  two 
paral le l  surfaces is the  ra t io  be tween  the dens i ty  of airf low 
rate  and  the magn i tude  of the  pressure  difference across  the 
bound ing  surfaces unde r  s teady-s ta te  condi t ions .  

The current  c o m p u t e r  s imula t ion  models  do not  explici t ly 
use all the mate r ia l  p roper t ies  l is ted above. Only the follow- 
ing proper t ies  are  general ly  used: 

1. Thermal  conduct iv i ty  of the dry  mate r ia l  as a funct ion of 
t empera ture .  

2. Thermal  conduct iv i ty  as a funct ion of mois tu re  content .  
3. Water  vapor  p e r m e a b i l i t y / p e r m e a n c e  as a funct ion of rel- 

ative humidity.  
4. Equ i l ib r ium mois tu re  content  as a funct ion of relat ive hu- 

midity. 
5. Mois ture  diffusivity as funct ion of mois ture  content .  
6. Wate r  absorp t ion  coefficient. 
7. Heat  capaci ty  of dry  mate r ia l  (constant) .  
8. Heat  capac i ty  as a funct ion of mois tu re  content .  
9. Air p e r m e a b i l i t y / p e r m e a n c e  as funct ion of pressure  dif- 

ferential.  

Well-developed exper imenta l  p rocedures  and in te rna t iona l  
s t andard  test p rocedures  exist to de te rmine  the proper t ies  
l is ted above except for the the rmal  conduct iv i ty  and  the heat  
capac i ty  of  mois t  mater ia ls .  In  the la t ter  cases combin ing  
rules [6] are  used to es t imate  the proper t ies  f rom that  for 
the dry  mate r ia l  and  water. The pr inciples  of the exper imen-  
tal  p rocedures  cur ren t ly  used  to de te rmine  the hygro the rmal  
p roper t ies  of bu i ld ing  mater ia l s  are  given below. 
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Thermal Conductivity of Dry Materials 

The heat  conduc t ion  Eq 4 is direct ly  used to de te rmine  the 
the rmal  conduct ivi ty  of dry mater ia ls .  E q u i p m e n t  that  can 
ma in t a in  a known unid i rec t iona l  s teady state hea t  flux (un- 
der  known cons tant  b o u n d a r y  t empera tures )  across  a flat 
slab of  known thickness  is used  for the measurement s .  The 
mos t  c o m m o n l y  used  equ ipmen t  is the gua rded  hot  p la te  
appa ra tus  or  the hea t  flow mete r  appara tus .  ASTM Stan- 
dards  C 177, Test Method  for Steady-Sta te  Heat  Flux Mea- 
surements  and  Thermal  Transmiss ion  Proper t ies  by Means 
of the  Guarded-Hot -P la te  Appara tus ,  and  C 518, Test Method  
for Steady-Sta te  Heat  Flux Measurements  and  Thermal  
Transmiss ion Proper t ies  by  Means of the  Heat  F low Meter  
Appara tus  are widely used for this  purpose .  S imi la r  stan- 
dards  are avai lable f rom the In te rna t iona l  S tanda rds  Orga- 
n iza t ion  and the European  Union. Other  me thods  that  m a y  
be used  for the de te rmina t ion  of the rmal  conduct iv i ty  may  
be seen in ASTM STP 879 [7], Tye [8] and  o ther  more  recent  
publ ica t ions  [9-11]. 

In  the ASTM s tandards ,  the hea t  conduc t ion  equa t ion  is 
wr i t ten  for prac t ica l  appl ica t ions  as: 

k = Q �9 I / ( A .  AT) (14) 

where  

O = hea t  flow rate  across  an Area A, 
l = thickness  of test  specimen,  and  

AT = hot  surface t e m p e r a t u r e - - c o l d  surface tempera ture .  

The the rmal  conduct ivi ty  ca lcula ted  accord ing  to Eq 15 is 
cal led appa ren t  the rmal  conductivity.  It is a funct ion of the 
average t empera tu re  of the specimen.  

Water Vapor Permeability/Permeance 

The vapor  diffusion equat ion  (Eq 5) is used direct ly  to de- 
t e rmine  the  wate r  vapor  pe rmeab i l i ty  of bui ld ing  mater ia l s  
[12]. The measu remen t s  are  usual ly  done  unde r  i so thermal  
condi t ions .  A spec imen of known area  and  thickness  sepa- 
rates  two envi ronments  that  differ in relat ive humid i ty  (RH). 
Then the ra te  of  vapor  flow across  the specimen,  under  
s teady-s ta te  condi t ions  (known RH's as cons tan t  b o u n d a r y  
condit ions) ,  is de te rmined  gravimetrically.  F rom these da ta  
the wate r  vapor  pe rmeab i l i ty  of the mate r ia l  is ca lcula ted  as: 

Sp = Jr" l / (A . Ap) (15) 

where  

J~ = wate r  vapor  flow rate  across  an Area A, 
l = th ickness  of the specimen,  and  

Ap = difference in wate r  vapor  pressure  across  the speci- 
men  surfaces.  

Often, especial ly for m e m b r a n e s  and compos i te  mater ia ls ,  
one calculates  the  wate r  vapor  permeance ,  ~1, of a p roduc t  
at a given thickness  f rom the above measu remen t s  as: 

81 = Jv / (A .  Ap) (16) 

ASTM S tanda rd  E 96, Test Methods  for Water  Vapor 
Transmiss ion  of Materials ,  prescr ibes  two specific cases of 
this procedure ,  a dry  cup me thod  that  gives the pe rmeance  
or  pe rmeab i l i ty  at  a mean  RH of 25% and  a wet cup me thod  

that  gives the pe rmeance  or  pe rmeab i l i ty  at  a mean  RH of 
75%. A new CEN S tanda rd  89 N 336 E is being developed 
in the European  Union based  on an ISO s tandard .  More re- 
cent ly a n u m b e r  of technica l  papers  that  deal  wi th  var ious  
technica l  aspects,  l imi ta t ions ,  and  analyses  of the experi-  
menta l  da ta  of  these p rocedures  have appea red  in the liter- 
a ture  [13-15]. 

For  m a n y  hygroscopic  mater ia ls ,  such as wood  and  wood  
products ,  the wate r  vapor  p e r m e a b i l i t y / p e r m e a n c e  is a 
s t rong funct ion of the  local  relat ive humid i ty  and increases  
wi th  RH. ASTM S tanda rd  E 96 is being revised to address  
this  behavior  of bui ld ing  mate r ia l s  are  quantitatively. For  
prac t ica l  bui ld ing appl icat ions ,  in add i t ion  to the t rad i t iona l  
dry  and  wet cup condi t ions ,  it is des i rable  to de te rmine  the 
pe rmeance  or  pe rmeab i l i ty  of hygroscopic  mate r ia l s  at  a 
mean  RH of 85%. This can  be done us ing the wet cup 
me thod  of E 96, but  the RH in the humid i ty  c h a m b e r  shall  
be ma in t a ined  at  70%. 

Sorption/Desorption Isotherm 

For  sorp t ion  measurements ,  the spec imen is dr ied  at  an  ap- 
p ropr i a t e  drying t empera tu re  to cons tan t  mass.  Whi le  main-  
ta in ing a cons tan t  tempera ture ,  the dr ied  spec imen  is p laced  
consecut ively in a series of test  envi ronments ,  wi th  relat ive 
humid i ty  increas ing in stages, unt i l  equi l ib r ium is r eached  
in each environment .  Equ i l ib r ium in each env i ronment  is 
conf i rmed by per iodica l ly  weighing the spec imen  unti l  con- 
s tant  mass  is reached.  F r o m  the measu red  mass  changes,  the 
equ i l ib r ium mois tu re  content  at  each test condi t ion  can be 
ca lcula ted  and the adsorp t ion  i so therm drawn.  

The s tar t ing poin t  for the desorp t ion  measu remen t s  is 
f rom an  equi l ib r ium condi t ion  very near  100% RH. While  
ma in ta in ing  a cons tan t  t empera ture ,  the spec imen  is p laced  
consecut ively in a series of test envi ronments ,  wi th  relat ive 
humid i ty  decreas ing  in stages, unti l  equ i l ib r ium is reached  
in each environment .  Equ i l ib r ium in each env i ronment  is 
conf i rmed by per iodica l ly  weighing the spec imen  unt i l  con- 
s tant  mass  is reached.  Finally, the spec imen is d r ied  at  the 
appropr i a t e  t empera tu re  to cons tan t  mass.  F r o m  the mea-  
sured  mass  changes,  the equ i l ib r ium mois ture  content  at  
each test  condi t ion  can be ca lcula ted  and the desorp t ion  iso- 
t he rm drawn.  

A new CEN s t anda rd  89 N 337 E is under  deve lopment  for 
the de t e rmina t ion  of "Hygroscopic  Sorp t ion  Curve." ASTM 
C 16 Commit tee  also is developing a s tandard .  

Suction Isotherm 

The specimens  are sa tu ra ted  with  water  unde r  vacuum.  
Those are  then  in t roduced  in a pressure  plate  appa ra tus  tha t  
can ma in ta in  pressures  up to 100 ba r  for several  days. The 
plates  in perfect  hygric  contac t  wi th  the spec imens  extract  
wate r  out  of the pore  s t ructure  unti l  an  equi l ib r ium state is 
establ ished.  The equi l ib r ium values for mois tu re  contents  in 
the spec imens  and the cor respond ing  pressures  (measured  
as the  excess over a tmospher ic  pressure;  the negative of this 
value is referred to as the pore  pressure  while the absolu te  
value is the suct ion)  are  recorded.  The equi l ib r ium pressure ,  
Ph, can be conver ted  to a relat ive humidity,  ~p, using the fol- 
lowing equation:  
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M 
ln~p - pRT Ph (17) 

where  

M = the mo la r  mass  of water, 
R = the ideal  gas constant ,  
T = the t h e r m o d y n a m i c  tempera ture ,  and  
p = the dens i ty  of water. 

No s t anda rd  p rocedure  is yet  developed for the determi-  
na t ion  of suct ion isotherm.  A Nord tes t  technica l  r epor t  [16] 
briefly descr ibes  a p rocedure  and  repor ts  the results  f rom an  
in te r l abora to ry  compar i son .  

Moisture Diffusivity 

Liquid  wate r  in contac t  wi th  one surface of a spec imen  is 
a l lowed to diffuse into the  specimen.  The d i s t r ibu t ion  of 
mois ture  wi th in  the spec imen is de te rmined  as a funct ion of 
t ime at  var ious  intervals  unti l  the  moving mois tu re  front  ad- 
vances to half  of the specimen.  The da ta  are  e i ther  ana lyzed  
th rough  the direct  app l ica t ion  of mois tu re  conservat ion  
equat ion  (see in t roduct ion)  or  using the Bo l t zmann  trans-  
fo rma t ion  [17,18] to derive the mois tu re  diffusivity as func- 
t ion of mois ture  content .  

There is no s t andard  test  p rocedure  for the de te rmina t ion  
of mois tu re  diffusivity. There are  many  publ ica t ions  in the 
l i te ra ture  that  descr ibe  the technica l  and  exper imenta l  de- 
tails  [18-22]. 

Water Absorption Coefficient 

One ma jo r  surface of each spec imen  is p laced  in contac t  
wi th  l iquid water. The increase  in mass  as a resul t  of mois-  
ture  absorp t ion  is recorded  as a funct ion of  t ime. Usually, 
dur ing  the ini t ial  pa r t  of the absorp t ion  process  a plot  of the  
mass  increase  agains t  the square  root  of  t ime  is linear. The 
s lope of the line divided by  the area  of the surface in contac t  
wi th  wa te r  is the wate r  absorp t ion  coefficient. 

A new CEN S tanda rd  89 N 370 E on the de t e rmina t ion  of 
wate r  absorp t ion  coefficient is unde r  development .  

Air Permeability/Permeance 

Spec imens  with  known areas  and  thickness  are  pos i t ioned  
to separa te  two regions that  differ  in a i r  pressure ,  and  the 
a i r  flow rate  at a s teady state and  the pressure  different ial  
across  the spec imen  are recorded.  F r o m  these da ta  the a i r  
permeabil i ty ,  ka is ca lcula ted  as: 

ka = Ja " l /(A . Ap) (18) 

where  

J~ = ai r  flow rate  across  an Area A, 
l = thickness  of the specimen,  and  

Ap = difference in a i r  p ressure  across  the spec imen sur- 
faces. 

Often, especial ly for m e m b r a n e s  and  compos i te  mater ia ls ,  
one calculates  the a i r  permeance ,  K s, of a p roduc t  at a given 
thickness  f rom the above measu remen t s  as: 

Ko = J J ( A  �9 Ap) (19) 

ASTM S tanda rd  C 522, Test Method  for Airflow Resis tance 
of Acoust ical  Materials ,  prescr ibes  a me thod  based  on this 
pr inciple .  Bomberg  and K u m a r a n  [23] have extended the 
me thod  for general  app l ica t ion  to bui ld ing  mater ia ls .  

Dur ing the pas t  decade,  bui ld ing  physicis ts  f rom several  
research  organiza t ions  have been  sys temat ica l ly  de te rmin ing  
the hygro thermal  proper t ies  of bui ld ing  mater ia ls .  The re- 
sults are compi led  in a repor t  [24] publ i shed  f rom the activ- 
ities of an In te rna t iona l  Energy  Agency Annex. Some of 
these m a y  be found in the Appendix  to this  chapter.  

Bui lding mater ia l s  con t inuous ly  evolve. As the manufac-  
tur ing  processes  evolve and vary among  different  manufac-  
turers  of the same product ,  it  is des i rable  to compi le  tables  
such as those given in the Appendix  at  least  once in a decade.  
This will ensure  that  the hygro the rmal  models  are using rep- 
resentat ive values and funct ional  dependencies  for the prop-  
ert ies of each mater ia l .  Such an effort is u n d e r w a y  at  the  
Ins t i tu te  for Research  in Const ruc t ion  th rough  two ma jo r  
research  projects  in which  Nor th  Amer ican  bui ld ing  mate-  
r ials  are  being sys temat ica l ly  investigated.  
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A P P E N D I X  

The lists of  mater ia l  propert ies  presented in this Appendix 
are compi led  mainly  f rom the data collected f rom all the 14 
countr ies  that  par t ic ipated in the Internat ional  Energy  
Agency Annex 24 on "Heat, Air and Moisture Transfer in In- 
sulated Envelope Parts." Special  data sheets were developed 
for this purpose  and distr ibuted to all part icipat ing countr ies  
to make  their  input. Also, the "Catalogue of Material  Prop- 
erties" that  resulted f rom the Annex 14 activities and a few 
technical  publications,  theses, and official reports  f rom var- 
ious organizat ions  were  used. The Annex 24 Report,  Ku- 
maran,  M. K., "Heat, Air and Moisture Transfer in Insulated 
Envelope Parts," Volume 3, Task 3: Material  Properties,  In- 
ternat ional  Energy Agency Annex 24, Labora to r ium Bo- 
uwfysica, K. U.-Leuven, Belgium, p. 135, 1996, lists the 
sources, the exper imental  procedures,  in format ion  on the 
building products  and the p r imary  data used in the present  
compilat ion.  All propert ies  are listed in SI units. Two ex- 
amples of convers ion to IP units are given below. 
Thermal  Conductivity and R-value: 
Example: Calculation of R-value of glass fiber batt  insulat ion 
with  thickness 89 mm:  
Glass fiber insulat ion has a thermal  conduct ivi ty  of 0.035 W 
K-1 . m-1. 

Then the thermal  resistivity is the reciprocal  = 28.6 K �9 m 
�9 W -1, and the thermal  resistance, RSI  = 28.6 K m W 1 x 
0.089 m = 2.54 K �9 m 2 �9 W 1. 
The R-value = (2.54/0.176109) IP uni t  = 14.4 ~ ft 2 h /BTU.  
Water Vapor Permeabi l i ty  to P e r m e a n c e  and Perm rat- 
ing: 
Example: Calculation of the perm rat ing for 12.5 m m  thick 
plywood at a mean  RH = 90%. 
Plywood has a permeabi l i ty  of 1.52 x 10 -11 kg �9 m 1 . S - 1  . 

Pa -1 at 90% RH. 
Then the pe rmeance  = (1.52 x 10  -11 kg �9 m -1 �9 s ~ �9 Pa i)/ 
0.0125 m = 1.22 x 10 9 kg �9 m 2. s-1 . pa-1. 
The corresponding Perm rat ing = (1.22 x 10-9)/(5.745 x 
10 TM) Perm = 21 Perm. 
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H Y G R O T H E R M A L  P R O P E R T I E S  OF C O N C R E T E  

Density: (2200 + 100) kg m 3 

Heat Capacity): 840 J K "1 kg "~ 

Thermal Conductivity: 1.2 W K "~ m "1 at 27.2 ~ 

Air Permeability: 3.3 E-07 kg m ~ s 1 Pa -~ 

Water Absorption Coefficient: 0.018 kg m "2 s ~ 

RH, % Moisture Content Water Vapour Moisture Diffusivity Liquid Permeability 
kg kg 1 Permeability m 2 s 1 kg m 1 s 1 Pa ~ 

kg m ~ s ~ Pa 1 

10 0.0045 1.39E-12 
20 0.0070 1.41 E-12 
30 0.0090 1.45E- 12 
40 0.0108 1.52E-12 
50 0.0125 1.64E-12 
60 0.0143 1.85E-12 
70 0.0168 2.22E-12 
80 0.0215 2.88E-12 
90 0.0321 4.04E-12 
91 0.0338 4.20E-12 
92 0.0355 4.36E-12 
93 0.0375 4.54E-12 
94 0.0395 4.72E-12 
95 0.0419 4.92E-12 
96 0.0443 5.12E-12 5.46E-10 
97 0.0481 5.35E-12 8.54E-09 6.57E-14 
98 0.0520 5.57E-12 1.08E-08 1.14E-13 
99 0.0535 5.82E-12 1.08E-08 1.18E-13 

99.1 0.0537 5.85E-12 1.08 E-08 1.19E-13 
99.2 0.0538 5.87E-12 1.08E-08 1.19E-13 
99.3 0:0540 5.90E-12 1.08E-08 1.19E-13 
99.4 0.0541 5.92 E-12 1.08 E-08 1.20E-13 
99.5 0.0543 5.95E-12 1.08E-08 1.20E- 13 
99.6 0.0544 5.97E-12 1.08E-08 1.21 E-13 
99.7 0.0546 6.00E- 12 1.08E-08 1.21 E-13 
99.8 0.0547 6.02E- 12 1.08E-08 1.21 E-13 
99.9 0.0549 6.05E-12 1.08E-08 1.22E-13 
100 0.0550 6.08E- 12 1.08E-08 1.22E-13 
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H Y G R O T H E R M A L  P R O P E R T I E S  OF A E R A T E D  C O N C R E T E  

Density: 550 kg m 3 

Heat Capacity: 840 J K I kg ~ 

Thermal Conductivity: 0.138 W K "~ m "~ at 24 ~ 

Air Permeability: 1.0E-08 kg m ~ s ~ Pa ~ 

Water Absorption Coefficient: 0.1 kg m 2 s -~ 

RH, % Moisture Content Water Vapour 
kg kg ~ Permeability 

kg m ~ s 1 Pa ~ 
10 0.018 4.63E-11 
20 0.021 4.63E-11 
30 0.025 4.63E-11 
40 0.028 4.67E-11 
50 0.032 5.10E-11 
60 0.038 6.02E-11 

Moisture Diffusivity Liquid Permeability 
m 2 s -1 kg m "1 s ~ Pa ~ 

1.300 1.57E-10 

70 0.045 7.47E-11 
80 0.057 9.49E-11 
90 0.083 1.22E-10 
91 0.088 1.25E-10 
92 0.093 1.28E-10 
93 0.100 1.31E-10 
94 0.107 1.35E-10 
95 0.119 1.38E-10 
96 0.131 1.42E- 10 
97 0.156 1.45E- 10 
98 0.181 1.49E-10 
99 0.341 1.53E-10 2.59E-08 1.36E-12 

99.1 0.356 1.53E-10 2.87E-08 1.55E-12 
99.2 0.372 1.53E- 10 3.21E-08 1.79E-12 
99.3 0.388 1.54E-10 3.67E-08 2.09E-12 
99.4 0.404 1.54E- 10 4.29E-08 2.51 E-12 
99.5 0.420 1.55E-10 5.21 E-08 3.13E-12 
99.6 0.436 1.55E-10 6.66E-08 4.10E-12 
99.7 0.452 1.55E-10 9.55E-08 6.02E- 12 
99.8 0.468 1.56E-10 1.65E-07 1.07E-11 
99.9 0.484 1.56E-10 3.53E-07 2.33E-11 
100 3.53E-07 2.38E-11 
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HYGROTHERMAL PROPERTIES OF RED BRICK 

Density: t670 kg m 3 

Heat Capacity: 840 J K 1 kg -1 

Thermal  Conductivity: 0.4 W K 1 m 1 at 24 ~ 

Air Permeability: 1.0 E-10 kg m ~ s ~ Pa ~ 

Water  Absorpt ion Coefficient: 0.11 kg m 2 s ~ 

RH, % 

10 
20 
30 
40 
50 
60 
70 
80 
90 
91 
92 
93 

Moisture Content 
kg kg "1 

100 

0.000 
0.000 
0.000 
0.000 
0.000 
0.001 
0.001 
0.002 
0.003 
0.003 
0.003 

0.003 
0.003 

Water Vapour 
Permeability 

kg m ~ s ~ Pa 1 
1.26E-11 
1.26E- 11 
1.26E-11 
1.27E-11 
1.31 E-11 
1.40E-11 
1.62E-11 
2.07E-11 
2.90E-11 
3.02E-11 
3.13E-11 

Moisture Diffusivity 
m 2 s-1 

2.23E-08 
2.39E-08 

Liquid Permeability 

94 
95 0.004 3.53E-11 4.11E-08 2.48E-13 
96 0.004 3.68E-11 4.97E-08 5.74E- 13 
97 0.023 3.84E-11 2.57E-07 5.94E- 12 
98 0.042 4.00E-11 4.54E-07 1.58E-11 
99 0.079 4.17E-11 8.81E-07 3.65E-11 

99.1 0.083 4.19E-11 9.32E-07 3.92E-11 
99.2 0.087 4.21E-11 9.85E-07 4.20E-11 
99.3 0.091 4.23 E- 11 1.04E-06 4.51E-11 
99.4 0.094 4.24E- 11 1.10E-06 4.85E-11 
99.5 0.098 4.26E-11 1.17E-06 5.23 E-11 
99.6 0.102 4.28E-11 1.25E-06 5.67E-11 
99.7 0.106 4.30E-11 1.35E-06 6.21 E-11 
99.8 0.109 4.31E-11 1.51 E-06 7.04E- 11 
99.9 0.113 4.33E-11 1.90E-06 8.97E-11 

0.117 4.35E-11 2.50E-06 1.20E-10 

3.35E-15 
9.21E-15 
1.59E-14 3.39E-11 3.06E-08 

2.61E-15 

3.26E-11 2.80E-08 

kg m "1 s 1 Pa "~ 
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HYGROTHERMAL PROPERTIES OF REHEATED RED BRICK 

Density: 1800 kg m 3 

Heat Capacity: 870 J K 1 kg ~ 

Thermal Conductivity: 0.75 W K "1 m "1 at 24 ~ 

Air Permeability: 6.5 E-09 kg m 1 s 1 Pa ~ 

Water  Absorption Coefficient: 0.0001 kg m "2 s "'~ 

RH, % Moisture Content Water Vapour Moisture Diffusivity Liquid Permeability 
kg kg ~ Permeability m 2 s -~ kg m ~ s ~ Pa ~ 

kg m ~ s "~ Pa ~ 
10 0.001 4.07E-12 
20 0.001 4.07E-12 
30 0.001 4.07E-12 
40 0.002 4.07E-12 
50 0.002 4.07E-12 
60 0.003 4.07E-12 
70 0.003 4.07E-12 
80 0.004 4.07E-12 
90 0.006 4.07E-12 
91 0.006 4.07E-12 
92 0.007 4.07E-12 
93 0.007 4.07E-12 
94 0.007 4.07E-12 
95 0.007 4.07E-12 
96 0.008 4.07E-12 
97 0.008 4.07E-12 
98 0.008 4.07E-12 
99 0.134 4.07E-12 

99.1 0.147 4.07E-12 
99.2 0.159 4.07E-12 
99.3 0.172 4.07E-12 
99.4 0.184 4.07E-12 
99.5 0.197 4.07E-12 
99.6 0.210 4.07E-12 
99.7 0.222 4.07E-12 
99.8 0.235 4.07E-12 
99.9 0.247 4.07E-12 
100 0.260 4.07E~ 1.00E-14 1.74E-16 
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HYGROTHERMAL PROPERTIES OF WHITE BRICK 

Density: 1730 kg m 3 

Heat Capacity: 840 J K ~ kg ~ 

Thermal Conductivity: 0.4 W K "~ m ~ at 24 ~ 

Air Permeability: 1.0 E-10 kg m ~ s 1 Pa "1 

Water Absorption Coefficient: 0.12 kg m 2 s '/' 

RH, % 

10 

Moisture Content 
kg kg 1 

0.000 

Water Vapour 
Permeability 

kg m ~ s ~ Pa ~ 
1.26E-11 

Moisture Diffusivity 
m 2 s-~ 

Liquid Permeability 
kg m 1 s "1 Pa ~ 

20 0.000 1.26E-11 
30 0.000 1.26E-11 
40 0.000 1.27E-11 
50 0.000 1.31 E-11 
60 0.001 1.40E-11 
70 0.001 1.62E-11 
80 0.002 2.07E-11 
90 0.002 2.90E-11 
91 0.002 3.02E-11 
92 0.003 3.13E-11 
93 0.003 3.26E-11 
94 0.003 3.39E- 11 1.00E-16 1.00E-16 
95 0.004 3.53E-11 6.09E-09 3.63E-14 
96 0.004 3.68E-11 5.95E-08 6.78E- 13 
97 0.022 3.84E-11 5.30E-07 1.21 E-11 
98 0.040 4.00E-11 8.14E-07 2.79E-11 
99 0.076 4.17E-11 1.78E-06 7.26E-11 

99.1 0.079 4.19E-11 2.15E-06 8.89E- 11 
99.2 0.083 4.21E-11 2.67E-06 1.12E-10 
99.3 0.086 4.23E-11 3.43E-06 1.47E-10 
99.4 0.090 4.24E- 11 4.67E-06 2.03E- 10 
99.5 0.093 4.26 E- 11 5.99E-06 2.64E- 10 
99.6 0.097 4.28E-11 6.30E-06 2.81E-10 
99.7 0.100 4.30E- 11 6.30E-06 2.85E- 10 
99.8 0.104 4.31E-11 6.30E-06 2.90E- 10 
99.9 0.107 4.33E-11 6.30E-06 2.94E-10 
100 0.111 4.35E- 11 6.30E-06 2.98E- 10 
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PROPERTIES OF DENSE CLAY BRICK 

Density =2100 kg m ~ 

Water Vapour Permeability: 

RH, % kg m "~ s "~ Pa "~ 
10 2.15E-12 

20 2.Z7E-12 
3O Z.39E-12 

40 Z.52E-12 

50 2.66E- 1Z 

60 2.8E-12. 

70 2.95E-12 
80 3.11E-12 
90 3.28E-12 

100 3.46E-12 

Water Absorption Coefficient: 0.014 kg m 2 s ~ 

Capillary Saturation: 104 kg m 3 
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HYGROTHERMAL PROPERTIES OF MORTAR 

Density: 1800 kg m ~ 

Heat Capacity: 840 J K ~ kg ~ 

Thermal Conductivity: 0.85 W K -1 m ~ at 24 ~ 

Air Permeability: 1.0 E-10 kg m 1 s 1 Pa ~ 

Water Absorption Coefficient: 0.042 to 0.8 kg m 2 s v' 

RH, % 

10 
20 
30 
40 
50 
60 
70 
80 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

99.1 
99.2 
99.3 
99.4 
99.5 
99.6 

Moisture Content 
kg kg -~ 

0.006 
0.009 
0.011 
0.013 
0.015 
0.018 
0.022 

Water Vapour 

0.056 

Permeability 
kg m 1 s "1 Pa "1 

1.50E-11 
1.52E-11 
1.55E-11 
1.60E- 11 
1.68E-11 
1.81E-11 

Moisture Diffusivity, 

2.01E-11 

m 2 s-1 

0.031 2.32E-11 2.66E-09 
0.046 2.80E-11 6.46E-09 
0.049 2.87E-11 7.24E-09 
0.051 2.93E-11 8.15E-09 
0.054 3.00E-11 9.27E-09 

3.07E-11 1.05E-08 
0.059 
0,062 
0,070 
0.078 
0.117 
0.121 
0.125 
0.129 
0.133 

3.14E-11 
3.22E-11 
3.30E-11 
3.39E-11 
3.48E-11 
3.48E-11 
3.49E-11 
3.50E-11 
3.51E-11 
3152E-11 
3.53E-11 
3.54E-11 

0.137 

1.22E-08 
1.41 E-08 
2.09E-08 
3.09E-08 
5.04E-08 
5.04E-08 
5.04E-08 
5.04E-08 
5.04E-08 
5.04E-08 
5.04E-08 
5.04E-08 

Liquid Permeability 

99.7 
99.8 3.55E-11 5.04E-08 2.65E-12 
99.9 0.153 3.56E-11 5.04E-08 2.71 E-12 
100 0.157 3.57E- 11 5.04E-08 2.76E-12 

9.77E-14 
4.04E-13 
9.81E-13 
2.18E-12 
2.24E-12 
2.30E-12 
2.36E-12 
2.42E-12 
2.47E-12 
2.53E-12 
2.59E-12 0.145 

0. i49 

0.141 

kg m -~ s 1 Pa 1 
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HYGROTHERMAL PROPERTIES OF GYPSUM BOARD 

Density: (640 _+ 20) kg m 3 

Heat Capacity: 870 J K ~ kg "1 

Thermal Conductivity: 0.196 W K "~ m "1 at 24 ~ 

Air Permeability: 4.0 E-09 kg m ~ S "1 Pa ~ 

Water Absorption Coefficient: 0.20 kg m "2 s "'~ 

RH, % Moisture Content 
kg kg "1 

Water Vapour 
Permeability 

kg m -1 s ~ Pa ~ 

Moisture Diffusivity 
m 2 s-1 

Liquid Permeability 
kg m 1 s "1 Pa ~ 

10 0.006 1.50E-11 
20 0.009 1.50E-11 
30 0.012 1.51 E-11 
40 0.014 1.83E-11 
50 0.017 2.17E-11 
60 0.019 2.53E-11 
70 0,022 3.50E-11 
80 0,027 4.50E-11 
90 0.036 5.50E-11 
91 0.037 5.60E-11 
92 0,038 5.70E-11 
93 0.040 5.80E-11 
94 0.042 5.90E-11 
95 0,043 6.00E-11 
96 0.045 6.10E-11 
97 0,047 6.20E-11 1.50E-10 
98 0.049 6.30E- 11 1.75E-10 1.53E- 14 
99 0.428 6.40E-11 3.44E-07 4.61E-11 

99.1 0.466 6.41E-11 3.44E-07 4.77E-11 
99.2 0.504 6.42E-11 3.44E-07 4.93E-11 
99.3 0.541 6.43E- 11 3.44E-07 5,09E-11 
99.4 0.579 6.44E-11 3.44E-07 5.25E-11 
99.5 0.617 6.45E- 11 3.44E-07 5.41E-11 
99.6 0.655 6.46E-11 3.44E-07 5.57E-11 
99.7 0.693 6.47E-11 3.44E-07 5.73E- 11 
99.8 0.731 6.48E-11 3.44E-07 5.89E-11 
99.9 0.769 6.49E-11 3.44E-07 6.05E-11 
100 0.806 6.50E-11 3.44E-07 6.21E-11 
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HYGROTHERMAL PROPERTIES OF PLASTER 

Density: 1380 kg m 3 

Heat Capacity: 840 J K ~ kg ~ 

Thermal Conductivity: 0.6 W K ~ m 1 at 24 ~ 

RH, % 

10 

Moisture Content 
kg kg "~ 

0.011 

Water Vapour 
Permeability 

kg m -1 s "~ Pa -~ 
2.55E-12 

20 0.013 2.55E-12 
30 0.015 2.55E-12 
40 0.017 2.55E-12 
50 0.019 2.55E-12 
60 0.022 2.55E-12 
70 0.026 2.55E-12 
80 0.032 2.55E-12 
90 0.043 2.55E-12 
91 0.045 2.55E-12 
92 0.047 2.55E-12 
93 0.050 2.55E-12 

0.053 94 
95 0.057 

2.55E-12 
2.55E-12 

96 0.060 2.55E-12 
97 0.066 2.55E-12 
98 0.072 2.55E-12 
99 0.089 2.55E-12 

99.1 0.091 2.55E-12 
99.2 0.093 2.55E-12 
99.3 0.094 2.55E-12 
99.4 0.096 2.55E-12 
99.5 0.098 2.55E-12 
99.6 0.099 2.55E-12 

0.101 99.7 2.55E-12 

Moisture Diffusivity 
m 2 s-~ 

Liquid Permeability 
kg m "I s "1 Pa 1 

99.8 0.103 2.55E-12 
99.9 0.104 2.55E-12 
100 0.106 2.55E-12 1.00E- 14 1.00E-16 
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H Y G R O T H E R M A L  P R O P E R T I E S  OF S A N D  L I M E S T O N E  

Density: 1685 to 1800 kg m 3 

Heat Capacity: 840 J K ~ kg -1 

Thermal Conductivity: 0.9 W K "~ m -~ at 24 ~ 

Air Permeability: 1.0 E-11 kg m ~ s ~ Pa 1 

Water Absorption Coefficient: 0.07 kg m "2 s "~ 

RH, % 

10 
20 
30 
40 
50 
60 
70 
80 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

99.1 
99.2 
99.3 
99.4 
99.5 
99.6 
99.7 
99.8 
99.9 
100 

Moisture Content 
kg kg "1 

0.004 
0.006 
0.007 
0.008 
0.009 
0.010 
0.011 
0.013 
0.026 
0.030 
0.034 
0.040 
0.047 
0.071 
0.095 
0.109 
0.124 
0.139 
0.140 
0.142 
0.143 
0.144 
0.146 
0.147 
0.149 
0.150 
0.152 
0.153 

Water Vapour 
Permeability 

kg m "1 s 1 Pa "1 

7,04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 
7.04E-12 

Moisture Diffusivity 
m 2 s-~ 

1.00E-16 
4.23E-10 
5.76E-10 
7.43E-10 
1.04E-09 
1.36E-09 
2.57E-09 
4.34E-09 
7.05E-09 
1.48E-08 
4.36E-08 
5.04E-08 
5.73E-08 
6.59E-08 
7.66E-08 
8.73E-08 
1.04E-07 
1.22E-07 
1.45E-07 
1,72E-07 
2.00E-07 

Liquid Permeability 
kg m 1 s 1 Pa ~ 

4.89E-15 
1.33E-14 
2.57E-14 
5.60E-14 
1.07E-13 
1.56E-13 
2.89E-13 
8.58E-13 
9.93E-13 
1.13E-12 
1.30E-12 
1.51E-12 
1.73E-12 
2.07E-12 
2.42E-12 
2.87E-12 

i 3.42E-12 
3.98E-12 
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H Y G R O T H E R M A L  P R O P E R T I E S  O F  S T U C C O  

Density: 1700 kg m 3 

Heat Capacity: 840 J K 1 kg "~ 

Thermal Conductivity: 0.39 W K ~ m ~ at 24 ~ 

Air Permeability: 1.0E-11 kg m 1 s ~ Pa 1 

Water Absorption Coefficient: 0.0006 to 0.04 kg m 2 s ~ 

RH, % 

10 
20 
30 
40 
5O 
60 
70 
80 

Moisture Content Water Vapour 
kg kg ~ Permeability 

kg m ~ s ~ Pa "~ 
0.008 1.90E-13 
0.008 1.90E-13 
0.014 4.30E-13 
0.020 7.64E-13 
0.027 1.20E-12 
0.035 1.74E-12 
0.044 2.38E-12 
0.056 3.12E-12 
0.075 3.97E-12 
0.077 4.06E-12 
0.080 4.16E-12 

Moisture Diffusivity Liquid Permeability 
m 2 s "1 kg m 1 s 1 Pa 1 

9O 
91 
92 
93 0.083 4.25E-12 
94 0.086 4.35E-12 
95 0.090 4.44E-12 
96 0.094 4.54E-12 1.47E-08 
97 0.100 4.64E-12 2.50E-08 
98 0.106 4.74E-12 2.50E-08 1.60E-13 
99 0.147 4.84E-12 2.50E-08 6.10E-13 

99.1 0.151 4.85E-12 2.50E-08 7.60E-13 
99.2 0.155 4.86E-12 2.50E-08 9.90E-13 
99.3 0.159 4.87E-12 2.50E-08 1.20E-12 
99.4 0.163 4.88E-12 2.50E-08 1.40E-12 
99.5 0.167 4.89E-12 2.50E-08 2.20E-12 
99.6 0.172 4.90E-12 2.50E-08 2.80E-12 
99.7 0.176 4.91 E-12 2.50E-08 3.90E-12 
99.8 0.180 4.92E-12 2.50E-08 5.80E-12 
99.9 0.184 4.93E-12 2.50E-08 1.80E-11 
100 0.188 4.94E-12 2.50E-08 2.70E-11 
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H Y G R O T H E R M A L  P R O P E R T I E S  OF E I F S ( C O M B I N E D  B A S E  C O A T  A N D  FINISH) 

Density: 1450 to 1730 kg m -3 

Heat Capacity: 840 J K ~ kg ~ 

Thermal Conductivity: 0.59 W K -~ m "1 at 24 ~ 

Air Permeability: 1.0 E-12 kg m ~ s ~ Pa  "1 

Water Absorption Coefficient: 0.00014 to 0.00032 kg m 2 s ~ 

RH, % Moisture Content Water Vapour Moisture Diffusivity Liquid Permeability 
kg kg -1 Permeability m 2 s 1 kg m 1 s 1 Pa ~ 

kg m 1 s 1 Pa ~ 

10 0.011 1.85E-12 
20 0.013 2.03E-12 
30 0.015 2.35E-12 
40 0.017 2.35E-12 
50 0.019 2.35E-12 
60 0.022 2.35E-12 
70 0.026 2.35E-12 
80 0.032 2.44E-12 
90 0.043 2.79E-12 
91 0.045 2.82E-12 
92 0.047 2.86E-12 
93 0.050 2.89E-12 
94 0.053 2.93E-12 
95 0.057 2.96E-12 
96 0.060 3.00E-12 
97 0.066 3.03E-12 
98 0.072 3.07E-12 
99 0.089 3.10E-12 

99.1 0.091 3.10E-12 
99.2 0.093 3.11 E-12 
99.3 0.094 3.11 E-12 
99.4 0.096 3.11E-12 
99.5 0.098 3.12E-12 
99.6 0.099 3.12E-12 
99.7 0.101 3.13E-12 
99.8 0.103 3.13E-12 
99.9 0.104 3.13E-12 
100 0.106 3.14E-12 1.00E-14 1.78E-16 
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H Y G R O T H E R M A L  P R O P E R T I E S  OF C E M E N T  B O A R D  S H E A T H I N G  

Density: 1130 kg m ~ 

Heat Capacity: 840 J K ~ kg ~ 

Thermal Conductivity: 0.25 W K ~ m ~ at 24 ~ 

Air Permeability: 2.5E-08 kg m ~ s ~ Pa 1 

Water Absorption Coefficient: 0.01 kg m 2 s '~ 

RH, % Moisture Content Water Vapour 
kg kg ~ Permeability 

kg m -1 s 1 Pa ~ 

10 0.011 8.03E- 12 
20 0.013 8.28E-12 
30 0.015 8.56E-12 
40 0.017 8.91E-12 
50 0.019 9.37E-12 
60 0.022 1.01 E-11 
70 0.026 1.12E-11 
80 0.032 1.34E-11 
90 0.043 2.00E-11 
91 0.045 2.06E-11 
92 0.047 2.13E-11 
93 0.050 2.20E-11 
94 0.053 2.27E-11 
95 0.057 2.34E-11 
96 0.060 2.41E-11 
97 0.066 2.48E-11 
98 0.072 2.54E-11 
99 0.099 2.61E-11 

Moisture Diffusivity Liquid Permeability 
m 2 s 1 kg m 1 s 1 Pa 1 

1.00E-16 
9.67E-11 
6.59E-10 
7.24E-10 
8.61E-10 
9.73E-10 1.32E-14 
1.76E-09 3.19E-14 

99.1 0.101 2.62E-11 1.91E-09 3.56E-14 
99.2 0.104 2.63E-11 2.09E-09 3.99E-14 
99.3 0.107 2.63E-11 
99.4 0.109 2.64E-11 
99.5 0.112 2.65E-11 
99.6 0.114 2.65E-11 
99.7 0.117 2.66E-11 
99.8 0.120 2.67E- 11 
99.9 0,122 2.67E- 11 
100 0.125 2.68E-11 

2.30E-09 4.51E-14 
2.57E-09 5.16E-14 
2.92E-09 5.98E-14 
3.37E-09 7.07E-14 
3.99E-09 8.56E-14 
4.91E-09 1.08E-13 
6.38E-09 1.43E-13 
9.13E-09 2.08E-13 
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HYGROTHERMAL PROPERTIES OF SPRUCE 

Density: (400 + 10) kg m 3 

Heat Capacity: 1880 J K ~ kg 1 

Thermal Conductivity: 0.1 W K ~ m ~ at 24 ~ 

Air Permeability: 1.0 E-12 kg m 1 s ~ Pa ~ 

Water Absorption Coefficient: 0.0096 kg m "2 s "'/' 

RH, % Moisture Content Water Vapour Moisture Diffusivity ~Liquid Permeability 
kg kg -1 Permeability m 2 s 1 kg m ~ s ~ Pa ~ 

kg m "~ s "1 Pa "~ 

10 0.031 2.76E-12 
20 0.047 2.76E-12 
30 0.061 2.76E-12 
40 0.074 2.80E-12 
50 0.088 3.54E-12 
60 0.105 4.35E-12 
70 0.129 5.64E-12 
80 0.164 6.96E-12 
90 0.216 8.28E-12 1.00E-16 
91 0.222 8.41E-12 2.92E-13 
92 0.228 8.54E-12 5.82E-13 
93 0.235 8.68E-12 7.92E-13 
94 0.242 8.81 E-12 1.05E- 12 
95 0.250 8.94E-12 3.34E- 11 
96 0.257 9.07E-12 4.79E-11 
97 0.294 9.20E- 12 6.83E-11 
98 0.330 9.34 E-12 6.68 E- 11 
99 0.540 9.47E-12 6.58E- 11 

99.1 0.561 9.48E-12 6.86E-11 
99.2 0.582 9.49E-12 7.21E-11 
99.3 0.603 9.51E-12 7.68E- 11 
99.4 0.624 9.52E-12 8.32E-11 
99.5 0.645 9.53E- 12 9.18E-11 5.62E-15 
99.6 0.666 9.55E- 12 1.04E-10 6.51E-15 
99.7 0.687 9.56E-12 1.21 E-10 7.80E-15 
99.8 0.708 9.57E- 12 1.51 E-10 9.89E- 15 
99.9 0.729 9.59E-12 2.02E-10 1.36E-14 
100 0.750 9.60E-12 3.12E-10 2.15E-14 
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H Y G R O T H E R M A L  P R O P E R T I E S  O F  P I N E  

Density: (400 _ 10) kg m 3 

Heat Capacity: 1880 J K "1 kg 1 

Thermal Conductivity: 0.1 W K -~ m 1 at 24 °C 

Air Permeability: 1.0 E-12 kg m ~ s ~ Pa 1 

Water Absorption Coefficient: 0.004 to 0.016 kg m 2 s ~ 

RH, % Moisture Content Water Vapour Moisture Diffusivity Liquid Permeability 
kg kg 1 Permeability m 2 s 1 kg m 1 s ~ Pa ~ 

kg m ~ s "1 Pa "1 
10 0.031 2.76E-12 
20 0.047 2.76E-12 
30 0.061 2.76E-12 
40 0.074 2.80E-12 
50 0.088 3.54E-12 
60 0.105 4.35E-12 
70 0.129 5.64E-12 
80 0.164 6.96E-12 
90 0.216 8.28E-12 
91 0.222 8.41E-12 
92 0.228 8.54E-12 
93 0.235 8.68E-12 
94 0.242 8.81 E-12 
95 0.250 8.94E-12 
96 0.257 9.07E-12 
97 0.294 9.20E-12 
98 0.330 9.34E-12 5.54E-12 
99 0.540 9.47E-12 6.64E-11 

99.1 0.561 9.48E- 12 6.91E-11 
99.2 0.582 9.49E-12 7.27E- 11 
99.3 0,603 9,51 E-12 7.74E-11 
99.4 0,624 9.52E-12 8.37E-11 
99.5 0,645 9.53E-12 9.24E-11 
99.6 0.666 9.55E- 12 1.04E-10 
99.7 0,687 9.56 E- 12 1.22E- 10 
99.8 0.708 9.57E-12 1.51E-10 9.92E-15 
99.9 0.729 9.59E-12 2.02E-10 1.36E-14 
100 0.750 9.60E-12 3.13E-10 2.15E-14 
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HYGROTHERMAL PROPERTIES OF OSB 

Density: 640 kg m 3 

Heat Capacity : 1880 J K -1 kg ~ 

Thermal Conductivity: 0.12 W K "~ m ~ at 24 ~ 

Air Permeability: 1.9 E-09 kg m "1 s 1 Pa "~ 

Water Absorption Coefficient: 0.002 kg m 2 s ~ 

RH, % Moisture Content Water Vapour Moisture Liquid 
kg kg "1 Permeability Diffusivity Permeability 

kg m "1 S "1 P a  "~ m 2 s "~ kg m "1 s "1 Pa "~ 

10 0.016 8.40E-13 
20 0.029 9.44E-13 
30 0.042 9.27E-13 
40 0.054 8.95E-13 
50 0.067 9.55E-13 
60 0.081 1.21E-12 
70 0.100 1.78E-12 
80 0.128 2.76E-12 
90 0.174 4.25E-12 
91 0.181 4.44E-12 
92 0.187 4.62E-12 
93 0.194 4.82E-12 
94 0.201 5.02E-12 
95 0.208 5.23E-12 
96 0.216 5.44E-12 1.15E-12 
97 0.241 5.67E-12 1.04E-11 
98 0.266 5.89E-12 1.24E-11 
99 0.445 6.13E-12 2.13E-11 

99.1 0.463 2.30E-11 
99.2 0.481 

6.16E-12 
6.18E-12 2.49E-11 

99.3 0.499 6.2tE-12 2.73E-11 
99.4 0.517 6.23E-12 3.02E-11 3.31E-15 
99.5 0.535 6.25E-12 3.39E- 11 3.79E- 15 
99.6 0.552 6.28E-12 3.90E-11 4.44E-15 
99.7 0.570 6.30E- 12 4.63E- 11 5.37E- 15 
99.8 0.588 6.33E- 12 5.80E-11 6.86E-15 
99.9 0.606 6.35E-12 8.16E-11 9.82E-15 
100 0.624 6.38E-12 1.39E-10 1.71 E-14 
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HYGROTHERMAL PROPERTIES OF PLYWOOD 

Density: 450 kg m 3 

Heat Capacity: 1880 J K ~ kg ~ 

Thermal Conductivity: 0.11 W K ~ m ~ at 24 ~ 

Air Permeability: 8.0 E-10 kg m 1 s ~ Pa 1 

Water Absorption Coefficient: 0.02 kg m 2 s y' 

RH, % 

10 
20 
30 
40 
50 
60 
70 
80 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

99.1 
99.2 
99.3 
99.4 
99.5 
99.6 

Moisture Content 
kg kg "1 

0.024 
0.038 
0.051 
0.062 
0.074 
0.087 
0.105 
0.131 
0.169 
0.174 
0.179 
0.185 
0.190 
0.196 
0.202 
0.208 
0.215 
0.592 
0.630 
0.668 
0.706 
0.743 
0.781 
0.819 
0.857 

Water Vapour 
Permeability 

kg m "~ s "~ Pa "~ 
6.89E-13 
1.01E-12 
1.49E-12 
2.20E-12 
3.24E-12 
4.76E-12 
7.01E-12 
1.03E-11 
1.52E-11 
1.58E-11 
1.64E- 11 
1.71E-11 
1.77E-11 
1.84E-11 
1.91E-11 
1.99E-11 
2.07E-11 
2.15E-11 
2.16E-11 
2.17E-11 
2.18E-11 
2.18E-11 
2.19E-11 
2.20E-11 

Moisture Diffusivity 
m 2 s-1 

1.34E-11 
1.86E-11 
2.53E-11 
3.37E-11 
4.48E-11 
5.90E-11 
7.72E-11 

Liquid Permeability 
kg m "1 s 1 Pa "1 

1.30E-15 
1.88E- 15 
2.63E-15 

99.7 
99.8 0.894 2.22 E-11 1.31 E-10 1.63E-14 
99.9 0.932 2.23E-11 1.70E-10 2.17E-14 
100 0.970 2.23E-11 2.20E-10 2.88E-14 

1.22E-14 2.21E-11 1.01E-10 
9.07E- 15 
6.73E-15 
4.96E-15 
3.62E-15 
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HYGROTHERMAL PROPERTIES OF WOOD FIBREBOARD 

Density: 310 kg m -3 

Heat Capacity: 1880 J K ~ kg "~ 

Thermal Conductivity: 0.055 W K "~ m "1 at 24 ~ 

Air Permeability: 1.5 E-07 kg m ~ s ~ Pa ~ 

Water Absorption Coefficient: 0.03 kg m -2 s "~ 

RH, % Moisture Content Water Vapour 
kg kg "1 Permeability 

kg m "~ s "~ Pa "1 
10 0.020 1.65E-11 
20 0.029 1.65E-11 
30 0.036 1.65E-11 
40 
50 
60 

0.043 
0.049 
0.058 

1.67E-11 
2.10E-11 
2.57E-11 

Moisture Diffusivity Liquid Permeability 
m 2 s "1 kg m 1 s 1 Pa ~ 

70 0.072 3.45E-11 
80 0.096 4.35E-11 1.00E-16 
90 0.142 5.25E-11 1.32E-10 
91 0.148 5.34E-11 1.73E-10 
92 0.155 5.43E-11 2.10E-10 
93 0.162 5.52E-11 2.45E-10 
94 0.169 5.61E-11 2.82 E- 10 
95 0.177 5.70E-11 3.58E- 10 
96 0.185 5.79E- 11 4.23E- 10 
97 0.196 5.88E-11 8.93E-10 3.47E-14 
98 0.207 5.97E- 11 9.31E-10 7.04E-14 
99 0.853 6.06E-11 9.90E-10 1.14E-13 

99.1 0.918 6.07E-11 9.90E-10 1.18E-13 
99.2 0.983 6.08E-11 9.90E-10 1.22E-13 
99.3 1.047 6.09E-11 9.91 E-10 1.26E- 13 
99.4 1.112 6.10E-11 9.91E-10 1.30E-13 
99.5 1.177 6.10E-11 9.91E-10 1.33E-13 
99.6 1.241 6.11E-11 9.91E-10 1.37E-13 
99.7 1.306 6.12E-11 9.92E-10 1.41E-13 
99.8 1.371 6.13E-11 9.92E-10 1.45E-13 
99.9 1.435 6.14E-11 9.92E-10 1.49E- 13 
100 1.500 6.15E-11 9.92E-10 1.53E-13 
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HYGROTHERMAL PROPERTIES OF CELLULOSE INSULATION 

Density: 32 kg m ~ 

Heat Capacity: 1880 J K 1 kg ~ 

Thermal Conductivity: 

Temperature Conductivity 
~ W m "1 K "1 

-0.05 0.0339 
12.10 0.0357 
23.96 0.0376 
32.03 0.0388 
40.07 0.0402 

Air Permeability: 5.5E-05 

Water Absorption Coefficient: 

kg m ~ s ~ Pa 1 

0.09 kg m 2 s ~ 

RH, % Moisture Content Water Vapour Moisture Diffusivity Liquid Permeability 
kg kg -1 Permeability m 2 s 1 kg m 1 s ~ Pa 1 

kg m ~ s ~ Pa ~ 
10 0.001 4.43E- 11 
20 0.006 5.12E-11 
30 0.017 5.91E-11 
40 0.035 6.82E-11 
50 0.062 7.87E-11 
60 0.098 9.09E-11 
70 0.147 1.05E- 10 
80 0.222 1.21 E-10 
90 0.407 1.40E-10 
91 0.443 1.42E-10 
92 0.480 1.44E- 10 
93 0.528 1.46E-10 
94 0.576 1.48E-10 
95 0.639 1.51 E-10 
96 0.703 1.53E-10 
97 1.047 1.55E-10 
98 1.391 1.57E-10 
99 6.616 1.59E-10 5.81 E-12 

99.1 7.138 1.60E-10 6.14E-12 
99.2 7.660 1.60E- 10 6.45E- 12 
99.3 8.183 1.60E-10 6.74E-12 
99.4 8.705 1.60E-10 7.02 E~ 2 
99.5 9.228 1.61 E-10 7.28E~ 12 
99.6 9.750 1.61 E-10 7.53E- 12 
99.7 10.273 1.61 E-10 7.76E-12 
99.8 10.795 1.61E-10 7.99E-12 
99.9 11.318 1.61E-10 8.20E-12 2.57E-15 
100 11.840 1.62E- 10 8.40E- 12 2.70E-15 
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HYGROTHERMAL PROPERTIES OF GLASS FIBRE INSULATION 

Dry density 8 to 180 kg m "3 

Heat capacity[2] 840 J K 1 kg "1 

Thermal conductivity of the dry material at 24 ~ as a function of density 

Density Conductivity Density Conductivity 

kg.m -~ W.m -1.K-1 kg.m-3 W.m -t.K-~ 

7.7 0.0483 38.1 0.0333 

9.9 0.0473 44.4 0.0326 

10.3 0.0455 53.4 0.0322 

11.4 0.0450 60.7 0.0332 

12.8 0.0427 68.6 0.0319 

13.1 0.0424 71.0 0.0324 

14.7 0.0412 135.0 0.0328 

Temperature dependence of thermal conductivity: 

Specimen Density = 8.3 kg m -3 
T, Hot surface T, Cold surf_ace Temperature ~L 

~ ~ ~ W m "1 K "1 
12.68 -10.73 0.98 0.0472 
22.61 1.20 11.90 0.0515 
35.20 12.96 24.08 0.0552 
45.89 25.21 35.55 0.0592 
58.76 39.55 49.16 0.0662 

Specimen Density = 53.7 kg m -3 

T, HOtocUrface T, COldcurface TemperatUreoc ConductivitYw m "1 K "1 

12.39 -11.13 0.63 0.0295 
24.51 2.26 13.39 0.031i 
35.20 13.36 24.28 0.0322 
45.80 24.97 35.38 0.0338 
57.60 37.01 47.31 0.0360 

Specimen Density = 151 kg m 3 

T, HOtocUrface T, COldcurface TemperatUreoc ConductivitYw m "1 K -1 

24.11 -4.06 10.02 0.0320 
37.06 9.02 23.04 0.0332 
54.35 26.23 40.29 0.0351 
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Sorption/desorption curve: 

Relative humidity Sorption moisture content Desorption moisture content 
% kg kg "1 kg kg 1 

20.4 0.0087 
43.4 0.012 
64.5 0.014 
84.9 0.017 
95.1 0.019 
98.0 0.026 
20.O 0.01 
43.1 0.014 
64.8 0.017 
84.4 0.022 
94.5 0.029 
97.6 0.042 

Water Vapour Permeability : 

Specimen RH(1) Water vapour permeability 

density kg m 3 % Kg m -1 s "1 Pa -1 

16.8 27 1.32 E-10 

16.8 27 1.41 E-10 

35.2 25 1.65 E-10 

37.3 25 1.35 E-10 

35.0 25 1.22 E-10 

72.0 25 1.15 E-10 

74.3 27 1.15 E-10 

67.3 27 1.16 E-10 

119.8 26 1.27 E-10 

108.9 26 1.23 E-10 

119.1 26 1.35 E-10 
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Air permeability: 

Specimen Density = 147.2 kg m3; flow _L to fibre orientation 
Pressure difference 

Pa 
0.1 

0.2 
0.3 

0.4 

0.5 

Permeability 
kg m -1 s "1 Pa "1 

2.49 x 10 "s 

2.45 x 10 "s 
2.43 x 10 s 

2.47 x 10 -s 
2.40 x 10 .5 

0.6 2.39 x 10 .5 

0.7 2.38 x 10 s 

Specimen Density ~ 20 kg m "3 

Pressure difference Permeability 
Pa kg m -1 s "1 Pa -1 

25 9.5 x 10 s 

50 9.1 x 10 -s 
75 8.9 x 10 s 

100 8.8 x 10 .5 
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HYGROTHERMAL PROPERTIES OF EXPANDED POLYSTYRENE INSULATION 

Dry density[I] 11 to 40 kg m 3 

Heat capacity[I] 1470 J K 1 kg 1 

Thermal conductivity of the dry material as a function of density, p, (kg m3): 

(W.m-~.K 1) = 0.0174 + 1.9 x l0 "p  + 0.258/p 

Temperature dependence of thermal conductivity: 

Specimen Density =23.2 kg m 3 

T, HOtocUrface T, COldcurface Temperature Conductivity 
~ W .m "1 K "1 

13.09 -10.92 1.09 0.0324 
22.23 -0.92 10.66 0.0336 
30.14 7.28 18.71 0.0344 
35.83 13.34 24.59 0.0352 
47.28 25.58 36.43 0.0366 
52.70 31.08 41.89 0.0371 

Sorption/desorption curve: 

Relative humidity Sorption moisture content Desorption moisture content 
% kg kg -1 kg kg "1 

20.3 0.030 
42.9 0.041 
65.0 0.040 
85.3 0.040 
94.4 0.050 
97.9 0.050 
20.0 0.020 
44.5 0.040 
65.1 0.048 
84.5 0.056 
95.1 0.070 
97.9 0.080 

Water Vapour Permeability 

At a specimen density of 11.5 kg m 3 the permeability is 1.0 E-11 kg m 1 s 1 Pa 1 
At a specimen density of 15.8 kg m 3 the permeability is 3.4 E-12 kg m ~ s ~ Pa 1 
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Air permeability: 
Specimen Density = 16 kg m 3 

Pressure difference Permeability 
Pa kg m "1 s -1 Pa "1 

25 5.6 E-06 
50 5.2 E-06 
75 5.0 E-06 
100 4.9 E-06 

Specimen Density = 25 kg.m 3 
Pressure difference Permeability 

Pa kg.m "1 "s "l-Pa "1 

25 4.9 E-08 
50 4.9 E-08 
75 4.9 E-08 
100 4.9 E-08 
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HYGROTHERMAL PROPERTIES OF EXTRUDED POLYSTYRENE INSULATION 

Dry dens i ty [ I ]  25 to 55 kg m 3 

Heat capaci ty [ I ]  1470 J K ~ kg 1 

Aging curve or time dependence of thermal conductivity at 24 ~ 

Specimen 
age 
day 

0 
45 
60 
91 
182 
270 
365 
451 
55O 
673 
791 
911 
1031 

Specimen 
age 
day 

0 
55 
71 
99 
179 
270 
361 
452 
554 
677 
797 
994 

Density =24.5 kg m a , thickness = 50.5 mm 
Conductivity 
W m -1 K "1 

0.0219 
0.0256 
0.0261 
0.0266 
0.0273 
0.0275 
0.0274 
0.0277 
0.0279 
0.0280 
0.0280 
0.0287 
0.0285 

Density =28.6 kg m 3 , thickness = 50.1 mm 

Conductivity 
W m "1 K "1 

0.0220 
0.0264 
0.0268 
0.0273 
0.0280 
0.0285 
0.0283 
0.0285 
0.0286 
0.0288 
0.0288 
0.0294 

Temperature dependence of thermal conductivity: 

Specimen Density =30.7 kg.m ~ 
T,Hot surface T, Cold surface Temperature Conductivity 

~ ~ ~ W m "1 K "1 
4.7 -4.8 -0.05 0.0266 
14.6 5.6 10.1 0.0278 
24.5 15.7 20.1 0.0292 
34.4 25.6 30.0 0.0303 
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Sorption/desorption curve: 

Relative humidity 
% 

25 
50 
75 0.0013 
90 0.0017 

Sorption moisture content 
kg kg -I 
0.0007 
0.0o06 

Water Vapour Permeability: 

RH Water vapour permeability 
kg m "1 s -1 Pa -1 

% 

25 0.95 x 10 -12 

50 1.0 x 10 -12 

75 1.2 x 10 -12 

95 1.35 x 10 -12 

For a product with density 27 kg m -3, the water vapour permeability for the full range of RH was 

1.75 E-12 kg m -1 s 1 Pa -1. 

Air permeability: 

Densit] 
Pressure difference 

Pa 

75 

= 30.7 kg m "3 
Permeability 

kg m "1 s "1 Pa "1 

9.6 x10 -9 

150 9.3 x l 0  "9 

225 9.2 x10 -9 
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HYGROTHERMAL PROPERTIES OF POLYURETHANE FOAM INSULATION 

Dry density 20 to 55 kg m 3 

Heat capacity 1470 J K "1 kg "1 

Aging curve or time dependence of thermal conductivity at 24 ~ : 

Specimen 

age 
day 

0 
32 
61 
90 
185 
270 
360 
451 
567 
690 
810 
932 

Density =32 kg m ~ , thickness = 38 mm 
Conductivity 
W m "1 K "1 

0.0175 
0.0188 
0.0198 
0.0208 
0.0219 
0.0227 
0.0231 
0.0236 
0.0241 
0.0243 
0.0249 
0.0247 

Water Vapour Permeability of a sample with density 32 kg m 3 is 3.0E-12 kg m 1 s 1 Pa 1 for the full range 

of relative humidity. 
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HYGROTHERMAL PROPERTIES OF PERLITE BOARD 

Density =250 kg m 3 

Thermal Conduct iv i ty:  0 .0716Wm "~K ~ at 24~ 

Water Vapour Permeability: 

RH, % kg rn ~ s "1 Pa "~ 
0 to 100 3.3E-11 

Water Absorpt ion Coefficient: 0.0065 kg m 2 s "~ 

HYGROTHERMAL PROPERTIES OF CALCIUM SILICATE BOARD 

Density =300 kg m 3 

Thermal Conduct iv i ty:  0 .0811Wm I K  1 at 24~ 

Water Vapour Permeability: 

RH, % kg m "~ s "~ Pa "1 
50 3.6E-11 

60 3.8E-11 

70 4.2E-11 

80 4.8E-11 

90 5.6E-11 

100 6.7E-11 

Water Absorption Coefficient: 0.41 kg m 2 s '~' 

Capil lary Saturation: ~ 800 kg m 3 
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WATER VAPOUR PERMEANCE OF SHEATHING MEMBRANES 

Membrane SBP 1 SBP 2 #15 Felt 60 minute Building Paper 

Thickness, mm 0.17 0.3 0.84 0.35 0.2 

RH, % Permeance 

kg  m 2 s "1 Pa 1 

30 3.1E-09 9.3E-10 1.9E-09 

40 3.7E-09 9.3E-10 2.2E-09 

50 4.2E-09 9.3E-10 7.1E-11 7.1E-10 2.5E-09 

60 4.8E-09 9.3E-10 1.0E-10 7.8E-10 2.8E-09 

70 5.3E-09 9.3E-10 1.6E-10 8.5E-10 3.2E-09 

80 5.9E-09 9.3E-10 3.0E-10 9.2E-10 3.7E-09 

90 6.4E-09 9.3E-10 7.2E-10 9.8E-10 4.3E-09 

100 6.7E-09 9.3E-10 4.7E-09 1.0E-09 5.0E-09 

AIR PERMEANCE OF SHEATHING MEMBRANES 

Membrane 

Thickness, mm 

SBP 1 SBP 2 #15 Felt 60 minute Building Paper 

1E-07 5E-05 3E-06 7E-06 4E-06 

0.2 0.17 0.3 

Permeance 

kg  m "2 s "1 Pa ~ 

0.84 0.35 
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WATER VAPOUR PERMEANCE OF FINISHING MATERIALS 

Wall Paper; 

Type 

textile 

Mass 
kg m "2 

0.291 

Thickness 
mm 

0.425 
textile 0.333 0.7 
vinyl 0.212 0.45 
vinyl 0.216 0.325 
paper 0.168 0.28 
paper 0.151 0.28 

Permeance 
kg m -2 s "~ Pa 1 

At 42.5 % RH At 75 % RH 
7E-10 3.27E-08 

1.26E-09 1.03E-08 
2.18E-09 7.84E-09 
9.16E-11 1.09E-09 
5.6E-09 1.63E-08 

7.84E-09 2.45E-08 

Primer + 2 Coat Paint as Applied on Gypsum: 

Paint Type Permeance at 86 % RH 
kg m "2 s 1 Pa 1 

Latex 1 1.15E-09 
Latex 2 1.78E-10 
Acrylic 4.26E-10 

Synthetic 1.96E-10 
Oil 2.58E-10 
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FAILURE OFTEN HAS a fatal effect on the service life and du- 
rability of materials. Durability of materials to different 
agents varies: weather, water, heat, biodeterioration (mold 
and decay fungi, bacteria). Performance requirements of ma- 
terials and structure should be different for inside surface, 
inside structures (isolation layer), and outside surface or 
structures, and the effect of different organisms on the ser- 
vice life should be verified carefully. 

Organisms can have permanent or temporary effects (es- 
thetics or technical) and the requirements for repair of prob- 
lems are varied. Performance requirements and quality of 
item vary for different targets. For example, mold growth on 
the inside surface of buildings can be more serious for the 
use of buildings than molds on the outside surface of build- 
ings due to the eventual health risk of microbes. Mold 
growth also has different effect on the substrate itself; in 
some cases, mold destroys materials (e.g., wall papers and 
paints) or mold is only a superficial layer on the materials 
(e.g., tiled walls or facades). Mold or mildew is a general 
classification of organisms growing on the surface of mate- 
rials (discoloring organisms or fungi). Blue-stain fungi are a 
special part of discoloring fungi. They can penetrate in to 
the sapwood of several wood species and cause color change 
in the wood material. 

Damage classes are varied and have different effects on the 
durability and service life of materials. For example, mildew 
or mold fungi on the surface of different materials often 
cause indirect effects (color changes, health problems) and 
do not always change the properties of materials. Decay 
fungi are a general classification of fungi-decaying wood and 
other wood-based materials. Biocorrosion causes direct 
changes of materials, e.g., decay fungi and bacteria deterio- 
rate different materials (wood-based materials, plastics, 
paints, metals, concrete, mortar). Biocorrosion is often con- 
nected with corrosion of metals. 

D E F I N I T I O N S  F O R  "FAILURE" 

In order to predict failures we first have to define the term. 
Failure involves direct changes in the properties of materials 
or structures. The changes or deformations can be of various 
degrees: excess moisture can cause reversible or irreversible 
deformations or degradation in performance resulting from 

physical changes, chemical or biological processes. One type 
of failure is increased heat loss caused by high moisture con- 
tents in materials and airflow through building envelope sys- 
tems. Other types are mold growth, rot damages, freeze-thaw 
cycles resulting in structural failures, dimensional changes, 
corrosion, emissions of volatile organic compounds (VOC), 
etc. Some of these failures affect only the appearance of the 
systems under consideration, but some may have severe con- 
sequences such as risk to the health of occupants (sick build- 
ing syndrome caused by VOC and mold) or structural col- 
lapse of the whole building. 

Some definitions for failure and related phenomena are 
presented mainly in the ISO Performance Standards in 
Building--Glossary of Terms (6707-1 1989) and in the ref- 
erences [1]. Here are some definitions mentioned: 

Failure: Termination of the ability of an item to perform a 
specified function. 
Decay: Damage of material and structures. 
Service life: Period of time after installation during which 
all essential requirements of an item meet or exceed the 
performance requirements. 
Durability: Capability of a building or its parts to perform 
its required function over a specified period of time under 
the influence of the agents anticipated in service. 
Degradation mechanism: Chemical, mechanical, or physi- 
cal changes that lead to changes in critical properties of a 
building product when exposed to degradation agents. 
Degradation agents: e.g., water, heat, organisms, chemicals, 
wrong use of houses, construction defects, etc. They often 
have a synergistic effect (many agents are often needed for 
the development of damage). 
Degradation or deterioration: Reduction in the perfor- 
mance over time of a component or material. 
Biodeterioration: Any undesirable change in the properties 
of a material caused by the vital activities of organisms. 
Biofilm: Layer on the surface of material consisting of in- 
organic and organic dust and organisms. 
Biocorrosion: Reduction in the basic properties of mate- 
rials over time caused by the decaying activity of organ- 
isms (e.g., decay fungi and bacteria). 

E X I S T I N G  S T A N D A R D S  AND B U I L D I N G  
CODE R E Q U I R E M E N T S  

1VTT Building and Transport, PB 1806, FIN-02044 VTT, Finland. e- 
mail: hannu-viitanen@vtt.fi 
2VTT Building and Transport, PB 1804, FIN-02044 VTT, Finland. e- 
mail: mikael.salonvaara@vtt .ft. 

There are different standards and recommendations defining 
the service life or durability of materials, e.g., ISO Perfor- 
mance Standards in Building--Checklist for Briefing-- 
Contents of Brief for Building Design Standards (9699- 
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1994), RILEM recommendations [2], CSA Guideline on Du- 
rability in Buildings. Draft Standard ($478-1995) standards. 
Calculations for life cycles, durability, and lifetime are pre- 
sented in the ISO standard (ISO 9699-1994). 

The methods for testing the resistance or durability of ma- 
terials against mold and decay fungi or insects are different; 
several standards exist. There are many laboratory methods 
and field test methods for evaluating materials in ground 
contact or out of ground contact, e.g., ASTM Test Method 
for Wood Preservatives by Laboratory Soil-block Cultures (D 
1413-99), ASTM Test Method of Evaluating Wood Preserva- 
tives by Field Tests with Stakes (D-1758-96), ASTM Test 
Method for Exterior Durability of Factory-Primed Wood 
Products (D 2830-96), or EN Standard Determination of 
Toxic Values of Wood Preservatives Against Wood Destroying 
Basidiomycetes Cultured on Agar Medium (EN 113, 1991). 
Problems with these test methods are the time schedule and 
severity of test conditions. The testing time should be as 
short as possible and the severity of conditions hazardous 
for the prediction of durability within the testing time used. 

Results of a durability test are often relative, e.g., results 
are compared with reference material. In practice, condi- 
tions are often different and many factors are involved. Lab- 
oratory tests are needed for the development of new prod- 
ucts, but the service life or durability of products should not 
be based only on these tests. Field tests in real conditions 
are also required. For field tests, test results are highly de- 
pendent on climate conditions. However, the situation is the 
same in real life, and the durability of building products or 
materials should be tested in different climatic zones or var- 
ied laboratory conditions. 

In the building code requirements, moisture control is the 
main way to diminish the failure risk and to add the dura- 
bility and expected lifetime of building products, e.g., BS 
Guide to Durability of Buildings and Building Elements, 
Products and Components (7543-1992) and (CSA $478- 
1995). The purpose of the instruction is to minimize the wa- 
ter and humidity stress of materials and structures. However, 
several decay and damage cases are faced every year; and 
the knowledge on building failures should be used for the 
evaluation of service life or durability of building materials 
or structures. The problems are that the information on the 
damage cases is often insufficient and the used materials, 
structures, and degradation agents are varied. 

Building codes are often very different in various countries 
and they rarely present precise requirements with regard to 
durability and service life of building components. Most 
building codes require, for example, that nails and fasteners 
have to be corrosion resistant. Rather than giving direct re- 
quirements for durability or service life, performance build- 
ing codes prefer requirements that allow for designing struc- 
tures and buildings that do not experience conditions that 
would result in premature degradation of building compo- 
nents. The reason for the lack of code level requirements is 
quite obvious--even today we do not have reliable methods 
or models that would allow us to predict service life with 
satisfactory accuracy. The existing code requirements for du- 
rability are empirical without any explicit formulation in 
terms of performance or intended service life. 

The external factors and degradation mechanisms affect- 
ing the performance of building materials and components 

are numerous and many are influenced by moisture and 
temperature. Various degradation factors can be divided into 
the following categories: weathering, biological, stress, in- 
compatibility, and use factors. Weathering factors include ra- 
diation, temperature (elevated, depressed, cycles), water 
(solid, liquid, vapor), normal air constituents, air contami- 
nants (gases, mists, particles), freeze-thaw, and wind. Bio- 
logical factors include microorganisms, fungi and bacteria. 
Several guides for the durability of buildings have been pro- 
posed; however, these guides are not fully developed at a 
practical level [3]. 

In reality, the load and the conditions that the building 
components experience are random variables. The time of 
occurrence as well as the magnitude of the load can not be 
known a priori--just think of the accuracy of weather fore- 
casts! In addition, the material properties of building com- 
ponents are not constants but instead may have wide ranges 
even between the parallel samples made from the same lot. 
Therefore, the realistic modeling of both load and resistance 
of building components requires the use of stochastic pro- 
cess theory [3]. The model that predicts the service life can 
be deterministic only if the randomness and time- 
dependence of the load and properties have been considered 
through appropriate probability distributions and partial 
safety factors. The service life is the period of time after in- 
stallation during which all essential properties meet or ex- 
ceed minimum acceptable values, when routinely main- 
tained. 

DIRECT AND INDIRECT MOISTURE 
P R O B L E M S  AND FAILURES IN BUILDINGS 

Moisture causes direct or indirect failures in the buildings. 
In wood-based materials, the deformation in volume and 
shape of material is the direct effect. The creep deformation 
of wood beams is a slower process and caused by the load 
under fluctuating humidity and temperature conditions. The 
emollescense of gypsum board is a direct change of materi- 
als caused by water, but the mold growth on the material is 
a secondary effect of moisture. The effect of water on the 
emission of volatile organic compounds (VOC) from the ma- 
terials is a direct effect, but the change of the materials' 
properties or the health effect caused by the VOCs is a sec- 
ondary effect (Table 1). 

The effect of moisture on the heat insulation capacity is a 
direct change. After lowering the temperature of the struc- 
ture, this may lead to dust accumulation or mold growth in 
the interior surface due to moisture condensation of inside 
air. The shape deformation of wooden boards by moisture 
stress can cause more severe failure when water penetrates 
the structure due to open joints and edges of boards in the 
wash rooms [2,4]. 

Moisture damage in buildings is caused by moisture ex- 
ceeding the tolerance of structures. This may lead to the 
growth of microbes or mold and decay fungi and insect dam- 
age of materials after a critical exposure time. Several causes 
of moisture damage of buildings have been detected. In most 
cases, water penetrates to the structure. Typical causes lead- 
ing to moisture damage are water leakage, water penetration 
through joints and seams, the convection of damp air in the 
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TABLE 1BCritical level and failure effect of prolonged moisture exposure on 
different building materials (targeted in dry conditions). 

Mater ia l  RH, % Fai lures  o r  Prob lems  

Putty with organic additives (e.g., >75-85 
casein) 

PVC--carpets or wallpapers in >95 
washrooms 

Water-based glues >85-95 

Products containing urea- >60-70 
formaldehydes: particle boards, 
lacqueb textiles, insulation 

Paints, resins of injections agents, 
plastics 

Surfaces of different material exposed 
to organic and inorganic 
compounds, organic materials 

>65-96 

-80-95 

Hydrolysis, formation of ammonia, 
amines, organic sulfur compounds 

Color changes, decomposition, 
formation of 2-etyl-l-hexanol 

Saponification, varied hydrolyze 
products 

Formation of formaldehyde and 
other VOC compounds 

Inhibition of hardening, emissions of 
VOC and monomeric compounds 

Microbial growth, VOC emissions 

structure, insufficient ventilation of indoor air, moisture con- 
densation, rising damp from ground, moisture accumulation 
in the structures, faults in structures, and absorption of wa- 
ter into structures. 

The service life of untreated timber in structure depends 
primarily upon the humidity conditions of use, presence of 
wood-attacking organisms, the natural durability, and di- 
mensions of the timber in use. The problems caused by fungi 
in buildings vary depending on the type of fungal attack. 
Problems caused by mold fungi are mainly discoloration, 
odor, and health disadvantages. Mold and decay problems 
are concentrated in the parts of the structures in which wa- 
ter can accumulate. Such parts are: 

�9 The lower parts of floors and walls near the ground. 
* The constructions affected by water leakage and conden- 

sation within walls. 
�9 Poorly ventilated sub floors and attics. 
�9 The joints, end grain, and lower parts of facades and win- 

dows. 
�9 Bedroom closets or bathrooms on exterior walls. 
�9 Poorly ventilated bathrooms. 

Mold and decay problems can be very complicated in 
buildings. The major factors affecting the micro-climate are: 
moisture migration and accumulation, composition, texture 
and surface quality of the material, temperature, humidity, 
water condensation and air circulation. 

COMPOSITION OF WOOD, CELLULOSE, 
AND GYPSUM-BASED MATERIAL 

The susceptibility of different materials to failure and bio- 
deterioration depends mainly upon the water activity, mois- 
ture balance or capacity, surface quality, and nutrient con- 
tent of the substrate. 

Wood Material 

Wood is a porous varied material composed of different 
cells. Living cells are mainly in the phloem and cambium 
below the bark and in the most outside level of sapwood. 
The phloem produce a new layer of wood each year, a 
growth ring composed of early wood (spring wood) and late 
wood (summer wood) (Fig. 1). Early wood is characterized 

FIG, 1BEnd grain section of a green pine log. Some cracks are 
developed due to uncontrolled drying of wood, 

by cells having relatively large cavities and thin walls (Fig. 
2). Late-wood cells contain smaller cavities and thicker 
walls. Within softwoods (coniferous trees like pine and 
spruce) wood fibers are mainly the cell type, but within hard- 
woods (like birch, oak, elm) wood is more varied, also con- 
taining vessels [5]. 

The anisotropy composition of wood affects the moisture 
behavior of wood: the cell walls of late wood can take more 
water and swell more than the cell wall of late wood, result- 
ing in an uneven dimensional change of wood. Most often 
more water can be transported in the cells of early wood, 
but the decay is often located in the walls of late wood. 

Sapwood is the outer layer of wood in a living tree. The 
sapwood layer may vary in thickness and in the number of 

FIG. 2--Microscopic picture on end grain of pine. 



CHAPTER 4--FAILURE CRITERIA 69 

growth rings. The moisture content of this part is much 
higher than that of the heartwood of a living tree. Sapwood 
contains both the living and dead cells, and its function is 
the transport of water and the storage of compounds. During 
the use of wood products, the sapwood is most sensitive to 
water, humidity, and the activity of decaying organisms. 

Heartwood consists of inactive cells that are not support- 
ing water transport. The cell wall and especially the pores 
between wood cells are penetrated by polymeric extractives, 
e.g., resins. In some species such as ashes, hickories, and 
certain oaks, the pores and vessels become plugged to a 
greater or lesser degree (tyloses). Heartwood having these 
plugged tyloses prevents the passage of liquid through the 
pores, and the permeability of wood is low. This is negative 
for the use of impregnation but in some circumstances can 
add to the natural durability of wood. 

The density of wood is major factor for the mechanical 
properties of wood and also for the dimensional stability of 
wood as affected by moisture content changes. In general, 
low-density woods have less dimensional change than heavy 
woods. The density of wood varies between and within dif- 
ferent wood species. For most species, the density falls be- 
tween 320 and 720 kg/m 3, but the range of density extends 
from around 160 kg/m 3 (e.g., balsa) to over I000 kg/m 3 for 
some tropical wood species [5, 6]. 

As a hygroscopic, heterogeneous organic material wood as 
such is often a suitable growth medium and nutrient source 
for several types of organisms. Degradation of wood by mi- 
croorganisms is affected by interaction of wood cells and the 
surrounding microclimate. The chemical and physical struc- 
ture of the wood cell wall has a major effect on the decay 
type and also on the intensity of decay. Porosity, permeabil- 
ity, lignin content, and the extractive composition of wood 
are important factors for wood durability, but they are not 
always connected to density and annual growth ring width. 

Cellulose, the main component of the cell wall, is a chem- 
ically simple but structurally complicated homopolysacchar- 
ide formed by insoluble fibers of b-l,4-glucane. Cellulose is 
located mainly in the secondary cell wall and covers about 
40 to 45% of the dry weight of several wood species. Hemi- 
cellulose, another wood polysaccharide, is formed by 
branched chains of several sugars, e.g., mannanes, glucanes, 
and xylanes. The heteropolymeric substances are composed 
of glucose, xylose, galactose, mannose, arabinose, and 4-0- 
methylglucuronic acids of glucose and galactose. The third 
structural component of the wood cell wall, lignin, is an ar- 
omatic and amorphous polymer. The main role of lignin is 
to act as gluing material in the cell wall and to give sufficient 
rigidity to the cell wall. The content of lignin in coniferous 
wood species is lower (18 to 25%) than in wood from tem- 
perate angiospermous species (25 to 35%) [6]. 

The durability of wood material against biodeterioration 
is dependent on the amount and quality of primary metab- 
olites, storage compounds, and the extractives of wood. The 
amount of primary metabolites such as sugars, lipids, pep- 
tides, and starch varies in pine and spruce sapwood. The 
extractives include waxes, fats, free fatty acids, and alcohols, 
steroids, higher carbon compounds, and resins [6-8]. The 
resins are mixtures of components such as terpenes, lignans, 
stilbenes, flavonoids, and other aromatics. Extractives are 
most characteristically found in large quantities in heart- 

wood, where their presence often imparts a characteristic 
color. There is variation in extractives between different 
wood species and individual logs and also in their distribu- 
tion over shorter distances. The durability of wood is clas- 
sified or grouped in different ways in Europe and the United 
States (Table 2). 

Gypsum Boards 

Main compound in gypsum boards is hydrated calcium sul- 
fate. Many different type of boards has been developed for 
use in different targets. Gypsum plasterboard has two layers 
of strong liner on both side of gypsum core. Normal plaster- 
boards consist of 93% gypsum, 6% liner, and 1% moisture, 
starch, and other additives. The type of additives depends on 
the usage and target of boards. Gypsum material for boards 
comes from natural stones, recycled gypsum, or industrial 
gypsum [9]. 

The surface quality of gypsum boards is based mainly on 
the liner and additives in the liner and surface treatments. 
Gypsum and additives in the gypsum have a minor effect on 
the surface on normal humidity conditions, but in very wet 
conditions or in direct contact with water, gypsum has the 
main role on the performance of the board. In very wet con- 
ditions, the gypsum part can adsorb a high amount of water 
and drying is slower than that of the liner. 

The weight of gypsum plasterboards varies between 5 and 
15 kg/m 2 (1 lb/ft 2 and 3 lb/ft 2) depending on the target of 
use. Floorboards are the strongest and wall boards for ren- 
ovation the lightest. Standard boards are most often between 
7 and 12 kg/m 2 (1.4 lb/ft 2 and 2.5 lb/ft2). 

Wallpapers and Paints 

Most often the inside surfaces of different building materials 
are sealed with wall papers or paints. Wallpapers ranging 
from woodchip to vinyl wallpapers usually contain cellulosic 
compounds, which like the organic compounds of adhesives 
may supply nutrients for fungi and bacteria [1,10]. 

Paint constituents are binders, solvents, emulsifiers, pig- 
ments, fillers, and additives. The waterborne paints are 

TABLE 2--The durability or decay resistance of heartwood 
of different wood species. 

Durability Class Durability Class 
(Europe) (USA) Examples 

Very durable Resistant or very Teak, iroko, aphzelia, bilinga, 
resistant mesquite, junipers, 

redwood (Sequoia) 
natural, meranti 

Western redcedar, white oak, 
american mahogany, 
meranti, redwood 
(Sequoia) plantations 

Larch, douglasfir, hickory, 
african mahogany, khaya, 
tamarack, scots pine, 
southern pine 

Pine, spruce, elm, hemlock, 
hickory, oaks (red and 
black species) 

Alder, aspen, beech, birch, 
maple, poplar, balsa, 
ramin 

Durable Resistant or very 
resistant 

Moderate Moderately 
durable resistant 

Non durable Slightly resistant 
or 
nonresistant 

Perishable Slightly resistant 
or 
nonresistant 



70 MANUAL ON MOISTURE ANALYSIS IN BUILDINGS 

based on aqueous dispersions of synthetic acrylic polymers 
or vinyl-type binders like polyvinylacetate or polyvinylpro- 
pionate. Binders used for waterborne paints are generally 
highly resistant to microbial attack. The paint film of these 
paints, however, is porous, but porositivy and pore-size dis- 
tribution vary. In very porous paint film, the effect of paint 
additives and the quality of the substrate, the leachates from 
the substrate, and the other compounds from the environ- 
ment (organic and inorganic dust) have a main role on the 
performance of the paint film. 

Humidity and Moisture Content 

Moisture content (MC) of wood is measured as the ratio of 
weight of water in a given piece of wood to the weight of 
wood when it is completely dry. MC depends on ambient 
humidity, temperature, exposure time, dimensions, and the 
moisture absorption capacity of wood. Moisture absorption, 
and therefore the moisture content of wood, is affected by 
the size and proportion of wood pores (lumina and smaller 
voids in the cell wall) and the chemical composition of the 
wood structure itself (i.e., content of cellulose, hemicellu- 
lose, lignin, and extractive compounds) [8,11 ]. Water can ex- 
ist in wood as free water in cavities or bound water within 
cell walls. The moisture content at which all free water from 
cell cavities has been lost, but when cell walls are still satu- 
rated with water, has been designated as the fiber saturation 
point (FSP). The moisture content is then around 30 to 35% 
in Scots pine. In green Scots pine sapwood, the moisture 
content is around 160 to 180% and in green heartwood 
around 50 to 65%. 

At moisture content near the water saturation point and 
in green wood, the wood is swollen to its highest dimension. 
When wood is dried below FSP, the dimensions of wood start 
to diminish and the wood is shrinking. The shrinking of 
wood is unequal, caused by the anisotropy composition of 
wood: there is variation within the wood species and within 
the different direction of timber. Normally the shrinking is 
much higher (twice) in the tangential than in the radial di- 
rection. 

Being a hygroscopic material, the equilibrium moisture 
content of wood and other wood-based materials is easily 
affected by the ambient humidity and water. Moisture (water 
and water vapor) is quickly transported in the direction of 
wood fibers (longitudinally) and at a much slower rate across 
the grain (radially and tangentially). Water vapor in the at- 
mosphere is absorbed by the wood until an equilibrium con- 
dition is achieved. 

Relative humidity (RH) is the ratio of the amount of mois- 
ture in the air (at a certain temperature) to the amount it 
would be able to hold at the temperature. For the growth of 
organisms in the wood, water availability is most often the 
critical factor [10,11]. Water activity (aw) is, like water po- 
tential, related to actual availability of water and is deter- 
mined by both matric and osmotic components. The a w is 
defined as the equilibrium relative humidity (ERH) divided 
by 100, i.e., relative vapor pressure (P/Po) of the atmosphere 
with which the substratum is in equilibrium. The balance of 
wood moisture content with ambient air humidity is called 
equilibrium moisture content (EMC). At RH 98 to 99%, the 

EMC of pine sapwood is close to FSP or around 28 to 30%. 
During the manufacturing of different wooden products, the 
EMC can be changed. However, for biological processes and 
also for other properties of wood and other building mate- 
rials, the ERH is the more usable term. 

B I O D E T E R I O R A T I O N  

Environmental  Factors for Biological Processes 

For the development of biodeterioration, different biotic and 
abiotic factors are needed. Bacteria and different fungi are 
the main group of microbes growing in the building mate- 
rials. For practical means, the discoloring fungi (mold and 
blue-stain fungi) and decay fungi (soft-rot, brown-rot, and 
white-rot fungi) are often distinguished. The organisms can 
be in different stages of their life cycles: spores, germinated 
young hypha, matured mycelium, and sporangiophores (my- 
celium with new spores). Fungal spores can be dispersed by 
wind, water, insects, or other animals. 

The abiotic factors like water, temperature and quality of 
substrate (nutrients, pH, water permeability) are the most 
significant for the growth of microbes [9,11-13]. In some 
cases, also radiation, air movements, and gases of air can 
have some effects. However, the effect of these factors is of- 
ten indirect. Air circulation affects humidity conditions and 
the gas composition of air. As such, it does not have any 
significant effect on the development of mold and decay 
fungi, and air circulation is required primarily for spores. 
Dry spores are usually released more easily into dry air than 
into humid air. Within the moisture damage of buildings, the 
humidity, moisture content, and duration of exposure is the 
main factor for development of mold and decay (Fig. 3). 

Failure Organisms 

In building structures, materials can be damaged by differ- 
ent microorganisms: bacteria, mold (mildew), blue stain, 
and decay fungi and insects (Table 3). However, in decay 
damage, several organisms are often involved (Fig. 3). 

Bacteria 
Bacteria are small one-cell microbes living overall in the 
ecosystem. For example, in a human being, the bacteria con- 
tent of the colon may be higher than the human population 
of the whole world. Many bacteria are harmless, but some 
cause different problems (biocorrosion, disease). In building 
materials, bacteria are often the first colonizers in wet con- 
ditions [l]. Some effects are not so dangerous, e.g., non- 
cellulolytic bacteria can degrade pectin in the pore mem- 
branes of wood cells and the permeability of wood is 
increased. Pounding in water is sometimes used as a pre- 
treatment of wood in order to improve the impregnability. 
Wood storing in water or with water spraying for a longer 
time (weeks or months) can increase the permeability of 
wood, and the staining or color of wood after surface treat- 
ments can be uneven [12]. 

Knowledge of the role of bacteria in wood degradation is 
still rather scarce. Bacteria are now known to be able to de- 
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FIG. 3--Different types of bugs and decay in an old wooden beam. 

TABLE 3--Organisms involving failures and damages 
of building components. 

Temperature 
Organisms Humidity or Moisture Range ~ 

Type Failure Type Range (RH or Me%) (~ 

Bacteria Biocorrosion of Wet materials RH Around 
many different > 97% -5  to 
materials smell +60 (23 
and health to 140) 
problems 

Surface growth on Around 0 
different to +50 
materials, smell (32 to 
and health 122) 
problems 

Blue-stain of wood 
permeability 
change of wood 

Mold fungi 

Blue-stain 
fungi 

Decay Different type of 
fungi decay in wood 

(soft rot, brown 
rot, or white rot), 
also many other 
materials can be 
deteriorated, 
strength loss of 
materials 

Lichen Surface growth of 
different 
materials on 
outside or 
weathered 
material 

Insects Different type of 
damages in 
organic materials; 
surface failures 
or strength loss 
of materials 

Ambient RH 
> 75%, depends 
on duration, 
temperature and 
mold species 

Wood moisture 
content > 25- 
120% RH > 95% 

Ambient RH > 
95%, MC > 
25-120%, 
depends on 
duration, 
temperature, 
fungus species 
and materials 

Around 
-5  to 
+45 (23 
to 113) 

Around 0 
to +45 
(32 to 
113) 

Wet materials Around 0 
needs also to +45 
nitrogen and low (32 to 
pH l 13) 

Ambient RH > 65% Around 5 
depends on to +50 
duration, (41 to 
temperature, 122) 
insects species, 
and environment 

grade a wide range of unt rea ted  and  treated t imbers  unde r  
diverse envi ronmenta l  conditions,  including anaerobic  situ- 
ations. Bacteria may attack t imbers resistant  to fungal deg- 
radat ion due to preservation, high l ignin content,  or the 
presence of toxic extractives. 

In  very warm and wet conditions,  some bacteria are also 
involved with the corrosion of many  other materials,  e.g., 
metals, plastics, concrete, and  paints. Bacteria can cause 
corrosion of electric components ,  fuel oil tanks, surface of 
metals, and  even concrete drain  pipes [1]. In  moisture dam- 
ages of buildings, typical bacteria like Actinomycetes (e.g., 
Streptomyces spp) are involved. They are mycel ium-forming 
bacteria and can cause a very powerful smell in wet mate- 
rials [14,15]. 

Mold fungi 
Mold and  blue-stain fungi are often together called discol- 
oring fungi. Discoloring fungi are often the initial  microbial  
colonizers of materials.  Blue-stain fungi invade the wood 
through the parenchyma and  epithelial cells. Mold and  blue- 
stain fungi assimilate available nutr ients ,  low-molecular  car- 
bohydrates (sugars), lipids (fats), and proteins. Mold fungi 
can grow on the surface of m a n y  different materials,  e.g., 
food, textiles, leather, coatings, paintings,  paper, wood, 
wooden boards, gypsum boards, some plastics, facing, brick- 
work, concrete [1, 9,13-18]. 

Mold fungi is a heterogeneous and not  a part icularly well- 
defined group of fungi. Most of the mold fungi, as also the 
blue-stain and soft rot fungi, belong to Ascomycotina 
(Ascomycetes) fungi. Also m a n y  Myxomycota, Mastigomyco- 
tina, and Zygomycotina fungi are considered as mold fungi. 

In  wooden materials,  both mold and blue-stain fungi may 
cause problems in different stages of the industr ia l  produc- 
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tion of wood-based products. Logs can be infected by fungi 
in forests and in storage, sawn goods can be contaminated 
before and during drying and storage or at the building site 
if the conditions for fungal growth are favorable. In build- 
ings, mold fungi cause problems in different structures and 
materials: roofs, basements, floors, and walls. 

Many building materials can support growth of microbes, 
and mold problems are more common than decay damages. 
Typical mold fungi found in damaged buildings are, e.g., 
Acremonium, Aspergillus species (e.g., fumigatus ), Aureobas- 
idium pullullans, Alternaria alternata, Cladosporium species 
(e.g., herbarum, sphaerospermum), Mucor species, Penicil- 
lium species (e.g., brevicompactum) and Stachybotrus species 
(e.g., atra). Often these fungi are also found in nature (soils, 
decaying materials, and waste). 

Decay fungi 
Different classifications are used for the decay fungi in prac- 
tice. Often three different decay types are classified: brown 
rot, soft rot, and white rot. Most of the brown rot and white 
rot fungi belong to Basidiomycetes, but some belong to As- 
comycetes. Most of the soft rot fungi belong to Ascomycetes 
and Fungi Imperfecti. Soft rot fungi cause cavities in the cell 
wall and the strength of wood is rapidly affected (the color 
or structure of wood is less changed). 

In buildings suffering from excessive moisture loading, 
brown rot is the most common decay type. Brown rot de- 
velops rapidly and will change the color, form, and strength 
of wood if conditions are suitable for the development of 
fungi. Among the typical brown rot fungi that cause the most 
serious damage in buildings in temperate climates are Ser- 
pula lacrymans (dry rot fungus), other Serpula and Leuco- 
gyrophana spp., Coniophora puteana (cellar fungus), different 
Antrodia/ Poria species, Gloeophyllum sepiariurn, Gloeophyl- 
lure trabeum, Paxillus panuoides, and Lentinus lepideus [21]. 
The dry rot fungus and the cellar fungus cause damage, es- 
pecially in floor construction. In roofs and walls, the damage 
is more often caused by mold fungi or other brown rot fungi. 
A typical soft rot fungus is Chaetomium globosum. White rot 
fungi are not so often connected to moisture damages of 
buildings. They are the main cause of damage in growing 
trees, wood storage, and in very wet conditions. 

Insects 
Insects can deteriorate different types of materials even 
though they don't use them as food [1]. However, wood- 
destroying insects usually utilize material as a foodstuff, ei- 
ther directly or indirectly. Some insects are only boring ma- 
terials to make nests without feeding on them. Termites 
(Isoptera) are the most important wood destroyers in the 
tropics, and subterranean termites are economically the 
most important wood-destroying insects. The termite colo- 
nies are usually housed in nests called termitaries. All ter- 
mites live almost exclusively in total darkness. Subterranean 
termites build shelter tubes from the ground to wood, often 
over building foundations. Some termites can also attack dry 
wood. Dampwood termites attack wet and decaying timber. 
Harvester termites feed on leaves and plants and do not 
damage wood. 

Many thousands species of beetles (Coleoptera) can attack 
materials [20]. The problems in materials are most often 
caused by larvae. Lyctidae (e.g., Lyctus brunneus) often infest 
hardwoods with wide vessels. Anobium punctatum, the com- 
mon furniture beetle, is common in most parts of the tem- 
perate world. It can not tolerate the cold winter of cold cli- 
mate regions and the minimum ERH for the development of 
A. punctatum is at around 65 to 70%. The death watch 
beetle, Xestobium rufovillosum and Hadrobregmus pertinax, 
requires higher moisture content in wood and usually at- 
tacks decaying timber (Fig. 3). They are typical beetles in old 
wooden houses that are attacked by rot fungi. Anobium 
punctatum has become more uncommon when the relative 
humidity of inside air is lowered due to better heating and 
ventilation systems in buildings. Long horn beetles, Ceram- 
bycidae, are mostly forest insects with few species attacking 
timber in constructions. Hylotrupes bajulus is widespread in 
Europe. The large larvae tunnel usually in softwood for 3 to 
6 years. In many cases, Buprestis haemorhoidalis causes local 
damage in wood constructions and is not as harmful as H. 
bajulus. Some insects live only in the bark of trees or in the 
outer part of sapwood, e.g., bark borer beetle, pinhole borer 
beetle. Many insects cause problems with foods, textiles, and 
other materials in buildings. 

Critical Conditions for Mold Development 

Mold fungi can grow on many different materials. They need 
nutrients from the medium, high humidity, or water. In order 
to avoid mold and decay damage in structures, the lowest 
(threshold) conditions were fungal growth is possible are 
critical. However, the duration of conditions is also signifi- 
cant. There are certain minimum and maximum levels for 
moisture content of material (or water activity) or temper- 
ature between which fungi can grow in wood. Between these 
threshold levels, the growth and development of damage 
may start and proceed at different rates depending on the 
interrelationship between humidity and temperature and 
upon other factors such as the organisms and the properties 
of the materials (Fig. 4). 

Ambient relative humidity (RH) above 75 to 80% (a w above 
0.75 to 0.80) are critical for the development of mold fungi 
in the surface of building materials (Table 4). Also, lower 
water activity limits for growth of mold fungi have been pre- 
sented, but these studies have not been concerned with 
building materials [15,17]. The temperature range required 
for the growth of mold fungi is most often between 0 and 
+50~ (32 and 122~ Some mold fungi have been found to 
grow at very low temperature, between 0 and -7~ (32 and 
20~ and some thermotolerant species like Aspergillus fu- 
migatus can grow at +55~ (130~ [10,14,21]. The mold 
fungi grow rapidly at higher humidity (ERH > 95% or a w > 
0.95) at temperatures between +20 and +40~ (68 and 
104~ At low temperatures, below +5~ (41~ the growth 
of mold fungi is slower even at high RH (Fig. 5). The wood 
moisture content is not a very valuable measure for mold 
development, since mold fungi are growing on the surface 
of wood. For mold development, the moisture content close 
to the wood surface is the most critical. However, the wood 
moisture content also affects the humidity condition close to 
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TABLE 4--Critical humidity (RH%) level for mold growth and 
decay failure on different materials. 

Material Mold Growth Decay 

Pine sapwood >80-95 
Pine heartwood >80-95 
Particle board >80-95 
Gypsum board >80-95 
Fiber board >80-95 
Wallpapers >75-95 
Putties >90-95 
Different coatings >75-95 
Concrete >95-98 

>95 
>95 
>90 
>95 
>95 
>90 

the surface. If materials are wet, the humidity of the micro- 
climate of the surface can be higher for a long time and can 
promote the fungal growth on the surface. 

For fungal growth on gypsum board, an RH between 86 
and 92% is critical [9,11]. In high-humidity conditions (RH 
97%) the growth of fungi is faster. According to Grant et al. 
[IO], the growth of mold fungi on emulsion painted wood- 
chip paper was found after three weeks' exposure at 25~ 
(77~ and RH 79%, and the nature of substrate affected fun- 
gal growth on the painted surface [13]. According to Pasanen 
et al. [15] the minimum RH required for fungal growth on 
wallpaper, plywood, gypsum board, and acoustical fiber 
board was between 83 and 96%, depending on the fungal 
species involved. 

A certain duration of suitable exposure conditions is re- 
quired before fungal growth will start or the damage will 
reach a certain grade. In the work of Viitanen [21,22], par- 
ticular emphasis is focused on this time period, the so-called 
response time or response duration. The response times 
proved to be short (from a few days to a few weeks) in con- 
ditions favorable to the growth of microorganisms and long 
(from a few months to a year) in conditions close to the 
minimum and maximum moisture or temperature levels. 

Within fluctuating humidity conditions, the period of low- 
humidity conditions preventing mold growth is especially 
critical for mold growth when the period at high RH (above 
the limit for the growth of mold fungi) is shorter than 24 h 

[23,24]. When the period at high RH is longer than 24 h, the 
effect of cumulative time at high humidity is more linear, 
and the cumulative sum of periods with favorable conditions 
for the growth of mold fungi can be used as a measure to 
predict their development. An exposure period at low RH 
prevents growth and has a direct effect on the total response 
time required for mold growth. In practical cases it means 
that the short high humidity causes no risk for mold if the 
moisture of structures is not increased to a longer time. For 
example, RH 95% for 2 h/day causes no harm if the contin- 
uous ERH of materials is below RH 75% (Fig. 6). Tempera- 
ture fluctuation can cause condensation of water or high RH 
near the surface if the RH of the inside air is high (e.g., above 
50% during the winter). In fluctuating temperature condi- 
tions at a high RH, a fall in temperature will add or even 
condense moisture on the wood surface and drastically en- 
hance the available moisture for microbial growth. 

Adan [9] used a non-linear regression technique to model 
sigmoidal curves describing vegetative fungal growth of Pen- 
icillium chrysogenum on gypsum board material. He intro- 
duced the time-of-wetness (TOW) as an overall measure of 
water availability for fungal growth under fluctuating hu- 
midity conditions. The TOW is defined by the ratio of the 
cyclic wet period (RH => 80%) and the cyclic period. The 
preliminary experiments indicated that growth of P. chryso- 
genum on the gypsum-based finishes is only weakly affected 
for a TOW _-<0.5, whereas it accelerates strongly with in- 
creasing values >0.5. 

Critical Humidity and Moisture Level 
for Rot Decay 

The moisture required for spore germination and mycelial 
growth is higher for the brown rot fungi than for the mold 
fungi. It has been shown by many authors that a brown rot 
attack on wood has no practical significance if the wood 
moisture content is less than 30%. However, a slight growth 
and activity of C. puteana and S. lacrymans has been re- 
corded even at RH 97% and 20~ (68~ when the moisture 
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content of unsterile pine and spruce sapwood was on aver- 
age 25.6 to 26.5% [21]. The brown rot fungi are growing 
best, however, at wood moisture contents between 30 and 
70% (Table 5). 

The dry rot fungus has caused serious damages in build- 
ings due to effective water transport system of its mycelium. 
Fungus can transport water from moisture sources towards 
dry wood, if no evaporation is possible. In airtight or low 
permeable structures, fungus can spread in the construction 
and cause large damage. 

The critical response time period required for decay de- 
velopment is strongly dependent on water activity and tem- 
perature (Fig. 7). The minimum water activity level for decay 
development is around 0.95 to 0.98 (ERH 95 to 98%). The 
temperature limits for the growth of rot fungi has been re- 
ported to vary between - 5  and +45~ (23 and 113~ How- 
ever, below 0 to 5~ the development of decay is very slow 
and the lethal temperatures vary between 35 and 80~ (95 
and 176~ [25,26,27]. 

E f f e c t s  o f  Mater ia l s  o n  the  D e v e l o p m e n t  o f  M o l d  
a n d  D e c a y  

The susceptibility of different materials to mold and decay 
fungi depends mainly upon the water activity and nutrient 
content of the substrate. According to Block [17], the mate- 
rials that are most hygroscopic and have sufficient nutrients 
are most susceptible to mold growth. However, the nutrient 
content level has no significant effect on the ultimate hu- 
midity limit for mold growth on materials. 

During the manufacturing of different wooden products, 
the properties of materials and also the equilibrium moisture 
content (EMC) can be changed. For example, the EMC of 
particle board is lower than the EMC of solid wood [18,21]. 
However, for biological processes and also for other prop- 
erties of wood, the water activity, RH, or equilibrium relative 
humidity (ERH) is a more usable term. ERH or ambient RH 
or water activity should be used as the critical measure for 
mold and decay problems. However, for rot development, the 
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TABLE 5--The temperature and moisture content levels for the development of decay caused by 
different brown rot fungi found in building damages. 

Temperature ~ (~ 

Fungus Species Min. Opt. Max. a 

Serpula lacrymans 
Coniophora puteana 
Antrodia/Poria spp. 
Gloeophyllum trabeum 
G. sepiarium 

0 to 5 (32 to 41) 
0 to 5 (31 to 41) 
3 to 5 (37 to 41) 
5 to 10 (41 to 50) 
0 to 5 (32 to 41) 

15 to 22 (59 to 72) 
20 to 25 (68 to 77) 
25 to 30 (77 to 86) 
30 to 50 (86 to 122) 
30 to 45 (86 to 113) 

30 to 40 (86 to 104) 
40 to 46 (104 to 115) 
50 to 70 (122 to 158) 
55 to 80 (13l to 176) 
40 to 60 (104 to 140) 

Moisture Content, MC % 

Fungus Species Min. Opt. Max? 

Serpula lacrymans 17 to 25 c 20 to 55 60 to 90 
Coniophora puteana 25 to 30 d 30 to 70 60 to 100 
Antrodia/Poria spp. 25 to 30 35 to 55 60 to 100 
Gloeophyllum trabeum 25 to 30 40 to 60 80 to 180 
G. sepiarium 25 to 30 40 to 60 80 to 120 

~Fungi can tolerate this higher temperature for limited periods only. 
bin decayed wood, moisture content can be higher due to increased porosity of wood caused by decay (especially within Gloeophyllum 
trabeum ). 
c Mycelium of Serpula lacrymans (dry rot fungus) can transport water and the fungus can spread from a moisture source towards wood with 
about 17 to 20% moisture content. Normally the growth of dry rot fungus can be started at RH > 95% (wood moisture content around 
25%). 
dAccording to some laboratory and field tests, lower levels were also obtained. However, the moisture content of wood depends on the quality 
of wooden products and in some cases the EMC is lower at the same RH. Normally the growth of cellar fungus can be started at RH > 95% 
(moisture content of pine sapwood around 25%). 
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FIG. 1--Crit ical  response time in constant humidity and tam- 
perature conditions for brown rot decay development (early 
stage decay, mass loss below 5%). After Viitanen [27]. 

humidi ty  condit ions needed are so high that  the use of ERH 
is difficult. For decay development,  the mois ture  content  is 
often above the fiber sa turat ion point  (MC > 30%). 

Norway spruce sapwood has often proved to be less sus- 
ceptible to mold than Scots pine sapwood. In  condit ions fa- 
vorable for decay, however, the decay rate in spruce can be 
higher than  in  pine. The heartwood of several wood species 
is often more resistant  than  sapwood. However, the effect of 
surface quality can be more significant than  the effect of 
wood species for growth of mold fungi. It has been shown 
that after fast kiln drying, the amount s  of ni t rogen and low- 
molecular  hydrocarbon compounds  on the surface layers of 
sawn t imber  can be higher than  inside the wood 
[12,16,28,29] and  this may promote  the mold growth. 

Logs are often wet-stored or water-stored at the sawmill. 
Water spraying is rout inely applied to protect t imber  from 
fungal and  insect attack dur ing  storage, especially to de- 
crease economical  losses caused by blue stain fungi. How- 
ever, prolonged wet storage has been shown to lead to in- 

creased permeabil i ty  and  chemical  changes with unfavorable  
effects on several properties or subsequent  use of the wood. 
In  very wet condit ions,  water-stored wood can absorb higher 
amount s  of water than  non-wet-stored wood. In  some cir- 
cumstances,  this will retard the start of growth and  activity 
of mold and  rot fungi [21,27]. 

In  buildings, the material  is most  often coated, treated, or 
painted with different products  and  treatments.  In  such 
cases, the surface t rea tment  has an impor tan t  role for the 
durabil i ty and lifetime of substrate. Degradation of the sur- 
face by micro-organisms is affected by the interact ion of ma- 
terial, surfaces, and  the sur rounding  env i ronment  and mi- 
croclimate. The chemical  and  physical s t ructure of the 
substrate as well as the surface t reatments  has a significant 
effect on the quality and  service life of the treated system, 
e.g., several factors affect mold and  decay resistance of 
painted wood [13,21,30,31]: 

�9 Wood material  and  nu t r i en t  content  on the wood surface. 
�9 Type of the exposed structure (wall height, eaves, joint,  end 

grains, fastenings). 
�9 Paint  type, fungicides, and their concent ra t ion  in the paint.  
�9 Application of fungicides in the pretreatments ,  primers,  

and paints. 
�9 Exposure condit ions (humidity, temperature)  and  expo- 

sure time. 
�9 Colonies of microbes and  fungi. 

C O R R O S I O N  

Electrochemical  corrosion of metal  components  such as 
structural  framing, reinforcing bars, masonry  anchors,  ties, 
flashings, etc. 
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Mechanisms 

The nature and rate of the atmospheric corrosion depends 
upon the properties of surface-formed electrolytes, particu- 
larly with regard to the level and type of gaseous and partic- 
ulate pollutants in the atmosphere and to the duration of 
their action on the metallic surface. Thus, not only the hy- 
grothermal performance of the building structure but also 
the corrosivity of the exterior (or interior) environment de- 
termine the vulnerability of the materials to corrosion. The 
corrosivity categories may be assessed in terms of the most 
significant atmospheric factors influencing the corrosion of 
metals and alloys, i.e,, time of wetness and pollution level. 
The corrosivity category is a technical characteristic that 
provides a basis for the selection of materials and protective 
measures in atmospheric environments subject to the de- 
mands of the specific application, particularly with regard to 
service life. 

Affected Materials 

Corrosion affects mainly metals, alloys, and metallic coat- 
ings--in a broader sense other materials may also be con- 
sidered susceptible to corrosion. Corrosion does not require 
water in liquid form--chemical attack may occur at, for ex- 
ample, relative humidities as low as 80% ISO Standard Cor- 
rosion of Metals and Mloys--Classification of Corrosivity of 
Atmospheres (9223). Some materials may not suffer from 
corrosion at all in some structures even though the thermal 
and moisture conditions are favorable to corrosion--some 
chemical catalyst is required. This may happen, for example, 
when fire-retarding chemicals used in thermal insulation 
materials are transported by water movement onto the metal 
surface [32]. 

Chemical incompatibility may cause corrosion when two 
dissimilar metals are in contact. Joined materials may re- 
quire (but not always) liquid water to be present in order to 
suffer from corrosion or chemical damage. Corrosion of 
metal in reinforced concrete can be slowed down by the slow 
diffusion of oxygen from the atmosphere into the concrete 
at high moisture contents (pore space filled with water- 
resisting oxygen diffusion). The corrosion rate of concrete 
has been found to be at its highest at a relative humidity of 
95% in the concrete because of the reduced diffusion effect. 

Small details in structures--e.g., nails in wood, joints be- 
tween sheets--may be exposed to different conditions than 
for example the clear wall surface. Moisture condensation 
on the surface of a steel frame may be driven by gravity or 
capillary forces and be found between two sheets of metal. 
The wetting of this joint occurs fast, whereas drying may 
take extremely long because of a very small surface area for 
evaporation to allow drying. 

Corrosivity Categories 

Corrosivity of the atmosphere is defined as the ability of the 
atmosphere to cause corrosion in a given corrosion system 
(e.g., atmospheric corrosion of a given metal or alloy). The 
corrosivity categories in the ISO Standard (9223) are clas- 
sified for time of wetness, pollution by SO2, and airborne 
salinity. Different metals and materials may be susceptible 
to corrosion caused by various other chemicals, too, such as 

NOx, el2, H2S, organic acids, etc. For the purpose of the In- 
ternational Standard, SO2 and chloride have been selected 
as the key corrosion factors. Thus, degradation factors that 
need to be taken into account must be individually deter- 
mined for each case under consideration. The time of wet- 
ness is defined as the period during which a metallic surface 
is covered by adsorptive and/or  phase films of electrolyte 
that are capable of causing atmospheric corrosion. The time 
of wetness can be determined either by using calculation 
methods or measured directly. 

Calculation of  Time of Wetness 

The time of wetness can be calculated by summing up the 
length of time over one year when the relative humidity RH 
is above 80% at the same time when the temperature is 
above 0~ (32~ The atmosphere can be characterized in 
relation to its corrosivity by calculating the time of wetness 
using the temperature and the relative humidity of the am- 
bient air. The time of wetness in the building envelope parts, 
however, does not necessarily correspond with the time of 
wetness in the exterior climate. The time of wetness may be 
high in the building structure even in cold and dry climates 
if the moisture performance of the structure is poor. Within 
the time of wetness categories the pollution level by sulfur 
dioxide and chlorides are the most important factors. The 
corrosivity of the atmosphere is divided into five categories, 
each corresponding to a corrosion rate. The category of cor- 
rosivity for a given location is determined as a function of 
(a) time of wetness, (b) the deposition rate of chloride, and 
(c) the deposition rate of sulfur (sheltered structures can be 
considered to have no deposition of pollutants). 

CALCULATION M E T H O D S  TO 
P R E D I C T  FAILURES 

Heat, air, and moisture transfer simulation models can be 
used to predict the hygrothermal performance of building 
envelope components. The results from the simulations in 
turn can be analyzed to predict failures. The failure analyses 
can be carried out by postprocessing the primary output data 
from the hygrothermal simulations, or the numerical simu- 
lation model can be modified to calculate additional pa- 
rameters that assist us in determining whether a risk for 
damage exists. Various levels of accuracy can be obtained by 
using not only different numerical methods but also different 
levels of input data. Even the most sophisticated models that 
exist today rely vastly on the input that the users are able to 
insert to the programs. 

A very simple method to evaluate the failure risk in ma- 
terials and structure is to measure and calculate the mois- 
ture or humidity level of materials for a longer period. Un- 
fortunately, this method can be used only for limited targets 
since the moisture and humidity level, as well as the tern- 
perature and their duration time, are changed. The mini- 
mum moisture requirement for the growth of fungi, about 
20% in wood corresponding to about 80 to 90% RH, is often 
quoted in the literature [7]. Accordingly, it is often given in 
building instructions as the maximum allowable moisture 
condition for wooden structures in order to avoid biological 
damages. In Fig. 8, some aspects of humidity, temperature, 
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FIG. 8- -Condi t ions favorable for initiation of mold growth on 
wooden material as a mathematical  model. After Hukka and 
Viitanen [33]. 

and the mold index are presented [32]. Then the duration of 
the condition or the temperature has not been taken into 
account. According to experience, the ambient humidity in 
active mold damages have been above 75 to 80% and in de- 
cay damages above 90 to 95%. 

In buildings, moisture transport and accumulation and in- 
teractions of different materials affect local moisture con- 
ditions and complicate the evaluation of moisture risks. The 
growth of fungi also changes the moisture conditions, as wa- 
ter is produced in the decay process and certain fungi like 
the dry rot fungus can efficiently transport water from a 
moisture source to dry structures. This will change the con- 
cept of calculations. 

M a n u a l  M e t h o d s  

The dew point method, or its modifications in the Glaser or 
Kieper methods, may be used to roughly estimate the like- 
lihood of condensation or high relative humidities within the 
building structures (see Chapter 7). Surface condensation on 
windows or wall frames may be estimated simply by looking 
at the wall/window surface temperature, the corresponding 
saturation vapor pressure, and the vapor pressure of indoor 
air. The simple hygrothermal calculation methods have such 
shortcomings that they can not be used to predict failures 
or damage in building components except in structures with 
excessively poor moisture performance. The manual calcu- 
lation methods ignore many of the processes and properties 
that are relevant in order to perform accurate analysis. Some 
of these are moisture or thermal capacity of materials, mois- 
ture-dependent transport properties, airflow, capillary trans- 
port, latent heat of evaporation, or melting just to mention 
a few. Even the most sophisticated methods still lack a lot 
of information and submodels of moisture transfer. 

A d v a n c e d  N u m e r i c a l  T o o l s  

Advanced heat, air, and moisture transfer models, such as 
those described in other chapters, may provide us with the 
relevant parameters required to perform damage or failure 

prediction. Such parameters include temperature, relative 
humidity, and moisture content. Additional parameters that 
have to be embedded into the models or extracted from the 
saved results include: time of wetness, freeze-thaw cycles (as 
a function of moisture content or saturation), and mold 
growth estimating index. The models should separate vapor 
and liquid flows--liquid flow of moisture may transport 
chemicals to the surfaces of materials that are not resistant 
to them. Moisture-driven salts on the surface of brick walls 
might not damage the brickwork, but nevertheless damage 
has occurred in the form of lost esthetic quality. 

Current damage models that use hygrothermal simulation 
results as input should be used primarily for comparing the 
performances of building components and for carrying out 
sensitivity analyses. The reason for this is the combined ac- 
curacy and uncertainty of the calculations. The accuracy of 
the models is discussed later. 

Currently only deterministic models are used for hygroth- 
ermal performance predictions. Some stochastic or proba- 
bilistic models have been used for research purposes, but 
even today with quite powerful computers, e.g., the Monte 
Carlo simulation method requires in most cases too much 
effort to be practical for everyday use for designers. Sto- 
chastic modeling is needed if proper damage or risk analysis 
is going to be carried out. Most of the input parameters in 
a hygrothermal simulation have statistical distributions-- 
they are not single valued [3]. 

The most important types of parameters are exterior and 
interior climate, material properties, geometry of the struc- 
ture, and initial conditions and finally and most importantly 
the degradation processes, i.e., the performance criteria. In 
order to carry out meaningful simulations for the purpose of 
designing durable structures with long service life we need 
to use, for example, the moisture design reference year 
(MDRY) as exterior climate instead of weather data meant 
for energy calculations. MDRY should be more severe than 
the long-term average climate conventionally used for energy 
calculations--we do not want our buildings to fail every sec- 
ond year, Here we have to make a clear distinction: we will 
have to decide whether we are going to carry out simulations 
in order to predict the performance in the future with the 
known environmental conditions or whether we want to de- 
sign the structures in order to make them last and serve as 
intended as long as possible. When designing building struc- 
tures with deterministic models we will have to set safety 
factors in the input data, i.e., the boundary conditions and 
material properties or in the failure criteria. 

Failure Criteria 

In order to assess the material and system performance we 
first have to identify the mechanisms that lead to damage 
and loss of performance. In the design phase of buildings we 
should (1) establish appropriate levels of performance for 
building and components (i.e., the limit states), (2) prescribe 
performance criteria for materials, components, and assem- 
blies, and (3) confirm acceptability and achievement of per- 
formance [4]. The performance criteria can be divided into 
two main categories: qualitative criteria and quantitative cri- 
teria. 

Qualitative criteria have to be used when we do not know 
the degradation processes in detail. For example, we could 
know that the rate of degradation increases as the moisture 
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content increases. With qualitative criteria it is not possible 
to assess the risk for moisture damage. The examples of the 
qualitative criteria could be, e.g., not to allow net yearly 
moisture accumulation or condensation to occur at any time 
of the year. Conventional methods have been to set critical 
moisture content levels, critical relative humidity, or critical 
cumulative exposure to certain conditions. We may require, 
for example, that the moisture content of the material may 
not rise above 80% RH or 90% of saturation moisture con- 
tent or that no freeze-thaw cycles (or a certain number of 
them) are allowed when moisture content is above the set 
limit. 

Quantitative criteria can be used only if performance limit 
states are known. Statistical data about degradation for con- 
sidered materials with known conditions have to exist. 
Quantitative criteria can ultimately be used to assess deg- 
radation or risk for moisture damage. 

Mold Growth Estimation 

Recently, Viitanen [22] has published comprehensive regres- 
sion models for mold growth in constant humidity and tem- 
perature conditions for pure pine and spruce sapwood. 
Those regression models along with the experiments in fluc- 
tuating conditions are the basis for the new mathematical 
model [33]. It is a material model describing the response of 
pure wooden material to arbitrary temperature and humid- 
ity conditions and will form an essential part of a more com- 
plete structural model simulating the moisture behavior of 
building structures in actual measured weather conditions. 
Adan [9] has developed a model for the mold growth and 
moisture properties of gypsum boards and other gypsum 
materials. 

The regression models describe the development of mold 
and decay in relation to humidity, temperature, and the du- 
ration of exposure (see Figs. 5 and 7). The critical minimum 
level of humidity and temperature and their critical duration 
for the initial stages of mold and decay or for the develop- 
ment of mold and decay in pine and spruce sapwood can be 
predicted from these models. 

Mold growth in the structures can be estimated by using 
a model equation that employs temperature, relative humid- 
ity, and exposure time as input [4,33]. A short introduction 
to the mold growth model and involved mathematical equa- 
tions is given here. 

Quantification of mold growth in the model is based on 
the mold index used in the experiments for visual inspection 
(Table 6). The mold growth model is based on mathematical 
relations for growth rate of mold index in different condi- 
tions including the effects of exposure time, temperature, 
relative humidity, and dry periods. The model is purely 
mathematical in nature and, as mold growth is investigated 

TABLE 6--Mold index values and their description 
for mold growth. 

Index Descriptive Meaning 
0 No growth 
1 Growth starts, some growth detected only with microscope 
2 Moderate growth detected with microscope 
3 Some growth detected visually, new spore formation 
4 Visually detected coverage more than 10% 
5 Visually detected coverage more than 50% 
6 Visually detected coverage 100% 

only with visual inspection, it does not have any connection 
to the biology in the form of modeling the number of live 
cells. Also, the mold index resulting from computation with 
the model does not reflect the visual appearance of the sur- 
face under study, because traces of mold growth remain on 
wood surfaces for a long time. The correct way to interpret 
the results is that the mold index represents the possible ac- 
tivity of the mold fungi on the wood surface. 

The model makes it possible to calculate the development 
of mold growth on the surface of small wood samples ex- 
posed to fluctuating temperature and humidity conditions 
including dry periods (see Fig. 6). The numerical values of 
the parameters included in the model are fitted for pine and 
spruce sapwood, but the functional form of the model can 
be reasoned to be valid also for other wood-based materials. 

The calculation method is briefly as follows. The critical 
relative humidity above which mold growth is possible is a 
function of temperature. At temperature below 0~ and 
above 50~ (122~ mold growth is in most cases not pos- 
sible. The critical relative humidity lies between 100% RH 
(at 0~ (32~ and 80% RH (at 20~ (68~ The growth rate 
of mold increases as temperature and relative humidity in- 
crease and is also dependent on the mold index itself: higher 
mold index enables faster mold growth. During dry periods 
when relative humidity is below the critical humidity or 
when temperature is outside the range of temperature ena- 
bling mold growth, the mold index decreases at a constant 
rate. 

After having mathematical models in mold growth or mold 
index, we can connect the model with building physics sim- 
ulation model like TCCC2D [4]. In this way, we can estimate 
if the conditions in different simulated structures offer a risk 
for mold growth. We can also simulate if the mold risk is a 
significance risk and in which part of a simulated envelope 
structure the risk can exist. Currently, the mold growth es- 
timation model is used mainly for comparison of different 
structures with different air leakages. We can ask: should we 
allow any mold growth at all in various parts of the building 
envelope or can we allow growth to occur in the exterior 
parts not directly in contact with the interior air? These are 
the questions that have yet to be answered. In the current 
situation the mold growth estimation model is used mainly 
for comparison purposes for which it is a powerful tool. An 
example of this is given in Fig. 9, which shows the calculated 
mold index in the exterior sheathing when different cavity 
ventilation rates have been used in the exterior wall cavity 
between the siding and exterior sheathing. For this specific 
exterior wall case, a minimum ventilation rate could be 
found to minimize the potential for mold growth. 

Uncertainty and Errors o f  the Failure Predict ions  

The results of hygrothermal performance simulations ac- 
commodate vast uncertainty even if the numerical and phys- 
ical equations are very accurate in comparison to analytical 
solutions. We know, for example, that the material properties 
may have large scatter (e.g., _+ 40%) [34] and the boundary 
conditions and the microclimate around the building enve- 
lope part can not always be known with satisfactory accu- 
racy. Degradation mechanisms have their own statistical be- 
havior and furthermore degradation relies on the results of 
the hygrothermal simulations. Owing to this we have con- 
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FIG. 9--Mold index on the exterior surface of exterior sheathing (porous wood fiber 
board) at different heights of the wall as a function of different cavity ventilation 
rates. Results for a wall with building paper. 

founding factors that make the estimation of failures quite 
uncertain with the use of deterministic models. Because of 
these uncertainties that can not be taken care of with the 
deterministic methods, we will have to set safety factors and 
carry out sensitivity analyses in order to find material prop- 
erties, systems, and practices that lead to more durable, hy- 
grothermally well-behaving building systems with long (de- 
sign) service life. 

FUTURE P R O S P E C T S  

New models are developed further, and the fluctuation of 
humidity and temperature are included in the models and 
these new models are connected with the LATENITE pro- 
grams [4]. The mathematical models developed can be util- 
ized in building design and maintenance to evaluate and 
eliminate the risk of biological damage in timber structures. 
These models can be used to predict the critical duration of 
different humidity and temperature conditions for the de- 
velopment of mold in wood materials. 

It has to be noted that the models thus far are based on a 
limited range of materials and conditions and may not apply 
outside the limits of this study. The model makes it possible 
to calculate the development of mold growth on the surface 

of small wood samples exposed to arbitrary fluctuating tem- 
perature and humidity conditions including dry periods. The 
numerical values of the parameters included in the model 
are fitted for pine and spruce sapwood, but the functional 
form of the model can be reasoned to be valid also for other 
wood-based materials. 

When applying the models, the great natural variability of 
materials and different treatments should also be taken into 
consideration. More information is needed on the effects of 
wood properties in order to include the properties as true 
variables in the models. Further studies are also needed on 
the effects of alternating conditions on the development of 
damages. With further research, the models could in the fu- 
ture serve as a basis for improvement of design and dimen- 
sioning of timber structures in order to avoid biological 
damages. 
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IN THE DESIGN of modern engineered buildings it is custom- 
ary to use a variety of mathematical models to simulate the 
performance of the structural system and the service (HVAC) 
systems. Structural, mechanical, and electrical engineers use 
various different mathematical models to analyze the re- 
sponse of the modeled system or subsystem and then im- 
prove, adjust, or revise the system as needed until a final 
design is arrived at. Analysis, even crude analysis and, per- 
haps, with more than one model, is necessary to design a 
new facility or subsystem as well as to assess an existing 
building or part thereof. 

The building industry is moving toward a similar situation 
with building enclosures. However, we in North America still 
have some way to go in developing a professional consensus 
on which models are to be preferred, what analysis proce- 
dures are cost and qualitatively effective, and how to develop 
the necessary experience to use these models properly. Rap- 
idly changing technologies, e.g., materials and interior build- 
ing environments, combined with higher expectations of per- 
formance for both the enclosure and the building, have 
created a very real need for the development and use of prac- 
tical hygrothermal analysis methods. 

This chapter will provide some background and a brief 
overview of the various building hygrothermal analysis 
methods. The objective is to provide a framework to identify 
the different needs, to list and compare analytical proce- 
dures and models, and to give some direction to those who 
would like to match need and HAM (heat, air, and moisture) 
analysis methods. The intent and limitations of the various 
hygrothermal anMysis procedures, the factors that affect the 
value of the results, and the nature and amount of infor- 
mation required are also outlined. 

The intent of this chapter is not to reproduce the excellent 
and detailed state-of-the-art report authored by Hugo Hens 
as part of the IEA Annex 24 project. This document should 
be referred to for more detailed information on heat, air, and 
moisture physics and for a more comprehensive listing of 
models. 

T H E  N E E D  F O R  ANALYSIS 

The general goal of hygrothermal analysis is the evaluation 
of the temperature and moisture conditions that might pre- 
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vail across and within a portion of any building enclosure 
over time. Different individuals or groups may have different 
needs for HAM analysis. Three general needs for analysis can 
be identified: design, assessment, and study (Fig. 1). Design 
professionals such as architects and engineers generate the 
first two needs. Researchers and students have a need to 
study enclosure performance. 

Probably the most important and also the most basic need 
is to learn how to conduct a HAM analysis and thereby to 
develop the experience necessary to undertake design and 
then to utilize the more sophisticated analysis tools. Re- 
search is an extension of this basic need in that, for the pur- 
poses of research, development, or demonstration, more ac- 
curate and more complex mathematical models may be 
necessary. The need for assessment of an enclosure whether 
for the purpose of a condition assessment, forensic investi- 
gation, conversion, or space conditioning energy calculation 
usually involves an existing building. Of course the process 
of design involves choices, repetition, and judgment and re- 
quires much more than analysis. Figure 2 is an attempt to 
demonstrate the procedural and other differences between 
design needs and assessment or study needs. Note that one 
important decision that has to be made is whether a formal 
analysis is even necessary; prior experience may obviate any 
need for an analysis. 

The purpose of most hygrothermal analysis is usually to 
provide sufficient and appropriate information needed for 
decision-making. The three most common reasons for con- 
ducting of a hygrothermal analysis can be listed as: 

1. Develop an appropriate level of understanding of enclo- 
sure response, e.g., does condensation occur and how 
much; is thermal bridging significant; where and when 
will decay occur? 

2. Identification and/or  avoidance of a performance prob- 
lem, e.g., excessive condensation; stud ghosting; decay. 

3. Quantify energy flow through the enclosure as well as its 
impact on comfort and mechanical systems. 

Depending on the need, an appropriate analysis technique 
should be chosen. The quality and quantity of information 
required must be consistent with the analysis technique cho- 
sen. For example, consider the case where one needs to 
avoid a specific enclosure problem. This problem may re- 
quire only a one-dimensional, steady-state analysis of one 
extreme set of climatic data and material properties. M- 
though a simple analysis technique may provide neither ab- 
solutely correct or accurate results, so long as a satisfactory 
decision can be made (i.e., a safe design) with this infor- 
mation, the technique fills the need. Consider also the situ- 
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ation when conducting a parametric analysis where the ac- 
curacy of the difference between results (relative results) 
may be much more accurate than the absolute value of any 
particular result. Indeed, in many buildings no analysis is 
required because of long and successful experience with that 
specific assembly in that specific climate. 

More detailed, and more accurate, analysis is often re- 
quired when the potential cost of a problem is high, a new 
and untried product is to be used, or to demonstrate con- 
formance to regulatory bodies. A detailed analysis, however, 
requires a much higher level of experience on the part of the 
analyst, more and more detailed material and boundary con- 
dition information, more powerful computers, and above all, 
more time. 

M O D E L I N G  H Y G R O T H E R M A L  
P E R F O R M A N C E  

Although the physics of moisture storage and transport are 
reasonably well understood, predicting the moisture and 
temperature conditions inside building enclosures is seldom 
a simple task. The prediction of the hygrothermal perform- 
ance of the building enclosure typically requires some 
knowledge of: 

1. Geometry of the enclosure--including all macro building 
details (e.g., building shape and height), enclosure assem- 
bly details, and micro-details (e.g., cracks) (as shown in 
Fig. 3, the building enclosure is usually discretized into 
smaller representative elements). 

2. Boundary Conditions 
(i) interior environment, including the interaction of the 

enclosure with the interior environment, and 
(ii) exterior environment, including the interaction of the 

building with the exterior environment. 
(iii) boundary conditions between elements (Fig. 3). 

3. Material properties and their variation with temperature, 
moisture content, and age, as well as their chemical in- 
teraction with other materials. 

4. Physics, chemistry, thermodynamics, and mathematics of 
combined heat, air, and moisture transport. 

These four categories are sufficient to conduct an analysis. 
However, analysis cannot or should not be done in a vac- 
uum; there must be both context and limitations. In any en- 
closure problem, one must know the general performance 
conditions as well as the important performance thresholds. 
This could constitute the fifth category of information re- 
quired for a hygrothermal analysis: 

5. Performance thresholds (that is, the conditions under 
which a material or assembly will cease to perform as in- 
tended). 

Five major categories of required knowledge and infor- 
mation have been listed above. Each of these five categories 
involves some mathematical representation. Representation 
requires assumptions and approximations. Therefore, what- 
ever the model used (no matter how complex), it will, to 
some degree, be incorrect. At present, one is often forced to 
make gross assumptions because of a lack of information 
and knowledge. In practical situations, such as a design 

FIG. 3--Aspects of the enclosure. 

problem, the constraints of time and money will also have 
an impact on which approximations and assumptions are 
made. 

Most champions of complex HAM models emphasize the 
accuracy of the modeling of the building physics or the num- 
ber of dimensions, etc. For example, in the recent Annex 24 
review of HAM models [1], the models were differentiated 
on the basis of how well the physics was modeled. The ability 
of a model to match real performance, however, depends on 
the collective, possibly accumulative, influence of all the 
other aspects as well. 

To illustrate the scale and complexity of the problem of 
accurately modeling HAM, consider that each one of the five 
required categories of information listed above is also de- 
pendent on the consideration of: 

1. Dimension--one, two, or three dimensional. 
2. Time--steady-state, quasi-static, or dynamic. 
3. Quality and availability of information. 
4. Stochastic nature of each data set (e.g., material proper- 

ties, weather, construction quality). 

The degree to which these factors are taken into account 
is usually considered to be the measure of the sophistication 
of the model. For example, a three-dimensional, dynamic 
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model that uses measured material and boundary condition 
data and accounts for their variation with time could be con- 
sidered to be a reasonably comprehensive and therefore so- 
phisticated model. However, regardless of the sophistication, 
the accuracy of other input data (boundary conditions, ma- 
terial properties, and geometry) and the performance thresh- 
olds will limit the accuracy and utility of the results. Fur- 
thermore, from a practical point of view, the value of the 
results should be consistent with the effort, time, computa- 
tional resources, and cost entailed. 

INFORMATION REQUIRED FOR ANALYSIS 

Each of the five categories of information required for a 
HAM analysis is briefly reviewed below. It should be empha- 
sized that the study of each of these topics is a significant 
undertaking in itself and only the most important points can 
be discussed. 

Enclosure Geometry 

The actual enclosure geometry must be modeled before any 
hygrothermal analysis can begin. In simple methods the ge- 
ometry is almost always reduced to a series of one- 
dimensional layers. Note that it is rare to ever have a detailed 
and comprehensive knowledge of the three-dimensional en- 
closure. Gaps and discontinuities are important as they usu- 
ally create a contact resistance or break for capillary flow, 
cracks, and punctures allow airflow, etc. In fact, most anal- 
yses are conducted on ideal walls. The reason for most per- 
formance problems is unknown or unpredictable imperfec- 
tions in the enclosure. The ability to model the actual 
enclosure geometry, including the inevitable imperfections, 
may in fact often be the most important factor for the ac- 
curate prediction of true, three-dimensional hygrothermal 
enclosure performance. The shape of the enclosure may 
change with time, for example due to wind pressures, shrink- 
age, etc. 

Boundary Conditions 

The boundary conditions imposed on a mathematical model 
are often as critical to its accuracy as the proper modeling 
of the moisture physics. In general, both the internal and 
external environments need to be known (see Chapter 2). For 
instance, both driving rain and solar radiation must be prop- 
erly accounted for. Few of the models deal with driving rain, 
partly because there are little data available. There are some 
practical situations where driving rain need not be ac- 
counted for, namely enclosures with functional fully sealed 
perfect barrier or non-absorbent claddings systems. How- 
ever, the practical value of models that do not account for 
driving rain deposition is curtailed, especially if the tolerance 
of an assembly to imperfections in construction is to be as- 
sessed. 

For models that include air flow, accurate and detailed 
knowledge of wind pressure variations and building stack 
effect pressures is required, but are only very rarely avail- 
able. Interior and exterior temperatures are known with a 
much greater degree of accuracy than any of the other 

boundary conditions, but their precise knowledge is usually 
not that important to the results. The magnitude and varia- 
tion of interior humidity, which can be critical to the success 
or failure of a given enclosure in service, is more poorly 
known, although recent research has improved the quality 
and quantity of the information available. 

The time-domain is also important. Almost all computer 
models employ hourly time steps, since most weather data 
are available in this form. Simple analysis methods employ 
monthly averages, binned data, or even seasonal averages. 
The choice of time step is not critical for most models: a 15- 
rain time step provides no increase in accuracy over a 1 h 
time step that is not overwhehned by the uncertainties of the 
input data. 

Material Properties 

The material properties required for hygrothermal analysis 
depend on the type of problem that needs to be solved and 
the analysis tool chosen to assist in the solution. Simple 
models often require only a single value for the vapor per- 
meability and thermal conductivity. Such data are tabulated 
in various references for many materials (see Chapter 3), but 
it is sometimes difficult to find and is often inaccurate and 
out of date. 

More detailed analysis requires more detailed and higher 
quality material property data. Detailed models will require 
air and vapor permeability, moisture diffusivity, and thermal 
conductivity values, all as a function of temperature, mois- 
ture content (RH), and age. Such complete detailed material 
property data sets are exceedingly rare. While this detailed 
information exists for a limited number of material samples 
[2], almost no studies have been conducted to quantify the 
variability of ostensibly similar materials. It is known that 
some materials (e.g., wood, concrete) can exhibit very wide 
variations in properties depending on source, manufacturing 
technique, etc. (See also Chapter 3.) 

Modeling the Physics 

Several comprehensive and informative review papers from 
chemical engineering [3] and soil science [4] appear to pro- 
vide a more comprehensive view of moisture transport phys- 
ics than the building science literature. Some of the more 
recent mathematical models proposed [5,6] improve upon 
the more limited models of Philip and de Vries [7] and Lui- 
kov [8], which have often been used as the basis for building 
enclosure hygrothermal performance models. The work of 
Imakoma et al. [9] also suggests that great improvements 
can be made. Building science applications, however, are 
more dynamic than soil problems, boundary conditions are 
less accurately known than in chemical process engineering, 
and, unlike most other disciplines, multi-layer assemblies 
must be dealt with. 

Despite the difficulties, many models have been developed, 
ranging from the very simple to the most complex practical 
with the computer resources and knowledge available. 

Each detailed model is based on a particular means of 
modeling the moisture physics. One approach is to choose a 
driving potential and lump all mechanisms into one total 
moisture diffusivity function. Another approach is to sepa- 
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rate vapor diffusion from liquid transport. In the latter case, 
one can model the flow as either a parallel process (vapor 
diffusion and capillary transport) or series (i.e., vapor dif- 
fusion functions to a certain moisture content, then capillary 
conduction takes over). In reality the flow is parallel, al- 
though the series approach may be sufficiently accurate in 
some cases. 

Almost all models use an average moisture storage func- 
tion that does not exhibit hysteresis. Some models only deal 
with the hygroscopic region. 

There is a range of possible moisture driving potentials: 
vapor pressure, relative humidity, capillary suction stress, or 
moisture content. (Chemical potential is another little used 
potential). The argument against vapor pressure is that it 
drives only vapor diffusion, and hence is not typically used 
alone. The disadvantage of using moisture content, while 
physically valid, is that it is discontinuous at material inter- 
faces and hence its use adds mathematical difficulties to the 
calculations. Capillary suction is likewise a discontinuous 
function. Relative humidity does not actually drive liquid or 
vapor flow but is continuous across an assembly. All of the 
potentials can be related to one another and can be used 
with the proper transformations (i.e., via Kelvin's equation 
and the sorption isotherm/moisture storage function). 

Vapor diffusion is supposedly a well-understood transport 
mechanism, although the measurement and understanding 
of different vapor flow enhancement mechanisms requires 
more work before a consensus can be reached. Knudsen dif- 
fusion (effusion) is explicitly ignored by all building models, 
but is usually implicitly included in the vapor permeability. 
Few computer models account for the different temperature 
dependencies of Fickian and Knudsen diffusion, likely be- 
cause the differences are small in comparison to the vari- 
ability of the measured vapor permeability. 

Surface diffusion is discussed as a transport mechanism 
in many of the model developments. Few models explicitly 
deal with the fact that the adsorbed moisture density gradi- 
ent is the driving force. Surface diffusion may be implicitly 
included in models that use measured total moisture dif- 
fusivities, but temperature effects must be accounted for and 
many models use material properties that include only cap- 
illary flow driven by suction. In fact, it is important to un- 
derstand that moisture flow cannot simply be driven by va- 
por diffusion or capillary suction, but that surface diffusion 
also acts and all three mechanisms may be acting at some 
times. 

Liquid conductivity is included in most of the detailed 
models described later, although some of the earlier and sim- 
ple models use constant diffusivity (even though it usually 
varies by several orders of magnitude with changing mois- 
ture content). One model includes different functions for 
wetting, drying, and redistribution, although this may be 
possible to implement in models with multiple sets of data 
for each material. This is worrying since Karagiozis et al. 
[10] have shown, through parametric modeling, that the use 
of the proper liquid diffusivity is very important for accurate 
predictions in some applications. If water content is used as 
a driving potential, it must be coupled to the suction curve 
to avoid the erroneous calculation of liquid flow in the super- 
saturated region (a fictitious liquid diffusivity might also be 
used). 

Gravity-driven liquid flow (i.e., drainage) may be impor- 
tant for the accurate modeling of some types of walls and 
some conditions (rain penetration). Liquid water not ab- 
sorbed in the pores of capillary active materials will cling to 
surfaces until gravity forces overcome surface tension and 
drainage flow begins. The amount of moisture that clings is 
a function of the surface on which it is deposited. This sur- 
face water can be modeled by assuming a surface material 
layer with certain moisture storage properties. Most of the 
models that consider drainage assume perfect drainage (e.g., 
the water is removed from the enclosure) after a certain 
amount of moisture is deposited on a surface. Note, however, 
that liquid water transport is similar to air leakage in that 
both occur at unknown locations with unknown intensity. 

Convective vapor transport, i.e., air leakage, is accounted 
for in some of the most comprehensive models. The proper 
modeling of convective airflow and its moisture transport is 
important to some types of buildings (especially lightweight 
framed enclosures with incorrectly installed or low-density 
insulation). Unfortunately, convection is even more difficult 
to model than diffusive and capillary moisture transport. In 
practice, most building enclosures are designed as if they are 
perfect air barriers; in reality, they are not. In order to model 
air leakage, one must have some knowledge of the flaws. Any 
models that do include air leakage effects must deal with the 
fact that the results are only as accurate as the estimate of 
the flaw in the air barrier. With these limitations in mind, 
several of the models that do include air leakage have been 
shown to be quite useful as research tools. 

Performance Thresholds 

The temperature and moisture conditions at which perfor- 
mance is lost are covered in much greater depth in Chapter 
4 of this manual. 

The threshold moisture content level that corresponds to 
most moisture-related damage mechanisms is often equiva- 
lent to that material's moisture content when that material 
is in equilibrium with an environment of approximately 80% 
RH [11-13]. At this relative humidity, both fungal growth 
and corrosion can be sustained, provided temperature con- 
ditions are favorable. This is a first-order estimate, since 
wood may require higher RH levels for decay fungi to act, 
and steel may corrode at lower RH levels. Although it may 
be reasonable and conservative to use the moisture content 
of a material at 80% RH as a threshold level for performance 
problems, the actual performance threshold varies with 
time, temperature, type of deterioration, etc. Liquid water is 
required for freeze thaw damage and high rates of deterio- 
ration. Much more work is required to define the conditions 
under which most materials will deteriorate. 

AVAILABLE ANALYSIS TOOLS 

Since all models are simplifications of real behavior, it is dif- 
ficult to define a demarcation point between simple and de- 
tailed models based on their modeling parameters alone. It 
may instead be more useful to differentiate between models 
based on the need they are intended to fill. This chapter as- 
sumes that the differentiation is based on the intent of the 
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model: detailed models aim to predict actual performance, 
while the purpose of simplified models is primarily to pro- 
vide sufficient information to allow designers and analysts 
to make decisions. 

In many design or assessment situations, the results of an 
analysis must provide sufficient information to accept or re- 
ject a particular assembly or material. The relative perfor- 
mance of several assemblies is far more important to a de- 
signer with a choice to make than the actual performance of 
each. A great deal can be learned from "what-if" analysis, 
especially when tracking the influence of a single variable. 
In any case, the designer often does not have the resources 
(time, knowledge, material properties, etc.) to conduct a 
more detailed analysis. Simple models have been developed 
to fill this need. 

Simple models are not necessarily intended to predict per- 
formance accurately, but to provide predictions of sufficient 
accuracy for the purpose of decision making. Such models 
must include information from all five of the basic data sets, 
but simplifying the data significantly. For example, monthly 
average conditions can be used to represent boundary con- 
ditions; three-dimensional airflow can be simplified to one- 
dimensional steady state; material properties are assumed to 
be constant, etc. 

It is often useful or necessary to conduct a detailed anal- 
ysis for research, product development, litigation, and his- 
toric renovation work. Detailed models have undergone dra- 
matic development in recent years. They are briefly reviewed 
below. 

Heat Flow Models 

Heat and moisture flow through building enclosures are in- 
extricably coupled. However, knowledge of only the temper- 
ature conditions in an enclosure can still be very useful to 
the analyst. Numerous computer models exist for the pre- 
diction of heat flow through buildings. These programs can 
be differentiated by the number of dimensions that can be 
modeled, whether dynamic analysis is possible, and on how 
they handle radiation and convection at surfaces and in cav- 
ities. The most widely used programs in North America, 
FRAME 4.0 and Therm 2.0, are two-dimensional steady-state 
models that are especially useful for assessing the thermal 
performance of windows and other lightweight assemblies. 
Both of these programs allow for fast analysis of the tem- 
perature conditions in an existing or proposed enclosure. 
The Swedish programs HEAT2 and HEAT3 provide even 
more information by allowing for the dynamic analysis of 
two- and three-dimensional structures. All four of these pro- 
grams are commercially available. HEAT7.2, developed at 
Oak Ridge National Laboratory (ORNL), has been used 
widely to solve complex three-dimensional thermal bridging 
and dynamic heat loss problems [14]. 

damentals has included a cursory example of this method 
since the 1981 version. Typically Glaser analysis assumes 
steady-state boundary conditions for periods ranging from a 
few days to a few months, and invariant material properties. 
(See also Chapter 7.) 

Several European codes accept the use of Glaser's method 
for supporting an enclosure design. The German moisture 
standard, DIN 4108 [17], for example, provides the thermal 
conductivity and vapor permeance of a range of materials, 
defines the boundary conditions and period of time to be 
used for both wetting and drying, and even recommends ac- 
ceptable performance thresholds (e.g., by giving maximum 
safe moisture contents for various materials). Most North 
American publications describing Glaser's method assume 
only one set of boundary conditions (wetting) and even con- 
sider any condensation as failure. 

While diffusion may be an important moisture transport 
mechanism in enclosures made of solid, capillary active ma- 
terials (such as the plaster-finished masonry walls often used 
in Europe), exfiltration condensation is more important for 
both energy consumption and moisture tolerance of the 
lightweight framed assemblies used widely in North Amer- 
ica. A simple extension of Glaser's diffusion method can be 
made that adds simple convection in parallel with diffusion. 
Such a model considers air leakage to be a diffusive process, 
uncoupled from heat flow, with no account for latent heat 
effects. By the further expedient of ignoring hygroscopic ad- 
sorption and convective heat flow, several simple models 
have been developed. 

Stewart [18] was probably the first to develop such a 
model. His model used hourly weather data and included 
solar radiation effects, but it did not gain acceptance likely 
because it was proprietary. TenWolde [19] reported the de- 
velopment of a computer model based on one-dimensional 
convection and diffusion with no capillary transport but us- 
ing monthly average temperature and humidity values. 

Handegord [20,21] developed EMPTIED, Envelope Mois- 
ture Performance Through Infiltration Exfiltration and Dif- 
fusion for Canada Mortgage and Housing Corporation. It 
uses monthly bin temperature data (e.g., it does not consider 
heat storage) and outputs plots of the monthly amount of 
condensation, drainage, and evaporation. EMPTIED is avail- 
able free from CMHC, is very easy to operate, and provides 
fast, generally conservative, results. 

DeGraauw [22] documented a Simplified Hygrothernlal 
Analysis Method (SHAM) that extended EMPTIED'S simple 
diffusion/convection model by adding guidance for assess- 
ing the impact of driving rain, solar radiation, built-in mois- 
ture, coupling of convective heat and vapor flow, etc. Al- 
though the method typically uses computer spreadsheets and 
can be easily implemented in a simple computer program, 
it was developed for use as a pedagogical tool and for de- 
signers with an understanding of building science. 

Simplified HAM Models 

One of the first, and most widely referenced, simple models 
is Glaser's method [15,16], originally published in 1958-59 
as a graphical method. This model assumes the building en- 
closure is one-dimensional and that all moisture transport is 
driven by vapor diffusion. The ASHRAE Handbook of Fun- 

Review of  Detailed Computer Models 

A comprehensive review of available heat, air, and moisture 
models can be found in the Task 1 Report of the Interna- 
tional Energy Agency's Annex 24 [1]. This review emphasizes 
the models that are either available to North American prac- 
titioners or have been used in important research. 
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The models that are discussed below have each been im- 
plemented in computer programs that use various finite- 
element or finite-volume schemes. The numerical virtues and 
difficulties of each approach are not the primary interest 
here (although this topic is critical for practical computer 
models). 

Cunningham [23] took a simplified approach and used va- 
por pressure as the only driving potential, as vapor diffusion 
and convection are assumed to be the only moisture- 
transport mechanisms in this model. The model used the 
sorption isotherm to couple moisture content to vapor pres- 
sure and a linearly varying vapor diffusion coefficient. De- 
spite the extensive simplifications, the model was validated 
by simple lab tests [24] and extensive in-service monitoring 
[25] of wood-framed roof structures. The limitations of the 
model are that it cannot deal with rain absorption, situations 
where capillary active materials are above the critical mois- 
ture content, or complex airflows. 

WALLDRY [26,27] is a simple model that attempts to 
model the drying of framed wall assemblies by decoupling 
heat, moisture, and airflow. Moisture transport is considered 
to be exclusively by vapor diffusion, since capillary transport 
in wood is a rather slow process. In field validation trials, 
the model was unable to capture finer details of the drying 
process, although in some situations it was able to model 
some features of the moisture transport process. It is a pub- 
lic-domain package available from the Canada Mortgage and 
Housing Corporation. It is presently being upgraded to bet- 
ter model the drying of walls, especially those that incorpo- 
rate ventilation behind the cladding. 

TRATMO (Transient Analysis Code for Thermal and Mois- 
ture Physical Behaviours of Constructions), developed by 
Kohonen [28], was one of the first relatively complete and 
useful computerized building enclosure models. It used va- 
por pressure (calculated from the moisture isotherm) and 
temperature as driving potentials. However, as initially im- 
plemented, the moisture diffusivity and vapor permeability 
were constant, and surface diffusion was included as part of 
the vapor diffusion term. 

Carsten Rode (formerly Pedersen) [29,30] used both the 
sorption and suction curves to define the moisture storage 
function in his one-dimensional model, MATCH. In the hy- 
groscopic regime the sorption isotherm (defined by an equa- 
tion that allows hysteresis) is used, and moisture transport 
is assumed to be by vapor flow only, driven by vapor pressure 
differences and defined by the vapor permeability of the ma- 
terial. In the capillary regime the suction curve is used to- 
gether with the hydraulic conductivity to model moisture 
transport. The more recent research-only version accounts 
for diffuse air leakage, enthalpy flow, and latent heat. Some 
validation has been carried out through the use of his own 
[31] and other researcher's [32] lab results, although none of 
the work has involved driving rain deposition or similar nat- 
ural exposure. MATCH, like the similar MOIST, can probably 
be used successfully for the approximate analysis and design 
of protected membrane roofs and walls with non-absorbent 
cladding. 

Burch's MOIST model [33] (see Chapter 8) is similar in 
many respects to Rode's earliest MATCH model. Moisture 
transport is modeled as vapor flow driven by vapor pressure 
gradients and capillary transport driven by capillary pressure 

gradients. The vapor permeability and hydraulic conductiv- 
ity are both given as functions of moisture content. The la- 
tent heat of phase changes is accounted for, as is the in- 
creased heat capacity provided by wet materials. Fibrous 
insulations are assumed to have no moisture storage capac- 
ity. No attempt is made to model air leakage, but a useful 
indoor climate model aids the development of realistic in- 
door climate data. Simple lab validation tests have been con- 
ducted in the hygroscopic range [34], with good results, and 
field comparisons [35] (without solar exposure, although it 
can calculate solar effects) have shown reasonable compar- 
ison, so long as the moisture content remained in the hygro- 
scopic range and rain deposition was not involved. It is a 
public-domain package. 

Ojanen et al. built on Kohonen's work to produce TCCD2, 
(Transient Coupled Convection and Diffusion 2 Dimen- 
sional) [36-38], a two-dimensional program developed pri- 
marily for the analysis of framed building walls. The model 
uses the same basic physics and mathematical formulation 
as used in Kohonen's model. A major improvement made 
over Kohonen's model is the use of moisture content depen- 
dent diffusivity. Convection airflow is accounted for as well 
as condensation (and frost formation) and evaporation, but 
capillary transport and surface diffusion must be lumped 
into the vapor diffusion process. It has been validated with 
laboratory experiments and has been shown to provide use- 
ful information regarding the impact of convective flows on 
hygrothermal performance [39]. 

Kerestecioglu et al. [40,41] have produced a comprehen- 
sive and flexible program called FSEC, which contains a li- 
brary of differential equations, different finite elements, and 
various functional relationships for materials properties. 
This commercially available program can account for all of 
the moisture transport mechanisms, including convection, 
but in the implementation liquid and vapor flow are de- 
scribed by different sets of equations. Vapor is driven by va- 
por pressure differences, and liquid flow is driven by capil- 
lary suction. Surface diffusion is not explicitly handled. A 
great deal of user knowledge is required to operate the pro- 
gram. 

The Windows-based WUFI [42] (see Chapter 9) was de- 
veloped by Hartwig Kuenzel but is supported by the com- 
prehensive work of Kiessl, Krus, and other workers at the 
Fraunhofer Institut fuer Bauphysik. This model uses a full 
moisture retention function, from the sorption isotherm and 
suction curve. Surface diffusion and liquid transport are 
driven by RH (and capillary suction via Kelvin's equation) 
and governed by a combined moisture diffusivity. Vapor dif- 
fusion is considered separately. All of the material properties 
can be defined arbitrarily as a function of moisture content 
(or RH) by entering a series of points (from, for example, 
measurements) or approximated from several important be- 
havioral markers, like the absorption coefficient, capillary 
saturation, and dry-cup vapor permeance. Important fea- 
tures of this model are its ability to incorporate driving rain 
deposition as part of its boundary conditions, the use of dif- 
ferent liquid moisture diffusivities for wetting and drying/ 
redistribution processes, the ease of use, stability of the cal- 
culations, and the degree of field validation. The close fit be- 
tween model predictions and many full-scale field validation 
exercises of a variety of walls and roofs over several years 
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demons t ra tes  the qual i ty  and robus tness  of this model .  I ts 
ma jo r  l imi ta t ions  are  its inabi l i ty  to handle  a i r  leakage and 
the associa ted  energy and mois ture  flow. A two-d imens iona l  
version, WUFIZ,  exists but  has  to date only been used  as a 
research  tool [43]. A vers ion of WUFI  ORNL/IBP for Nor th  
Amer ica  is enclosed in this manual .  

LATEN1TE developed by Karagiozis  and  Sa lonvaara  [44- 
46] is l ikely the  mos t  comprehens ive  heat,  air, and  mois tu re  
model  available.  Using a comple te  mois tu re  s torage funct ion 
(e.g., sorp t ion  i so therm and  suct ion curve), the mode l  con- 
siders vapor  and l iquid t r anspor t  separately,  dr iven by vapor  
pressure  and  suction,  respectively. The vapor  pe rmeab i l i ty  
and  l iquid diffusivity vary with  mois ture  content  (surface dif- 
fusion is inc luded in the  l iquid diffusivity) in an a rb i t r a ry  
way (defined by the user). Airflow, gravity drainage,  dr iving 
ra in  deposi t ion,  mois ture  sources  (e.g., leaks), wind,  and  
s tack pressures  can all be incorpora ted  into a s imula t ion  of 
up to three  d imens ions  if desired.  Driving ra in  can be com- 
prehensively  mode led  th rough  the use of a sophis t ica ted  
commerc ia l ly  avai lable CFD package  as a pre-processor .  Sto- 
chast ic  model ing  can be used  to assess the influence of in- 
accura te  or  var iable  mate r ia l  p roper t ies  and  b o u n d a r y  con- 
dit ions.  One, two, or  three  d imens ions  can be modeled,  bu t  
only one- and  two-d imens iona l  ca lcula t ion  results  [47] have 
been  presented.  Al though this model  has not  been field ver- 
ified, it  was found to be rel iable  in the recent  IEA Annex 24 
compar i son  project .  

CONCLUSIONS 

In this  chap te r  we have a t t empted  to provide  a general  over- 
view of a ma jo r  technical  field, namely, the bui ld ing  enclo- 
sure and its analysis  and  thus  its design and  per formance .  
Wha t  is perhaps  unique  in this  overview is the fact tha t  need  
is used as the  basis  for assessment ,  i.e., whose need  (de- 
signer, s tudent ,  or  researcher)  and  the na ture  of this  need 
(money  and  t ime available,  accuracy, intent,  etc.). Impl ic i t  
in this app roach  is the cons idera t ion  of the experience and  
competence  of the a n a l y s t - - i n  fact, the  cri t ical  e lement  in 
the process  is the abi l i ty  of the analyst  to define the p rob l e m 
correct ly  and to choose  the  app rop r i a t e  methodology,  data,  
and  tool to resolve the problem.  Fur the rmore ,  there  is the 
fundamenta l  need to learn  and thus, conversely, to teach,  
and  then gain  experience.  It follows that  there  is no single 
sof tware or  mode l  that  is bes t  nor  only one way to do things. 

At the entry  or  mos t  fundamen ta l  level, an  essent ial ly  man-  
ual, relat ively s imple  a p p r o a c h  incorpora t ing  heat,  wa te r  va- 
por, and  airflow is r ecommended .  With  some experience this  
p rocedure  can readi ly  be adap ted  to a s t andard  spreadshee t  
and  thus  computer ized .  At the  next level, the  analys t  might  
wan t  to learn  to use sof tware packages  such as MOIST, and  
EMPTIED, which  is useful  in wet te r  and  cooler  cl imates,  and  
WUFI  ORNL/IBR At the next level, one might  wish to pur- 
chase a p ropr i e t a ry  software package,  such as the or iginal  
WUFI,  in o rde r  to expand  one's capabil i t ies .  Beyond this 
level, the issue becomes  problemat ic .  At this  t ime, p rog rams  
such as Lateni te  are  not  avai lable  for general  use. It is l ikely 
to be some t ime before this  level of mode l ing  is avai lable or  
even needed  for general  design office use. First ,  the sof tware 

has to be user  friendly; second, the analys t  has to be capable  
of making  p rope r  use of this  level of analyt ica l  capabili ty.  

This br ief  overview of heat,  air, and  mois tu re  analysis  
me thods  has emphas ized  the analysis  needs  of var ious  
groups.  The review has shown that  there  are  numerous  com- 
pu te r  models  wi th  a range of capabil i t ies .  More  a t ten t ion  
should  be pa id  to developing a consensus  abou t  a simplified, 
manua l  methodology.  

Wider  use of hygro thermal  analysis  would  foster  the de- 
sign and  p roduc t ion  of be t te r  bui ldings  and bui ld ing  prod-  
ucts. However, the largest  user  group, designers,  are  ham-  
pered  more  by the need  for bo th  educa t ion  and  t ra in ing  on 
how to conduc t  and  in te rpre t  HAM analysis  r a the r  than  the 
avai labi l i ty  of sophis t ica ted  and  accura te  c o m p u t e r  models .  
Researchers ,  code writers ,  and  bui ld ing  p roduc t  manufac-  
turers  often requi re  be t te r  analysis  tools than  are  present ly  
available,  p referab ly  analysis  tools wi th  field and exper imen-  
tal val idat ion.  
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Today, complex, three-dimensional (3-D), transient thermal 
performance of building systems can be investigated using 
either experimental or numerical modeling approaches with 
a high degree of confidence. The thermal performance of 
building envelopes without effects of moisture is understood 
for some envelope systems, and relevant information exists 
in various handbooks such as the ASHRAE handbook and 
ASTM manuals. A large body of scientific work is also avail- 
able in research papers by Kosny et al. [1], Christian et al. 
[2], Petrie et al. [3], and others. 

In contrast, 3-D advanced hygrothermal (combined heat, 
air, and moisture or HAM) analysis of complete building en- 
velope systems does not exist. Quantitative analysis of any 
hygrothermal performance of envelope systems or sub- 
systems, originating either from experiments or modeling, is 
also limited. Many field forensic investigations are available 
that describe problematic failures due to moisture intrusion, 
but these investigations are primarily qualitative in nature. 

Design tools and simplified models as presented in the pre- 
vious chapter provide valuable guidance in making building 
envelope design decisions in a more or less qualitative man- 
ner. However, simplified tools are useful only as long as they 
comply with guidelines of good practice and conform to past 
demonstrated performance. Decision-making must still rely 
heavily on expert advice and judgment. Simplified models 
incorporate more limiting assumptions with respect to the 
physics, environmental loads, geometries, and material 
property inputs than advanced hygrothermal models. As a 
consequence, these design tools cannot be applied to all 
building envelopes of interest for research. 

Development of hygrothermal design guidelines that de- 
fine quantitatively the performance of building envelopes re- 
quires the use of advanced hygrothermal performance mod- 
els (moisture engineering models). It is the general 
consensus among experts in the building science field that 
the fundamental transport of heat, air, and moisture flow 
through building envelopes must  be understood before en- 
velope performance, degradation, and service life can be 
characterized. Advanced hygrothermal models allows signif- 
icant advancement of our fundamental knowledge of com- 
bined heat, air, and moisture transport. In addition, ad- 
vanced hygrothermal models incorporate capabilities to 
allow the assessment of the effectiveness of various moisture 
control design strategies. 

1Senior research engineer, Hygrothermal Project Manager, Oak 
Ridge National Laboratory, Building Thermal Envelope Systems and 
Materials, Bldg. 3147, Oak Ridge, TN 37831-6070. E-mail: karagioz- 
isan@ornl.gov 

A serious need exists to develop design guidelines to char- 
acterize the performance of the following elements of any 
building envelope: 

• Define role of thermal insulation, quantify system effects, 
location, and amount. 

• Define role of the vapor retarder, quantify its performance 
and application. 

• Define role of the air barrier, quantify its performance at- 
tributes, and define properties. 

• Define the role of ventilation drying, quantify performance 
and geometry. 

• Define the role of water management,  quantify the mag- 
nitude of wind-driven rain, and water penetration. 

• Define the extent of the interface/joint between wall com- 
ponents, characterize performance. 

• Define aging and degradation factor of key wall compo- 
nents and characterize adverse effect on moisture man- 
agement, especially to predict deterioration rates. 

• Define/characterize material properties in terms of HAM 
performance. 

• Define the performance of the wall sub-systems and sys- 
tems effects. 

• Define chemical compatibility of material assembly. 

The predictions of the driving forces/potentials may then 
be processed/displayed in either a graphical or numerical 
way to represent the complexities of the transport mecha- 
nisms. Results are usually further analyzed to determine the 
moisture tolerance of an envelope system. Ultimately, the 
goal is to develop a characterization of whole wall perform- 
ance. In this chapter, this newly applied moisture engineer- 
ing approach and a subsequent holistic moisture engineering 
approach will be described. Both approaches require exten- 
sive use of advanced hygrothermal research models to ana- 
lyze various moisture strategies. The purpose of this chapter 
is to introduce the reader to the concepts of moisture engi- 
neering, holistic moisture engineering, and to review the re- 
quirements of current advanced models. 

M O I S T U R E  E N G I N E E R I N G  

Many recent moisture-induced failures in low-rise residen- 
tial and high-rise residential/commercial buildings have ex- 
erted a significant pressure to change construction codes in 
North America and Europe. However, solutions to moisture- 
induced problems may be difficult when several interacting 
mechanisms of moisture transport are present. Recently, a 
new approach to building envelope durability assessment 
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has been introduced in North America, an approach termed 
"moisture engineering." It requires system information about 
the wall systems as constructed and aging characteristics 
(how the thermal-hygric-mechanical-chemical properties of 
a weather-resistive barrier change with exposure and time). 
Through advanced modeling, it predicts long-term perfor- 
mance of building envelope systems [4,5]. This permits the 
comparison and ranking of individual building envelope sys- 
tems with respect to total hygrothermal performance. Mois- 
ture engineering analysis integrates experimental and ana- 
lytical approaches to develop performance indexes of a 
building envelope system and sub-systems for specific inte- 
rior and exterior environmental loads. This analysis is 
needed to establish the design life-span and durability re- 
quirements of a particular building envelope component. 

Moisture engineering is a relatively new area of build- 
ing research that is rapidly evolving. It requires multi- 
disciplinary expertise--mechanical,  civil, and chemical en- 
g inee r ing-and  inputs to correlate structural analysis/load- 
ing, chemical reactions, and biological growth and decay 
processes with the transport of heat, air, and moisture. To 
date, limited work is available that encompasses this spec- 
t rum of multi-disciplinary activity. Moisture engineering has 
concentrated mainly on the one-to-one interactions between 
a specific building envelope component  and interior and ex- 
terior thermal and moisture loads. 

HOLISTIC M O I S T U R E  E N G I N E E R I N G  

While critical information can be obtained by investigating 
the interactions between a building envelope component  and 
the interior and exterior environments affecting it, the total 
behavior of the whole building is not addressed. Moisture 
engineering to date is usually concerned with the response 
of a building envelope to a particular load or series of loads 
(thermal, moisture, and pressure). A holistic analysis would 
go one step further, by integrating the individual hygro- 
thermal performances of all walls, the roof, the floor, the 
indoor environment, and the mechanical systems. This 
would be accomplished by the direct and indirect coupling 
of the building envelope components and indoor environ- 
ment  with the HVAC system. The full house hygrothermal 
performance of various building envelope systems could 
then be examined for any type of climate. Moisture control 
strategies could be identified for the whole house building, 
and holistic moisture engineering assessments could be per- 
formed. Only a very few current models have this capability 
for holistic analysis [6-8]. 

In this chapter, the current state-of-the-art advanced mois- 
ture engineering models will be discussed and reviewed. 
These advanced models will be classified with respect to the 
different levels of sophistication they encompass. A few of 
the most relevant advanced hygrothermal models will be 
presented with sample application cases. 

B A C K G R O U N D  

The physics involved in the transport  of heat, air, and mois- 
ture is complex. Heat and mass transport occurs simulta- 

neously in each porous construction material. The solid ma- 
trix phase of the porous media may interact with one or 
more of the three phases of moisture: vapor, liquid, and solid 
ice phases, if present. Phase change phenomenon, such as 
evaporation, condensation, heat of absorption, freezing, and 
thawing, are some of the physical phenomena that can occur 
during the transport of moisture. To further complicate mat- 
ters, construction materials have transport coefficients that 
are strong functions of the dependent variables. In many 
cases, materials may incorporate elements of memory  (past 
history), and material properties may also change as a func- 
tion of time (aging materials). In certain instances, as when 
moisture accumulation reaches a critical level, material di- 
mensional and structural changes may occur that drastically 
alter the material performance. Micro and macro accumu- 
lative damage may also occur within the structure of the 
material due the presence of moisture, thermal, and pressure 
loads. 

Over the past 20 years, almost all construction materials 
have been evolving and improving. New manufacturing pro- 
cesses have been introduced. Different raw materials and ad- 
ditives have been employed. All of these have contributed to 
changes in the heat, air, and moisture transport properties. 
As a result, building envelope designers, especially in histor- 
ical retrofit applications, face a significant challenge to ac- 
count for the historical changes for each element of the en- 
velope when new retrofit strategies must be implemented. 

Moisture engineering, a recently emerging field of building 
envelope analysis, has accepted the challenge of character- 
izing the response of the building system subjected to heat, 
air, and moisture excitations. As discussed previously in 
Chapter 5, moisture engineering has not yet fully matured 
as an engineering field, but a significant amount  of new 
knowledge has been gained by it. More than 15 Ph.D. dis- 
sertations on the subject have been published in the last five 
years. This significant amount  of new research has just be- 
gun to be incorporated into advanced models that predict 
the transport of moisture and subsequent effects of mois- 
ture. 

The potential beneficial impact that advanced moisture en- 
gineering could have in the optimization of building energy 
use, comfort, and durability is enormous, and realizable in 
the near future. Activities in the area of moisture engineering 
have already been introduced, in the past five years, in a 
number  of simplified design models that predict the mois- 
ture performance of building envelope components. How- 
ever, none of the advanced multi-dimensional models are 
publicly or commercially available [9]. 

The International Energy Agency IEA Annex 24 on Heat, 
Air, and Moisture Transport through insulated building en- 
velope systems introduced important concepts for moisture 
transport theories, environmental loads, material properties, 
and durability assessment. Within the activities of the IEA 
Annex 24, a critical review of the existing hygrothermal mod- 
els was presented [10]. This led to a classification scheme 
that ranked each model with respect to complexity of the 
transport physics it entailed. This classification system was 
the first attempt to evaluate the model's predictive capability 
with respect to hygrothermal performance. This classifica- 
tion system was extended by introducing the concepts of 
"real envelope system and sub-system effects" and durability 
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assessment by Karagiozis [11]. Figures 1 and 2 present the 
two classifications of hygrothermal models. Figure 1 has the 
essential features of the IEA Annex 24 review. Figure 2 ad- 
dresses system and sub-system and durability capabilities. 
The main difference between Fig. 1 and Fig. 2 is that the 
latter considers an advanced hygrothermal model to be one 
which captures "real features of the envelope." As depicted 
in Fig. 2, models are first characterized as steady state or 
transient. Models are then classified as deterministic or sto- 
chastic by their inherent dimensionality and then by their 
ability to incorporate envelope system and sub-system attri- 
butes, such as water penetration through cracks, interfaces, 
and so on. As the complexity of the model increases with 
additional features, the classification of Fig. 2 provides a bet- 

ter distinction between advanced hygrothermal models and 
design tools as described in Chapter 5. 

The development of an advanced moisture engineering 
model requires particular attention to: 

�9 Heat and mass transfer physics. 
�9 Definition of the environmental loads. 
�9 Definition of the construction entity (workmanship, de- 

fects, system and sub-system effects, aging-degradation). 
�9 Hygrothermal (structural-biological-mechanical) material 

properties. 

Significant differences exist among these advanced hy- 
grothermal models. The additional level of complexity and 
interactions incorporated in these models have required that 

,, ,, J, , ,,,,, ,,,,, ,,,, i Type 1 
Steady State Glazer Scheme: Heat 

conduction, vapor diffiJsion with constant 
materiai properties 

Type 2 
Steady State Glazer Scheme: Heat conduction, 

vapor diffusion corrected for capillary with constant 
material properties, thermai-hygdc link Psat(T) 

l l l l l l l  

I Type3 
Transient heat and vapor transfer, variable material 

properties (moisture ratio), thermai-hygfie link Psat(T) 
equation and latent heat 

i Ty 4 
Transient heat, vapor and liquid transfer, variable material I 

properues (moisture content and temperature), thremal-hygric link II 
Peat(T) equation and latent heat . . . .  I 

Types 
Steady and transient heat, air transport, constant material properties, 

thermal-air link enthaipy transfer and stack effect 

Steady heat, vapor and air transport, constant material properties, heat-mass link the I 
Psat~), latent heat and enthalpy transfer I 

Type 7 
Steady heat, air transport and transient vapor transfer, constant material properties, heat- 

mass link the Psat(T), latent heat and enthalpy transfer 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   pe8 . . . . . . . . . . .  

I Transient heat, vapor, and air transport, variabte material properties, heat-mass link the Psat(T), 
latent heat, enthalpy transfer and stack effect 

Type 9 
Transient heat, vapor, liquid and air transport, variable material properties, heat-mass link the Peat(T), 

latent heat, enthalpy transfer and stack effect 
I I I I I I  I I  I I  I I I I I  

FIG. l - - lEA Annex 24 Classification of Hygrothermal Models by Hens [10]. 
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FIG. 2--Classification including sub-system and system effects and durability. 

the authors only correctly apply the model in applications. 
In some instances, the preparation period for initiating even 
a simple 2-D simulation may requite several days or even 
months if additional material property data, laboratory sys- 
tem, or sub-system characterization of the envelope is 
needed. These models require not only a higher level of ex- 
pertise in preparing a simulation, but also significantly more 
sophisticated computational as well as experimental facili- 
ties. The computational time increases very non-linear as 
one goes from 1-D to 2-D, and from 2-D to 3-D simulations. 
As of early 2001, the simulation of the 3-D transient moisture 
performance of a building envelope system does not exist; a 
model is not available. In some instances, the numerical re- 
quirements of an advanced moisture engineering model are 
difficult to acquire even with the more sophisticated com- 
mercial computational fluid dynamic (CFD) models. 

The following section will give details on the current status 
of advanced hygrothermal numerical models, the essential 
attributes, the inputs, concerns, and outputs. Authors of 
some advanced hygrothermal models were contacted and in- 
vited to include relevant information on their models. Illus- 
trative examples are presented in Appendix 1 (Appendices A- 
K) at the end of the book. 

Theoretical Background 

Porous Medium 

A porous construction material (medium) may contain a 
multi-phase assembly of solids, liquids, and gas. Heat and 
mass transfer essentially occurs at the microscopic level for 
each phase. To resolve the transport mechanisms at the mi- 
croscopic level, a detailed description of geometry and to- 
pology of the porous medium is required. The description of 
the porous medium and the associated transport processes 
at the microscopic level is difficult and complex. A contin- 
uum approach is commonly employed to avoid analysis at 
the molecular level and to permit analysis at the macro- 
scopic level. The continuum approach resorts to phenome- 
nologically determining the mass/thermal transport coeffi- 
cients from mass/thermal fluxes imposed experimentally on 
a representative elementary volume (REV) (see Fig. 3). 

Employing this basic assumption allows the development 
of differential balance equations for mass, momentum, and 
energy transfer. The porous medium may then be described 
by three distinct phases, the solid, s, the liquid water, l, and 
the gas phase, g. According to Whittaker [12], by employing 
the spatial average of a microscopic property P at a point m, 
the microscopic property P over an elementary volume can 
be defined as an average of: 
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V 

>~ 

A V AV 1 

FIG. 3 - -A schematic of a representative elementary volume (REV) (left). The fluid 
volume is continuous. The density depends on the size of volume (AV) (right). 

(p~ = ~ PdV 

The phase average over a microscopic property Pi is given by: 
Ifv 1~ (P,) = ~ e idV= ~, VflV i = s, t, g 

This definition implies that for a constant microscopic prop- 
erty, Pi, the value of the phase average (Pi) is different from 
the local value of the microscopic property Pi. The macro- 
scopic value of the property must be independent of the size, 
the shape, and the orientation of the elementary volume V 
that is employed in the conceptualization [13]. The smallest 
elementary volume that satisfies this condition [14] is the 
representative elementary volume (REV). 

(P) = limv_v~ v p Pdg 

Whitaker [15] limits the validity of the averaging process as 
long as: 

d ~ l ~ L  

where d is a microscopic characteristic length over which 
significant variations in the mathematical point properties 
occur, l is a characteristic length of the representative ele- 
mentary volume VREV, and L is a macroscopic characteristic 
length. The use of the REV is convenient to describe the 
averaging procedure to obtain a field of macroscopic prop- 
erties for each phase. The macroscopic properties of many 
rigid and homogenous geometrical and topological porous 
materials are single-valued functions of time and space. The 
REV averaging concept is an important assumption in any 
modeling of mass transfer in porous media, as it provides 
upper and lower bounds of length scales in the modeling 
domain. 

LOCAL THERMODYNAMIC EQUILIBRIUM 

In the representative elementary volume of Fig. 3, tempera- 
ture differences may exist between the fluids in the pores and 
the solid material. The assumption of local thermodynamic 
equilibrium imposes negligibly small temperature differ- 
ences between the various phases at any particular location, 

relative to the applied temperature differences of the system. 
This assumption is used by almost all advanced hygrother- 
mal models. 

In the cases where large latent heat transfer occurs, such 
as during phase change of vapor to liquid or vice versa, the 
assumption of thermodynamic equilibrium does not hold ex- 
actly. Similarly, when the boundary conditions at the faces 
of the building envelope change significantly over a short 
time, or when the thermal properties of the solid and fluid 
phases are significantly different, serious deviations from 
thermodynamic equilibrium may be present. Adopting the 
thermodynamic equilibrium assumption in hygrothermal 
models allows the lumping of all phases with respect to ther- 
mal transport and reduces the number of governing differ- 
ential equations and interphase couplings. This limiting 
assumption of thermodynamic equilibrium is employed 
throughout this chapter and reflected in the presentation of 
the governing equations for heat and mass transfer. 

T R A N S P O R T  M E C H A N I S M S  

The objective of this section is to provide a sample set, but 
not an exhaustive theoretical review of the definition of the 
transport mechanisms present in hygrothermal processes in 
porous media. Works by Kuenzel [16], Krus [17], Kohonen 
[18], Janssens [19], and Luikov [20] provide details on the 
theoretical development of various transport potentials. The 
choice of moisture transport potential was made based on 
what was familiar to the author. Transport mechanisms may 
also be defined for moisture flow using chemical potential 
t**, or even concentration gradient X, and a similar theoret- 
ical development is required. 

In the past, many moisture transport models were devel- 
oped based on discontinuous potentials such as moisture 
content [20,21]. The moisture content at an interface be- 
tween two materials is discontinuous. This requires an elab- 
orate flux analysis developed at each inhomogeneous mate- 
rial intersection, and an iterative treatment is required to 
satisfy mass conservation. The main advantage in employing 
moisture content as a mathematical transport potential is 
that the liquid diffusivity is directly measured as a function 
of moisture content. LATENITE [22] and TRATMO2 [23] 
employ this approach in their formulation. Recently, contin- 
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uous driving potentials have been employed successfully 
[16,24,25]. Examples are vapor pressure, suction pressure, 
relative humidity, and chemical potential. They appear to be 
more efficient in both formulating the governing equations 
and execution time. The issue of flux splitting, the separation 
of the quantity of mass that is transported in vapor or liquid 
phase, becomes a focal point for differences among all ad- 
vanced hygrothermal moisture models. Apparently, a 
straightforward approach has not yet been recognized and 
each model employs some limiting assumptions. 

Mass Transfer 

An excellent description of the transport mechanism in po- 
rous media is described by Kerestecioglu et al. [26] and Ka- 
viany [27]. It is important to recognize that the transport 
coefficients may not only be strong functions of the indepen- 
dent variable, but may change as a function of time and ex- 
posure. Some of the more important modes by which mois- 
ture may be transported are: 

Molecular vapor diffusion, by partial vapor pressure 
gradients. 

Molecular liquid diffusion, movement of the liquid phase due 
to liquid filled pores. 

Capillary liquid flow, movement of the liquid phase due to 
capillary suction pressures. 

Knudsen vapor diffusion, movement of the vapor phase in 
small pores and at low pressures; the mean free path is 
greater than the pore diameter and collisions of molecules 
with the pore walls occur more frequently than collisions 
with other diffusing molecules. 

Evaporation-condensation vapor flow, movement occurs in 
conjunction with heat transfer, moisture evaporates and 
recondenses in a similar fashion to a heat pipe. 

Gravity-assisted diffusion liquid flow, movement occurs due 
to gravity and occurs mostly in macroporous materials. 

Vapor Transport 

The diffusion of water vapor under isothermal conditions 
may be described by Fick's first law for unimpeded flow in 
still air: 

qv = - D ~ V X  

where qv is the mass flux rate of vapor flow (kg/m 2 �9 s), D v 
the diffusion coefficient of vapor in air m2/s, and X the vapor 
concentration (kg/m3). 

M v 
q" = -Dr  RT  Pv 

where R is the universal gas constant (8.314 J/(mol �9 K)), Pv 
is the partial vapor pressure, T is temperature (K), and M is 
the molar weight of water (0.018 kg/mol). 

In a porous material, diffusion is reduced in comparison 
to that in still air by a resistance that corresponds to the 
volume fraction of air-filled open pores a and a tortuosity 
factor a. This is expressed as: 

qv = -~ a Dv--~T V Pv 

In most European countries a resistance factor is introduced 

as ix = (1/e~ a) leading to the following flux equation for 
vapor flow: 

D v M v p  ~ 
qv - p. R T  

In the measurement of the water vapor permeance using the 
ASTM E 96 standard or the EN 12086:1997, the factor 5v is 

D~ M 
used, and that is equivalent to -~- ~--~. This transport coeffi- 

cient is termed as the water vapor permeability and has units 
of kg/Pa �9 m �9 s. 

Liquid Transport 

Liquid flow is defined in two ways since it is transported 
differently within the two regions of interest in building ma- 
terials. The first region is defined as the capillary water re- 
gion. It follows the hygroscopic sorption region and extends 
until free water saturation. This region can be characterized 
by states of equilibrium. Liquid transport occurs under the 
influence of a suction pressure or force in the capillary re- 
gime, and moisture liquid transport occurs mainly in this 
region. The second region, the supersaturated capillary re- 
gion, follows the capillary water region. Normal suction pro- 
cesses are not physically plausible in it. Liquid flow in this 
region occurs through diffusion under a temperature gradi- 
ent or by external pressure under suction. In this region, 
there are no states of equilibrium. 

In 1856, Darcy [28] developed the theory of laminar trans- 
port in capillary tubes, which applies directly to suction flow 
through building materials. Extending the original formu- 
lation, to account for gravity forces, the transport of liquid 
in the capillary regime is given by 

qw : - D,V 4) + OP~--h- 

Ou 

where q~ is the mass flux of liquid (kg/m 2. s), D+ is the liquid 
coefficient (kg/m �9 s), g is the gravitational acceleration 
(m/s2), and p,~ is the density of water (kg/m3). The suction 
pressure is usually described by employing a cylinder 
capillary model and can be presented as: 

2 (r cos 0 
P h  - - - -  

r 

where a is the surface tension of water (72.75 10 3 N/m at 
20~ r the capillary radius (m), and 0 the contact angle or 
wetting angle (~ 

Using thermodynamic equilibrium conditions for a cylin- 
der capillary model, the relationship between relative hu- 
midity qb over a concavely curved water surface and the cap- 
illary pressure P~ is defined by Kelvin's equation: 

- G  

where Pw is the density of water (kg/m3), Ph is the capillary 
pressure (Pa), R~ is the gas constant for water vapor (J/kg 
K), temperature T is in Kelvin (K) and d) is relative humidity 
(-). 
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Heat Transfer 

Within  cons t ruc t ion  envelopes,  hea t  t ransfer  m a y  occur  by  
conduct ion,  convection,  and  rad ia t ion  transfer. Table 1 lists 
the governing equat ions  of state for these  modes  of hea t  
transfer. The the rmal  conduct ivi ty  k is a funct ion of the  con- 
tent  of  ice and l iquid presen t  in the  porous  mate r ia l  and  m a y  
be s t rongly inf luenced by tempera ture .  In  addi t ion,  the  ther- 
mal  conduct iv i ty  may  also be d i rec t ional ly  dependent .  

Phase Change 

The phase  change  convers ion enthalpies  cont r ibu te  a local  
source  of hea t  that  is s tored  o r  re leased  in a porous  mater ia l  
when  mois tu re  accumula t ion  or  drying is present .  If one 
considers  that  the a m o u n t  of mois tu re  I~i of phase  i is con- 
ver ted to j the  control  volume receives the  following a m o u n t  
of heat:  

qt = Ahii " Iii 

where  Ah~i is the change  in enthalpy, 3.34 �9 105 J /kg  for con- 
vers ion of ice to wate r  and  2.45 �9 106 J /kg  at  20~ for wate r  
to vapor. 

This quant i ty  of heat  may  be significant when drying or  
accumula t ion  is p resen t  in porous  media .  A model ing  chal- 
lenge exists to p roper ly  a c c o m m o d a t e  this  la tent  hea t  t e rm 
in the  governing equa t ion  of energy. 

Air Transport 

Airflow is dr iven by a difference of a i r  pressure .  The mass  
flux of a i r  t h rough  a porous  mate r ia l  m a y  he expressed as: 

m a = - k a V P  ~ 

where  m~ is the a i r  mass  flux (kg/m2s), k,  is the  a i r  pe rme-  
abi l i ty  (kg /m �9 s Pa), and  Pa is the a i r  p ressure  (Pa). 

Governing Equations for Mass, Momentum,  and 
Energy Transfer in a Porous Medium 

Advanced models  require  the  s imul taneous  solut ion of the 
heat,  mass,  and  m o m e n t u m  t ransfer  equat ions.  The govern- 
ing equat ions  are  wr i t ten  for a hygroscopic-capi l la ry  porous  
med ium.  The conservat ion  equat ions  for the  porous  m e d i u m  
will provide  mois ture  content  and  t empera tu re  as a funct ion 
of space and  t ime of the mater ia l .  The macroscop ic  or  vol- 
ume  average equat ions  are der ived with  respect  to averaging 
volumes  large enough for a con t inuum approach.  

Assumptions  

Several  a s sumpt ions  are  necessary  for this  deve lopment  and  
mus t  be acknowledged  as the  l imi ta t ions  of exist ing ad- 
vanced  models:  

1. The mate r ia l  is macroscop ica l ly  homogeneous .  
2. The solid phase  is a r igid matr ix,  and  the rmophys ica l  

p roper t ies  are  constants  wi th  space. 
3. En tha lpy  of  each phase  is a funct ion of t empera tu re  and  

mois ture .  
4. Compress iona l  work  and  viscous d iss ipa t ion  are  negli- 

gible for each phase.  
5. Diffusional  body  force work  and kinet ic  energy are  small .  
6. The gas phase  is a b ina ry  mixture  of ideal  gases. 
7. The three-phase  system is in local t h e r m o d y n a m i c  equi- 

l ib r ium (sol i&vapor-l iquid) .  
8. Gravi ty t e rms  are  impor t an t  for the l iquid phase  mass  

t ransfer  bu t  not  the gas phase  mass  transfer. 
9. Fluids  are  Newton ian  and iner t ia l  effects are  small .  

10. The t r anspor t  processes  are  mode led  in a phenomeno-  
logical  way. 

According to the m a n n e r  the  axioms of conservat ion  for 
t r anspor t  process,  the ra te  of s torage of any ent i ty wi th in  a 
control  volume at any  given t ime equals the  ra te  of this ent i ty  
enter ing the control  volume th rough  the su r round ing  sur- 
faces plus the ra te  of genera t ion  of the ent i ty  wi th in  the vol- 
ume.  

M a s s  C o n s e r v a t i o n  

Conservat ion of  mass  of a i r  and  mois tu re  can  be expressed 
a s :  

A i r  

opa 
- -  _ _  ~ m  a 

ot 

M o i s t u r e  

0(upo) 
0t 

- -  = -Vqv - Vqw - V(pv u) 

E n e r g y  C o n s e r v a t i o n  

Conservat ion of energy can be expressed as: 

0(oCT) 
- -  - -Xrqc - Vqa - h~ Vq~ + qs 

at 

where  qs is the ra te  of heat  genera t ion  per  vo lume W/m 3 and  
includes  the la tent  hea t  due to freezing, and  o ther  heat  sinks 
or  sources.  

TABLE 1 - - E n e r g y  t r a n s p o r t .  

C o n d u c t i o n  C o n v e c t i o n  R a d i a t i o n  

q~ -- - k  V T 
w h e r e  

k - t h e r m a l  c o n d u c t i v i t y  (W/m K) 

T = T e m p e r a t u r e  (~ 

qo - v povC, f 
w h e r e  

Pa - D e n s i t y  o f  a i r  (kg/m3),  

v = ve loc i ty  (m/s) ,  
C a = v o l u m e t r i c  h e a t  c a p a c i t y  (J/m 3 K). 

% = E ~r F(T~ T 4) 

where  
e = e m i s s i v i t y  of  g r a y  s u r f a c e  ( - ) ,  

tr - S t e f a n  B o l t z m a n n  c o n s t a n t  - (5.67 • 10 -s  W / m  2 K4), 

F - v i e w  f a c t o r  ( - ) ,  

T~, = s u r f a c e  t e m p e r a t u r e  (K), a n d  

T~ = s u r r o u n d i n g  t e m p e r a t u r e  (K). 
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~(pihi) = (oCd + QvpU)T 

where p is the density of the porous medium, p~ is the density 
of air, Pv is the density of vapor, C d is the specific heat ca- 
pacity of the dry material, C~ is the specific heat capacity of 
liquid water, and U is the moisture content (kgd/kg~). 

M o m e n t u m  Conservation 

The rate of change of momentum of a fluid is balanced by 
the sum of impact and reaction forces associated with the 
flow of momentum and the internal and external forces act- 
ing on the fluid element. The Navier-Stokes equation encom- 
pass all possible theoretical combinations. 

o(ou) - - V p u ' u -  VP+,qV2u + F  
Ot 

where u is the velocity vector (m/s), P is pressure (Pa), ~l is 
the dynamic viscosity (s �9 Pa), and F is the body force per 
unit volume (N/m3). 

When the airflow rate is small and the inertia effects small 
enough to be neglected [17], Darcy's law can be substituted 
in the mass conservation equation and this is expressed as: 

ka 
Vp = - - - ( V P  + Pog) 

where vp is the air flow velocity (m/s), and k a is the air per- 
meability tensor (rn2), and Ix = fluid viscosity (Pa �9 s). 

The above equation is then substituted in the conservation 
of mass and an equation in terms of pressure is developed. 
This equation is used by the advanced hygrothermal models 
such as LATENITE [29,30], 2DHAV [19], and TCCC2D [31] 
model with the exception of DIM [32], TRATMO2 [33], SIM- 
PLE-FULUV [34], and the newly developed state-of-the-art 
model by the Oak Ridge National Laboratory, MOISTURE- 
EXPERT. Solving Darcy's equation for pressure and air 
movement, however, is restrictive, as slip effects, accelera- 
tion terms, and friction forces are not accounted for. As a 
consequence, the airflow patterns developed by LATENITE, 
and TCCC2D are not correct when simulating air gaps and 
interracial discontinuities, 2DHAV incorporates the effects of 
heat and mass transfer in air channels by indirectly account- 
ing for these effects. In the more advanced airflow models, 
TRAMO2, SIMPLE-FULUV, and the MOISTURE-EXPERT 
model, the full Navier Stokes equations can be solved that 
incorporate accurate description of physics of the transport 
of air and moisture in air spaces. However, at present, none 
of these models account for turbulent effects that may be 
present in exterior ventilated cavities. 

D E T E R M I N I S T I C  AND 
STOCHASTIC A P P R O A C H  

Both deterministic and stochastic analyses have been devel- 
oped. Some of the advanced hygrothermal models have in- 
corporated both of these features (LATENITE, WUFI-ORNL/ 
IBP,2D [34] FRET) [36], and MOISTURE-EXPERT [25]. 
Most hygrothermal building envelope simulation models are 
strictly deterministic. Deterministic processes are defined in 
both space and time by a single and defined quantity. This 
means that a physical quantity (e.g., temperature) has a de- 

fined distribution in time for any space relation. Determin- 
istic analysis has been employed extensively in building en- 
velope thermal analysis. 

In most hygrothermal analysis, as well as in construction 
design and implementation, material properties and exterior 
and interior environmental loading are a subset to influences 
of many other factors. For many of these, a large number of 
factors are random and sometimes not clearly defined. Some 
exhibit a probabilistic or statistical nature, such as the ma- 
terial properties of construction materials. Two bricks or two 
wood studs are unlikely to have the same unique hygro- 
thermal properties. In a similar manner, the environmental 
loads will never be exactly the same for the same day in 
different years. Stochastic models incorporate the uncer- 
tainty of a process, variable, or event happening. The use of 
stochastic models such as a Monte Carlo model, allow the 
input of variability in material properties, environmental po- 
tentials, and loads in hygrothermal analysis [35,36]. Proba- 
bility distribution functions for each random factor are re- 
quired as inputs to the model. Successive simulations of the 
same occurrence, using the randomness in the inputted pa- 
rameter, e.g., water vapor permeability material property, al- 
low predictions of a range of possible values in terms of time 
and space. The ranges in terms of moisture content or rel- 
ative humidity and time give better indications of possible 
moisture tolerances in a given construction design. An ex- 
ample of this is depicted in Fig. 4. Results show the relative 
differences between deterministic and stochastic relative hu- 
midities, as a function of time. A value of +0.1 signifies that 
10% positive variations may be present. Here it is assumed 
that a uniform normal distribution is present for material 
properties. In most cases this may be valid, but in some 
other cases not. It is expected that as better definitions of 
material properties, environmental loads, and construction 
practices and implementation are developed in the future, 
moisture engineering will incorporate more elements of sto- 
chastic analysis in design. 

Features of Advanced Moisture 
Engineering Models  

So far, we have discussed the individual elements that are 
required for developing an advanced hygrothermal model. 
An advanced hygrothermal model must incorporate some 
key features that will allow the models a higher level of con- 
fidence in simulations. Depending on the construction type, 
certain elements may be more important than others. For 
example airflow through masonry walls is not as important 
as through lightweight wood frame constructions. Under- 
standing the application limits of each model is an important 
part of applying advanced models to develop design guide- 
lines. See Table 1 for a list with features of the current ad- 
vanced hygrothermal models. 

Advanced moisture engineering models require (see Fig. 
5): 

(a) Transient heat, air, and moisture transport formulation 
(as a minimum). 

(b) Two-dimensional spatial formulation (as a minimum). 
(c) Variable material properties, e.g., as functions of space 

(x,y,z), moisture content and temperature. 
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FIG. 4~Moisture engineering stochastic design: Relative humidity difference (daily 
averages) of the internal surface of brick layer [37]. 

FIG. 5~lnteractions that must be accounted for in advanced 
hygrothermal models. 

(d) Incorporating physics of: 
�9 vapor transport 
�9 liquid transport 
�9 airflow 
�9 hydraulic transport 
�9 moisture capacity of the materials 
�9 condensation and evaporation processes 
�9 freezing and thawing process 

(e) Incorporating boundary conditions 
�9 incident solar radiation and sky radiation 
�9 wind-driven rain at exterior surfaces 
�9 wind pressure 
�9 interior and exterior temperature and relative humidity 
�9 interior moisture sources 
�9 fog conditions 

(f) Incorporate building systems and sub-system effects 
�9 water penetration rates through sub-systems (joints, 

cracks, etc.) 
�9 air leakage (cracks, joints, e.g., around a window) 
�9 additional sources of moisture 
�9 drainage and gravity effects 

An additional feature that may be required in some appli- 
cations where moisture flow is through unintentional cracks 

and intentional openings. To accurately model these cracks 
and openings, supplementary experiments may be used to 
define the sub-system performance of these wall elements 
under various possible loads. In feature (f), inputs to the 
model are provided by controlled laboratory tests that pro- 
vide performance data specific to each sub-system, e.g., wa- 
ter entry through a crack. In most cases it is preferable to 
take performance measurements of system and sub-system 
effects in field situations, as only then all exterior loads and 
influences are captured. 

The mathematical formulations of these advanced models 
are at least in two dimensions and require special attention 
in both the pre- and post-processing. During the pre- 
processing the surface heat and mass transfer coefficients 
must be specified along with the initial or starting condi- 
tions. Depending on the numerical method and time lin- 
earization (Newton Raphson or standard linearization), the 
initial conditions must be specified in a realistic manner or 
stable solutions may be difficult to achieve. 

The validation, verification, and benchmarking of ad- 
vanced hygrothermal models is a formidable task. Currently, 
internationally accepted experimental data do not exist to 
benchmark hygrothermal models, but efforts are underway 
at NTUU by Geving et al. [42] and at the ORNL-Energy Cen- 
ter of Wisconsin by Desjarlais [43]. It is difficult to measure 
moisture flows and moisture transport potentials even in 
controlled laboratory conditions. Each of the advance mod- 
els have some level of validation, but again this varies sig- 
nificantly depending on the model. With a few exceptions 
(WUFI, [16]), limited validation of advanced models has 
been conducted using field investigations. 

I N T E R I O R  A N D  E X T E R I O R  
E N V I R O N M E N T A L  C O N D I T I O N S  

Exterior and interior environments are important factors 
that influence the hygrothermal performance of envelope 
systems. The importance of environmental conditions de- 
pends on the hygrothermal model employed and the enve- 
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lope system used in the s imula t ion .  One or  more  c l imat ic  
condi t ions  m a y  be ignored if the  influence of that  p a r a m e t e r  
to bo th  the rmal  and  mois tu re  t r anspor t  is negligible. An ex- 
ample  would  be fog in desert- l ike cl imates.  

In  general ,  advanced hygro the rmal  models  require  bound-  
ary  inputs  of  the fol lowing pa rame te r s  as b o u n d a r y  and  in- 
it ial  condi t ions:  

�9 inc l ina t ion  of s t ructure  (horizontal ,  vertical,  o r  incl ined) 
�9 o r ien ta t ion  of the s t ructure  (south, north,  west, or  east) 
�9 in te r io r  and  exter ior  a i r  t empera ture ,  (~ 
�9 in ter ior  and  exter ior  relat ive humidity,  (%) 
�9 solar  radia t ion ,  ( W / m  2) 
�9 absorpt iv i ty  of  exter ior  surface ( - )  
�9 emissivi ty of  exter ior  surface ( - )  
�9 convective hea t  t ransfer  coefficients ( W / m  2 (~ 
�9 mass  t ransfer  coeff• ( k g / m  2 Pa) 
�9 wate r  res is tant  subs tances  ( k g / m  2 Pa) 
�9 ra in  fall on exter ior  surface ( k g / m  2 h) 
�9 fog (kg /m 3) 
�9 in te r io r  mois tu re  genera t ion  rates,  kgw/m 3 

Addi t ional  input  condi t ions  needed  when  cons ider ing  air- 
flow are: 

�9 vent i la t ion values (ACH, a i r  changes  pe r  hour)  
�9 wind  speed (m/s )  
�9 wind  or ien ta t ion  (degrees) 
�9 s tack pressure  (Pa) 
�9 s t rat i f icat ion (~ 
�9 neut ra l  p ressure  level (m) 
�9 in te r io r  p ressur iza t ion  (Pa) 

In the  more  advanced  models ,  the hea t  and  mass  t ransfer  
coefficients are a funct ion of the  wind  speed and  or ien ta t ion  
of  the envelope. The b o u n d a r y  condi t ions  are  provided  
main ly  on an  hour ly  basis.  Recent  evidence, not  conclusive 
yet, indicates  that  this may  not  cap ture  correct ly  the contr i -  
but ions  of wind-dr iven  rain. Time step intervals  smal ler  than  
1 h require  more  deta i led b o u n d a r y  condi t ions  that  in mos t  
cases are  not  available.  Rainfal l  const i tutes  an impor t an t  
source of mois tu re  to walls of high-r ise bui ld ings  wi th  cap- 
i l lary-type facades or  envelopes tha t  pe rmi t  wate r  intrusion.  
At presen t  only  three  models  (WUFI, MOISTURE-EXPERT 
and  LATENITE) have demons t r a t ed  capabi l i ty  to handle  the 
effects of wind-dr iven  rain. The ma in  reason  for the lack of 
wind-dr iven  ra in  capabi l i ty  is the complexi ty  in the mathe-  
mat ica l  and  numer ica l  p rocedures  to handle  ra in  flow at the  
exter ior  b o u n d a r y  surface, and  the lack of in format ion  re- 
gard ing  the a m o u n t  of ra in  s t r iking the exter ior  surfaces of 
bui ldings.  In  addi t ion,  there  is recent  evidence that  the use 
of wea the r  years  for energy calculat ions  is not  app rop r i a t e  
for mois tu re  analysis.  This pract ice  underpred ic t s  the cri t ical  
mois tu re  behavior  because  an  average year  does not  give suf- 
ficient in fo rmat ion  for peak  mois tu re  t ranspor t .  The r eade r  
is encouraged  to review Chapter  2 for more  informat ion.  

MATERIAL PROPERTIES FOR ADVANCED 
HYGROTHERMAL MODELS 

Advanced hygro the rmal  models  a re  ex t remely  difficult to as- 
sess or  compare  because  m a n y  of the  basic  input  mate r ia l  
p roper t ies  used  by each of t hem is different,  dependen t  on 

select ion of  the  t ranspor t  potent ia ls  for hea t  and  mois tu re  
flow. In Chapter  3 of this  manua l  a set of  the rmal  and mois-  
ture  p roper t ies  is given. In  this sec t ion some addi t iona l  in- 
fo rma t ion  is given on the pa r t i cu la r  mois tu re  p roper t ies  tha t  
are  needed  in advanced  hygro the rmal  models:  

Sorption Isotherms 

Most  bui ld ing  mater ia l s  are  hygroscopic ,  which  means  that  
they absorb  wate r  vapor  f rom the env i ronment  unt i l  equilib- 
r ium condi t ions  are  achieved. This behavior  can  be de- 
scr ibed  by sorp t ion  curves over  a humid i ty  range be tween  0 
and  95% RH. For  some mater ia l s  the equ i l ib r ium water  con- 
tent  is not  very sensit ive to changes  in t empera ture ;  the sorp- 
t ion curves are  called sorp t ion  isotherms.  Sorp t ion  curves 
and  sorp t ion  i so therms  for these mater ia l s  from 95% RH up 
to the capi l lary  sa tura t ion  at  100% RH are  difficult to mea-  
sure. In  this  range the equi l ib r ium water  content  of  a ma-  
ter ia l  is still a funct ion of relat ive humidity.  However, this  
funct ion can no longer  be de t e rmined  by sorp t ion  tests in 
c l imat ic  chambers .  Here, a pressure  plate appa ra tus  is nec- 
essary in o rde r  to comple te  the sorp t ion  curve in the high 
humid i ty  range. The resul t ing wate r  re tent ion  curve is a pre- 
requis i te  for s imula t ions  inc luding l iquid t ranspor t .  F igure  6 
of  this paper,  Kuenzel  and  Holm (54), shows an example  of 
the sorp t ion  and  suct ion i so therm and  the wate r  conten t  ver- 
sus capi l lary  pressure  for autoclave aera ted  concrete.  

The sorp t ion  i so therms  are  the equi l ib r ium mois tu re  con- 
tent  states in a porous  mate r ia l  as a funct ion of relat ive hu- 
mid i ty  at a pa r t i cu la r  t empera ture .  Fami l ies  of so rp t ion  iso- 
the rms  tha t  encompass  bo th  the hygroscopic  and  capi l la ry  
regimes are: 

�9 Absorp t ion  i so therm 
�9 Desorpt ion  i so therm 
�9 Hysteresis  i so therms (the equi l ib r ium mois tu re  content  

curves that  span  the comple te  spec t rum of mois tu re  equi- 
l ib r ium dur ing  both  absorp t ion  or  desorp t ion)  

�9 Tempera tu re -dependen t  sorp t ion  curves (the equ i l ib r ium 
mois ture  content  curves dependen t  on t empera tu re )  

The units  for mois tu re  content  employed  in the sorp t ion  iso- 
the rms  are: 

�9 wate r  content  (kg/m 3) 
�9 mois tu re  content  by mass  (kg/kg)  
�9 mois tu re  content  by volume (m3/m 3) 

The hysteresis  be tween absorp t ion  and  desorp t ion  iso- 
therms  is usual ly  not  very p ronounced .  Rode  (1990) approx-  
ima ted  the effect of  hysteresis  and  found that  the effect on 
the ca lcula ted  wate r  content  resul ts  was not  large. Most  
models  do not  incorpora te  hysteresis  and  use the absorp t ion  
i so therm or, where  necessary, an  average funct ion of absorp-  
t ion and desorpt ion.  Neglect ing the hysteresis  might  not  
have a great  influence on the wate r  content  but  it d ampens  
the f luctuat ions in relat ive humid i ty  wi th in  the bu i ld ing  as- 
sembly. In  o rde r  to avoid this effect sepera te  absorp t ion  and  
desorp t ion  i so therms  and  a va l ida ted  me thod  to in terpola te  
be tween  bo th  curves mus t  be employed.  

Near ly  all advanced  hygrotherrnal  models,  with the excep- 
t ion of  MOISTURE-EXPERT, use a single curve to represen t  
the a b s o r p t i o n / d e s o r p t i o n  equi l ib r ium isotherm.  MOIS- 
TURE-EXPERT uses a set of  so rp t ion  i so therms  at  different  
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equilibrium temperatures. This may be important when sim- 
ulating wood-based material elements, and is probably less 
important for mineral-based materials. 

Vapor Permeability 

The vapor permeability (kg/m Pa s) is defined as the trans- 
port coefficient for vapor diffusion in a porous material sub- 
jected to a vapor pressure gradient. In most technical 
publications, vapor permeance is used to characterize the 
vapor transmission coefficient. Vapor permeance ((kg/m 2 
Pa s) is defined as the ratio between the vapor flow rate and 
the magnitude of vapor pressure difference across a slab in 
steady state conditions. Other expressions for vapor perme- 
ability exist, as the transport coefficient under a vapor con- 
centration gradient (m2/s) or as a vapor resistance factor ~. 

To determine the vapor permeability of a porous mate- 
rial, ASTM Standard E 96 for water vapor transmission of 
materials may be used. It is important to recognize that the 
full dependency of the vapor transport coefficient as a func- 
tion of temperature and relative humidity must be included 
in the model. Assuming constant values may introduce 
higher errors in the simulation results than is the case when 
one includes the correct function curve but higher uncer- 
tainties around these values. Also, as advanced hygrothermal 
models incorporate both vapor and liquid transport, cor- 
rectly splitting the transport coefficients is critical for prop- 
erly simulating hygrothermal performance. 

Liquid Transport Properties 

The coefficient that describes the liquid flow is defined as the 
liquid transport coefficient. The liquid flux in the moisture 
transport equation is only slightly influenced by the temper- 
ature effect on the liquid viscosity and consequently on liq- 
uid transport coefficients. Most of the time a moisture dif- 
fusivity is used, which is the total diffusivity measured. The 
main reason moisture diffusivity is used is due to the diffi- 
culty in determining what part is pure liquid flow and what 
is enhanced vapor flow. Different moisture dependent liquid 
transport coefficients exist according to the transport poten- 
tials of the advanced models, and some are: 

�9 Moisture diffusivity, D w (m2/s) 
�9 Liquid conduction coefficient, D r (kg/ms) 
�9 Hydraulic Conductivity, Dp (kg/m s Pa) 

The transport coefficient for liquid flow can change dra- 
matically from one time step to the other. Several orders of 
magnitude changes occur in the transport coefficients when 
rain first strikes buildings the exterior facade due to the steep 
increase of the diffusivity with water content. These large 
changes may cause numerical stability or convergence prob- 
lems, and special numerical solution methods are required. 

In Chapter 9, Kuenzel et al. (2001), provide an explanation 
for the differences in diffusivity employed for the wetting 
and drying (liquid redistribution) process. Indeed, depend- 
ing on the material a factor of up to 10 or more may exist 
between these transport coefficients for the same water con- 
tent. Only two of the advanced hygrothermal models include 
this discrimination for the liquid transport process by em- 
ploying two distinct coefficients, WUFI and WUFI-ORNL/ 

IBP and recently MOISTURE-EXPERT. In Figure 7 the mois- 
ture diffusivities are displayed for autoclave aerated 
concrete, Kuenzel and Holm [54], for both liquid uptake and 
liquid redistribution (drying). 

Directional Properties 

Another important material property consideration in ad- 
vanced hygrotherrnal models is that many materials exhibit 
very different behavior in the x, y, and z Cartesian directions. 
For example, moisture transport in wood is direction depen- 
dent. Thermal properties may also be spatial dependent, 
such as the thermal conductivity in fibrous materials de- 
pending on the packing arrangement. For the advanced hy- 
grothermal models that include air flow, the spatial proper- 
ties for air permeability are also of importance. 

The predictive accuracy of advanced hygrothermal models 
depends more on the realistic material properties than those 
used in simplified models. As more and more transport pro- 
cesses are included in a model, the errors from uncertainties 
in each process propagate farther than in simple lumped 
models. 

Currently, there is a need to develop material properties 
that are both more accurate and representative. It is ex- 
pected that the recent ORNL state:of-the-art advanced hy- 
grothermal property laboratory built in 2000 will bridge this 
gap and provide the needed heat and moisture transport 
properties for a wide range of North American construction 
materials. 

Building Envelope System and 
Sub-System Effects 

The hygrothermal performance of a building envelope de- 
pends on the integral performance of the building system 
under consideration and its sub-systems. A building system 
consists of all l-D, 2-D, and 3-D components, such as ma- 
terial layer systems, and includes all unintentional cracks 
and openings. Sub-systems are defined by the close location 
and interactions of two material systems such as a brick- 
mortar masonry interface, gluing of two materials together 
forming a substrate (EIFS board), stapling on a weather re- 
sistive barrier, nailing a protective layer, coating on a surface 
etc. To date, limited analyses have been performed to un- 
derstand these system and sub-systems effects, while at the 
same time they are the predominant influence of the enve- 
lope. Water penetration into a wall cavity is extremely im- 
portant, and the overall performance of the wall depends on 
the sub-system that allowed this transport of moisture. Sim- 
ilarly, air gaps can induce airflow through the system and 
cause higher than critical levels of moisture accumulation, 
resulting in damage. They are a result of cracks and imper- 
fections in an envelope system. 

These system and sub-system effects (imperfections) in the 
building envelope are features that only an advanced hy- 
grothermal model incorporates. The capability to include 
thermal and moisture sources into the wall domain, as a 
function of time and/or  other parameters, permits such a 
model to predict results that are closer to reality than results 
without the sources (ideal conditions). Indeed, supplemen- 
tary data (experimental) to describe the particular perfor- 
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TABLE 2- -A List of some of the advanced hygrothermal  models 

Model 
Name 

10 

11 

12 

WUFI 

WUFI 
ORNL/IBP 

LATENITE 

DELPH1N4. 

SIMPLE- 
F U L U V  
TCCC2D 

HMTRA 

TRATMO2 

JAM -2 

FRET 

2DHAV 

FSEC 

MOISTURE 
-EXPERT 

D: Dimensionality 

Author D 

R 

Kuenzel 1 & 3 3 
2 

Kuenzel and 1 & 3 3 
Karagiozis 2 
and Holm 
Karagiozis and 1 & 3 2 
Salonvaara 2 & 

3P 
1 Grundewald 1 & 2 2 

2 
Okland 2 1 1 

Ojanen 

Gawin., 
Schrefler 

Salonvaara 

Arfvidson 

Matsumoto 
Hokoi, Hatano 2 

L W M B M M A E V S E 
F D E E P F F I D S T D A 

A D D F L F U P  P 

3 3 3  2 1 1 3 3  2 3 2 A 

3 3 3 3 3 1 4 3  2 3 2 - - -  
& 

5: 
2 2 2  2 3 4 2  1 1 1 1  

2 2 1  2 3 3 2  1 2 1 G 

1 1 1 2 5 4 2  1 1 1 C 

l &  1 1 
2 
2 3 1 

1 1 3  2 3 4 3  1 1 1 D 

1 2 1 2 3 3 2  2 2 1  F 

l &  3 2 
2 
l &  3 1 
2 
l &  3 1 

1 3 3  3 5 312 1 1 1 D 

2 1 3 3 1 3, 3 1 1 1 - - - .  

1 1 1 3 1 4 i3  2 1 1 J 

Janssens 2 1 1 1 2 3 3 4 3 3  1 1 1 H 

Gu, 2 1 1 1 1 1 2 3 4i 2 1 1 1 K 
Swami,Fairey & 

5 

Karagiozis 2 2 3 2 2 2 5 4 2  1 1 2 B 
4 

: I-D, 2:2-D,3:3-D, P:Partial only at material level 
LF: Liquid Capillary Flow 1: No, 2: Yes, 3:Yes + Pressure Driven 

| | 

WDR:Wind-Driven Rain l:No, 2:Yes (Assumed), 3:Yes Measured & Validated 
' MEA: Moisture Engineering Assessment Tools 1) None, 2)Graphical GUI of Primitive Variables, 3)Graphical and ' 

Engineering Assessment 
t , ! 

BED: Building Envelope Dynamics (System-and Sub-System Performances) 1) No 2) Some 3) Extensive 
1 I 

MPD: Material Property Database 1)Other Sources 2)In-house data 3)Database 

I ' MFF: Material Functional Form l)Simplified or Constant 2)Full-Functional 
, ! 

AF: Air Flow Dynamics 1) None 2) Assumed 3) Darcy's 4) Gap Flow & Darcy's 5) Navier Stokes 
| | 

ElL:Exterior-Interior-Loads I) Constant, 2)Dynamic, 3) Dynamic-l&E, 4) Dynamic-I&E with Pressure 
! ! 

VD: Validation Effort 1) None 2)Limited 3) Extensive 
| . . . .  

, SSF:Sup.er Saturated Flow: !)No, 2)Yes 
ETU: Ease of Use: l)Only Authors, 2)Qualified Experts 3) All 

! 

DP: Dir_ectional Properties: (1.) Uniform, (2) Different for water uptake and redistribution 
I ! 

APP: Appendix where model may be found (Appendix Number) 
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mance of a sub-system is necessary and must be conducted 
for development of sound hygrothermal guidelines. These 
tests, performed in the lab or under field conditions, are the 
cornerstone of moisture engineering analysis as depicted in 
Figs. 6 and 7. The improvement in the quality of the results 
produced from advanced hygrothermal models depends 
solely on the level and accuracy to which the envelope 
is described. Water penetration, air leakage paths and 
amounts, description of anomalies, as well as interior and 
exterior sources, must be defined a priori. 

ASHRAE SPC 160P committee, TenWolde [57], is devel- 
oping criteria for moisture control, one being water penetra- 
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FIG. 6---Sorption isotherm curves for three typical building ma- 
terials. The shadowed a r e a  represents the part the capillary 
water range that is determined with pressure plate apparatus. 
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FIG. 7--Liquid diffusivityfunctionsforAAC derivedfrom NMR- 
scanning. 

tion. This shift of paradim thinking that water at some point 
and time will enter the building envelope will allow devel- 
opment of building envelopes with enhanced water deflec- 
tion (D), drainaged (D), drying (D) and durability (D) char- 
acteristics, the 4-D water management designs. In Fig. 8, the 
oriented strand board (OSB) sheathing moisture perform- 
ance for a stucco clad wall in Seattle is shown for five dif- 
ferent levels of water penetration levels, at 0%, 1%, 3%, 5%, 
and 10% of the amount striking the exterior surface due to 
wind-driven rain, Karagiozis [25]. Here the drying perform- 
ance as a function of water penetration is shown for a period 
of two years starting July l. For this particular stucco clad 
system the wall may perform acceptably for up to 1% of 
water penetration. This sub-system effect (water penetra- 
tion) of the wall is found to be critical for the climate of 
Seattle. 

W I N D - D R I V E N  RAIN 

The largest source of moisture for any building envelope is 
rain. This source is several hundred times larger than the 
moisture content in the ambient air for a wall, roof, and 
basement system. However, even though rain, more pre- 
cisely, wind-driven rain, is potentially the most important 
source of moisture, a limited amount of data exist. 

Wind-driven rain is a complex phenomenon in itself, rel- 
atively unresearched and not fully understood. Rain droplets 
with a wide range of sizes are transported by wind with a 
distinct 3-D behavior near buildings. Rain droplet size dis- 
tributions vary randomly with respect to time and space. For 
these reasons, the amount of rain striking the exterior sur- 
faces of a building is unique to that building. It depends on 
the local geometry of the building, topography around the 
building, wind speed, wind direction, rain intensity, and rain 
droplet distribution. 

Knowledge available on wind-driven rain, albeit limited, 
has been predominantly determined by field experiments 
[16,44-48]. Recently, however, investigations employing 
Computational Fluid Dynamics (CFD) methods by [49,50], 
Wisse [51], and Karagiozis and Hadjisophocleous [52] have 
appeared. Both experimental and numerical results show 
agreement on rain intensity factors. Typical rain trajectories 
for a full range of rain droplet sizes were generated using a 
commercially available CFD model TASCflow by Karagiozis 
et al. [4,52]. Correlations were then developed from many 
series of rain-droplet simulations and were included in the 
hygrothermal model on a case-by-case application. Wind- 
driven rain becomes a source term for the exterior wall sur- 
face. However, the amount of water that can penetrate into 
porous materials is limited by the maximum allowable mois- 
ture content in the exterior material. Figure 1 l shows the 
dominant wetting pattern on a high-rise building. At the top 
corners of the building, when the wind flow is perpendicular 
to the building, the amount of water received can be many 
times higher than what strikes the ground. Karagiozis et al. 
[55], showed that up to 1.5 to 2 times more water striking 
the building at these locations. For example, if the rain in- 
tensity is 10 mm/h,  the top may receive up to 15 to 20 kg/ 
m 2 �9 h of water. This amount of water puts a severe hygric 
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FIG. 8---Wetting distribution averaged along the height of the 
building. 

load on the envelope. Work is currently been conducted 
(1999) by the University of Eindhoven, the University of 
Chalmers, the University of Leuven, the University of Water- 
loo, and the Oak Ridge National Laboratory to further quan- 
tify these environmental loads. 

HOLISTIC H Y G R O T H E R M A L  ANALYSIS 

Further advances in the area of moisture engineering are 
currently being achieved by taking a broader holistic ap- 
proach to moisture design. In most applications, building 
envelope designers attempt to predict the hygrothermal per- 
formance of an individual building envelope, for example, a 
wall, roof, and basement by uncoupling the system not only 
from the interior environment but from interactions among 
envelope components and both the exterior and interior en- 

FIG. 9--Building system and sub-system function in advanced 
hygrothermal modeling, 

vironments. This one-to-one interaction of a small part  (sec- 
tion of a wall system perhaps) of a building is termed today 
as state-of-the-art. The stand-alone analysis of specific en- 
velope parts is important in understanding the influences of 
various controlling elements (vapor retarder, air barriers, 
building papers) in terms of their effect on the hygrothermal 
performance of the envelope, but provide limited perfor- 
mance information on the overall heat and mass transfer of 
a building. 

An iterative open loop approach of complete hygrothermal 
analysis of a building is demonstrated in Fig. 9. Holistic per- 
formance modeling requires the direct coupling of all build- 
ing envelope systems with the interior environment and me- 
chanical systems (HVAC) and the exterior environmental 
loads. A new integrator model and approach to holistic mois- 
ture engineering analysis has been presented by Karagiozis 
and Salonvaara [6]. Figure 12 shows the interactions of 
moisture engineering modeling with other important com- 
ponents of a building. 

FIG. lO---Two-sub-system effects. 
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FIG. 11--Wetting distribution averaged along the height of the building. 

O U T P U T S  F R O M  
H Y G R O T H E R M A L  M O D E L S  

In most advanced hygrothermal models, moisture content, 
temperature, relative humidity, and the related fluxes are 
common outputs of simulations. Results have to be checked 
for consistency, accuracy, grid independency, and sensitivity 
to parameter  changes. The results may be used to determine 
the moisture tolerance of an envelope system subjected to 
various interior and exterior loads. The heat fluxes may be 
used to determine the thermal performance under the influ- 
ence of moisture and airflow. Furthermore, the transient out- 
put data may be used for durability and indoor air quality 
assessment. Post-processing tools concerning durability, e.g., 
corrosion, mold growth [53], freeze and thaw, hygrothermal 
dilatation, and indoor air humidity are currently being de- 
veloped. For instance, a model to estimate the rate of mold 
growth and corrosion has been implemented by Karagiozis 
and Kuenzel [7]. It is expected that hygrothermal models will 
be incorporated in whole-building simulation tools [6]. 

FIG. 12--Holistic performance modeling: integration approach. 

C O N C L U S I O N S  

This chapter classified and identified the features required 
by advanced hygrothermal models. As these models are very 
important to the development of design guidelines, a mois- 
ture engineering approach was presented that integrates ex- 
perimental and modeling activities. 
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Advanced hygrothermal  models may be coupled to me- 
chanical,  chemical,  or even biological sub-models  to deter- 
mine  the effect of hygrothermal  processes. A list and presen- 
ta t ion of a few of the more  known models was given, 
followed by example cases. A new generat ion of models is 
expected to significantly enhance  our  current  unders tand ing  
of the effects of moisture on the overall performance of our  
envelopes in  term of service life. 
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T H E R E  ARE TWO FUNDAMENTAL APPROACHES t o  design for 
mois tu re  control.  One app roach  focuses on the the rmal  and 
mois tu re  proper t ies  of the bui ld ing  envelope (exterior  walls, 
roofs, and  ceilings) needed  to wi ths tand  the in ter ior  and  ex- 
te r ior  condi t ions .  The second app roach  a t tempts  to ad jus t  
the indoor  c l imate  to the the rmal  and mois tu re  character-  
ist ics of the bui ld ing  envelope. This chap te r  deals  wi th  de- 
sign tools for the exter ior  envelope only. R e c o m m e n d a t i o n s  
for  i ndoor  c l imate  control  can be found elsewhere  in this  
handbook,  

The t rad i t iona l  tools  cur ren t ly  avai lable for design of the  
exter ior  bui ld ing envelope all have severe l imita t ions ,  and  
the resul ts  are  difficult to interpret .  However, for lack of  bet- 
ter  tools, these me thods  are used by design profess ionals  and  
form the basis  for cur rent  bu i ld ing  codes deal ing with  mois-  
ture control  and  vapor  re tarders .  The p rope r  use and  l imi-  
ta t ions  of  these me thods  are  d iscussed in the first sect ion of 
this  chapter,  Manua l  Design Tools. A few relat ively s imple  
numer ica l  me thods  not  inc luded  elsewhere are  d iscussed 
briefly in the sect ion on Numer ica l  Tools. 

MANUAL D E S I G N  TOOLS 

The three-best  known manua l  design tools for evaluat ing the 
p robab i l i ty  of condensa t ion  wi th in  exter ior  envelopes (exte- 
r ior  walls, roofs, floors, or  ceilings) are  the dew poin t  
method,  the Glaser  d iagram,  and  the Kieper  d iagram.  All 
three  methods  compa re  vapor  pressures  wi th in  the envelope, 
as ca lcula ted  by  s imple  vapor  diffusion equat ions,  wi th  sat- 
u ra t ion  pressures ,  which  are  based  on t empera tu res  wi th in  
the envelope. If  the ca lcula ted  vapor  pressure  is above the 
sa tu ra t ion  pressure  at  any po in t  wi th in  the envelope, con- 
densa t ion  is indicated.  The dew poin t  method,  used in Nor th  
America,  and  the Glaser  d iagram,  c o m m o n l y  used  in Europe  
and  elsewhere,  are  a lmost  identical .  They differ sl ightly in 
the  fo rmula t ion  of the vapor  diffusion equat ion  for flow 
th rough  a bui ld ing  mate r ia l  and  in definit ion of terms; the 
ma in  difference lies in the graphica l  procedures .  These 
me thods  are  often misused,  especial ly when  condensa t ion  is 
present .  Like the  dew poin t  me thod  and  Glaser  d iagram,  the 
Kieper  d i ag ram is based  ent i re ly  on vapor  diffusion theory. 

1Research physicist, USDA Forest Service, Forest Products Labo- 
ratory, One Gifford Pinchot Drive, Madison WI 53705-2398. The For- 
est Products Laboratory is maintained in cooperation with the Uni- 
versity of Wisconsin. This chapter was written and prepared by the 
U.S. Government employees on official time and is therefore in the 
public domain and not subject to copyright. 

Some people  advocate  abandon ing  these design tools be- 
cause of thei r  severe l imita t ions .  Perhaps  the  greatest  l imi- 
ta t ion  is that  the i r  focus is res t r ic ted  to prevent ion  of sus- 
t a ined  surface condensa t ion .  Many  bui ld ing  failures,  such as 
mo ld  and  mildew, buckl ing of siding, or  pa in t  failure,  are  
not  necessar i ly  re la ted  to surface condensa t ion .  Conversely, 
l imi ted  condensa t ion  can often be tolerated,  depend ing  on 
the mater ia l s  involved, t empera tu re  condi t ions ,  and  the 
speed at  which  the mate r ia l  dries out. Another  weakness  is 
that  these me thods  exclude all mois tu re  t ransfer  mecha-  
n isms o ther  than  vapor  diffusion and  neglect  mois tu re  stor- 
age in the bui ld ing mater ia ls .  This severely l imi ts  the accu- 
racy  of the calculat ions,  especial ly in the case of  wet  
mater ials .  There are  no widely accepted  cr i ter ia  for using 
manua l  design methods .  R e c o m m e n d a t i o n s  for use and  in- 
t e rpre ta t ion  provided  in this chap te r  are  therefore  p r imar i ly  
based  on the opinions  of the author.  

D e w  Po in t  M e t h o d  

The dew poin t  me thod  [1] is based  on the fol lowing diffusion 
equat ion  and  definit ions 

w = -p~  A p / d  (1) 

where  

w = vapor  flow per  uni t  of  area,  k g / m  2 • s (gra in / f t  2 • h), 
Ix = wa te r  vapor  permeabil i ty ,  k g / m  • s • Pa or  s (perm • 

in.) 2, 
p = vapor  pressure ,  Pa (in. Hg), and  
d = flow pa th  or  thickness  of the  mater ia l ,  m (in.) 

Water  vapor  pe rmeab i l i ty  of a mater ia l  is the  pe rmeance  
of I in. (United States) or  1 m of that  mater ia l .  The pe rme-  
ance of  a sheet  of  mate r ia l  is a s sumed  to be inversely pro-  
por t iona l  to its thickness;  e.g., the pe rmeance  of 0.5-in. gyp- 
sum boa rd  is twice tha t  of 1-in. gypsum board.  

Water  vapor  resis tance,  Z, is the inverse of  pe rmeance  and  
is expressed in reps  (1 /perm)  or  m / s  

Z = d / i x  (2) 

Thus, Eq  1 can also be wr i t ten  as 

w = - A p / Z  ( l a )  

The dew poin t  me thod  is best  expla ined and  demons t r a t ed  
with  example  calculat ions.  As an example,  we will use a 

21 perm = 1 grain/ft 2 • h • in. Hg; 1 grain = 1/7000 lb; 1 rep = 1/ 
perm. 
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TABLE 1--Example wall with approximate thermal and vapor diffusion properties. 

T h e r m a l  R e s i s t a n c e  D i f f u s i o n  R e s i s t a n c e  

P e r m e a n c e ,  a Z = d/Ix, Z = d/g, 
Air  F i l m  o r  M a t e r i a l  (h  - ft  2 - ~ / B tu )  ( m  z �9 K / W)  p e r m  1 / p e r m  10 9 m / s 

Air film (still) 0.68 0.12 1 6 0  b 0.0063 0.11 

Gypsum board, painted 0.45 0.08 5 0.2 3.5 

Vapor retarder . . . . . .  0.06 16.67 290 

Insulation 11 1.9 30 0.033 0.6 

Plywood sheathing 0.62 0.11 0.5 2 35 

Wood siding ~ 1 0.18 35 0.029 0.5 

Air film (wind) 0.17 0.03 1000 b 0.001 0.02 

Total 13.92 2.42 . . . 18.94 d 329.73 d 
2.27 e 39.73 ~ 

a 1 perm = 1 grain/ft  2 �9 h �9 in. Hg. 
bApproximate values; permeance of surface air films is very large compared to that of other materials and does not affect results of 
calculations. 
CApproximate values; permeance reflects limits ventilation of back of siding. 
dTotal diffusion resistance of wall with vapor retarder. 
~Total diffusion resistance of wall without vapor retarder. 

f r a m e  wal l  c o n s t r u c t i o n  w i t h  g y p s u m  b o a r d  (painted) ,  glass 
f iber  insu la t ion ,  p l y w o o d  shea th ing ,  a n d  w o o d  s id ing (Table 
1). We wil l  a s s u m e  21.1~ (70~ 40% i n d o o r  re la t ive  hu-  
midity,  and  - 6 . 7 ~  (20~ 50% o u t d o o r  re la t ive  humidi ty .  
The  wal l  in t he  first e x a m p l e  has  a v a p o r  r e t a r d e r  o n  the  
w a r m  side of  the  cavity;  the  wal l  in t he  s e c o n d  e x a m p l e  is 
iden t i ca l  excep t  for  the  o m i s s i o n  of  the  v a p o r  re tarder .  

E X A M P L E  1: WALL W I T H  V A P O R  
R E T A R D E R  

Step / - - T h e  first  s tep is to ca lcu la te  t he  t e m p e r a t u r e  d r o p  
ac ross  e a c h  mate r ia l .  The  t e m p e r a t u r e  d r o p  is p r o p o r t i o n a l  
to the  R va lue  as fo l lows 

A Tmaterial / A Twall = Rmaterial / Rwall (3) 

Table 2 lists t he  resu l t ing  t e m p e r a t u r e  d rops  a n d  r e su l t i ng  
temperatures at  e a c h  surface .  

Step 2--The next  s tep is to f ind the  s a t u r a t i o n  v a p o r  pres-  
su res  [Pa (in. Hg)]  c o r r e s p o n d i n g  w i t h  the  su r face  t emper -  
a tures .  These  va lues  can  be  f o u n d  in Tables  6a & 6b o r  in 
p s y c h r o m e t r i c  tables  o r  cha r t s  (e.g., Re f  1, C h a p t e r  6). Table 
2 lists the  s a tu r a t i on  v a p o r  p re s su re s  for  th is  example .  

Step 3 - - V a p o r  p r e s su re  d rops  ac ross  e a c h  ma te r i a l  c a n  be  
ca l cu l a t ed  in m u c h  the  s a m e  w a y  as a re  t e m p e r a t u r e  d rops  

Apmatefial/ APwal 1 -= Zmaterial/ Zwall (4) 

w h e r e  p is t he  v a p o r  p r e s su re  [Pa (in. Hg)]  a n d  Z the  v a p o r  
d i f fus ion  r e s i s t ance  [ m / s  (1 /pe rm) ] .  In  the  example ,  t he  to ta l  
r e s i s t ance  of  the  wal l  w i t h  the  v a p o r  r e t a r d e r  is as fo l lows 
(see Table  1) 

Zwa n = 329.73 109 m / s  (18.94 p e r m  1) 

The  to ta l  v a p o r  p r e s su re  d r o p  ac ross  t he  wal l  is c a l cu l a t ed  
f r o m  i n d o o r  a n d  o u t d o o r  re la t ive  h u m i d i t i e s  and  the  i n d o o r  
a n d  o u t d o o r  s a t u r a t i o n  v a p o r  p re s su re s  (see Table 2). 

TABLE 2--Calculation of temperatures and saturation vapor 
pressures, a 

T e m p e r a t u r e ,  ~ (~ 

Ai r  F i l m  o r  M a t e r i a l  D r o p  S u r f a c e  

S a t u r a t i o n  V a p o r  
P r e s s u r e ,  P a  

(in. H g )  

Indoor air 
21.1 (70) 2503 (0.7392) 

Surface air film 1.3 (2.4) 
19.8 (67.6) 2305 (0.6807) 

Gypsum board 0.9 (1.7) 
18.9 (65.9) 2174 (0.6419) 

Vapor retarder 0 
18.9 (65.9) 2174 (0.6419) 

Insulation 22.0 (39.5) 
-3.1 (26.4) 473 (0.1394) b 

Plywood sheathing 1.2 (2.2) 
-4 .3  (24.2) 426 (0.1258) b 

Wood siding 2.0 (3.6) 
-6 .3  (20.6) 359 (0.i060) b 

Surface air film 0.4 (0.6) 
-6 .7  (20) 371 (0.1096) c 

Outdoor air 

aTemperature drop across the air film or material. Surface temper- 
atures and saturation vapor pressures are taken at the interface for 
each set of air films or materials. 
b Saturation vapor pressure over ice. 
c Saturation vapor pressure over water. Dewpoint temperature or 
RH, reported in weather data, usually relates to saturation over wa- 
ter, not over ice. 

Apwall  = Pindoor --  Poutdoor 

= (40 /100)2503  - (50/100)371 
= 1001 - 185 = 816 Pa (0.2409 in. Hg) 

As w i t h  t e m p e r a t u r e s ,  t he  v a p o r  p re s su re s  at  the  su r faces  
of  e a c h  m a t e r i a l  c a n  be  eas i ly  d e t e r m i n e d  f r o m  the  v a p o r  
p r e s s u r e  drops .  Table  3 lists the  resul t s  for  the  e x a m p l e  wal l  
w i t h  v a p o r  re tarder .  

Step 4 - - F i g u r e  1 shows  the  s a t u r a t i o n  a n d  ca l cu l a t ed  va-  
p o r  pressures .  I t  reveals  t ha t  n o n e  of  t he  v a p o r  p r e s s u r e s  
exceeds  the  s a t u r a t i o n  v a p o r  p ressure ,  a n d  t h e r e f o r e  no  con-  



CHAPTER 7---MANUAL ANALYSIS TOOLS 109 

TABLE 3--Calculation of vapor pressures in wall with vapor retarder. ~ 

Saturation Vapor 
Pressure, Pa 

Air Film or Material (in. Hg) Drop 

Vapor Pressure [Pa (in. Hg)] 

Surface 

Indoor air (40% RH) b 
2503 (0.7392) 

Surface air film 0.3 (0.00008) 
2305 (0.6807) 

Gypsum board 8.6 (0.0025) 
2174 (0.6419) 

Vapor retarder 717.9 (0.2120) 
2174 (0.6419) 

Insulation 1.4 (0.0004) 
472 (0.1394) 

Plywood sheathing 86.2 (0.0254) 
426 (0.1258) 

Wood siding 1.2 (0.0004) 
359 (0.1060) 

Surface air film 0.04 (0.00001) 
371 (0.1096) 

Outdoor air (50% RH) 

1001 (0.2957) 

1001 (0.2956) 

992 (0.2930) 

274 (0.0810) 

273 (0.0806) 

187 (0.0552) 

185 (0.0548) 

185 (0.0548) 

aVapor pressures are taken at the interface for each set of air films or materials. 
b RH is relative humidity. 
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FIG. 1--Dew point method; example wall with vapor retarder. 
Dotted line is saturation vapor pressure; dashed line is calcu- 
lated vapor pressure. 

densat ion is indicated. Vapor flow is un i fo rm throughout  the 
wall and  can be calculated easily as follows 

w = ~XPw~FZwan (5) 

For this example, w = 816/(329.73 109) = 2.5 10 9 k g / m  2 . 
s (0.013 g ra in /h  �9 ft2). This is a very small a m o u n t  of water  
vapor flow. 

E X A M P L E  2: WALL W I T H O U T  VAPOR 
R E T A R D E R  

Example 2 uses the same wall bu t  without  the vapor retarder. 
The vapor retarder  has a negligible effect on temperatures  
(as long as air movement  is not  considered), and  tempera- 
tures and saturat ion vapor pressures are therefore the same 
as in the wall in Example 1. Skip directly to Step 3, calcu- 
lat ion of vapor pressures. 

Step 3- -The  total vapor diffusion resistance of this wall is 
as follows (see Table 1) 

Zw~l = 39.73 109 m / s  (2.27 perrn -1) 

Vapor pressure drops can again be calculated with Eq 2. The 
initial  calculations are shown in Table 4.. 

Step 4- -F igure  2 shows the saturat ion and  calculated va- 
por pressures. This t ime compar ison with sa turat ion pres- 
sures reveals that the calculated vapor pressure on the in- 
terior surface of the sheathing [915 Pa (0.2702 in. Hg)] is 
well above the saturat ion pressure at that location [472 Pa 
(0.1394 in. Hg)]. This indicates condensat ion,  probably on 
the surface of the sheathing, because condensa t ion  wi thin  
the permeable  insula t ion  is unlikely. If the locat ion of the 
condensa t ion  or the condensa t ion  rate are of interest, addi- 
t ional calculations (Steps 5 and 6) are necessary. 

Step 5- -F igure  2 shows that the calculated vapor pressure 
exceeds the sa turat ion vapor pressure by the greatest 
amoun t  at the inter ior  surface of the plywood sheathing, 
This is therefore the most  likely location for condensa t ion  to 
occur. With condensa t ion  at that  surface, vapor pressure 
should equal sa turat ion at that location (see Table 4). 

Step 6- -The  change of vapor pressure on the plywood 
sheathing alters all other vapor pressures as well as the vapor 
flow through the wall. The calculat ion of vapor pressures is 
s imilar  to that in  Step 3, but  the wall is now divided into 
two parts: one part  on the interior  of the condensa t ion  plane 
(that is, gypsum board and insulat ion)  and the other part  on 
the exterior (plywood sheathing and  wood siding). The vapor 
pressure drop over the first part  of the walls is 

Apl = 1001 -- 472 = 529 Pa (0.156 in. Hg) 

and that over the second part  is 

Ap2 = 472 - 185 = 287 Pa (0.085 in. Hg) 

The vapor diffusion resistances of both parts of the wall are 

Z 1 = (0.11 + 3.5 + 0.6)109 = 4.21 109 m/s (0.24 perm -1) 

Z z = (35 + 0.5 + 0.02)109 = 35.52 109 m / s  (2.03 perm 1) 

The vapor pressure drops can now be calculated from 



110 M A N U A L  O N  M O I S T U R E  A N A L Y S I S  I N  B U I L D I N G S  

TABLE 4--Initial and final calculation of vapor pressures in wall without vapor retarder. 

Saturation Vapor Vapor Pressure, Pa (in. Hg) 
Pressure, Pa 

Air Film or Material (in. Hg) Drop Surface 

I N I T I A L  C A L C U L A T I O N  

Indoor air (40% RH) 
2503 (0.7392) 1001 (0.2957) 

Surface air film 2.2 (0.0007) 
2305 (0.6807) 999 (0.2950) 

Gypsum board 71.9 (0.0212) 
2174 (0.6419) 927 (0.2738) 

Insulation 12.0 (0.0036) 
472 (0.1394) 915 (0.2702) 

Plywood sheathing 718.9 (0.2123) 
426 (0.1258) 196 (0.0579) 

Wood siding 10.3 (0.0030) 
359 (0.1060) 186 (0.0549) 

Surface air film 0.4 (0.0001) 
371 (0.1096) 185 (0.0548) 

Outdoor air (50% RH) 
FINAL CALCULATION 

Indoor air 
2503 (0.7392) 1001 (0.2957) 

Surface air film 13.8 (0.0041) 
2305 (0.6807) 987 (0.2916) 

Gypsum board 439.8 (0.1299) 
2174 (0.6419) 547 (0.1617) 

Insulation 75.4 (0.0223) 
472 (0.1394) 472 (0.1394) 

Plywood sheathing 281.7 (0.0834) 
426 (0.1258) 190 (0.0560) 

Wood siding 4.0 (0.0012) 
359 (0.1060) 186 (0.0548) 

Surface air film 0.2 (0.00005) 
371 (0.1096) 186 (0.0548) 

Outdoor air 
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FIG. 2 m D e w  point method;  e x a m p l e  wall  wi thout  vapor re- 
tarder. Dotted line is saturat ion vapor pressure;  d a s h e d  line is 
initial calculation of vapor pressure; solid line is final calcula- 
tion of vapor pressure. 

/kPmatefiallApi = gmatefial/a i i = 1,2 (6) 

Final  calculations of vapor pressure are shown in Table 4. 
The vapor pressure no longer exceeds the saturat ion vapor 
pressure, which means  that the condensa t ion  plane was cho- 
sen correctly. Figure 2 shows the vapor pressure profile 
(identified as vapor pressure, final calculation). 

Vapor flow is no longer the same throughout  the wall: va- 
por  flow into the wall from the indoor  air increased as a 
result  of the lower vapor pressure at the plywood surface, 

while flow from the wall to the outside decreased. The dif- 
ference between the two flows is the rate of water  (solid or 
liquid) accumulat ion.  

w c = A p l / Z  1 - Ap2 /Z  2 = 529/(4.21 109 ) - 287/(35.52 109 ) 

= 118 10 9 kg/s �9 m 2 (0.61 g r a i n / h ,  f12) 

In  our  example, the plywood surface is below freezing, and 
this mois ture  would probably accumulate  as frost. About a 
week of condensa t ion  at this rate would increase the average 
moisture content  of the plywood by 1%. 

The l imitat ions of this method and  recommenda t ions  for 
its use can be found at the end of the section on m a n u a l  
design tools. 

The dew point  method can be summar ized  as follows: 

1. Calculate tempera ture  drops and  surface temperatures.  
2. F ind corresponding saturat ion vapor pressures. 
3. Calculate vapor pressure drops and  vapor pressures. 
4. Check if sa turat ion pressure is above vapor pressure at all 

surfaces; if so, no condensa t ion  is indicated. Vapor flow 
through the wall may be determined if desired. (If con- 
densat ion is indicated, cont inue  with the following steps.) 

5. Select condensa t ion  surface; vapor pressure at this surface 
equals the sa turat ion vapor pressure. 

6. Recalculate vapor pressures; if any vapor pressures are 
above saturation,  Steps 5 and  6 should be repeated with 
a different condensa t ion  surface. 

7. If needed, calculate rate of condensat ion.  



C H A P T E R  7 - - - M A N U A L  A N A L Y S I S  T O O L S  1 1 1  

Glaser Diagram 

The Glaser  d i ag ram [2,3] is a var ia t ion  on the dew poin t  
method.  I t  is used p r imar i ly  in Europe.  The Glaser  d i a g ra m 
is based  on the fol lowing diffusion equat ion  and defini t ions 

w = - ( 8 ' ~ I X ' )  A p / d  (7) 

where  

g' = diffusion coefficient of wate r  vapor  in air, s, 
Ix' = diffusion res is tance factor  of the mater ia l ,  and  
d = flow pa th  or  thickness  of the mater ia l ,  m (in.). 

The diffusion res is tance fac tor  is the ra t io  of the res is tance  
to wa te r  vapor  diffusion of the mate r ia l  and  the res is tance 
of a layer  of  a i r  of equal  thickness.  The te rm w a t e r  v a p o r  

d i f f u s i o n  c o e f f i c i e n t  is often used  instead,  defined by 

= ~'/Ix' (8) 

Subs t i tu t ing  g in Eq 6 shows that  diffusion coefficient 
and  pe rmeab i l i ty  Ix (Eq 1) are  the  same. However, perme-  
abi l i ty  is usual ly  expressed in Engl ish units  (perm �9 in.), 
while  the diffusion coefficient is usual ly  expressed in met r ic  
uni ts  (s). Vapor diffusion res is tance  is aga in  defined as 

Z = d / ~  

The only difference be tween the Glaser  d i ag ram and the 
convent ional  dew poin t  m e t h o d  lies in the hor izonta l  axis of  
the d iagram.  Rather  than  using thickness  of the mater ia ls ,  
the  Glaser  d i ag ram uses the vapor  diffusion res is tance  as the 
hor izonta l  axis (Fig. 3 shows a repea t  of  Example  2). Thus, 
the mater ia l s  wi th  the largest  res is tance are  fea tured  mos t  
prominent ly .  The advantage  of  this d isp lay  is tha t  the vapor  
pressure  profiles are conver ted  into s t ra ight  lines. Thus, in- 
d ividual  vapor  pressures  need not  be calculated.  In  the ex- 
ample  of the wall  wi thout  vapor  r e t a rde r  and  condensa t ion  
on the plywood,  the  vapor  pressure  profile consists  of two 
s t ra ight  l ine segments .  The sa tura t ion  vapor  pressure  still 
needs  to be de t e rmined  f rom tempera tures ,  as in the  dew 
po in t  method.  
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FIG. 3--~laser diagram for example wall without vapor re- 
tarder. See caption to Fig. 2 for line designations. 

Kieper Diagram 

The Kieper  d i a g ra m was first in t roduced  by Kieper  et al. [4] 
and  descr ibed  in grea ter  detai l  by TenWolde [5]. As with  the 
dew poin t  me thod  and the Glaser  d iagram,  the Kieper  dia-  
g r am is based  ent i rely on vapor  diffusion theory. The advan-  
tages of this  m e t h o d  are: (a) the same d i ag ram can  be used  
for different  wall  configurat ions,  as long as indoor  and  out- 
door  condi t ions  are  not  changed,  and  (b) the  ca lcula t ion  
does not  need to be repea ted  if condensa t ion  is indicated.  

Ra ther  than  graph ing  vapor  pressures  and  sa tu ra t ion  pres- 
sures, the Kieper  d i ag ram uses two paramete rs ,  x and  y, rep- 
resent ing the rmal  proper t ies  and  vapor  diffusion proper t ies  
of the mater ia l s  in the  wall, respectively. The the rmal  prop-  
erty x p a r a m e t e r  is defined as follows 

X 1 = R 1 / R w a l l  

x 2 = x  1 + R 2 / R w a  n 

Xn = Xn 1 q- R n / R w a l l  (9) 

where  R~ and R z are  the  R values of the individual  mater ia l s  
and  ai r  films. Values of x range  f rom 0 to 1. Tempera ture  in 
the wall  can  be easily expressed as a funct ion of x 

T ( x )  = T i - x ( T  i - To )  (10)  

where  

T/ = indoor  t empe ra tu r e  ~ (~ and 
T o = ou tdoor  t empera tu re  ~ (~ 

The vapor  diffusion y p a r a m e t e r  is defined s imi lar ly  as 

Y,~ = Y , - 1  + Z n / Z w a l l  (11) 

and also ranges f rom 0 to 1. 
If  there  is condensa t ion  or  evapora t ion  of l iquid wate r  at  

loca t ion  (x,y) the net  mois ture  flow to that  po in t  can be 
s ta ted as 

Pi - p , [ T ( x ) ]  

W c  --  y X w a l  1 

where  

p , [ T ( x ) ]  - Po 

(1 - Y)Zwau 

1 Pi - p , [ T ( x ) ]  - Y(Pi - Po) 

Zwan y(1 - y) 
(12) 

wc = mois ture  accumula t ion  rate,  k g / m  2 �9 s (gra in / f t  2 �9 
h),  

Pi = indoor  vapor  pressure ,  Pa (in. Hg), 
Po = ou tdoor  vapor  pressure ,  Pa (in. Hg), 

ps[T(x ) ]  = sa tu ra t ion  vapor  pressure ,  Pa (in. Hg). 
Note: T ( x )  is defined in Eq 10. 

If  w c is positive, condensa t ion  (wetting) is indicated;  if neg- 
ative, evapora t ion  (drying) takes place. The t e rm Wc there- 
fore indicates  the we t t ing /d ry ing  potent ia l  at  a given loca- 
t ion in the  wall  or  roof. 

If we move the t e rm Zw~. to the left side of Eq 12, the r ight  
side includes  only x ,  y ,  and  indoor  and  ou tdoor  vapor  pres-  
sures and  conta ins  no mate r ia l  p roper ty  pa r a me te r s  

Pi - p , [ T ( x ) ]  - Y(Pi - Po) 
WeZwall = (13) 

y(1 - y)  

The left t e rm of  Eq 13 has  the  d imens ion  of a p ressure  (in. 
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FIG. 4--Kieper diagram: moisture accumulation curves for in- 
door conditions of 70~ (21~ 40% RH and outdoor conditions 
of 20~ (-6.7~ 50% RH. WcZ values for the curves are (a) 0, 
(b) 0.2 in. Hg (677 Pa), (c) 0.5 in. Hg (1693 Pa), (d) 1.0 in. Hg 
(3386 Pa), and (e) 1.5 in Hg (5080 Pa). 

Hg or Pa). Curves in the Kieper diagram connect ing points  
where the product  wcZ,vaH is constant  represent  curves of 
"equal wetting potential." The curve where the wetting po- 
tential  is zero is often called the condensa t ion  boundary  
curve. These curves only change with changes in indoor  or 
outdoor  condit ions and do not  depend on the wall or roof 
construction.  Figure 4 shows the Kieper diagram with the 
curves for 21.2~ (70~ 40% relative humidi ty  indoor  con- 
dit ions and -6 .7~ (20~ 50% relative humidi ty  outdoors. 
Various construct ions can be analyzed in a single Kieper di- 
agram if indoor  and outdoor  condit ions are the same. 

Table 5 shows the x and  y values associated with the ex- 
amples used previously: a frame wall with and  without  a 
vapor retarder. When the wall profiles are entered in the Kie- 
per  diagram, as shown in Fig. 5, it is obvious that the wall 
with the vapor retarder  is entirely outside the condensa t ion  

region (the area below the condensa t ion  boundary  curve). 
As expected, the curve for the wall wi thout  the vapor re- 
tarder penetrates the condensa t ion  region in the diagram. 
The point  on the curve that penetrates the deepest (i.e., the 
plywood surface) represents the greatest wetting potential.  
This point  falls between curve d (wcZ = 1.0 in. Hg or 3386 
Pa) and  e (wcZ -- 1.5 in. Hg or 5080 Pa). The wetting poten- 
tial can be est imated by interpolat ion:  

wcZ = 1.4 in. Hg (4740 Pa) 

With Z = 2.27 perm -1 (39.7 109 re~s), the est imated rate of 
condensa t ion  is 

w C = 1.4/2.27 = 0.62 g ra in /h  �9 ft 2 (120 10 -9 kg /m 2 �9 s) 

Limitations of Manual Design Tools 

The methods discussed previously have the same severe lim- 
i tations and should therefore be used with caution. The 
methods only "predict" condensat ion,  not  mois ture  damage. 
Many construct ions can sustain  l imited periods of conden-  
sat ion without  significant damage, especially if the temper- 
atures are near  or below freezing and  the material  is able to 
dry quickly. In  addition, performance problems such as mold  
and  mildew or pa in t  failure are not  necessarily related to 
surface condensat ion.  

The methods ignore air leakage. If air leakage is present, 
it tends to dominate  mois ture  transport .  Even small amount s  
of indoor  air leakage into the wall (exfihration) can more 
than  double the condensa t ion  rate dur ing winter  [6]. How- 
ever, where exfiltration increases the potential  for wetting, 
infil tration of dry cold air decreases that potential.  If the 
a m o u n t  and direction of airflow are known,  the effects may 
be est imated with more sophisticated methods,  discussed 
later in this chapter. However, usually insufficient informa- 
t ion is available on the airflow pat terns in wall and  roof cav- 
ities to est imate the effect on moisture condit ions.  

The methods do not  recognize liquid capillary t ranspor t  or 
any t ransport  mechanisms  other than  diffusion. This tends 
to result in the underpredic t ion  of moisture transfer in  ma- 
terials such as wood at higher moisture contents.  For in- 
stance, in plywood, moisture t ransfer  may be as much  as 16 
times greater under  wet condit ions than unde r  dry condi- 
t ions and  in waferboard, three to four t imes greater unde r  
wet condit ions [7]. 

TABLE 5--Kieper diagram: x and y values for example wall with and without a vapor retarder. 

Thermal  resistance, a Permeance,  b Diffusion Resistance, Vapor No Vapor 
Air Film or Material h �9 ft 2 �9 ~ perrn, rep x Retarder, y Retarder, y 

Air film (still) 0.68 160 0.006 0.049 0.0003 0.003 
Gypsum board, painted 0.45 5 0.2 0.081 0.011 0.091 
Vapor retarder . 0.06 16.67 0.081 0.891 
Insulation 1"1" 30 0.033 0.871 0.893 011"65 
Plywood sheathing 0.62 0.5 2 0.916 0.998 0.986 
Wood siding 1 35 0.029 0.988 1.000 0.999 
Air film (wind) 0.17 1000 0.001 1.000 1.000 1.000 
Total 

With vapor retarder 13.92 18.94 
Without vapor retarder 13.92 2.27 

a See Table 1 for SI values. 
bl perm = 1 grain/ft 2 �9 h �9 in. Hg. 
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TABLE 6a--Saturation water vapor pressures (Pa) over water and ice, SI units. 

Temperature 0 1 2 3 4 5 6 7 8 9 

-30 ~ to ice 38 34 31 28 25 22 20 18 16 14 
-39 ~ 

wtr 51 46 42 38 34 31 28 26 23 21 

-20 ~ to ice 103 94 85 77 70 63 57 52 47 42 
-29 ~ 

wtr 125 115 105 96 88 81 73 67 61 56 

-10 ~ to ice 260 238 217 198 181 165 151 137 125 114 
-19 ~ 

wtr 286 264 244 225 208 191 176 162 149 137 

ice 611 562 517 476 437 402 368 338 310 284 
0 to -9 ~ 

wtr 611 568 528 490 455 421 391 362 335 310 

0 to 9 ~ wtr 611 657 705 758 813 872 935 lOO1 1072 1147 

10 to 19 ~ wtr 1227 1312 1402 1497 1598 1704 1817 1937 2063 2196 

20 to 29 ~ wtr 2337 2486 2643 2809 2983 3167 3361 3565 3780 4006 

30 to 39 ~ wit 4243 4493 4755 503 ! 5320 5624 5942 6276 6626 6993 

40 to 49 ~ wtr 7378 7780 8201 8642 9103 9586 10089 10616 11166 11740 

note 1: for temperatures below 0~ saturation vapor pressures are listed over ice and water (wtr). 
note 2: saturation vapor pressures for intermediate temperatures can be estimated by interpolation. 

All three methods are steady-state and do not recognize 
the effects of moisture and heat storage. This may be a major 
drawback when trying to determine the potential for damage 
in a wall or roof with large storage capacity or in a climate 
with a low drying potential. In those cases, moisture stored 
during an earlier part of the season may cause damage at a 
later time. 

When moisture condenses or evaporates, latent heat is re- 
leased or absorbed, raising or lowering temperatures. The 
analysis does not take this into account. In most practical 
cases, this is not a major effect unless the condensation/ 
evaporation takes place on an exposed surface (for example, 
window condensation). 

All three methods are one-dimensional; that is, the effect 
of corners, holes, or cracks, studs, or other thermal "bridges" 
are not included. 

R e c o m m e n d a t i o n s  f o r  U s e  

Mthough manual design tools have many limitations and are 
based on simplifying assumptions, they have the advantage 
of being relatively simple. For that reason, they will continue 
to be used, despite the increased availability of much more 
sophisticated computer programs such as MOIST. If steady- 
state tools are used, the author suggests the following: 

�9 Only use these methods for analyzing airtight construction 
and in cases where wetting by rain or heating by direct 
sunlight does not play a significant role. 

�9 Only use these methods to estimate seasonal mean con- 
ditions, rather than daily or even weekly mean conditions. 

�9 Use monthly averages for indoor and outdoor tempera- 
tures and humidities. 

�9 Results obtained with any of these methods should be con- 
sidered as approximations and be used with prudent care. 

N U M E R I C A L  T O O L S  

This section briefly discusses several relatively simple nu- 
merical analytical methods that are not included in other 
chapters. All the models discussed in this section are limited 
to one-dimensional analysis. 

MOISTWALL, developed at the Forest Products Labora- 
tory, is a numerical version of the Kieper diagram [5]. The 
program calculates moisture accumulation potential at each 
material surface using Eq 12. If all values are negative, no 
condensation is indicated. If some results are positive, the 
maximum is selected. MOISTWALL was implemented on a 
programmable calculator and has not yet been adapted to 
personal computers. 
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TABLE 6b--Saturation water vapor pressures (in. Hg) over water and ice, English units. 

Temperature 0 2 
I 

-10 ~ ice 0.02203 0.01974 

-18 ~ = 
wtr 0.0277 0.0250 

ice 
0 to -8 ~ 

wtr 

i c e  

Oto8 ~ 
wtr 

i c e  

10 to 18 ~ 
wtr 

i c e  

20 to 28 ~ 
wtr 

i c e  

30 to 38 ~ 
wtr 

40t048  ~ wtr 

50 to 58 ~ wtr 

6 0 t ~  ~ wtr 

70 to 78 ~ wtr 

80 to 88 ~ wtr 

90 to 98 ~ wtr 

100 to 108 ~ wit 

l lOt~  118 ~ wtr 

0.0376 

0.0448 

0.0339 

0.0407 

0.0376 0.0418 
I 

0.0448 0.0492 
I 

0.0629 0.0695 
I 

0.0708 0.0774 
1 

0.1027 0.1130 
I 

0.01766 

.02267 

0.0305 

0.0370 

0.0463 

0.0539 

0.0767 

0.0845 

0.1243 

0.01579 

0.0204 

0.0274 

0.0336 

0.0513 

0.0591 

0.0846 

0.0923 

0.1366 

0.01410 

0.0185 

0.0246 

0.0305 

0.0568 

0.0647 

0.0933 

0.1006 

0.1500 

0.1532 0.1096 0.1193 0.1298 0.1411 
I 

0.1645 0.1803 
I 

0.1663 0.1804 0.1955 0.2117 0.2290 
I 

0.2477 0.2676 0.2890 0.3118 0.3363 
I 

0.3624 0.3903 0.4200 0.4518 0.4856 

0.5216 I 0.5599 0.6007 0.6441 0.6902 

1 

I 

0.7392 I 0.7911 0.8463 0.9047 0.9667 
I 

1.0323 1.1017 1.1752 1.2530 1.3351 
I 

1.4219 1.5136 1.6103 1.7124 1.8200 
I 

1.9334 2.0529 2.1786 2.3110 2.4503 
I 

2.5968 2.7507 2.9125 3.0823 3.2606 
! 

note 1: for temperatures below 32~ saturation vapor pressures are listed over ice and water (wtr). 
note 2: saturation vapor pressures for intermediate temperatures can be estimated by interpolation. 

In the MOISTWALL-2 program, the effect of airflow was 
added to vapor diffusion [6]. The airflow is assumed to be a 
uniform one-dimensional exfiltrative or infiltrative flow. In 
all other respects, this method has the same limitations as 
the manual design methods. As with the original MOIST- 
WALL program, MOISTWALL-2 has not been implemented 
on a personal computer and is therefore not readily avail- 
able. 

An analytical model of moisture in cavity walls or roofs 
was published by Cunningham [8, 9]. This model is a simpler 
representation of moisture flow and storage: the cavity is 
treated as a single homogeneous region with the wood stud 
as a moisture storage medium. In a later version [10], sep- 

arate moisture release into the cavity (such as leaks, soil 
moisture) are also included. This simpler approach is very 
useful for estimating approximate drying times for wet wall 
cavities, assuming different levels of air leakage. However, 
the method is less suited to estimating the response to large 
temperature gradients in the insulated cavity (very cold or 
hot climates) or to using hygroscopic insulation materials 
(e.g., cellulose). 

A description of a one-dimensional finite-difference mois- 
ture transfer model was recently published by Spolek et al. 
[11]. The driving force within each material is assumed to 
be the moisture content gradient, whereas hygroscopic prop- 
erties are considered at the surface of materials only. While 
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FIG. 5~Kieper diagram: example wall with and without vapor 
retarder, indoor conditions of 70~ (21~ 40% RH and outdoor 
conditions of 2O~ (-6.7~ 50% RH. WcZ values for the curves 
are (a) 0, (b) 0.2 in. Hg (677 Pa), (c) 0.5 in. Hg (1693 Pa), (d) 1.0 
in. Hg (3386 Pa), and (e) 1.5 in. Hg (5080 Pa). 

this allows analysis of walls or roofs unde r  isothermal con- 
ditions, the model does not  account  for increased mois ture  
movement  wi th in  hygroscopic materials (wood, masonry)  
unde r  tempera ture  gradients. Many other models, discussed 
in  other chapters, more accurately account  for this and  usu- 
ally are more suitable for analysis of exterior walls and roofs 
conta in ing  hygroscopic materials.  
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I N T R O D U C T I O N  

M O I S T  (Release 3.0) IS A USER-FRIENDLY PERSONAL COM- 

PUTER P R O G R A M  3 that predicts the one-dimensional transfer 
of heat and moisture in walls, cathedral ceilings, and low- 
slope roof constructions [1]. It was developed at the National 
Institute of Standards and Technology (NIST) and released 
into the public domain in January 1998. It predicts the tem- 
perature and moisture content of each of the construction 
layers, or the relative humidity at the construction layer sur- 
faces, as well as the moisture and heat transfer fluxes at both 
the interior and exterior boundaries of the construction, as 
a function of the time of year. The model also can be used 
to predict annual variations in indoor relative humidity. 

With MOIST, the user can investigate a number of differ- 
ent possible applications, including the following examples: 
(1) predict the potential for elevated moisture contents that 
might lead to wood decay in wall or low-slope roof designs; 
(2) determine whether a vapor retarder is needed in a par- 
ticular construction, and, if needed, where it should be 
placed; (3) determine drying rates for construction materials 
containing high original moisture; (4) predict the surface rel- 
ative humidity at the construction layers in hot and humid 
or other climates, thereby analyzing the potential for mold 
and mildew growth; (5) determine the effect of moisture on 
thermal resistance; (6) analyze the effect of house tightness 
on wall moisture contents; (7) assess the effect of different 
wall construction materials or designs on wall moisture per- 
formance, and (8) investigate the effect of different indoor 
moisture generation, mechanical ventilation, or climate con- 
ditions on indoor relative humidity. Additionally, the user 
can investigate a wide range of applications for low-slope 
roofs and cathedral ceilings. 

The MOIST computer program provides a tool for build- 
ing practitioners to conduct an intermediate-level heat and 
moisture transfer analysis. The program provides building 
practitioners with considerably more meaningful and accu- 
rate moisture analysis predictions than the ASHRAE steady- 
state dew-point methods [2], but less information than more 
detailed models such as LATENITE [3]. The dew-point 
method unfortunately predicts only the presence of conden- 
sation, which can occur without any deleterious effects, and 
it doesn't give the user any assistance in determining if the 

1Building science consultant, Heat & Moisture Analysis, Inc., 17741 
Overwood Drive; Olney, MD 20832. 
2Consulting engineer, 3070 S.W. Fairmont Blvd., Portland, OR 
97201. 
3MOIST 3.0 is designed to run on any IBM-compatible personal 
computer having a Microsoft Windows operating system. 
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condensation leads to problems such as decay or mold 
growth. 

When building practitioners use MOIST, they will need to 
deal with a considerably smaller set of input data compared 
with that required for a more detailed model. However, they 
must choose appropriate values for that smaller set of input 
parameters. A user unfamiliar with commonly used termi- 
nology in building physics may experience some difficulty in 
selecting appropriate values for the input parameters in the 
MOIST program. Guidance on selecting appropriate input 
parameter values is covered in the program user manual. 

M O D E L  T H E O R Y  

The theory and mathematical formulation of MOIST follows 
the theoretical approach recommended by International En- 
ergy Agency (IEA) Annex 24 [4]. This annex recently pub- 
lished a consensus document (Task 1--Modeling) that pro- 
vided a theoretical approach to predict the combined 
transfer of heat, air, and moisture in insulated building en- 
velope parts. Leading physicists and engineers, working in 
this area from around the world, participated in the devel- 
opment of this document. 

A mathematical description of MOIST is given in the Ap- 
pendix to this chapter. A brief summary of the model theory 
is given below. 

A conservation of energy equation is applied to each ma- 
terial. This equation includes the storage of heat within both 
the dry material and moisture in the pore space. Addition- 
ally, this equation includes the latent heat effect of water 
evaporating from one place and condensing in another place 
in the construction. This equation is solved to give the tran- 
sient temperature distribution within the material. 

A conservation of mass (water) equation is also applied to 
each material. Water vapor and liquid (capillary) water are 
modeled as separate and distinct moisture transport mech- 
anisms. For vapor transport, water-vapor pressure is used as 
a potential with water-vapor permeability serving as a trans- 
port coefficient. For liquid transport, the capillary (suction) 
pressure is used as a potential with the hydraulic conductiv- 
ity (sometimes called liquid permeability) serving as a trans- 
port coefficient. This equation is solved to give the transient 
moisture content (and relative humidity) distribution within 
the material. 

The above two conservation equations are recast into fi- 
nite-difference equations similar to the approach used in the 
MATCH program developed by Pedersen 4 [5]. The finite- 

2001 by ASTM International 

4 Carsten Pedersen has changed his name to Carsten Rode. 
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difference equat ions  are  solved using an efficient t r i -d iagonal  
mat r ix  so lu t ion  technique.  The user  m a y  specify up to, but  
not  exceeding, 500 finite-difference nodes.  For  mos t  s imu-  
la t ions  a l -h  t ime step is r ecommended ,  a l though the use r  
has  the  op t ion  to specify a smal le r  t ime step to achieve a 
s table ma thema t i ca l  solut ion requi red  in a few appl icat ions .  

Zarr, Burch,  and  Fanney  recent ly  verified the  ma themat i -  
cal a lgor i thms of the MOIST p rog ram by way  of compar i son  
to a series of l abora to ry  exper iments  conduc ted  at  the Na- 
t ional  Ins t i tu te  of S tanda rds  and  Technology [6]. In  those 
exper iments ,  several  test  walls  were ins ta l led in a ca l ibra ted  
hot  box where  the ou tdoor  b o u n d a r y  condi t ions  were var ied  
to induce mois tu re  to first flow into the cons t ruc t ion  mate-  
r ials  and  subsequent ly  flow out  of  the  mater ia ls .  Sensors  
were  ins ta l led in the cons t ruc t ion  layers  to measure  the  
mois tu re  conten t  of the mater ia l s  and  the hea t  t ransfer  ra te  
at  the  in ter ior  surface as a funct ion of t ime. These measure-  
ments  were c o m p a r e d  to cor respond ing  pred ic t ions  us ing 
the MOIST program.  The agreement  be tween  measu red  and 
pred ic ted  resul ts  was very good, thereby  suppor t ing  the va- 
l idi ty  of  the model .  

A n u m b e r  of o ther  l abo ra to ry  and  field exper iments  have 
been  conduc ted  that  have verified the accuracy  of the MOIST 
model .  These exper imenta l  s tudies  are  s u m m a r i z e d  in 
Table 1. 

These o ther  exper imenta l  s tudies  general ly  found very 
good to fair  ag reement  be tween  measu red  values and  cor- 
r e spond ing  values p red ic ted  by  the MOIST program.  Per- 
haps  more  important ly ,  the MOIST p rog ram pred ic ted  all 
t rends  in the  measu red  results.  

t igate  the mois ture  pe r fo rmance  of the bui ld ing  construc-  
tion. 

D E S C R I P T I O N  OF T H E  MOIST 
C O M P U T E R  P R O G R A M  

The p rog ra m instal ls  in a fashion ident ical  to profess ional  
sof tware des igned for a Microsof t  Windows opera t ing  sys- 
tem. ASHRAE WYEC 5 hour ly  wea the r  da ta  [7] for the  fol- 
lowing six cities are  ins ta l led with  the p rogram:  Madison,  
WI; Boston,  MA; Washington,  DC; Atlanta,  GA; Lake Charles,  
LA; and  Port land,  OR. Weather  da ta  for 45 o ther  United 
States  and  Canadian  cities are  provided  with  the  p r o g r a m  
and m a y  be instal led if needed  for an analysis.  

After the p r o g r a m  is instal led,  a MOIST session m a y  be 
l aunched  by double-c l icking on the MOIST Release 3 icon 
shown in Fig. 1. After the p r o g r a m  starts,  the Title Screen 
shown in Fig. 2 is displayed.  After a few seconds,  the  ti t le 
screen au tomat ica l ly  d i sappears  and  the MOIST Main  Dialog 
Box shown in Fig. 3 is displayed.  F r o m  this screen, the user  
m a y  launch a wide range of hea t  and  mois tu re  t ransfer  pro-  
jects.  A flow char t  for the MOIST p rog ra m is given in Fig. 4. 
A br ief  descr ip t ion  of the p r o g r a m  is given below. 

Selecting Units 

Before a user  sets up a p rob l e m for analysis,  e i ther  met r ic  
(SI) or  Engl ish ( inch-pound)  uni ts  are  selected. After that ,  
all compu te r  screens and results  are  d isplayed in the  system 
of units  selected. 

P R O G R A M  LIMITATIONS 

One of the mos t  significant l imi ta t ions  of  the  MOIST mode l  
is tha t  it  is one d imensional .  This means  tha t  the  model  does 
not  include the effect of f raming  member s  and  two- and  
th ree-d imens iona l  effects such as the vert ical  movemen t  of 
mois tu re  in an ear th-coupled  wall. Moreover, the mode l  does 
not  include the exter ior  wet t ing of the cons t ruc t ion  by ra in  
and  the insula t ing  effect and  change  in roof  abso rp tance  
f rom a snow load. In  addi t ion,  the model  does not  include 
the t ransfer  of hea t  and  mois tu re  by  ai r  movement .  The con- 
s t ruct ion  is a s sumed  to be air t ight .  

In  appl ica t ions  where  the above l imi ta t ions  become  im- 
por tant ,  it  is r e c o m m e n d e d  that  the bui ld ing  p rac t i t ioner  
cons ider  using more  advanced  models  such as LATENITE 
[3] or  conduc t ing  field and  l abora to ry  exper iments  to inves- 

Input Processor 

The compu te r  p r o g r a m  conta ins  an  input  p rocessor  that  per- 
mits  users  to en te r  and  edi t  inpu t  pa rame te r s  in a Microsof t  
Windows  (point-and-cl ick)  environment .  Clicking on the dif- 
ferent  c o m m a n d  but tons  g rouped  in the box unde r  Edit data 
of the MOIST Main  Dialog Box (see Fig. 3) takes you to the  
var ious  input  p a r a m e t e r  screens of the  p rogram.  

Building Construction 

For  example,  cl icking on the c o m m a n d  bu t ton  B u i l d i n g  
Construction takes you to the Const ruc t ion  Data  Ent ry  Box 
shown in Fig. 5. With  some pract ice ,  the user  can  enter  a 

5 Weather Year for Energy Calculations. 

TABLE 1--Other experimental studies verifying MOIST. 

Property 
Person / Organization Measurements Description ~ Agreement 

Tsongas (1990) [20] 
U.S. DOE/BPA 

Bailey, Bauer, & Slama, et al. (1996) [25] 
Ortech Corporation 

Hosni, Sipes & Wallis (1999) [26] 
Kansas State University 

TenWolde & Carll (1995) [27] 
Forest Products Lab. 

Graham, Tuluca, et al. (1997) [28] 
Steven Winter & Associates 

No MC of wall sheathing in 86 Very Good 
Pacific Northwest homes 

Yes MC during lab drying of sheet Good 
materials 

Partial RH in lab walls exposed to hot Good/Fair 
and humid climates 

Yes RH in field walls Fair 

Partial RH in field walls Good 

aIn the third column labeled "Description," MC-moisture content and RH-relative humidity. 
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FIG. l m M O I S T  program folder (group). 

new bui ld ing cons t ruc t ion  in a couple  of minutes .  The user  
m a y  specify up  to ten cons t ruc t ion  layers. Air  spaces,  vapor  
re tarders ,  and  insula t ion  layers  may  be inc luded in a s imu- 
lat ion.  Additionally,  the water-vapor- t ransfer  res is tance of- 

fered by  wall  coverings such as wal lpapers  and  pa in t s  ap- 
pl ied to both  the  in te r ior  and  exter ior  boundar i e s  of the 
cons t ruc t ion  m a y  be inc luded in a s imulat ion.  Layers  are  
added,  edited, or  dele ted in a poin t -and-c l ick  Microsof t  Win- 
dows environment .  

In  set t ing up  a wall or  roof  construct ion,  the user  can se- 
lect mate r ia l s  given in a mate r ia l  da tabase  wi th in  the pro-  
gram. In  this way, the user  does not  have to enter  mate r ia l  
p roper ty  data.  Thir ty  different  mater ia l s  are  inc luded  in the  
database .  Most  of the  mate r ia l  proper t ies  inc luded in the  da- 
t abase  are  e i ther  based  on NIST measu remen t s  or  taken  
f rom measu remen t s  in the l i terature;  in a few cases where  
measu red  da ta  were not  avai lable (e.g., s tucco finish) the  
proper t ies  were es t imated.  

Editing the Material Database 
F r o m  the MOIST Main  Dialog Box (see Fig. 3), cl icking on 
Material  Database  takes the user  to the Mater ia l  Database  
Dialog Box shown in Fig. 6. F r o m  this screen, the user  can 
revise the mate r ia l  p rope r ty  values for a mate r ia l  inc luded 
in the database ,  p rovided  that  the user  has valid p rope r ty  
da ta  for the mater ia l .  Mater ia ls  m a y  be added  to or  dele ted  
f rom the database .  In  some si tuat ions,  the use r  m a y  find that  
mate r ia l  p roper ty  da ta  for a pa r t i cu la r  mate r ia l  may  not  be 
given in the existing l i terature.  

Input Parameters (Selecting Weather Data) 
F r o m  the MOIST Main  Dialog Box (see Fig. 3), cl icking on 
I n p u t  P a r a m e t e r s  takes the user  into the Inpu t  Pa ramete r s  
Dialog Box shown in Fig. 7. In  set t ing up  an appl icat ion,  a 

FIG. 2- -Ti t le  screen of the MOIST program. 
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FIG. 3 - -MOIST main dialog box. 

FIG. 4~F low chart of the MOIST program. 

user  mus t  specify the following input  parameters :  convective 
coefficients at  the inside and  outs ide  surfaces,  exter ior  sur- 
face solar  absorptance ,  cons t ruc t ion  tilt angle, cons t ruc t ion  
az imu th  or ientat ion,  and  the inside and  outs ide  surface 
pa in t  o r  wall  covering permeances .  When  the user  is con- 
duct ing  a s imula t ion  with  cons tan t  indoor  condi t ions ,  an in- 
door  t empera tu re  and  indoor  relat ive humid i ty  mus t  be 

specified. Guidance  on selecting appropr i a t e  values for these 
input  pa rame te r s  is given in the p rog ram user  manual .  

F r o m  the Input  Pa ramete r s  Dialog Box, the  user  also se- 
lects the ASHRAE WYEC hour ly  wea ther  da ta  tha t  he / she  
wants  to use in the c o m p u t e r  analysis.  The p rog ram comes  
with  WYEC wea the r  da ta  for 51 cit ies of the  United States  
and  Canada.  The user  can also use non-WYEC wea the r  da ta  
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FIG. 5~Construct ion data entry box. 

FIG. 6--Material database dialog box. 
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FIG. 7mlnput parameters dialog box. 

with the program, but he /she  must  first convert h is /her  
weather  data into WYEC format. This procedure is outlined 
in the program user manual.  

Analysis Intervals and Indoor Parameters 
From the MOIST Main Dialog Box (see Fig. 3), clicking on 
I n t e r v a l / I n d o o r  P r m t r s  takes the user into the Data Box 
for Specifying Analysis Intervals and Indoor  Parameters (see 
Fig. 8). From this screen, the user can select the period over 
which the computer  analysis is carried out  and the period 
during which result data are sent to output  files. 

The user can conduct  a moisture  analysis in which the 
relative humidi ty  is permitted to vary during the winter 
months  and is calculated f rom a moisture balance of the 
whole building. The user selects the variable indoor climate 
model under  Analysis  Op t ions  described in the next section. 
When the variable indoor climate model is activated, the 
user must  specify the other parameters  on this computer  
screen. Here the user selects a summer  set-point tempera- 
ture and relative humidi ty  and a winter set-point tempera- 
ture. In  addition, the user specifies a moisture generation 
rate for occupant-related activities, a building air tightness 
coefficient called an effective leakage area (ELA), and stack 
and wind coefficients for a semi-empirical air infiltration 

correlation. The use of a variable indoor relative humidi ty  
model is believed to provide more  realistic simulations that  
coincide more  closely with field performance than using a 
constant  indoor  relative humidity. In fact, wall moisture con- 
tent predictions using MOIST with variable indoor  relative 
humidi ty  have been found to be within a few percent of ac- 
tual measured values [8]. 

Output and Analysis Options 
From the MOIST Main Dialog Box (see Fig. 3), clicking on 
Outpu t /Ana l .  Opt ions  takes the user into the Data Box for 
Selecting Output  and Analysis Options shown in Fig. 9. Un- 
der Analysis  Opt ions ,  the user can select the indoor  climate 
(variable indoor relative humidity) model. When this option 
is not  selected, the MOIST simulation is carried out using 
the constant  indoor  temperature and relative humidi ty  spec- 
ified on the Input  Parameter  Dialog Box (see Fig. 7). For  
most  situations, the user  will usually not change the other 
parameters  on this screen. 

In the above discussion, the user  transferred f rom the 
MOIST Main Dialog Box into the various input screens by 
clicking on appropriate c o m m a n d  buttons under  Edi t  Data.  
The user can also transfer into the various input data screens 
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FIG. 8~Data box for specifying analysis intervals and indoor parameters. 

by using pul l -down menus,  clicking tool icons d isp layed on 
a tool  bar, or  using shor t -cut  keys. 

Running  a MOIST Analysis 

After specifying a set of input  da ta  for h i s / he r  p roblem,  the 
user  commences  a MOIST analysis  by  cl icking Run Analysis 
Prog on the MOIST Main  Dialog Box (see Fig. 3). 

During the analysis,  the  p r o g r a m  displays  a plot  of the  
mois tu re  content  of the cons t ruc t ion  layers  versus t ime of 
year  on the compu te r  screen (see Fig. 10). With  a Pen t ium 
III  750-Mhz computer ,  the p rog ram takes abou t  5 s to run  a 
typical  s imulat ion.  In  the graph  on the compu te r  screen,  the  
vert ical  axis displays  the relat ive mois ture  content  of the  
s torage layers of the  construct ion.  The te rm "relative mois-  
ture content"  is defined as the mois ture  content  of the ma-  
ter ia l  layer  divided by the mois ture  content  of the mate r ia l  
at  m a x i m u m  sorpt ion.  M a x i m u m  sorp t ion  is the mois tu re  
content  of the  mater ia l  in equ i l ib r ium with sa tu ra ted  a i r  at  
100% RH. The dashed  hor izonta l  l ine in the center  of the 
g raph  depicts  a relat ive mois ture  content  of 1. This is the 
cri t ical  mois tu re  content  above which  l iquid wate r  appears  
in the  open cell spaces of the  mater ia l .  That  cri t ical  mois tu re  
content  is essent ial ly the fiber sa tu ra t ion  point.  Relat ive t ime 
is d isplayed on the hor izonta l  axis. A relat ive t ime of 0 cor- 
responds  to the s tar t  of a s imulat ion,  while a value of 1 cor- 
responds  to the end of the s imulat ion.  

Plotting Result Graphs 

After the  user  comple tes  a MOIST s imulat ion,  resul t  graphs  
can be viewed and  p lo t ted  f rom wi th in  the p rogram.  They 
include:  b o u n d a r y  condi t ion  pa rame te r s  (such as indoor  rel- 
ative humidi ty) ,  mois tu re  content  of cons t ruc t ion  layers,  rel- 
ative humid i ty  at  the  surfaces of cons t ruc t ion  layers, bound-  
ary hea t  fluxes, b o u n d a r y  mois ture  fluxes, t he rmal  res is tance  
of the whole  wall, and  surface t empera tu res  at cons t ruc t ion  
layers. Result  graphs  are  selected and edi ted  in a poin t -and-  
click Microsoft  Windows environment .  Resul t  graphs  are 
d isp layed in a Graphing  Dialog Box shown in Fig. 11. The 
resul t  plots can also be sent  to a p r in te r  by  poin t ing  and  
cl icking with  the mouse .  In  addi t ion,  the  results  can be im- 
por ted  into a spreadshee t  for plott ing,  such as for cases 
where  the  results  of more  than  one s imula t ion  run  are  com- 
pared.  

Other Program Features 

After plot t ing results,  the user  m a y  pr in t  a ha rd  copy of all 
the input  da ta  pa rame te r s  used for the MOIST s imula t ion .  
In  addi t ion,  af ter  the  user  analyzes  a project ,  the inputs  and  
results  can be saved to a file. In  this way, the  user  can open 
that  project  at  a la ter  t ime ei ther  to re - run  it wi th  revisions 
or  to re -examine  the results.  The p rog ram comes  wi th  a full 
set of help  menus .  
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FIG. 9~Data  box for selecting output and analysis options. 

SPECIAL CAPABILITIES OF THE 
MOIST PROGRAM 

The program has a number of special capabilities. They are 
described below. 

Indoor Climate Options 

The user may specify that the building interior is operated 
in the following different operating modes: 

1. fixed indoor temperature and relative humidity during the 
entire simulation, 

2. separate fixed indoor temperature and relative humidity 
during winter and summer, and 

3. fixed or variable indoor temperature and relative humidity 
during the summer with fixed temperature but variable 
relative humidity during the winter. 

For operating mode 3, the user specifies a moisture genera- 
tion rate for the whole building and air leakage parameters 
for the building envelope. During the winter, the program 
performs a moisture balance on the whole building and pre- 
dicts the indoor relative humidity at each time step of the 
analysis. Operating mode 3 is believed to provide a more 
realistic simulation that better represents actual field per- 
formance than a constant indoor relative humidity. 

Including Paints and Wallpapers in Simulations 

The program has the capability to include the water-vapor- 
transfer resistance offered by paints and wallpapers in com- 
puter simulations. The program user specifies a permeance 
for the inside and outside surface wall covering on the Input 
Parameter Dialog Box (see Fig. 7). Guidance on selecting 
appropriate permeance values for various paints and wall- 
papers is given in the program user manual. The thermal 
resistance of paints and wallpapers is neglected. 

Modeling Air Spaces 

The MOIST program has the capability to model the water- 
vapor-transfer resistance and thermal resistance offered by 
convective air spaces and stagnant air layers within a build- 
ing construction. The program user includes an air space by 
specifying a permeance and thermal resistance for a non- 
storage layer in the Construction Data Entry Box (see Fig. 
5). Guidance on selecting thermal resistance values for air 
spaces is given in the ASHRAE Handbook of Fundamentals 
[2], and guidance on selecting permeance values for convec- 
tive air spaces and stagnant air layers is given in the program 
user manual. 

Alternative Ways of Modeling Thermal Insulation 

The MOIST Program provides two alternative ways to model 
thermal insulation. The user can treat thermal insulation as 



2 

Rel 
H I ;  

.8  .2  .4  .6  .8  
R e l a t i u e  Time 

124  M A N U A L  O N  M O I S T U R E  A N A L Y S I S  I N  B U I L D I N G S  

I 

Layer: 1 - -  3 5 -  

FIG. l O ~ S c r e e n  plot displayed during program execution. In this black and white 
image of the color computer  screen, the lower curve is I (gypsum board), the middle 
curve is 3 (sheathing), and the upper curve is 5 (siding). 
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a "storage layer" in which  the s torage of heat  and  mois tu re  
is inc luded as a t r anspor t  process,  or  a l ternat ively the ther- 
mal  insula t ion  can  be mode led  as a "non-storage layer" in 
which  the s torage of hea t  and  mois tu re  is neglected.  

In  many  appl icat ions ,  the  s torage of mois tu re  in the rmal  
insula t ion  has a smal l  and  u n i m p o r t a n t  effect on the mois-  
ture pe r fo rmance  of the  bu i ld ing  const ruct ion.  For  example ,  
glass-fiber insula t ion  is weakly  hygroscopic .  When  it is in- 
s tal led in a wood- f rame  cavity wall, very litt le mois tu re  is 
s tored  in the  the rmal  insulat ion.  In  this s i tuat ion,  neglect ing 
the s torage of hea t  and  mois tu re  in the insula t ion  has  a small  
effect on the hea t  and  mois tu re  pe r fo rmance  of the wall. 

Treating the rmal  insula t ion  as a non-s torage  layer  has  sev- 
eral  benefits to the  p r o g r a m  user. First ,  the  p rog ra m user  
only has  to specify two parameters :  the the rmal  res is tance  
and  pe rmeance  of the layer  (see Const ruc t ion  Data Ent ry  
Box shown in Fig. 5). Second,  the  ma thema t i ca l  solut ion be- 
comes  very stable.  However, the user  gives up  the capabi l i ty  
of t racking  the mois tu re  content  of the  insula t ion  as a func- 
t ion of t ime. 

In  some appl icat ions ,  it  m a y  be impor t an t  to t rack  the 
mois tu re  content  of the insu la t ion  as a funct ion of t ime.  Fo r  
example,  the user  may  be in teres ted in pred ic t ing  the  drying 
rate  of spray-appl ied  cellulose after  it  is insta l led in a wall  
cavity. In  this  s i tuat ion,  the use r  mus t  t rea t  the  the rmal  in- 
sula t ion as a s torage layer. H e / s h e  specifies a mater ia l ,  its 
thickness,  its ini t ial  t empera ture ,  its ini t ial  mois tu re  content ,  
and  n u m b e r  of layer  nodes  (or sub-volumes)  for the  finite- 
different  analysis  (see the Const ruc t ion  Data  Ent ry  Box 
shown in Fig. 5). Additionally,  if the the rmal  insula t ion  is 
not  given in the  cata log of mate r ia l  p roper t ies  (see the  Ma- 

ter ia l  Database  Dialog Box shown in Fig. 6), then  14 different  
mate r ia l  p roper ty  da ta  values mus t  be specified to charac-  
terize hea t  and  mois tu re  t r anspor t  wi th in  tha t  mater ia l .  

In  t rea t ing  the rmal  insula t ion  as a s torage layer, the use r  
may  experience difficulty in achieving a s table ma thema t i ca l  
solution.  This is because  smal l  changes  in the mois tu re  
t r anspor t  potent ia l  give rise to very large f luctuat ions in the  
mois tu re  flux. In  this  s i tuat ion,  the ma thema t i ca l  solut ion 
tends  to overshoot  the ac tual  solut ion,  thereby  leading to an 
uns tab le  solution.  To overcome this difficulty, the  user  mus t  
gradual ly  decrease  the size of the  t ime step and  increase  the  
n u m b e r  of f ini te-difference nodes  unti l  a s table solut ion is 
reached.  This process  can  be in t imida t ing  for an  inexperi-  
enced user. Assis tance in select ing the n u m b e r  of nodes  and  
the t ime step is p rovided  in the  p r o g r a m  user  manual .  

When  examining  cases where  the mois ture  content  of  
wood-based  bu i ld ing  componen t s  gets above the i r  fiber sat- 
u ra t ion  po in t  (FSP) of abou t  28%, then  extra  effort m a y  be 
necessary  to achieve stable and correct  solutions.  In  par t ic-  
ular, if negative values of mois tu re  content  result ,  o r  if un- 
real is t ic  or  very spiky mois tu re  content  values occur, then  
one or  more  solut ion approaches  may  be required.  They in- 
clude: (1) choose  more  nodes  in the mater ia ls ,  (2) b reak  up  
the wet tes t  mate r ia l s  into more  than  one subpar t ,  o r  (3) re- 
duce the  solut ion t ime step be low 1 h. In  this  s i tuat ion,  
achieving stable and  correct  solut ions  involves a tr ial  and  
er ror  process.  In  fact, when  deal ing with  mois tu re  contents  
above the FSP, it  a lways is a good idea to check the effect of  
increas ing  the n u m b e r  of nodes  on the ca lcula ted  values.  
Suggest ions  for under tak ing  all these approaches  are  pre- 
sented in the p r o g r a m  user  manual .  
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FIG. 11--Graphing dialog box. In this black and white image of the color computer 
screen, the lower curve is Layer 1, the middle curve is Layer 3, and the upper curve 
is Layer 5. 

W O R S T  CASE PARAMETRIC ANALYSIS 

One of the more  impor tant  questions posed by potential 
MOIST users is what  is the most  appropriate set of input 
conditions to use for an analysis. Clearly one must  simulate 
as closely as possible the conditions that will exist in a build- 
ing. However, conditions can vary. Buildings can be weath- 
erized and thus airtightened. Occupants  can change, and 
occupant  moisture generation characteristics can vary. 
Furthermore,  the location in a material where moisture con- 
ditions are assessed can impact  whether  or  not  a building 
componen t  is moisture distressed in a part icular  application. 

We believe it is impor tant  to assess the moisture perfor- 
mance  of  a wall or  a roof  by undertaking a series of com- 
puter  simulation runs where key input parameters  are varied 
over a range of possible conditions. Furthermore,  it is in- 
structive and even imperative to model a building wall or  
roof  under  so-called "worst case" conditions where the se- 
lected parameters  produce the worst possible moisture per- 
formance for that part icular building component .  The dif- 
ference in wall or  roof  component  moisture contents 
between typical and worst case conditions can be substan- 
tial. 

For  example, it is impor tant  to include runs where the 
building is assumed to be very airtight in combinat ion with 
high moisture generation. That combinat ion typically pro- 

duces worst  case conditions. We typically assume an equiv- 
alent leakage area (ELA) of about  323 to 387 cm 2 (50 to 60 
in3) that  corresponds to a natural  air exchange rate of about  
0.25 ach for an air-tight 139-m 2 (1500 ft 2) dwelling, in com- 
bination with a high moisture generation rate of  21.8 kg /day  
(48 lb/day). It is also impor tant  to investigate the distribu- 
t ion of moisture in the layers, such as the outer  layers, rather  
than looking at the average moisture content of  the whole 
layer. North-facing walls or  roofs are usually chosen for 
modeling because they always have higher moisture contents 
or  surface relative humidities than those with other  orien- 
tations (due to lack of solar heating). 

ILLUSTRATIVE APPLICATIONS 

The purpose of this section is to provide the user with several 
illustrative applications portraying appropriate use of the 
program. 

A typical wood-frame cavity wall, shown schematically in 
Fig. 12, is used in most  of the illustrative analysis. This wall 
is comprised of 1.27-cm (0.5-in.) gypsum broad, 8.9-cm (3.5- 
in.) glass fiber insulation, 1.27-cm (0.5-in.) f iberboard 
sheathing, and 1.27-cm (0.5-in.) sugar pine siding. Latex 
paint  [574.5 ng/s.m2.pa (10 perm)] is applied to both the in- 
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FIG. 12mWall  construction used in most of the illustrative applications. 

side and outs ide  surfaces of the  const ruct ion,  and  the cli- 
mate  is Madison,  WI, unless  s ta ted otherwise.  

Determining I f  a Vapor Retarder Is N e e d e d  in a 
C o l d  Climate 

During the winter, i ndoor  mois ture  pe rmea tes  ou tward ly  
th rough  a wall  cons t ruc t ion  and  accumula tes  in the sheath-  
ing and  siding of the  const ruct ion.  Of in teres t  to bui ld ing  
prac t i t ioners  is whe ther  an  in ter ior  vapor  re ta rder  is needed  
to ma in ta in  mois tu re  accumula t ion  in the  cons t ruc t ion  ma-  
ter ials  be low fiber sa tura t ion.  

Separa te  s imula t ions  of the wood- f rame  cavity wall  were 
car r ied  out  for cases wi th  and wi thout  an in ter ior  vapor  re- 
tarder. When  a vapor  r e t a rde r  was inc luded  in the  s imula-  
tion, it had  a pe rmeance  of 57.45 ng/s-m2.Pa (1 pe rm)  and  
was p laced  be tween the gypsum b o a r d  and  the glass-fiber 
insulat ion.  Dur ing the winter, the indoor  relat ive humid i ty  
was pe rmi t t ed  to vary and  was ca lcula ted  f rom a mois tu re  
ba lance  of the  whole  building.  The indoor  mois tu re  genera-  
t ion ra te  was a s sumed  to be 10.9 k g / d a y  (24 lb /day) ,  and  the 
bu i ld ing  envelope was cons idered  to be tight,  having an ef- 
fective leakage a rea  (ELA) equal  to 367 cm 2 (60 in. 2) corre- 
sponding  to abou t  0.25 ach. The results  are  given in Fig. 13. 
In  this  plot, the first m o n t h  is July, and  win te r  occurs  in the  
center  of the plot.  

The results  show tha t  mois tu re  does accumula te  in the  
shea th ing  and  siding dur ing  the winter. I t  reaches  a maxi-  
m u m  in the la t ter  pa r t  of the winter. When  the wall  d id  not  
conta in  a vapor  retarder,  the  mois tu re  contents  of the  fiber- 
boa rd  and the sugar  p ine  rose  to 24%. A mois tu re  content  
of 24% is very close to fiber sa tura t ion  for wood-base  ma-  
ter ials  (i.e., about  28%). A potent ia l  r isk of mate r ia l  degra-  
da t ion  occurs  in wood-base  mater ia l s  when  thei r  mois tu re  
content  reaches  and  rises above fiber sa tura t ion.  On the 
o ther  hand,  when  a vapor  r e t a rde r  was present ,  the  mois tu re  
contents  of the  two mater ia l s  did  not  r ise above 12%. The 
resul ts  indicate  tha t  the presence  of a vapor  r e t a rde r  pro-  
v ided cons iderab ly  lower  mois tu re  contents  in the shea th ing  
and siding dur ing  the winter.  

D r y i n g  Rates for Construct ion Materials that are 
Initially Wet 

When  a cons t ruc t ion  mate r ia l  conta in ing  an  ini t ial  h igh 
mois tu re  content  is used  to cons t ruc t  a wall, bu i ld ing  prac-  
t i t ioners  are  in teres ted  in de te rmin ing  how long it takes for  
the cons t ruc t ion  mate r ia l  to dry. To i l lustrate  this  appl ica-  
tion, the p r o g r a m  was used to invest igate the  drying ra te  for 
f iberboard  in the  wood- f rame  cavity wall  wi th  an  in ter ior  
vapor  retarder.  Here  it was a s sumed  tha t  the  ini t ial  mois tu re  
content  of the  f iberboard  was 50% at the s tar t  of  the  s imu- 
la t ion (August 1). Such a mois tu re  content  could  occur  if the  
f iberboard  were left uncovered  and  was wet ted  by  ra in  at a 
cons t ruc t ion  site. The mois ture  content  of the  f iberboard  and 
the sugar  pine  are  p lot ted  as a funct ion of t ime  in Fig. 14. 
These resul ts  indicate  that  it takes about  60 days  (or abou t  
two months)  for the  f iberboard  to dry  out. 

P o t e n t i a l  f o r  M o l d  a n d  M i l d e w  Growth in W a l l s  
Exposed  to Hot  and Humid  Climates 

When  vinyl wa l lpaper  is used  as an in te r ior  covering for 
walls  exposed to hot  and  h u m i d  cl imates,  a potent ia l  mo ld  
and mi ldew p rob lem may  occur  dur ing  the summer.  A com- 
pu te r  s imula t ion  was conduc ted  for the wall  cons t ruc t ion  
given in Fig. 12. Vinyl wa l lpaper  having a pe rmeance  of 28 
ng/s .m2.pa (0.5 perm)  was used ins tead  of latex pa in t  a t  the 
in ter ior  surface. Dur ing the summer,  the indoor  t empe ra tu r e  
was 24~ (76~ 

The relat ive humid i ty  beh ind  the vinyl wa l lpape r  is p lo t ted  
as a funct ion of  t ime in Fig. 15. In  this plot, the first m o n t h  
is January,  and  s u m m e r  occurs  in the  center  of the  plot. Dur- 
ing the  summer,  wa te r  vapor  f rom the ou tdoor  env i ronment  
pe rmea tes  inward ly  unde r  the influence of the outdoor- to-  
indoor  t empe ra tu r e  difference. The vinyl wa l lpape r  offers 
high water-vapor- t ransfer  res is tance  to this  i nward  mois tu re  
flow tha t  causes  mois ture  to accumula te  beh ind  it. Note that  
the  relat ive humid i ty  approaches  the  cri t ical  relat ive humid-  
i ty (80%) tha t  suppor t s  mold  and  mi ldew growth.  The Inter- 
na t iona l  Energy Agency (IEA) Annex 14 [9] has  r epor ted  tha t  
a month ly  mean  relat ive humid i ty  exceeding 80% is condu-  
cive to mold  and mi ldew growth.  
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FIG. 13--Effect of interior vapor retarder on moisture content of fiberboard and 
sugar pine. First month is July. 

Effect  of  H o u s e  Tightness  on  Wall 
Moisture Performance  

The computer program was next used to investigate the ef- 
fect of house tightness on moisture accumulation in the fi- 
berboard sheathing during the winter. In the analysis, the 
moisture generation rate in the house was taken to be 10.9 
kg/day (24 lb/day). The following three levels of house tight- 
ness were analyzed: a tight house [ELA = 387 cm 2 (60 in.2)], 
a typical house [ELA = 774 cm 2 (120 in.2)], and a leaky house 
[ELA = 1548 cm 2 (240 in.Z)]. The corresponding approxi- 
mate natural air change rates for the three cases are: about 
0.25, 0.5, and 1.0 ach. 

The indoor relative humidity is plotted versus time of year 
for the three house tightnesses in the upper chart of Fig. 16. 
Note that the indoor relative humidity is highest in warm 
summer, spring, and fall periods and decreases significantly 
during cold winter periods. Air exchange between the indoor 
and outdoor air provides drying of the indoor air during the 
winter. The tight house has lower air exchange with the out- 
door air, thereby providing less drying of the indoor air and 
higher indoor relative humidity. On the other hand, the leaky 
house has higher air exchange, more drying of the indoor 
air, and lower indoor relative humidity during the winter. 

The moisture content of the fiberboard sheathing is plot- 
ted versus time for the three levels of house tightness in the 
lower chart of Fig. 16. House tightness (indoor relative hu- 
midity) is seen to have a profound effect on moisture accu- 
mulation in the fiberboard sheathing during the winter. The 
peak moisture content rose to 24% in the tight house and 
only 10% in the leaky house. Differences in sheathing mois- 
ture content are a direct consequence of the different indoor 
relative humidity levels provided by the three house tight- 
nesses. 

Effect  of  Indoor  Moisture Generation Rate 

The amount of moisture generated indoors as a result of the 
occupant activities also can have a pronounced effect on the 
moisture contents of wall and roof components. It turns out 
that doubling the amount of moisture generation has the 
same effect in the previous example as reducing the ELA by 
the same ratio, or vice-versa. That is, if the typical house 
with typical moisture production has the moisture genera- 
tion rate doubled, the results are the same as those presented 
in Fig. 16 for the case where the ELA is halved. 

Effect  o f  Bui lding Paper Permeance  on Wall 
Moisture Performance  

The program was next used to investigate the effect of per- 
meance of the exterior sheathing paper (or building paper) 
on moisture buildup during the winter and spring in the fi- 
berboard sheathing and sugar pine siding of the wood-frame 
cavity wall. The building paper was installed between the 
fiberboard sheathing and the sugar pine siding. The follow- 
ing four building paper permeances were analyzed: 2.3 • 10  4 

ng/s'm2-pa (400 perm), 575 ng/s.m2.pa (10 perm), 287 ng/ 
s.m2"Pa (5 penn), and 57.5 ng/s.m2.pa (1 perm). The largest 
permeance [2.3 • 104 ng/s-m2-pa (400 perm)] corresponds 
to a spun-bonded polyolefin air barrier. The smallest per- 
meance [57.5 ng/s'm2"pa (1 perm)] corresponds to a vapor 
retarder. The computer simulations were carried out for the 
tight house [ELA = 387 cm z (60 in.Z)] with typical moisture 
generation. 

The moisture contents of the sugar pine siding (upper plot) 
and fiberboard sheathing (lower plot) are plotted versus time 
in Fig. 17. The fiberboard moisture content rises markedly 
as the sheathing paper permeance is decreased. During the 
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FIG, 14~Drying rate for fiberboard and sugar pine in wood-frame cavity wall. The 
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FIG. 15--Surface relative humidity behind vinyl wallpaper plotted versus time. First 
month is January. 

winter, water vapor diffuses outwardly under the influence 
of the inside-to-outside temperature difference. As the per- 
meance of the sheathing paper is decreased, it offers more 
resistance to the outward moisture flow and causes more 
moisture to accumulate in the fiberboard behind the sheath- 
ing paper. The horizontal line denotes maximum sorption 
(i.e., the maximum amount of vapor that ithe material can 
absorb), which is equivalent to the fiber saturation point 
(FSP). Above maximum sorption, liquid water begins to co- 
alesce in the material pore space. It is worth mentioning that 
only in the wall with the spun-bonded polyolefin air barrier 
[2.3 • 10 4 ng/s.m2.pa (400 perm)] was the peak moisture 
content of the fiberboard below the FSP for these tight 
house (somewhat worst case) computer simulations in Mad- 

ison, WI. In the less permeable sheathing paper, the peak 
fiberboard moisture content rose considerably above the fi- 
ber saturation point. As the sheathing paper permeance is 
decreased, smaller amounts of moisture are transferred 
through the building paper into the sugar pine siding, 
thereby lowering its moisture content. 

What is notable is that the addition of a low-permeability 
building paper on the outside of the wall increases the time 
during warm late spring and early summer weather when 
the moisture content of the fiberboard is above the FSP and 
susceptible to the growth of decay fungus. In fact, wide- 
spread decay of plywood sheathing has been observed to oc- 
cur as a result of installing a relatively impermeable building 
paper (average perm rating of 0.65) between the plywood 
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FIG. 16~Effect  of house tightness on indoor relative humidity (upper chart) and 
sheathing moisture content (lower chart), First month is July. 

and the wood siding [10]. In fact, computer modeling using 
MOIST was one of the ways that the reason for the decay 
was found. This combination of real world experience and 
computer modeling results illustrates why building scientists 
have for years suggested that breathable membranes should 
be installed at the exterior of buildings in northern heating 
climates. 

Comparing the Moisture Performance of Different 
Sheathing Materials 

Plywood, oriented strand board (OSB), and fiberboard are 
all commonly used wall sheathing materials. While they ap- 

pear to be relatively similar sheathing materials, it is of in- 
terest to compare their moisture performance. For the anal- 
ysis, the base case wall without an interior vapor retarder, 
with 15# felt building paper, and with fiberboard sheathing 
replaced by either plywood or OSB sheathing is assumed. 
The simulation results are shown in Fig. 18. They show that 
the moisture content performance of the three sheathing 
materials is surprisingly different. The wettest is fiberboard 
sheathing with a peak moisture content of about 41%. The 
driest of the three sheathing materials is OSB, with a peak 
moisture content of about 25%. The peak moisture content 
of plywood is more like that of OSB than fiberboard. Had 
the wall modeled assumed spin-bonded polyolefin-type 
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Metric Permeance English Permeance 
Symbol ne,/s-r 'Pa penn 

A 23 x 104 400 
B 575 10 
C 287 5 
D 57.5 1 

FIG. 17--Effect of building paper permeance on moisture build- 
up in fiberboard sheathing and sugar pine siding. 

bui ld ing  p a p e r  r a the r  than  15# felt, the  resul ts  would  have 
been  different. 

Other Applications 

The p rog ram m a y  also be used  for the fol lowing appl ica-  
t ions: effect of mois tu re  on hea t  t ransfer  (and the rmal  resis- 
tance),  p red ic t ing  mois ture  accumula t ion  in ref r igera ted  
warehouse  const ruct ions ,  and  a wide range  of low-slope roof  
and  ca thedra l  ceiling appl icat ions .  Fu r the r  in fo rmat ion  on 
MOIST appl ica t ions  may  be found  in Refs 11-14. 

CONDUCTING SIMULATIONS USING NON- 
WYEC WEATHER DATA 

As previously  ment ioned,  the MOIST sof tware  package  
comes  with  ASHRAE WYEC16 wea the r  da ta  for 51 cit ies of  

6WYEC1 refers to Weather Year for Energy Calculations (Version 1). 
ASHRAE recently published revised weather data called WYEC2. 

the United States  and  Canada.  In  mos t  cases, it will suffice 
to conduc t  MOIST s imula t ions  using the neares t  WYEC city. 
Alternatively, the user  m a y  use o ther  hour ly  wea the r  da ta  
files. Fo r  example,  the  Nat ional  Renewable  Energy  Labora-  
tory  publ ishes  Typical Meteorologica l  Years (TMY2) for 239 
cit ies of the United States  [22]. However, the user  mus t  con- 
vert this  aherna t ive  wea ther  da ta  into WYEC format  as de- 
scr ibed  below. 

First ,  the user  will need to re format  h i s / h e r  a l ternat ive 
wea the r  da ta  file into WYEC format .  A WYEC wea the r  da ta  
file mus t  conta in  8760 h (or 365 days) of hour ly  wea the r  
data.  Each  hour  is represen ted  by a row of ASCI data.  Be- 
ginning with  hour  zero of January  1, the wea the r  pa rame te r s  
mus t  appea r  in the following format:  

Item Field Position Field Description 

1 6-8 Dry bulb temperature, ~ 
2 12-14 Dew point temperature, ~ 
3 18-20 Wind speed, knots 
4 26-27 Total cloud cover, tenths 
5 56-59 Solar radiation, Xl0, Langleys 
6 74-75 Month 
7 76-77 Day 
8 78-79 Hour (0 to 23) 

In the above format ,  "field posi t ion" refers to the loca t ion  of 
the da ta  i tem in a hor izon ta l  field of data.  Note that  the solar  
r ad ia t ion  is mul t ip l ied  by 10, and  a solar  r ad ia t ion  of  10.1 
Langleys is en tered  as 101. Additionally,  the file name  mus t  
be a unique  seven-charac ter  file name.  The first two let ters  
of the file name  mus t  be "WY." The next three  let ters  should  
denote  the city, and  the last  two let ters  should  denote  the  
state. 

Next, the user  will need to place  this  file in the  MOIST 
directory. F r o m  the Inpu t  Pa ramete r s  Dialog Box, he / she  
will select this wea the r  da ta  file and  enter  the  lat i tude,  lon- 
gitude, and  t ime zone for the wea the r  da ta  location.  When  
the p r o g r a m  runs,  it will use the  new wea ther  da ta  file. 

ADDING A NEW MATERIAL TO THE 
MATERIAL PROPERTY DATABASE 

The MOIST p rog ram is suppl ied  with  an o n b o a r d  mate r ia l  
p roper ty  da tabase  for 30 different  bui ld ing mater ia ls .  When  
the user  specifies a mate r ia l  in the  Const ruc t ion  Data  En t ry  
Box (see Fig. 5) tha t  is not  inc luded  in the onboa rd  mate r ia l  
p roper ty  database ,  then he / she  mus t  first add  this new ma- 
ter ia l  to the onboa rd  mate r ia l  p roper ty  da tabase .  The first 
s tep of  this  process  is to locate mater ia l  p rope r ty  da ta  for 
the new mater ia l .  Mater ia l  p rope r ty  da ta  requi red  by the 
MOIST p r o g r a m  are  given in Table 2. A good  place  to look 
for mate r ia l  p roper ty  da ta  for a new mate r ia l  is in the  Ma- 
ter ial  Proper t ies  Repor t  (Task 3) of the In te rna t iona l  Energy  
Agency Annex 24 [4]. 

For  the sorp t ion  isotherm,  l iquid diffusivity, and  vapor  per- 
meabil i ty,  the user  mus t  curve fit da ta  to the equat ions  given 
in Table 2. Curve fitting the sorp t ion  i so therm for f iberboard  
roofing is i l lus t ra ted below. 
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FIG. 18--Sheathing moisture content plotted versus sheathing type. 

TABLE 2--Properties required for a new material. 

Property Description Units 

Sorption isotherm 
Al~b A 1 = kgd/kg ~ (lbd/lb w) 

Y = (1 + Aa~b)(1 - A3q~ ) A 2 = dimensionless 
A 3 = dimensionless 

Liquid diffusivity B 1 = m2/s  (ftZ/h) 
D r = Blexp(B2"y) B 2 = dimensionless 

Capillary saturated moisture content, % ,/, = kgw/kg ~ (lbw/lbd) 
Thermal Conductivity k d = W/m.~ (Btu/h.fl-~ 

k = k d + Cr(T - TR) + C n ' y  C T = W/m'~ per ~ (Btu/h-ft.~ per ~ 
C~ = W/m.~ per kgw/kg d (Btu/h'ft.~ per lbw/lbd) 

Dry density, Pa Pd = kg/m3 (lb/fl3) 
Specific heat, C a C a = J/kg-~ (Btu/lb.~ 
Vapor permeability C 1 = kg w / s-m.Pa (perm-inch) 

= C1 + C2Exp(C3"4~) C2 = kgJs .m-Pa (perm-inch) 
C 3 = dimensionless 

Note: The symbol d denotes dry and w denotes wet. 

S o r p t i o n  C o e f f i c i e n t s  

S o r p t i o n  i s o t h e r m  m e a s u r e m e n t s  for  roof ing  f i be rboa rd  have  
b e e n  r e p o r t e d  by B u r c h  a n d  Desjar la is  [23], a n d  t h e y  a re  
s u m m a r i z e d  in Table 3. 

The  m e a n  da ta  g iven  in Table  3 m u s t  be  fit to the  s o r p t i o n  
i s o t h e r m  e q u a t i o n  g iven  in  Table  2. The  c o n s t a n t s  (A1, A2, 

TABLE 3--Sorpt ion measurements of roofing fiberboard. 

Ambient Relative Equilibrium Moisture Content, % 
Humidity, % Adsorption Desorption Mean 

11.3 0.63 1.26 0.93 
32,9 3.06 4.00 3,54 
43.2 4.31 5,53 4.92 
58.0 5.74 7.57 6,66 
78.7 9.15 12.0 10.58 
84.5 11.3 14.6 12.95 
93.8 16.4 20.6 18.5 
97.4 24.6 28.1 26.4 

a n d  A3) a re  d e t e r m i n e d  f r o m  a r eg re s s ion  analys is  p roce -  
dure ,  A p lo t  o f  t h e  a b o v e - m e a s u r e d  da ta  s h o w i n g  the  regres-  
s ion  analys is  e q u a t i o n  is s h o w n  in Fig. 19. 

In a s imi l a r  fash ion ,  l i qu id  diffusivi ty  and  v a p o r  p e r m e -  
abi l i ty  da t a  m u s t  be  f o u n d  in the  l i t e ra tu re  and  cu rved  f i t ted 
to the  a p p r o p r i a t e  equa t ion .  After  cu rve  fi t t ing, t he  curve-  
f i t ted coeff ic ients  a n d  o t h e r  m a t e r i a l  p r o p e r t y  da t a  m u s t  be  
e n t e r e d  in to  t he  M O I S T  p r o g r a m  fo l lowing  the  p r o c e d u r e  
ou t l i ned  in the  p r o g r a m  u s e r  m a n u a l  [1]. 

O R D E R I N G  T H E  PROGRAM AND 
GETTING H E L P  

The  m o s t  c u r r e n t  re lease  of  the  p r o g r a m  is p r o v i d e d  o n  the  
enc lo sed  CD R o m  and  m a y  be  d o w n l o a d e d  f r o m  the  M O I S T  
w e b  si te at  w w w . b f r l . n i s t . g o v / 8 6 3 / m o i s t . h t m l ,  
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FIG. 19---Illustration of fitting sorption isotherm for roofing fiberboard to regression 
equation. 

APPENDIX 

Mathematical Description of MOIST (Release 3.0) 

In the previous version of the MOIST Program (Release 2.1), 
temperature was used as the potential for heat flow, and 
moisture content was used as the potential for moisture flow. 
In the current release of the program, temperature is used 
as the potential for heat flow, water-vapor pressure is used 
as the potential for vapor transfer, and capillary pressure is 
used as the potential for liquid flow. The new model has the 
advantage that it uses transport potentials that are every- 
where continuous, thereby leading to a computationally 
more efficient solution. 

ASSUMPTIONS 

Some of more important assumptions of the analysis are: 

�9 heat and moisture transfer are one dimensional, 
�9 construction is airtight, and the transport of moisture by 

air movement is neglected, 
�9 wetting of exterior surfaces by rain is neglected, 
�9 snow accumulation on horizontal surfaces, and its effect 

on the solar absorbance and thermal resistance is ne- 
glected, 

�9 transport of heat by liquid movement is neglected, and 
�9 surface condensation is neglected. 

BASIC TRANSPORT EQUATIONS 

Within each material layer of the construction, the moisture 
distribution is governed by the following conservation of 
mass equation: 

The first term of the left side of Eq A-1 represents water- 
vapor diffusion, whereas the second term represents capil- 
lary transfer. The right side of Eq A-1 represents moisture 
storage within the material. The potential for transferring 
water vapor is the vapor pressure (Pv), with the permeability 
(ix) serving as a transport coefficient. The potential for trans- 
ferring liquid water is the capillary pressure (Pl), with the 
hydraulic conductivity (K) serving as the transport coeffi- 
cient. The potentials p,, and p] were assumed to be contin- 
uously consistent with the theory of IEA Annex 24 [4]. The 
signs on the first two terms are different because water vapor 
flows in the opposite direction of the gradient in water vapor 
pressure, and capillary water flows in the same direction as 
the gradient in capillary pressure. Other symbols contained 
in the above equation include the dry density of the material 
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(Pd), moisture content  (y), distance (y) ,  and time (t). The 
sorption isotherm 7 (i.e., the relationship between equilib- 
r ium moisture content and relative humidity) and the cap- 
illary pressure curve (i.e., the relationship between capillary 
pressure and moisture content) were used as constitutive re- 
lations in solving Eq A-1. 

In  the computer  algorithms, Eq A-1 was recast into two 
finite-difference equa t ions- -one  for the vapor phase and the 
other  for the liquid phase. In  the vapor phase equation, the 
diffusion transport  is treated in an implicit way, and the liq- 
uid t ransport  is treated in an explicit way. The sorption iso- 
therm is used as an equation of state. In the liquid t ransport  
equation, the liquid t ransport  is treated in an implicit way, 
and the vapor  t ransport  is treated in an explicit way. The 
suction pressure curve serves as an equation of state. During 
each t ime step, these two equations are solved for the water  
vapor pressure (Pv) and the capillary pressure (Pl). A new 
moisture content  is subsequently calculated from these two 
potentials. This approach was developed by Carsten Peder- 
sen (now Carsten Rode) and is described in Ref 5. 

The hydraulic conductivity (K) in Eq A-1 is related to the 
liquid diffusivity (Dr) by the relation: 

K odD~ (A-2) 
Opl 

0"1 

where the term in the denominator  of the right side of the 
equation is the derivative of the capillary pressure with re- 
spect to moisture content. When the temperature  is below 
freezing, the liquid diffusivity is taken to be zero. 

The temperature distribution is calculated from the fol- 
lowing conservation of energy equation: 

( , 
The first term on the left side of Eq A-3 represents conduc-  
tion, whereas the second term is the latent heat transfer 
derived from phase change associated with the movement  of 
moisture. The right side of Eq A-3 represents the storage of 
heat within the material and accumulated  moisture. Sym- 
bols in the above equation include temperature (T) ,  the dry 
specific heat of the material (ca), the specific heat of water 
(cw), and the latent heat of vaporizat ion (hl~). 

In  Eq A-l, the water vapor permeabili ty (Ix) and the hy- 
draulic conductivity (K) are strong functions of  moisture 
content. In Eq A-3, the thermal  conductivity (k) is also a 
function of  temperature  and moisture content. 

ADJACENT LAYER 
B O U N D A R Y  C O N D I T I O N S  

The temperature,  water-vapor pressure, and capillary pres- 
sure are cont inuous at adjacent material layers. 

7In this paper, the sorption isotherm was assumed to be independent 
of temperature. This is consistent with other heat, air, and moisture 
transfer models cited in IEA Annex 24 [4]. Some researchers have 
reported a small effect of temperature on the sorption isotherm 
[24,29,30]. 

I N D O O R  B O U N D A R Y  C O N D I T I O N S  

At the indoor boundary  of the construction, the moisture 
transfer through an air film and paint layer (or wallpaper) 
at the indoor  surface is equated to the diffusion transfer into 
the solid material surface, or: 

Opv 
Me.i(Pv,i - Pv) = - ~ - -  (A-4) ~v 

where the quantities are evaluated at the indoor boundary. 
Here, an effective conductance  (Me.i), defined by: 

1 
Me'i 1 1 (A-5) 

- - +  
Mt,i Mp,i 

has been introduced. The effect of a thin paint  layer is taken 
into account  as a surface conductance  (Mp,i) in series with 
the convective mass transfer coefficient (Mr:i) associated with 
the air film. 

At the same boundary, the heat transferred through the air 
film, ignoring the thermal resistance of the paint  layer, is 
equated to the heat conducted into the indoor  boundary, giv- 
ing: 

OT 
(h,,, + hcs)(T i -- T )  = --k - -  (A-6) Oy 

where all quantities are evaluated at the indoor  surface. 

O U T D O O R  B O U N D A R Y  C O N D I T I O N S  

At the ou tdoor  boundary  of the construction, a similar equa- 
tion is applied to compute  the moisture transfer. The heat 
conducted into the ou tdoor  boundary  and the absorbed solar 
radiation is set equal to the heat loss to the ou tdoor  air by 
convection and radiation, or: 

- k  O T + a H,o l = hc,o(T - To) + hr.o(T - T, ky) (A-7) 
oy 

where all quantities are evaluated at the outdoor  surface. 
Here hr,o is the radiative heat transfer coefficient defined by 
the relation: 

hr, o = Ecr(T, + Tsky)(Z 2 + rs2y) (A-S) 

where E is the emittance factor which includes the surface 
emissivity and the view factor f rom the ou tdoor  surface to 
the sky, T s is the surface temperature,  and Tsky is the sky 
temperature.  The solar radiation (Hsoz) incident onto exterior 
surfaces having arbitrary tilt and orientation was predicted 
using algorithms given in Duffle and Beckman [15]. The sky 
temperature was calculated using an equation developed by 
Bliss [16]. 

VARIABLE I N D O O R  H U M I D I T Y  M O D E L  

When the interior of  a residential building can be modeled 
as a single zone with a uni form temperatue and relative hu- 
midity, the program has an option to permit  the indoor rel- 
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ative humidity to vary during the winter. The variable indoor 
relative humidi ty  feature is only applicable to residential build- 
ings and should not be applied to non-residential buildings. 
When this option is selected, the indoor conditions are de- 
termined in the following fashion. 

Space Heating Operation 
When the daily average outdoor temperature is less than or 
equal to the balance point temperature for space heating, the 
house operates in a space-heating mode. The indoor tem- 
perature is taken to be equal to the heating set-point tem- 
perature. The indoor relative humidity is permitted to vary 
and is calculated from an indoor humidity model developed 
by TenWolde [17]. 

The rate of moisture production by the occupants is equal 
to the rate of moisture removed by natural and/or  forced 
ventilation plus the rate of moisture storage at interior sur- 
faces and furnishings, or: 

W = paIJh,t(oJi -b COo) -b K Af (qb  i - qbi,x) (A-9) 

Using the psychometric relationship between humidity ratio 
(~0) and relative humidity (+) as a constitutive relationship, 
the above equation may be solved for the indoor relative hu- 
midity. 

The hygroscopic memory (4)i,~) is computed from the scan- 
ning function: 

N - 1  

Y, Z(n)+i(n) 
n=N 4"r (A-10) 

(~i,-r ---~ N -  1 

z(n) 
n=N-4* 

In the above equation, the hygroscopic memory at the cur- 
rent time step N is found from a past-history relative 
humidity time series. The time series is evaluated over four 
time constants (-r). The exponential weighing factors Z(n) are 
defined as: 

Z(n) = e -(N-n)/" (A-11) 

TenWolde [17] has conducted experiments and determined 
the sorption constant per unit floor area (K) and the time 
constant (x) for several manufactured and site-built houses. 

The natural ventilation rate for the house is predicted by 
the single-zone Lawrence Berkeley Laboratory (LBL) infil- 
tration model developed by Sherman and Grimsrud [18] and 
described by ASHRAE [2] which is given by: 

(/h,, = Lh [CarJTi - To] + Cv V2] ~ (A-12) 

When mechanical ventilation Vh,m is present, the total ven- 
tilation rate Vh, t in Eq A-9 is determined by the relation de- 
veloped by Palmiter and Bond [19]: 

IfrVh,~ < 2 rVh,~,r~h,t = r~h,~ + 0.S Vh, m 

If (/h..~ >- 2 gh.,,, (/I,,t = 12<m (A-13) 

It should be noted that in Eq A-13. V<., is the actual 
mechanical ventilation rate produced by the ventilation 
equipment installed in the house, as opposed to the rated 
value. The actual value is typically about half of the rated 
value (see Tsongas [20]). 

In the hourly calculations, the dew-point temperature of 
the indoor air is compared with the temperature of the in- 
side glass surface to determine if window condensation oc- 
curs. When condensation occurs, the vapor pressure of the 
indoor air is taken to be equal to the saturation pressure at 
the inside glass surface. The indoor relative humidity is cal- 
culated from the indoor temperature and vapor pressure us- 
ing psychrometric relationships. 

Space Cooling Operation 
When the daily average outdoor temperature is greater than 
or equal to the balance point temperature for space cooling, 
the house operates in a space cooling mode. The indoor tem- 
perature and relative humidity are maintained at constant 
specified values. 

Window Opened Operation 

When the daily average outdoor temperature is greater than 
the balance point for space heating but less than the balance 
point for space cooling, then neither space heating nor space 
cooling are required. It is assumed that the windows are 
opened and the indoor temperature and relative humidity 
are equal to the outdoor values. When the space cooling 
equipment is turned off, it was assumed that the occupant 
will open the windows, and the building again operates in 
an opened window mode. 

SOLUTION PROCEDURE 

Finite-difference equations were developed to represent the 
basic moisture and heat transport equations (Eqs A-1 and A- 
3). The finite-difference equations were solved using an ef- 
ficient tri-diagonal matrix solution technique. The user may 
specify up to, but not exceeding, 500 finite-difference nodes. 
For most simulations a 1-h time step is recommended, al- 
though the user has the option to specify a smaller time step 
to achieve a stable mathematical solution required in a few 
applications. 
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As THE NUMBER OF moisture-induced damages in buildings 
are increasing, demand is increasing for calculation methods 
in building engineering to assess the moisture behavior of 
building components. Current events, such as moisture- 
originated failures of wood frame construction in low-rise 
residential buildings, increased heat losses due to the pres- 
ence of wet insulation materials, the heat pump effect due 
to evaporation condensation cycling, measures taken for the 
preservation of historical buildings, or retrofitting insulation 
in existing buildings, are closely related to the moisture per- 
formance of the building structure. However, solutions to 
moisture-induced problems may be difficult when several in- 
teracting mechanisms of moisture transport are present. 

Experimental investigations are expensive and of limited 
transferability. There is need for realistic heat and moisture 
data. An alternative is the use of validated models. To date 
a sophisticated, simple-to-use model for an end user has not 
been available. This chapter will describe the development 
of an advanced hygrothermal model called WUFI ORNL/IBP 
that is tailored for architects and building envelope design- 
ers. Its purpose is to assist during the design stage to opti- 
mize the heat and moisture performance of the envelope. 

WUFI ORNL/IBP is an easy-to-use, menu-driven program 
for use on a personal computer that can provide customized 
solutions to moisture engineering and damage assessment 
for various building envelope systems. Examples of systems 
are sections of walls, roofs, and basements exposed to nat- 
ural climatic conditions. It is based on state-of-the-art un- 
derstanding of building physics regarding sorption and suc- 
tion isotherms, vapor diffusion, liquid transport, and phase 
changes. This model is well documented and has been vali- 
dated by many comparisons between calculated and field 
performance data. 

The model requires a limited number of standard material 
properties that are readily available. A material database is 
part of the program and includes a full range of materials 
commonly used in North America. Hourly weather data, 
such as temperature, relative humidity, wind, driving rain, 
and solar radiation, are employed in the hygrothermal cal- 
culations. These data are available for a wide range of North 
American climate zones. 

1 Director, Hygrothermics, Fraunhofer Institute of Building Physics, 
Holzkirchen, Germany. E-mail: kuenzel@hoki.ibp.fhg.de 
2Senior research engineer, Hygrothermal Program Manager, Oak 
Ridge National Laboratory, Bldg 3147, Oak Ridge, TN 37831-6070. 
E-mail: Karagiozisan@ot~al.gov 
3 Senior research engineer, Fraunhofer Institute of Building Physics, 
Holzkirchen, Germany. E-mail: Holm@hoki.ibp.fhg.de 

Copyright © 

WUFI ORNL/IBP can be used to estimate the drying times 
of masonry and lightweight structures with trapped or con- 
cealed construction moisture, investigate the danger of in- 
terstitial condensation, or study the influence of driving rain 
on exterior building components. The program can also help 
to select repair and retrofit strategies with respect to the hy- 
grothermal response of particular roof or wall assemblies 
subjected to various climates. This allows comparison and 
ranking of different designs with respect to total hygrother- 
mal performance. This design tool can aid the development 
and optimization of innovative building materials and com- 
ponents. WUFI simulations led to the development of a 
smart vapor retarder [1]. 

The predecessor of this program was released in Europe 
in 1994 [2] and has since been used widely by building en- 
velope designers, architects, building physicists, consulting 
bureaus, and universities in Europe. In Spring 2000, a spe- 
cial North American version was developed by a joint re- 
search collaboration between the Oak Ridge National Lab- 
oratory in the USA (ORNL) and the Fraunhofer Institute for 
Building Physics in Germany (IBP). This advanced model 
will be described in detail and is enclosed on the CD Rom 
to this ASTM manual. Future free updates will be available 
at the following two Internet sites: 

www.ornl.gov/btc/moisture/models and www. wufi.de. 

PHYSICAL B A C K G R O U N D  

Almost all construction materials are porous in nature. Wa- 
ter continually undergoes several physical and chemical pro- 
cesses and interacts with nearly all materials. Water can exist 
inside a building material in three states: solid (ice), liquid 
(water), and gas (vapor). 

Moisture can migrate by various modes of moisture trans- 
port, such as vapor transport, liquid transport, and phase 
changes, due to the evaporation/condensation and freeze/ 
thawing processes. Different types and shapes of pores exist 
(Fig. 1). Their diameters can vary from 10  -9  to 10 .3 m (10 -11 
to 10 .6 in.). These transport mechanisms are dependent on 
the driving potentials and the transport coefficients for each 
mode of transport [2]. 

Moisture Storage 

The combined heat and moisture performance of a particu- 
lar building envelope system is dictated by the individual and 
collective transport/storage for all building envelope layers. 
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where : 

1 := isolated pores 

2 := dead-end pores 

3 := continues channel pores 

FIG. 1--Different pore types and shapes in porous building ma- 
terials. 

A building material is dry when it contains no or only chem- 
ically bounded water. When a material is in contact with 
moist air, non-hygroscopic building materials remain dry 
while hygroscopic materials absorb water molecules at the 
inner surfaces of their pore system until they reach equilib- 
rium with the humidity of the ambient air. Due to the re- 
duced saturation vapor pressure in the smaller capillaries, 
there is some condensation which, at relative humidities 
above 60 to 80%, results in a marked increase in the equilib- 
rium moisture storage. The moisture storage function de- 
scribes the relationship between ambient relative humidity 
and absorbed moisture. It has to be pieced together from 
sorption isotherms (up to ~93% RH) and pressure plate 
measurements (suction isotherms above 95% RH) [3] be- 
cause of limitations of the respective measuring procedures. 
The hysteresis between absorption and desorpfion isotherms 
is usually not very pronounced, so that it is sufficient to use 
the absorption isotherm. Where necessary, a mean isotherm 
may be used or even separate absorption or desorption iso- 
therms employed. The dependence on the temperature is 
usually neglected [4]. 

If a building material absorbs water by capillary forces, 
the material is called capillary active. In contact with water, 
such a material may reach an intermediate state of satura- 
tion called free water saturation or capillary saturation, wf. 
It is equal to the moisture storage function at a relative hu- 
midity of 100%. Because of air pockets trapped in the pore 
structure, the free saturation is less than the maximum water 
content Wm~ x determined by the porosity. Moisture contents 
exceeding wf  may result from condensation in the presence 
of a temperature gradient. Insulation materials are especially 
prone to moisture exceeding wf: (They often are not capillary 
active and have w f  near 0). 

The moisture storage function of nonhygroscopic materi- 
als (mostly insulating materials and air layers) is theoreti- 
cally approximately zero for relative humidities between 0 
to 100%. For relative humidities near 100%, it takes on some 
indefinite value between zero and Id/ma x. Numerical require- 
ments for a definite value dictate that an extremely low mois- 
ture storage function is assigned to all materials for which 
the user does not input the actual function [2]. 

MOISTURE TRANSPORT 

Table 1 and Table 2 summarizes moisture transport pro- 
cesses in building materials and components. In principal, 
any transport process is brought about by a driving force or 
a potential. However, only gas diffusivity and liquid trans- 

T A B L E  1--General summary of vapor transport in 
porous materials. 

Vapor Transport 

Mechanism Potential (difference) 
Convection Air pressure 
Effusion Vapor pressure 
Gas diffusion Vapor pressure 
Thermal diffusion Temperature 

T A B L E  2--General summary of liquid transport 
in porous materials. 

Liquid Transport 

Mechanism 
Capillary conduction 
Gravitational conduction 
Surface diffusion 
Osmosis 
Electrokinesis 

Potential (difference) 
Capillary suction pressure 
Height 
Relative humidity 
Ion concentration 
Electric field 

port as a consequence of capillary forces (capillary flux) are 
of interest for calculations in building physics [5]. 

Vapor  D i f f u s i o n  

The kinetic theory of gases describes the driving forces for 
diffusion of molecules in multi-component gas mixtures: 
these are mass fraction, temperature, and total pressure. In 
most building applications, total pressure gradients are neg- 
ligible, and thermo-diffusion based on temperature gradients 
is also very small. Therefore the water vapor diffusion in a 
porous material is reduced in comparison to that in still air 
by a resistance that corresponds to the volume fraction of 
air-filled pores a and a tortuosity factor or. This can be de- 
scribed as: 

where 

M v 
gv = - a  a D v R T  Pv 

g~ = mass flux rate of vapor flow, kg/m2-s, (grains/ft 2 h), 
D v -- diffusion coefficient of vapor air, m2/s, (ft2/h), 
R = universal gas constant, 8.314 J/(mol'K), (1543.3 ft- 

lb/lb mol R), 
Pv -- partial vapor pressure, Pa (lbf/ft2), and 
M = molar weight of water, 0.018 kg/mol, (lbm/mol). 

In most European countries a diffusion resistance factor 
is introduced as i~ = 1/(or.a) leading to the following flux 
equation for vapor flow: 

D . M  
g~ . . . .  VPv 

R T  

In the measurement of the water vapor permeance, or water 
vapor permeability (permeance multiplied by thickness), us- 
ing ASTM Test Methods for Water Vapor Transmission of 
Materials (E 96) standard or the EN 12086:1997, the factor 
~p is used, and that is equivalent to: 

O v M  
~P = -~- R---T 

This is termed the water vapor permeability and has units 
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of kg/(Pa'm's) or (perm in.) or (grains4/h ft 2 in. Hg in.). The 
diffusion resistance factor ~ of a dry material is a basic ma- 
terial parameter. 

Measurements of 8p or jx performed at different levels of 
relative humidity (dry-cup and wet-cup) may result in dif- 
ferent values. This is due to surface diffusion, which be- 
comes noticeable at higher humidities but is more properly 
treated as liquid transport [3]. This additional moisture 
transport is usually not separated out in the measurements 
but is lumped together with vapor diffusion. For porous ma- 
terials it is more appropriate to use dry-cup and adjust the 
liquid transport coefficients to include surface diffusion. An 
exception are plastic films or coatings where the vapor per- 
meability can increase considerably with humidity because 
water molecules creep between the polymers. 

LIQUID TRANSPORT 

Liquid flow is defined in two ways since it is transported 
differently within the two regions of interest in building ma- 
terials. The first region is defined as the capillary water re- 
gion. It follows the hygroscopic sorption region and extends 
from above 95% RH until free water saturation. Similar to 
the hygroscopic region, this region is characterized by states 
of equilibrium. Liquid transport occurs under the influence 
of a suction pressure or force in the capillary regime. The 
supersaturated capillary region follows the capillary region. 
In it, normal suction pressures are zero, and, therefore, liq- 
uid flow is not physically plausible. Moisture transport in 
this region occurs through diffusion under a temperature 
gradient or by external pressure A state of equilibrium is 
difficult to define. 

For capillary transport, Krischer [6] has introduced the 
following equation: 

gw = _Dw(w) d__~ 
dx 

4Note: 7000 grains equal 1 lb of water. 

where 
gw = liquid transport flow density, kg/(m2"s), or (lb/ 

ft2 h), 
Dw(w ) = liquid transport coefficient, m2/s or (ft2/h), and 

w = water content, kg/m 3, or (lb/fts). 

In his theoretical derivation Krischer [6] assumed a cap- 
illary bundle model consisting of parallel cylindrical capil- 
laries of varying diameter interconnected without any resis- 
tance. In contact with water the larger pores transport the 
liquid faster than the smaller ones due to the law of Hagen- 
Poseuille. This leads to the water front (see Fig. 2a, left). If 
the supply of water is cut off, the spread of the liquid con- 
tinues (see Fig. 2b, right), because the smaller pores not yet 
filled suck dry the larger-filled pores through the cross- 
connections by virtue of their greater suction power. It is 
anticipated that this ongoing movement of fluid proceeds 
slower than the transport during the absorption process. 
Therefore, it is necessary to apply different fluid transport 
coefficients depending on the boundary conditions (water 
absorption or redistribution, respectively, drying). 

Because it is discontinuous at material interfaces, the liq- 
uid transport in the WUFI ORNL/IBP model does not em- 
ploy moisture content as driving potential. The continuous 
potential relative humidity q0 is used instead. The relative hu- 
midity is related to the capillary pressure by Kelvin's law. The 
transport is then described in the following form: 

g~ = -Dr V ~P 

where 

gw = liquid transport flux density, kg/m 2 s, or (lb/ft 2 h), 
D~ = liquid conduction coefficient, m2/s, or (ft2/h), and 

@ = relative humidity. 

The liquid conduction coefficient is related to the liquid 
transport coefficient by: 

0~ 
Dv = D~ �9 O-'~ 

Absorption (before cutting supply) Redistribution (after cutting supply) 

4 - -  ' ~  -.a 
�9 t 3 --- 

(a) (b) 
FIG. 2 . -Capi l la ry  transport  phenomena  represented by a model  of  interconnected 
cylindrical capil laries of various diameters  at t imes tt, t2, and t 3 [7]. 
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where 

Dw = liquid transport coefficient, m2/s or (ft2/h), and 
0w/0q5 = derivative of the moisture storage function. 

For most building materials, the capillary transport coeffi- 
cient can be approximated satisfactorily by an exponential 
function [2,7]: 

Dw(W)=Dwoexp(~flnD~wo) 

where 

D~f = transport coefficient at capillary saturation, mZ/s or 
(ft2/h). and 

Dwo = transport  coefficient in the sorption moisture range, 
m2/s or (ft2/h). 

GOVERNING TRANSPORT EQUATION 

The governing equations employed in the WUFI ORNL/ 
IBP model [2] for mass and energy transfer are: 

Moisture transfer 

Ow O+ 
o--+" ot V.(D,  V + + % V(+pso,)) 

Energy transfer 

OH OT 
0---~ " 0 t  = V. (XVT) + hvV" (%V(+ p~.t)) 

where 

+ =  
t - -  
T =  
C = 

W =  

P s a t  ---- 

k =  
H =  

De, = 

relative humidity, %, 
time, s or (h), 
temperature, K or (F), 
specific heat, J/kgK, or (Btu/lb ~ 
moisture content, kg /m 3, or (lb/ft3)~ 
saturation vapor pressure, Pa, (in. Hg), 
thermal conductivity, W/(mK), or (Btu/h ft ~ 
total enthalpy, J / m  3, or Btu/ft  3, and 
liquid conduction coefficient, kg/ms or (lb/ft h). 
vapor permeability, kg / (m,  s" Pa) or (perm in.) or 
(grainsS/h ft 2 in. Hg in.). 

h~ = latent heat of phase change, J/kg, or (Btu/lb). 

On the left hand side of both equations are the storage 
terms. The fluxes on the right hand side are in both equa- 
tions influenced by heat and moisture. The conductive heat 
flux and the enthalpy flux by vapor diffusion with phase 
changes in the energy equation depend strongly on the mois- 
ture fields respective fluxes. The liquid flux in the moisture 
transport equation is only slightly influenced by the temper- 
ature effect on the liquid viscosity and consequently on D~. 
The vapor flux, however is simultaneously governed by the 
temperature and moisture field due to the exponential 
changes of the saturation vapor pressure with temperature. 
Due to this close coupling and the strong nonlinearity of 
both transport equations, a stable and efficient numerical 
Solver had to be designed for their  solution. 

5Note: 7000 grains equal 1 lb of water. 

The discretization of the transport equations is done by a 
fully implicity finite volume scheme with variable grid spac- 
ing. In the one-dimensional case this leads to difference 
equations that can be solved efficiently by the Thomas al- 
gorithm for tridiagonal matrices. The coupling of the discre- 
tized equations is assured by iterative consecutive solution 
of theses equations using underrelaxation factors adapted to 
the progress of solution. Special care had to be taken for- 
mulating the difference equations containing the vapor pres- 
sure which is a function of the two transport variables tem- 
perature and relative humidity [2]. 

The calculation procedure including the necessary input 
and the obtainable results are demonstrated with the aid of 
Fig. 3. The input data comprises: 

�9 The geometry and composition of the building assembly 
as well as the numerical grid whose spacing has to be cho- 
sen according to the expected local gradients (steep gra- 
dients in temperature and relative humidity necessitate a 
fine mesh for high accuracy of the results). 

�9 The hygrothermal properties of the relevant building ma- 
terials. 

�9 The climatic indoor and outdoor boundary conditions in- 
cluding the surface transfer or symmetry conditions at the 
boundaries. 

�9 The time steps and the numerical control parameters. 
Since the discretization is implicit, there is no limit to the 
length of the time step. For accuracy purposes, however, a 
time step of 1 h is generally appropriate. 

Initial 
Conditions Material 

Properties 

Construction ~ ~- -  
Numerical Grid I 

Climatic Data 
Surface Transf~ 

~ / e  Steps I 
Parameters J 

I =l Update Thermal Coeff-mients 
v I Calculate Temperature Field 

I Update Hygric Coefficients 
Calculate Moisture Field 

No ~ Yes 

[ Temperature Fields Moisture Fields I 
Heat Fluxes Moisture Fluxes 

FIG. 3~Flow chart of the solution procedure in the WUFI 
ORNL/IBP model, 
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After compilation of the input data, the transient calcula- 
tions start from initial temperature and moisture conditions, 
which are based either on measurements or derived from 
previous calculations respecting practical experience. At 
each time step, the heat and moisture transport equations 
are solved consecutively with a continuous update of the 
transport and storage coefficients until the convergence cri- 
teria are achieved. The calculated temperature and moisture 
fields as well as the heat and moisture fluxes at the surfaces 
of the building component  form the output data. 

MATERIAL PROPERTIES USED IN WUFI 

In order to solve the above moisture and energy transfer 
equations, the material properties must be known. One of 
the unique features of the WUFI ORNL/IBP hygrothermal 
model is that the program provides an easy-to-use input ap- 
proach without sacrificing the advanced features of its ca- 
pabilities. The user is allowed to work in either SI or IP unit 
systems, and data can be entered in without conversion to 
the desired output system. Material properties in this version 
release of the model incorporate early 2000 material prop- 
erties representative of North American construction prac- 
tice. After ORNL/DOE's state-of-the-art laboratory for mea- 
suring the hygrothermal properties is completed in June 
2000, and by continued use of the existing state-of-the-art 
facilities at Fraunhofer Institute in Building Physics, many 
newer material properties may become available. It is ex- 
pected that this material property database will be scruti- 
nized and updated in the future when better data become 
available. ASHRAE's material properties are and will be in- 
cluded into the WUFI ORNL/IBP database. 

The min imum material properties required for the simu- 
lation are: 

�9 Bulk density [kg/m 3] [lb/ft3], which serves to convert the 
specific heat by mass to the specific heat by volume. 

�9 Porosity [m3/m 3] [fta/ft3], which determines the maximum 
water content Wm~ (by multiplication by P,~ter = 1000 kg/ 
m 3 or [62.2 Ib/ft3]). 

�9 Heat capacity [kJ/kg K] [Btu/lb ~ the specific heat ca- 
pacity by mass. Rough values are 0.85 kJ/kg K (0.203 Btu/ 
lb ~ for mineral materials and 1.5 kJ/kg K (0.3583 Btu/ 
lb ~ for organic materials. 

�9 Heat conductivity dry [W/m K] or [Btu/h ft ~ heat 
conductivity of the material in dry condition. A moisture- 
dependent heat conductivity is optional. 

�9 Diffusion resistance factor dry [ - ] - -  the diffusion resis- 
tance factor (~. value) of the material in dry condition. The 
D /R /E  indicates how many times the diffusion resistance 
of the material is higher than that of stagnant air. A mois- 
ture-dependent D /R/E  is also available. (If the values are 
entered in I-P units, the permeability [perm in.] of the ma- 
terial is needed.) 

�9 Sorption/suction isotherms [kg/m 3] or [ l b J f t  3] that give 
the equilibrium moisture content of materials as a func- 
tion of relative humidity in both the hygroscopic and the 
capillary water regime up to water saturation. 

�9 Liquid diffusivity [m3/s] or [ft2/s] both for uptake and re- 
distribution of materials as a function of moisture content 
14;. 

As an example of a typical datasheet, Fig. 4 displays ma- 
terial properties for lime silica brick, as employed by WUFI. 
(All values are in S-I units, but are also available in I-E) 

BOUNDARY CONDITIONS FOR INDOOR 
AND OUTDOOR 

The heat and moisture exchange between a building assem- 
bly and its environment can be rather complex. Figure 5 
shows a number  of hygrothermal phenomena between an 
insulated cathedral ceiling and the outdoor and indoor en- 
vironment. It is important to note that most of the heat and 
moisture exchanges between the surfaces of the assembly 
and the surrounding climate are highly transient and may 
even be subject to daily changes in direction. The heat 
exchange is governed by" 

�9 convection (in contact with air or water) 
�9 conduction (in contact with earth or snow) 
�9 short and longwave radiation 
�9 moisture enthalpy and phase change 

The moisture exchange is governed by 

�9 vapor convection (in contact with air) 
�9 vapor diffusion (in contact with earth or snow) 
�9 precipitation, drainage or ground water absorption 

At the indoor surface of the building assembly, the situa- 
tion is rather simple. The heat transfer by convection and 
radiation can be lumped together in a surface transfer resis- 
tance that has a value of about 0.13 m 2 K/W or (7.374e -3 ~ 
h ft2/Btu) at the undisturbed surface and about 0.2 m 2 K/W 
(1.1350e -2 ~ h ft2/Btu) in corners and behind furniture. For 
vapor transfer this surface resistance is determined from the 
convective heat transfer resistance by the similarity princi- 
ple. The equivalent stagnant air layer thickness for the sur- 
face resistance is usually approximately 8 m m  (425 perm). 

The situation is more complex at the outdoor surface of 
the building structure. Here the heat transfer by convection 
and radiation have to be treated separately. During day-time 
hours, the solar radiation can be treated as a heat source 
depending on the direct radiation and the energy absorptiv- 
ity of the surface. The long wave emission may be lumped 
with the convective heat transfer resistance as long as the 
radiative energy absorption is greater than the long wave 
emission. This is not the case during night time when the 
building surface temperature can fall below the ambient air 
temperature; then convective heat transfer and long wave 
irradiance to the sky flow in opposite directions. 

The vapor transfer is described adequately by a surface 
resistance determined from the convective heat transfer re- 
sistance similar to the indoor situation. However, this sur- 
face resistance depends on the wind velocity and direction 
at the location of the construction. It can either be calculated 
by CFD or approximated from the annual average of the 
wind velocity. For most applications such an approximation 
is sufficient because its effect on the moisture behavior of a 
building assembly is significant only as long as the surface 
is wet. 

The absorption of rainwater at the surface can be treated 
similar to the solar radiation absorption as a source term at 
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FIG. 4--Example of one complete set of material data used in WUFI ORNL/IBP. 

the surface or beneath it if the rain penetrates the first layer 
due to its momentum.  In contrast to the radiation, the water 
absorption capacity of the surface layer may be limited, re- 
sulting in a drainage of water that has to be accounted for. 
In general, no water will be absorbed below 0~ or (32~ 
The cooling of a building surface when rainwater of lower 
temperature hits it is negligible compared to the evaporative 
cooling during the subsequent drying process [2]. 

OUTDOOR CLIMATE 

Starting from specified initial conditions, WUFI computes 
the temporal evolution of the temperature and moisture dis- 
tributions within the building component. This evolution is 
determined not only by the underlying transport equations 
that govern the processes in the component, but also by the 
heat and moisture exchange with the surroundings. Thus, 
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Solar radiation 

N i g h ~ l o t c r  

~7 qL,  S.=.,er 

FIG. 5--Indoor and outdoor boundary conditions. 

in fo rmat ion  on wind-dr iven  rain,  the  user  should  review 
Refs 8 to 13. 

INDOOR CLIMATE 

In general ,  the  in te r io r  t empe ra tu r e  and relat ive humid i ty  of  
d i f ferent -condi t ioned bui ld ings  show relat ively m i n o r  varia-  
tions. Therefore  it is sufficient to different iate  four  different  
in te r io r  cl imates:  

�9 heat ing condi t ions  
�9 cool ing condi t ions  
�9 mixed  condi t ions  
�9 cons tan t  contro l led  condi t ions  

WUFI  ORNL/IBP includes  features  to genera te  the inte- 
r ior  t empera tu re  and  relat ive humid i ty  f rom a sine wave 
wi th  a pe r iod  of  one yea r  whose  mean  value, ampl i tude ,  and  
date  of  m a x i m u m  are  set automatical ly .  These are  in terna l ly  
set values,  but  m a y  be modif ied  by  the user. The mode l  will 
inc lude the indoor  envi ronmenta l  classes in accordance  to 
ASHRAE SPC 160P [14] when available.  

there  are  hea t  and  mois tu re  flows th rough  the surfaces, the  
d i rec t ion  and  magn i tude  of which  depend  on the condi t ions  
in the  componen t  as well as on  the condi t ions  in the sur- 
roundings .  

Because  WUFI  ORNL/IBP has  been  developed specifically 
for bui ld ing  physics  appl icat ions ,  the su r round ing  m e d i u m  
is in mos t  cases the ambien t  a i r  (ou tdoor  air, i ndoor  air). 
Since it was des igned to calculate  the behavior  of bui ld ing  
componen t s  exposed  to the  weather,  it is na tu ra l  to descr ibe  
the  condi t ions  of  the su r round ing  ai r  in te rms of  meteoro-  
logical  pa rame te r s  such as t empera ture ,  relat ive humidity,  
solar  radia t ion ,  w ind  speed and  or ienta t ion,  hor izonta l  pre- 
c ipi ta t ion,  c loud cover, etc. In  this  way, WUFI  ORNL/IBP 
employs  b o u n d a r y  da ta  tha t  a re  usual ly  measu red  for o ther  
c l imatologica l  purposes .  Hour ly  wea the r  da ta  are  avai lable  
to the model  for a wide range  of  Nor th  Amer ican  c l imate  
zones. Current ly  60 locat ions  are  avai lable  wi th in  Nor th  
America.  These wea the r  files are  comple te  years,  but  have 
been  selected to represen t  years  that  are  more  appropr i a t e  
for  mois tu re  design purposes  than  average wea the r  years  for 
energy design. For  each locat ion,  30 or  more  recent  years  
have been analyzed.  ASHRAE (Mr. Seaton,  Research  Man- 
ager)  is grateful ly acknowledged  for provid ing  the wea the r  
da ta  for this  model .  To provide  a bas i s  for  compar i son ,  one 
or  two years  of da ta  have been  selected for  each locat ion.  
Depending  on the cons t ruc t ion  type, win te r  or  s u m m e r  con- 
densa t ion  m a y  occur  and  e i ther  a cold o r  a wa rm year  
should  be chosen. This a p p r o a c h  al lows the user  to select 
e i ther  wea the r  file depending  on the expected r isk of mois-  
tu re - induced  failure, or  even bo th  files. 

A unique  feature  of the  mode l  is the capabi l i ty  to include 
the effects of wind-dr iven  rain.  The mode l  incorpora tes  a set 
of  equat ions  to pred ic t  the  a m o u n t  of  wind-dr iven  ra in  on 
the exter ior  facade of  a bui ld ing  system. Extensive experi-  
men ta l  work  [9] has  va l ida ted  the  approach.  Additionally,  
use of 3-D compu ta t iona l  mode l ing  has  a l lowed the devel- 
opmen t  of  wind-dr iven  ra in  shape  factors [11-13]. For  more  

LIMITATIONS OF WUFI ORNL/IBP 

Any software has its share  of l imita t ions ,  requi res  a cer ta in  
skill level, and  the user  mus t  be aware  of  wha t  the  mode l  
can and cannot  do. 

WUFI  ORNL/IBP is no exception.  Results  mus t  be 
checked for plausibil i ty.  There are  n u m e r o u s  c i rcumstances  
that  can degrade  the qual i ty  of a ca lcula t ion  or  even r ende r  
it  worthless .  (A sl ightly inaccura te  resul t  m a y  be more  diffi- 
cult  to d iagnose  than  a tota l ly  wrong  one since it m a y  not  
be easi ly recognized  as wrong.)  Some poss ible  p rob lems  are: 

�9 p r o g r a m m i n g  errors  
�9 input  errors  
�9 insufficient knowledge  of the  requi red  input  da ta  
�9 l imi ta t ions  of the under ly ing  ma thema t i ca l  model  
�9 numer ica l  p rob lems  

These i tems will be d iscussed  in turn. 

PROGRAMMING ERRORS 

WUFI  ORNL/IBP has been tes ted r igorous ly  to e l iminate  er- 
rors  tha t  might  affect the ca lcula t ion  results.  Consider ing its 
complexity,  errors  m a y  not  be ru led  out  comple te ly  and  
p rob lems  can arise unde r  cer ta in  c i rcumstances .  Please re- 
por t  any  p rob lems  to karagiozisan@ornl .gov or  holm@ 
hoki. ibp.fhg.de.  

INPUT ERRORS 

Many errors  in the  resul ts  can  be t raced  back  to input  errors.  
It is s t rongly  r e c o m m e n d e d  tha t  the  use r  save the input  file 
and  review and  recheck the entr ies  in the ent i re  sequence of  
menus  to make  sure all entr ies  are  correct .  
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FIG. 6---Transient behavior of a stone-faced fa(~ade. The output is the measured a n d  
calculated mean water content evolving with time. The actual weather input con- 
ditions are shown in the two figures above. The output is in the figures below. 
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FIG. 7--Transient behavior of a stone fagade. Measured and calculated moisture 
content profiles for four subsequent time periods. 

INSUFFICIENT KNOWLEDGE OF THE 
REQUIRED DATA 

It often happens that material data, coefficients, or boundary 
conditions required for the calculation are not known. Under 

these circumstances a single "precise" result is not possible. 
Instead, estimate the possible variation range of the input 
data and perform some parametric calculations for this 
range. From the variation the user may determine to what 
degree the results are affected by the uncertainty. A low de- 
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Summer  

gree of influence justifies an approximation of the concerned 
material properties. Otherwise, more precise determination 
of some input data may be necessary. 

Even, in cases where "reliable" data are available in prac- 
tice there are also variations in the materials or workman- 
ship that might cause deviations from the theoretical results. 
It can be more instructive to know the effect of the variations 
of an estimated parameter on the results than to use a single 
set of data to arrive at a single numerical result of uncertain 
precision. 

LIMITATIONS OF T H E  
MATHEMATICAL M O D E L  

The complex hygrothermal processes in a building compo- 
nent need to be simplified to make their simulation acces- 
sible to present-day computers. WUFI ORNL/IBP has been 
designed for the most important applications in building 
physics, but several limitations must be accepted. WUFI 
ORNL/IBP deals only with one-dimensional processes. Sit- 
uations that cannot be adequately reduced to one dimension 
(e.g., multi-dimensional thermal and moisture bridges) can- 
not be treated by WUFI ORNL/IBE In these cases please 
refer to the 2D version of the WUFI model. 

Several transport phenomena have been neglected, such 
as airflows in the component, uptake of groundwater under 
hydrostatic pressure, and gravity effects. Water and heat 
sources and sinks inside constructions, as well as extremely 
high-temperature ranges (fire conditions), cannot be calcu- 
lated. The interface between two capillary-active materials 
(e.g., rendering/brick) is treated as ideally conducting, 
whereas in reality there often is a transfer resistance, which 
may reduce the moisture transport considerably. 

Some materials do not lend themselves to the simplified 
transport equations. Wood and concrete may change their 

Winter  

200 

150 

. . . . . . ,  Measurement  

. . _ _ .  Calculation 

I I 

0 
0 5 10 15 0 5 10 15 

Exterior surface Roof cross section Interior surface 

FIG. 9--Measured and the calculated moisture distribution at the end of the first 
summer and in the following winter. 
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material properties as a function of their present and past 
moisture content. The consequences of this may be negligi- 
ble or serious depending on the component assembly and 
the boundary conditions. Only a comparison with samples 
exposed to natural weather can show whether the calcula- 
tion results are reliable or not. The WUFI ORNL/IBP model 
currently employs and averages absorption and desorption 
isotherms and does not account for hysteresis in its moisture 
storage function. The enthalpy flows resulting from the 
transport of liquid water across a temperature differential 
are ignored, i.e., the impact of cold rainwater does not cool 
the surface of a building component in the calculation. The 
cooling effect by the subsequent evaporation of the absorbed 
water--which is considerably greater in general--is, how- 
ever, correctly included. 

One further limitation of the model is that it does not in- 
clude time-dependent hygrothermal material properties. 
This means that, for example, contaminated surfaces due to 
exposure and cracks due to freeze thawing, swelling, and 
shrinkage are not accounted for in the current version. 

N U M E R I C A L  P R O B L E M S  

If boundary conditions relevant to building physics are to be 
applied, the coupled differential equations describing heat 
and moisture transport can only be solved numerically. The 
grid density may be enhanced to minimize numerical errors. 
For this purpose, WUFI ORNL/IBP displays a water balance 
after the calculation has finished. Viewing the animation 
film, one may see "flutter" appearing in the results for no 
apparent reason. If so, the choice of the grid should be re- 
checked. 

E X P E R I M E N T A L  VALIDATION 

The WUFI model is most likely the most validated and 
benchmarked model for hygrothermal applications. The val- 

idation of a numerical model requires reliable experimental 
investigations with well-documented initial and boundary 
conditions, as well as accurate material properties. The fol- 
lowing three examples were chosen because they meet these 
criteria. 

Moisture Behavior o f  an Exposed  Natural 
Stone  Facade 

The degradation of natural stone facades is due mainly to 
moisture-induced weathering or damage processes. There- 
fore, these facades are often treated with water repellent or 
reinforcing chemicals that may not always be beneficial. 
Such a treatment not only reduces the water absorption but 
also the drying rate. In order to investigate the hygrothermal 
behavior and the durability implications of natural stone fa- 
cades, sandstone samples were thoroughly examined in the 
laboratory to obtain reliable material parameters for the 
WUFI ORNL/IBP simulations. Afterwards, the samples were 
dried and exposed to the natural climate in a field test. Dur- 
ing this test the exact climate conditions were recorded and 
the moisture behavior of the samples was determined by 
weighing and NMR-profile measurements. The material pa- 
rameters and the recorded weather data (hourly values of 
indoor and outdoor temperature, relative humidity, driving 
rain, and solar radiation) served as input for the calculations. 
Figure 6 shows a comparison of the calculated and the re- 
corded water content of the facade samples as well as the 
climate conditions during the observation period. 

This excellent agreement in total water content between 
experiment and calculation can be confirmed by examining 
the moisture profiles at certain time intervals in Fig. 7 re- 
corded for Sample 2 in Fig. 6 [2]. 

D r y i n g  of  Masonry wi th  Exterior Insulat ion 

Exterior insulation finish systems, EIFS, applied on masonry 
can prolong the dry-out time of masonry. In severe cases, the 
construction moisture in the masonry can severely damage 
the stucco of the EIFS if moisture is accumulating beneath 
it through vapor diffusion. Therefore a test house was 
erected with calcium silica brick masonry and insulated with 
two types of EIFS. The insulation layers were 80 mm thick 
and consisted of expanded polystyrene slabs (EPS) or high- 
density mineral fiber. Mineral fiber insulation is used mainly 
for fire protection or sound insulation purposes. 

The drying process of the walls was monitored by drill 
probing the walls several times after completion of the 
house. Figure 8 depicts the measured and calculated mois- 
ture profiles over the cross section of the walls at subsequent 
time intervals. The results correspond well and show a great 
influence of the insulation material on the drying behavior 
of the wall. Due to the rather low water vapor permeance of 
the EPS, the masonry in the top graph dries mainly to the 
interior of the building, which prolongs the dry-out process 
compared to the wall in the bottom graph. The high vapor 
permeability of the mineral fiber insulation results in an ef- 
fective dryout to both sides. However, in this case the stucco 
must also have a high permeability to avoid excessive con- 
densation beneath its surface, which can cause frost damage. 
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FIG. 11--Visualization of the calculated results with WUFI film. 

Seasonal  Moisture Migration in a Flat Roof  

To protect a fiat roof from interstitial condensation, a vapor 
retarder is required in cold climates. However, in the case of 
an autoclaved aerated concrete (AAC) roof, a vapor retarder 
would also prevent the construction moisture from drying 
out and thereby severely impairing the thermal insulation 
quality of the AAC. To find out whether an unvented fiat roof 
of AAC works without a vapor retarder, an air-conditioned 
test hall with such a roof was built and the moisture migra- 
tion in the initially wet roof was monitored by drill probing. 
This field test was done in the 1960s and the exact weather 
data are missing. They were replaced by data recorded in 
recent years at the same location. Parametric studies with 
the data of different years justified this choice [2]. 

Figure 9 demonstrates the measured and the calculated 
moisture distribution at the end of the first summer and in 
the following winter. In summer, the solar radiation leads to 
high temperatures and consequently elevated vapor pres- 
sures under the impermeable bituminous felt. Moisture is 
moving, mainly through vapor diffusion, to the colder parts 
of the roof and condenses somewhere in the middle or dries 
to the interior. In winter the temperature gradient is reversed 

and the moisture accumulates beneath the roofing mem- 
brane. If there were a vapor retarder at the bottom of the 
roof this seasonal migration would go on forever. Without a 
retarder the drying process is very efficient. It can be con- 
cluded from Fig. 10 that within 21/2 years the AAC has lost 
most of its construction moisture and is reaching its hygro- 
scopic equilibrium. Because there is good agreement be- 
tween the measured and the calculated results, the influence 
of the indoor climate can be estimated by a WUFI ORNL/ 
IBP parametric study. This shows that such a roof would 
perform reasonably up to a relative humidity of 60% during 
the heating season. 

F E A T U R E S  OF T H E  M O D E L  

The WUFI ORNL/IBP model was developed exclusively for 
university-trained architects and building envelope design- 
ers. The input to the model was kept to a bare minimum 
without sacrificing the performance capability of the soft- 
ware. This was achieved by keeping the inputs necessary and 
critical to simulation. The model is equipped with both 
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FIG. 12---Software architecture of WUFI ORNL/IBP. 

FIG. 13~Project definition menu. 

weather data and a material property database. Because of 
the modular  structure, updates may be implemented with 
ease. The main/central  engine module to WUFI ORNL/IBP 
is the one that solves the system of transport  equations. 

Other modules that produce details of the weather, construc- 
tion type, and indoor climate are peripheral. Once the mod- 
ules are linked, the central WUFI/ORNL simulation begins. 
The calculated results can be visualized with WUFI-FILM. 
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FIG. 14--Definition of construction component. 

FIG. 15~Definition of orientation and inclination effects. 
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FIG. 16--Definition of exterior environmental loads. 

FIG. 17reDefinition of interior environmental loads. 
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FIG. 18---Definition of definition of material properties. 

With WUFI-FILM the daily and annual development of the 
water and the temperature profiles can be observed. Figure 
11 displays a hardcopy from this visualization tool. 

At the end of the simulation, peripheral post-processing 
modules will be available that further analyze and process 
the hygrothermal performance results of the investigated 
construction. These modules include an energy module, a 
mold growth module, a damage assessment module, a cor- 
rosion module, and an indoor air quality module. Currently 
only the energy and mold growth modules are available. The 
future software architecture is shown in Fig. 12. 

WUFI | O R N L / I B P  MODEL INTERFACE 

WUFI | ORNL/IBP is a user-friendly model and interface 
that was developed specially for Microsoft Windows and 
runs under Windows 95, 98, 2000, and Windows NT. A log- 
ical setup is followed in the design of the interface. First, the 
user develops a project. Within each project, the user may 
introduce many sets of modeling cases, such as the para- 
metric investigation of various exterior weather-resistive bar- 
riers, for example. The user may copy over the basic case 
input into a new case and then proceed to execute the sim- 
ulation. The WUFI | ORNL/IBP interface uses three path- 
ways that compose the input rnnstream file as the basics for 
its functional organization. These pathways are: 

1. Component: Where you specify the modeling scenario and 
details of the envelope system of the modeling. 

2. Control: Where you define the numerical characteristics 
of the project case. 

3. Climate: Where you define the exterior and interior envi- 
ronmental exposure conditions of the construction. 

The WUFI | ORNL/IBP interface also uses four pathways 
that compose the running and output runstream as the ba- 
sics for its functional organization. These pathways are: 

4. Run: Where you specify whether to run the simulation 
with or without the result film. 

5. Output: Where you can print out and check input data 
summary, check the status of the simulation, view results, 
include measured data, export results, and export result 
film. 

6. Options: Where you define your unit system, view warn- 
ings, and save project case results. 

7. Database: Where you may include or review materials. 

All these pathways are needed to establish each case 
within a project. In the WUFI | ORNL/IBP interface, each of 
these pathways is presented in a menu bar. Following the 
sequence order in the pathway, you can successfully prepare 
all inputs and review output results. 

In Figs. 13 to 18, several menu screen shots are presented 
to display the user-friendly design of the program. 
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A Look to the Future 
by Carsten Rode 1 

T H I S  CHAPTER W I L L  R E P O R T  o n  s o m e  tendencies a s  s e e n  from 
the researchers' viewpoint on technologies for moisture per- 
formance of building structures that will become available 
to building designers and practitioners within the coming 
years. 

Tendencies that are envisaged to have an impact on mod- 
eling, analytical methods, and practical capabilities are: 

• Current research topics will be available more widely, es- 
pecially concerning modeling and measuring capabilities. 

• The increased development and use of information tech- 
nology and knowledge systems will have a significant im- 
pact. 

• There will be an increased practical knowledge about well- 
insulated structures and their moisture performance. 

The chapter is divided much like the moisture manual it- 
self, with main sections on Weather Data, Material Data, 
Failure Criteria, Analysis Methods, and Practice. 

W E A T H E R  DATA 

Wind-Driven Rain 

Analytical models are becoming able to handle wind-driven 
rain as one of the moisture impacts on building construc- 
tions. It is therefore anticipated that in the future weather 
data will be prepared to represent the data needed to cal- 
culate wind-driven rain and be prepared in such a way that 
the required weather data are statistically representative. 
The data needed to calculate wind-driven rain are rain in- 
tensity, wind speed, and direction. 

Too, a formal, possibly international, standard should be 
prepared on how to process such weather data for an actual 
building and for a given position on it. British standard BS 
8104:1992 [I] already exists in this field; however, it needs 
to be extended so it can be applied to global weather con- 
ditions. The topic is further discussed and described in the 
International Energy Agency's (IEA) Annex 24, Task 2 [2]. 

ground. Another example is the hygrothermal condition be- 
hind exterior ventilated cladding such as in a ventilated wall 
system or under a tiled roof. 

It is anticipated that some guidance will be developed on 
how to estimate the hygrothermal conditions in these places 
from standard weather data. This requires quite some cor- 
relation with conditions measured in practice for different 
configurations of the building parts, and for different cli- 
mates. Only some of this knowledge already exists. It is 
therefore necessary first to gather a large amount of infor- 
mation in a systematical way. While it is anticipated that 
some common consensus and guidance will be developed in 
this field, it is also quite certain that it will take some time 
and resources to develop these special exterior environment 
descriptions. 

Moisture Design Reference Years 

Today, weather data are most often chosen such that they 
describe the weather in a way that is statistically correct with 
respect to the average value, and deviation from the average, 
but mainly what concerns the air temperature and solar ra- 
diation data. In the future, weather data will exist in a form 
that is optimized for the purpose of moisture analysis, that 
is, weather data for moisture calculations will be optimized 
with respect to the data most relevant for the movement of 
moisture. 

Furthermore, one has to decide whether an average 
weather situation should be represented or whether in some 
cases it is better to use some weather data that are somewhat 
extreme in terms of the impact on the moisture performance 
of building construction. This has been analyzed within IEA 
Annex 24 in an effort to generate so-called Moisture Design 
Reference Years [2] and in the work by Geving [3]. It is an- 
ticipated that the future will bring more weather data aimed 
specifically at analyzing the moisture conditions of building 
structures. 

Data about  other External Environment than the 
Outdoor Air 

The condition of other exterior boundary conditions than the 
ambient air sometimes needs to be known. Examples of such 
conditions are the hygrothermal condition on the exterior 
side of building structures that are in contact with the 
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Technical University of Denmark, DK-2800 Lyngby, Denmark. E- 
mail: car@byg.dtu.dk 

MATERIAL DATA 

Databases of  Material Properties 

A much-quoted collection of material data is a catalogue by 
Hansen [4], although it is restricted to sorption curves. In 
this catalogue Hansen presents no measurements of his own, 
but simply has the strong quality of collecting data from 
other investigators. Such collections are very useful. Other 
catalogues are the material data catalogues by IEA Annex 14 
[9] and Annex 24, Task 3 [5,6], and the material lists by 
ASTM [7] and ASHRAE [8]. The catalogues by Hansen and 
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the IEA show the mate r ia l  p roper t ies  as funct ions  of, e.g., 
humid i ty  level or  t empera ture ,  bu t  they  are  l imi ted  by the 
somewha t  a rb i t r a ry  select ion of which  proper t ies  are  re- 
por ted  in the l i terature ,  or  which  measu remen t s  have been  
made  available by  researchers  or  manufac tu re r s  for repre-  
senta t ion  in the catalogues.  The lists by  ASTM and ASHRAE 
and by  m a n y  textbooks are  p robab ly  more  comple te  in the  
select ion of mater ia ls ,  bu t  each p roper ty  of a mate r ia l  is sim- 
ply regis tered as a single n u m b e r  wi thout  its funct ional  de- 
pendency.  Most  ca ta logues  have the d rawback  tha t  they sel- 
d o m  indicate  the  var ia t ion  tha t  may  exist of a mate r ia l  
specified jus t  by a single name.  

The future  will p robab ly  see some electronic  da tabases  in 
which  manufac tu re r s  and  researchers  have admi t t ed  thei r  
da t a  abou t  c o m m o n  bui ld ing  mater ia ls .  The da tabases  will 
be overviewed by impar t i a l  o rganiza t ions  such as ASTM to 
ensure  that  the  content  is of high quality, i.e., the da ta  are 
measu red  according  to cur ren t  s t andards  and  representa t ive  
of the mate r ia l  being represented .  The da tabases  should  be 
able to convert  be tween  the different  formats  c o m m o n  to 
represent  the da ta  and  be tween  different  c o m m o n  uni ts  for 
these. 

Fur the rmore ,  since all the  different  p roper t ies  re levant  for 
one mate r ia l  are  p robab ly  not  always measu red  for exactly 
the same  mater ia l ,  the da tabase  should  help the user  to find 
the r ight  p roper t ies  for representa t ive  mater ia ls ,  e.g., if vapor  
pe rmeab i l i ty  is measu red  for one var iant  of a mater ia l ,  bu t  
the the rmal  conduct ivi ty  is not  measu red  for that  var iant ,  
the  da tabase  should  hel p the user  to find the mos t  ident ical  
ma te r i a l  for  which  the  the rmal  conduct iv i ty  is known. F o r  
instance,  it  could  be  ano ther  manufac ture r ' s  var iant  of the 
same mate r ia l  wi th  the same densi ty  and  same compos i t ion  
of raw m a t e r i a l s - - o r  it could  be a var iant  or ig inat ing  f rom 
ano ther  geographical  loca t ion  or  f rom ano the r  per iod  of pro-  
duction.  

Formats and Conversion of  Properties 

A lot of units  for the same proper t ies  are  avai lable when 
deal ing with  mois tu re  transfer,  e.g., for pressure .  Some t imes  
a convers ion is also necessary  between quant i t ies  that ,  al- 
though  not  being exactly identical ,  represent  a lmost  s imi lar  
quanti t ies ,  e.g., vapor  pressure  can be t rans la ted  to vapor  
concentra t ion .  Somet imes  an extra  parameter ,  e.g., the  tem- 
perature ,  needs to be known in o rde r  to make  an exact  con- 
version. Tools will be developed that  can take care of con- 
vers ion of units  for ma te r i a l  proper t ies ,  both  when  
proper t ies  are  similar,  such as for the  different  var iants  of 
pressure ,  and  when  they have to be t ransla ted.  

New Measurement  Techniques and Properties 

Different dr iving potent ia ls  have been p roposed  to mode l  the  
mois ture  pe r fo rmance  of bui ld ing  mater ia l s  (e.g., IEA Annex 
24, Task 1 [9]). Examples  of dr iving potent ia ls  are: relat ive 
humidity,  mois tu re  content ,  t empera tu re  in combina t ion  
with  one of the o ther  potent ials ,  vapor  pressure ,  vapor  con- 
centra t ion,  and  l iquid pressure .  I t  is poss ible  to convert  be- 
tween the different  potent ia ls  if the sorp t ion  curve and  the 
l iquid p r e s s u r e / m o i s t u r e  content  re la t ion (or pe rhaps  the 
pore  size d is t r ibut ion)  are  known.  One can usual ly  convert  
be tween the potent ia l s  if any  two of them are  known [10]. 

Physically, vapor  pressure  (Fick's law) and  l iquid pressure  
(Darcy's law) are  the  driving potent ials .  The o ther  dr iving 
potent ials ,  e.g., mois tu re  content ,  are derived f rom the bas ic  
potent ia ls  using some assumpt ions ,  e.g., i so thermal  condi-  
tions. 

The future  will see a need to know the l iquid p ressure /  
mois ture  content  relat ion.  Since the pore  wa te r  in a bui ld ing  
mater ia l  is usual ly  at  a negative p r e s s u r e - - t e n s i o n  or  suc- 
t i o n - i t  is c o m m o n  to descr ibe  the re la t ionship  in the  form 
of a suc t ion  curve. It will be used as a supp lemen t  to the 
sorp t ion  curve. Where  the sorp t ion  curve descr ibes  the mois-  
ture  content  of a mate r ia l  when  in contac t  wi th  humid  air, 
the suct ion curve will descr ibe  the  mois ture  content  of a ma-  
ter ia l  in contac t  wi th  l iquid w a t e r - - o r  wi th  ano the r  mois t  
mater ia l .  

For  the  the rmal  conduct iv i ty  of  mater ia l s  there  exists a 
s t anda rd  to de te rmine  the the rmal  conduct ivi ty  of wet  ma-  
terials [11 ]. However, in mos t  cases for bu i ld ing  appl icat ions ,  
mater ia l s  are only hygroscopical ly  moist .  There is a need to 
s t andard ize  a me thod  to de te rmine  the the rmal  conduct ivi ty  
at mois tu re  contents  co r respond ing  to mode ra t e  relat ive hu- 
midi t ies  in the  environment .  This p rob lem has been  out l ined  
in a technica l  r epor t  for the European  Commit tee  for Stan-  
da rd iza t ion  [12]. 

FAILURE CRITERIA 

Database of  Moisture Performance Criteria 

Different mater ia l s  have different  thresholds  to govern the i r  
risk of degradat ion ,  e.g., in the form of cr i t ical  mois ture  con- 
tent  or  relative humidity,  and  p robab ly  wi th  some influence 
of the t empera tu re  level. Such pe r fo rmance  cr i ter ia  are  of ten 
used to compare  agains t  model  pred ic t ions  and  measure-  
ments  f rom prac t ice  to deem whether  a ma te r i a l  or  a con- 
s t ruc t ion  is safe f rom degrada t ion  due to mois ture .  However, 
it is bel ieved tha t  there  is a need to gather, s tandardize ,  and  
expand  on the in format ion  that  is available.  I t  is therefore  
an t ic ipa ted  tha t  the  fu ture  will see the deve lopment  of  da-  
tabases  that  conta in  approved  knowledge of mois tu re  deg- 
r ada t ion  cr i ter ia  for most  c o m m o n  bui ld ing  mater ia ls .  

Stochastic Model ing 

As models  for analyzing combined  heat, air, and  mois ture  
t r anspor t  are becoming  c o m m o n  to use and  s t ronger  in the i r  
capabil i t ies ,  it will become c o m m o n  in these models  to util- 
ize the  increas ing  knowledge  of the diversi ty of the mater ia l s '  
proper t ies .  In  the future,  the  proper t ies  of mate r ia l s  will be 
known with  the i r  s tat is t ical  d i s t r ibu t ion  and the models  will 
be able  to uti l ize this knowledge.  The resul t  of execut ing the 
models  will no longer  be single mois tu re  content  profiles 
over t ime but  d i s t r ibu t ions  of p robab le  profiles over t ime. 
With  such profiles the  user  can make  a much  be t te r  judg-  
men t  of whe ther  a p roposed  cons t ruc t ion  is sound. Exam- 
ples of using s tochast ic  analysis  have been shown by Hokoi  
and  Mat sumoto  [13], and  by Sa lonvaara  and Karagiozis  [14]. 

Risk Analysis 

The resul t  of mois tu re  models  tha t  opera te  with considera-  
t ion of the  s tochast ic  d i s t r ibu t ion  of proper t ies  will be prob-  
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ability profiles for moisture content or relative humidity. It 
will be natural to compare such profiles against criteria for 
negative impact of the presence and migration of moisture. 
The results are risk assessments of the adverse effect of mois- 
ture. An example of research leading to such risk assessment 
is shown by Harderup [15]. The method is also published in 
a Swedish moisture tutorial by Nevander and Elmarsson 
[16]. The method to estimate a risk potential is outlined in 
Fig. 1. 

Moisture and Durability in a Life 
Cycle Perspective 

Today, a lot of attention on new buildings and the choice of 
building material for the buildings is turned on ecological 
aspects and life cycle assessment (LCA). It could seem that 
most of the focus is concerned with the choices that affect 
the building process and the procurement of building ma- 
terials. However, one of the most important parameters in 
the assessment is perhaps not offered enough attention in 
conventional analysis--it is the aspect of durability and spe- 
cifically how it is affected by the moisture performance. 
Moisture plays a significant role in most degradation pro- 
cesses, and therefore the moisture performance of building 
structures should be used as one of the most important pa- 
rameters also in life cycle assessment of building structures. 

It is rather likely that, as moisture modeling and assess- 
ment techniques become still more common to use for build- 
ing designers, these techniques will also be used more sys- 
tematically in the life cycle assessment of building materials 
and structures. 

Shift of  Emphasis from Durable Construction to 
Focus on Indoor Climate Quality Assurance 

The reason today to analyze the moisture performance of 
building structures is mainly to be able to predict the be- 

Relative Humidity, % 

FIG. 1--Distr ibution curves for "moisture condition" and "re- 
sistance against moisture." The curve for moisture condition 
expresses the probability that the relative humidity in the en- 
vironment of a material is at or above the actual level. The 
curve for moisture resistance expresses the probability that 
the material will decay if it is exposed to a certain relative hu- 
midity. Thus, the common area below the curves signifies the 
risk of moisture damage.  After Nevander and Elmarsson [16]. 

havior of the structure itself, i.e., to ensure that it does not 
degrade excessively fast or is in other ways susceptible to 
adverse moisture effect. However, today this knowledge is 
bearing fruit--building owners and buildings codes of many 
countries demonstrate awareness of how to prevent im- 
proper construction techniques, while at the same time us- 
ing increasingly better thermally performing construction 
methods. Shortly after the oil crises in the seventies, some 
unfortunate examples of bad-performing construction meth- 
ods were seen in cold climate regions, and lessons have been 
learned so that today we have proper guidelines to show how 
to construct fail-proof, well-insulated structures. 

At the same time, the knowledge of and awareness of the 
indoor air quality is improving. The moisture content in the 
building structure and in the indoor air is related to one 
another, and they both have significance on the processes 
that degrade indoor air quality. In the years to come, it is 
expected that more attention will be offered to the relation- 
ship between moisture condition and the quality of indoor 
air. It is anticipated that in the future one will be able to 
develop the design of building structures such that the in- 
door air quality, moisture performance of the building en- 
velope, and energy quality of the building design will be op- 
timized. 

ANALYSIS M E T H O D S  

Multidimensional Models for Heat and 
Moisture Transfer 

Most building structures have a multidimensional nature, 
i.e., they are built not only of layers of homogenous mate- 
rials that extend long in the directions parallel to the wall 
surfaces. In many cases, this geometrical composition has a 
significant influence on the hygrothermal performance of the 
building parts. For instance, it is well known that the mois- 
ture conditions can be worse around areas with cold bridges. 

It poses no fundamental problem to let this geometrical 
feature of most building structures be reflected in the tools 
available to analyze the hygrothermal performance of build- 
ing structures. Indeed, such multidimensional analysis tools 
have been available for some years among researchers, e.g., 
LATEN1TE, TCCC2D, TRATMO2, WUFIZ, DIM 3.1 and oth- 
ers (for a more complete list see IEA Annex 24, Taskl [9]). 
It is anticipated that these analysis methods will soon be 
sufficiently well validated and proper user interfaces devel- 
oped so that the models can be available to design profes- 
sionals as well proven analysis tools. 

Convection Modeling 

A lot of resources have been spent on analyzing building 
structures for their performance to vapor diffusion and pos- 
sibly to capillary action. Analysis methods and practical 
guidelines exist to cope with these influences of moisture on 
building structures. However, from practice it is well known 
that especially light-weight structures are susceptible to sig- 
nificant impact of moisture by convection, i.e., moisture that 
is carried in a flow of air passing through the structure. 

Today it is only possible to analyze this way of moisture 
impact under some simplifying assumptions. For instance, 
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for one-dimensional modeling the analysis is limited to that 
of simple exfiltration or infiltration of humid air passing 
through a structure. In practice the airflow is most often of 
a multidimensional nature. 

With some of the multidimensional analysis tools that are 
today available to researchers, it is possible to model the 
multidimensional nature of convective moisture transport. 
However, in practice the movement often takes place 
through non-ideal structures such as gaps and voids that 
were not planned or that have arisen because of a not opti- 
mal fitting of building materials, and because many building 
materials suffer dimensional change and bending when in- 
stalled in a natural environment. Furthermore, the boundary 
conditions that govern the convective transport, i.e., the air 
pressures, cannot always be predicted with sufficient accu- 
racy. Therefore, the analysis of convective moisture transport 
is today prone with some assumptions or simplifications nec- 
essary to suppose before an analysis can be carried out. The 
result of the analysis depends on these circumstances. 

It is anticipated that in the future the multidimensional 
analysis methods that can predict convective moisture trans- 
port will be available to design professionals. Concurrently 
it will be necessary to develop guidelines on how to make 
proper assumptions for different non-idealities that are im- 
portant to the influence of convective moisture transport. In 
the long perspective it might be possible to develop good 
models that can both predict some of the common material 
deflections and other factors that influence a convective 
moisture transport, as well as the pressure conditions that 
in the first place cause the air movements. The latter will 
require integration with tools for Computational Fluid Dy- 
namics (CFD). 

Validation and Benchmark Testing 

Tools and analysis methods for moisture flow in building 
structures are being developed at a large pace these years, 
and tools are being made available to other than the research 
community. It is therefore necessary that the tools are well 
validated. The future will see guidelines or even standards 
on how to validate a moisture analysis methodology. Con- 
currently, it is anticipated that data sets for benchmark test- 
ing will become available so developers and users of analysis 
methods can test their method, their skills of using 
the method, and become aware of limitations of their anal- 
ysis method. 

The European Committee for Standardization, CEN, is 
planning to develop standards to verify the performance of 
analysis methods for predicting the moisture behavior of 
building structures [17]. 

Dissemination and Standardization of Use of 
Models (Design Tools) 

Models to analyze the hygrothermal performance of building 
structures are being developed and used increasingly within 
the research community these years. Since the beginning of 
the 1990s the first of these models have also been available 
to design professionals and manufacturers of building com- 
ponents [18]. Today public tutorials are being held [19] and 
some analysis models are available for free to the public do- 

main [20]. Thus, there is strong impetus to get these models 
used more in practice, and to collect and exchange users' 
experience with the models. It is anticipated that this will 
lead to the formation of user's clubs and similar organiza- 
tions where guidelines for the use of the models, and 
exchange of experiences can be disseminated in open fo- 
rums. Work is now on the way within the European Com- 
mittee for Standardization (CEN) to standardize the char- 
acteristics, conditions, and necessary properties of cal- 
culation procedures for moisture transfer calculations. 

Integration of Models 

There is today a strong motion towards integrating the dif- 
ferent tools available to design and analyze a building in the 
planning phase, as well as to operate the building when it is 
in service. Standardization such as ISO 10303, STEP--  
Standard for the Exchange of Product Model Data [21], and 
industry-driven organizations such as IAI, Industry Alliance 
for Interoperability [22] are working hard to develop com- 
mon platforms for exchange of building information. This 
information spans from building geometry and topology in- 
formation from CAD tools, over engineering design infor- 
mation for structural and thermal analyses, to information 
needed for facilities management during operation of the 
building. 

Today, there exists some feasible techniques and platforms 
to exchange data between the various design tools. The re- 
search and development is mainly on procuring one or more 
data models that can encompass all relevant information 
about building structures during their life cycle. The infor- 
mation needed for moisture analysis of buildings will cer- 
tainly be future parts of these data models, but have not been 
implemented yet, and will most likely be seen as an appendix 
to the thermal aspect of buildings. 

Whole Building Modeling 

The amount of, availability of, and common use of building 
design and analysis tools have been ever increasing since the 
advent of personal computers, network technology, and user- 
friendly computer interfaces. Models for whole building 
thermal analysis, e.g., DOE-2 [23] and BLAST [24] are today 
commonly used in building design practices to analyze the 
thermal performance of building structures. These models 
are steadily being expanded, e.g., to consider daylighting 
conditions of buildings and other factors, but they still most 
often have only a very simple steady state evaluation of the 
indoor humidity level, neglecting the interaction with the 
building envelope and the furnishing. However, DOE-2 and 
BLAST are now being merged as "EnergyPlus" [25], and the 
plans are that the merged model will also be able to consider 
moisture adsorption and desorption in building elements. A 
similar development is carried out in Denmark to expand an 
existing design tool for thermal building simulation with a 
moisture balance model for the whole building considering 
the indoor climate, the building envelope, and furnishing 
[26]. 

Today's moisture analysis tools are still only prepared to 
analyze the performance of one building envelope cornpo- 
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nent given prescribed climates on the exterior and interior 
side of the structure. 

It is foreseen that in the future existing modeling capabil- 
ities will be integrated further, such that it becomes possible 
to make an integral analysis of the hygrothermal perfor- 
mance of a whole building. This means that both the thermal 
and the moisture conditions of the building envelope, inter- 
nal structures and furnishing, and the indoor climate are 
predicted concurrently for all elements. 

With current and future computational capability it will 
be possible to analyze all the hygrothermal aspects of a 
building concurrently. It is anticipated that the building de- 
signer will soon have much more capable prediction tools 
available in normal design practices. 

PRACTICE 

Knowledge Systems and Design Aids on 
Contemporary Media 

Information technology keeps providing new technology 
which also the users are increasingly becoming accustomed 
to take advantage of. Examples of information technologies 
that are today in common use are the Internet, CD-ROMs, 
and IT aids are coming in on the construction site with on- 
site building information. 

In this setting, it is anticipated that building designers, 
constructors, and end-users will have new possibilities avail- 
able that help them do things right in terms of moisture per- 
formance of the building structures. It has already been 
mentioned how new design tools will further the possibilities 
for building designers. On-site information technology will 
increase the builders' awareness of correct construction de- 
tails and knowledge of which problems to look out for to 
help future constructions to be fail-proof. 

Indoor Climate Types, Ventilation Strategy 

One of the most important influences on the building shell 
to cause moisture problems is the influence from the indoor 
humidity. It is therefore important to be able to know suffi- 
cient about the indoor humidity and to take appropriate 
steps to make the building envelope able to sustain this in- 
fluence (or to reduce the humidity level indoors). 

As part of this awareness it is anticipated that methods to 
categorize the humidity level of the indoor environment will 
be developed and that building structures will be designed 
accordingly. It is then the responsibility of the building user 
to keep within the planned humidity levels. Examples of 
such categorization of the indoor climate humidity level 
have been shown in IEA Annex 24, Task 2 [2], where the 
indoor climate is categorized in four classes depending on 
the risk that condensation will form in different types of con- 
structions. 

Furthermore, it is anticipated that when choosing a ven- 
tilation strategy of a building, it will become more common 
to optimize the indoor climate's humidity level for the as- 
pects of the well being of the building shell and of the oc- 
cupants. 

Equipment for In-Situ Measurements 

For practical conditions there is a need to be able to measure 
the moisture content of a building material that is installed 
in a construction under field conditions. Today one typically 
uses electrical sensors, e.g., electrical resistance gages that 
are calibrated to indicate the moisture content of a material. 
However, the calibrations are not always accurate, or limited 
to some moisture content ranges, and one has to prepare the 
construction by building in the moisture gages from the be- 
ginning or by inserting them into the structure after its erec- 
tion. Furthermore, the moisture gages are not suited for all 
kinds of building materials--for instance it makes no sense 
to use the electrical resistance as a measure of the moisture 
content if there are salts in the material, e.g., for silicate ma- 
terials, such as brick and concrete. 

There are some non-intrusive techniques available such as 
for measuring the electrical capacitance or measuring the 
neutron density. These techniques are mainly used to gage 
the moisture content of a roof or to estimate the moisture 
content of a specific material, e.g., a piece of lumber or a 
silicate material, and to follow relative changes or the mois- 
ture conditions over time. The measuring techniques have 
the drawback that they are not very accurate, they require 
some experience of the measuring conditions, and are 
mainly suited for relative measurement (e.g., "dry" or "wet"). 

Thus, there is a need for, and hopefully the future will 
bring, some well-calibrated, new and non-intrusive tech- 
niques for measuring the moisture content of a material or 
a structure. There exists a significant commercial potential 
to further develop such measuring techniques, and therefore 
there should be good possibilities that the future will see 
such developments. 

Moisture Alert Systems 

It is anticipated that future buildings, or renovated existing 
ones, will have built-in moisture alert systems. This is a di- 
rect consequence of the improved possibilities for field mon- 
itoring of the moisture condition of the building envelope 
and the anticipated information systems that can guide the 
building user or the building service technician. The purpose 
is that in the future it will be possible to repair and limit 
damages from the intrusion of moisture before it becomes 
too dangerous for the building shell. As information tech- 
nology and automation systems become relatively cheaper, 
and as it will probably remain expensive to repair after mois- 
ture damages, the economic advantages are obvious. 

New Techniques for Building Renovation and 
Retrofit, and Dissemination of Knowledge About 
Existing Techniques 

For many reasons there will remain a desire to preserve ex- 
isting buildings--especially in specific areas. Therefore, 
there will remain an impetus to repair, renovate and improve 
existing building constructions. However, it is not always 
sufficiently economical to renovate existing buildings. It is 
therefore anticipated that, just as for constructing new build- 
ings, new techniques, prefabricated systems and knowledge 
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systems will be developed to improve  and  make  the bui ld ing  
renovat ion  process  cheaper. 

Not the least,  this is the case when  renovat ing  after  mois-  
ture  damages .  Here  the p rob l em is that  the  consul tan t  does 
not  always know exactly which  way  to renovate  is the safest  
and  at  the  same t ime the mos t  economical .  There is a grea t  
need  for guidelines,  in fo rmat ion  systems and  d iagnos t ic  
techniques  tha t  can  assis t  the consul tan t  in these s i tuat ions.  
I t  is an t ic ipa ted  that  such possibi l i t ies  will be fur ther  devel- 
oped  in the  future.  

"Self-Drying" Concepts 
So far, it  has  been  c o m m o n  in m a n y  cases, for ins tance  for 
flat roofs, to use t ight  m e m b r a n e s  as the way  to ensure  con- 
s t ruct ions  that  can endure  the influence of  mois tu re  f rom 
the ou tdoor  wea the r  and  f rom the indoor  influence. Fo r  
m a n y  years, this  may  work  well, bu t  when mois tu re  in t rudes  
into the const ruct ion,  as somehow it often does in pract ice ,  
it  cannot  escape,  and  still the use r  might  not  not ice  that  the  
cons t ruc t ion  is damaged  by  mois tu re  as long as the mem-  
branes  hold tight.  All along, the mater ia l s  and  the the rmal  
pe r fo rmance  of  the s t ructure  are  degrading.  

Both  for new cons t ruc t ion  and  for renovat ion  it is there- 
fore an t ic ipa ted  tha t  a shift  towards  self-drying cons t ruc t ion  
pr incip les  will be seen where  otherwise  mois tu re  t ight  con- 
s t ruct ion  has been  used. In  self-drying cons t ruc t ions  at  least  
one of the t ight  m e m b r a n e s  is rep laced  by  ano the r  mater ia l ,  
o r  a combina t ion  of mater ia ls ,  that  will a l low a poss ible  ac- 
cumula t ion  of mois tu re  to escape f rom the cons t ruc t ion  un- 
der  some seasonal  condi t ions .  A pre-requis i te  is that  con- 
s t ruct ions  are des igned such tha t  the annua l  poss ib i l i ty  of 
drying is larger  than  the annua l  accumula t ion  of  mois ture .  
Examples  of self-drying cons t ruc t ion  are being developed by  
Kyle and Desjarlais  [27], and  examples  of mater ia l s  for such 
cons t ruc t ions  are  the wa te r  pe rmeab le  vapor  r e t a rde r  
(Hygrodiode)  of  Korsgaa rd  [8], and  the "Feuchteadapt ive  
Dampfbremse"  of  Kfinzel and  Kauf rnann  [28]. Another  con- 
s t ruct ion  type, ut i l iz ing both  a mois tu re  detec t ion  mecha-  
n i sm and  the poss ibi l i ty  of  drying even i m p e r m e a b l e  insu- 
la t ion mater ia l s  by mechan ica l  venti lat ion,  has  been de- 
veloped by  Rudbeck  [29]. 
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APPENDIX A 
Model Name: WUFI 
Author: Hortwig Kuenzel I 

Model Description: 
WUFI [1] is a menu-driven PC program that  allows realistic 
calculation of the transient hygrothermal  behavior of multi- 
layer building components  exposed to natural  climatic con- 
ditions. It is based on the newest findings regarding vapor 
diffusion and liquid t ransport  in building materials. WUFI 
requires only s tandard material properties and easy-to- 
determine moisture storage and liquid t ransport  functions. 
The program can be used for assessing the drying time of 
masonry  with t rapped construct ion moisture, the danger  of 
interstitial condensat ion or the influence of driving rain on 
exterior building components .  It can help to analyze the ef- 
fect of repair  and retrofit measures or  the hygrothermal  per- 
formance of roof and wall assemblies under  unanticipated 
use or  in different climate zones. It is a tool for developing 
and optimizing building materials and components ,  e.g., 
WUFI simulations have led to the development of  a smart  
vapor retarder [2]. 

Equations of State: 

Moisture balance 

0_~_w. 0__+_~ = V �9 (D+V+ + ~pV(( b Psat)) (1) 
Od~ at 

Energy balance 
OH OT 
. . . .  V. (XVT) + hvV �9 (8pV(O o Psat)) (2) 
O T Ot 

where qb = relative humidity, t = time, T = temperature,  
c = specific heat, w = moisture content, Psat = saturation 
vapor pressure, k = thermal conductivity, H = total enthalpy, 

1 Director, Hygrothermics, Fraunhofer Institute in Bauphysics, Holz- 
kirchen, Germany. 

D+ = liquid conduct ion coefficient, Sp = vapor permeability, 
hv = latent heat of phase change. 

Boundary Conditions: Indoor  and outdoor  air temperature,  
relative humidity;  direct and diffuse solar radiation; precip- 
itation, wind speed and direction (opt.: clear sky radiation, 
driving rain). 

Limitations: 
Hysteresis of the moisture retention curve is not taken into 
account. Airflow by total pressure differences is not  in- 
cluded. The influence of ice formation on enthalpy and liq- 
uid t ransport  is accounted for but not its effect on thermal  
conductivity. 

Application Example: 
The program was validated with experimental results in 
many  cases. An example of the one-dimensional  validation 
is shown in Fig. A-1 examining the moisture behavior of an 
exposed natural stone wall. The course of the total water  
content  after exposition of the initially dry wall samples (left) 
and the moisture profiles in the wall sample 2 (right) at two 
distinct points in time (measured by NMR scanning) show 
good agreement  between experiment and calculation. Cli- 
mate conditions recorded as hourly values during the exper- 
iment  and material properties determined by laboratory 
tests before exposure to the natural climate were used for 
the WUFI simulation. 

As an example for a two-dimensional calculation Fig. A-2 
(left) shows the moisture distribution in the vicinity of a 
mor ta r  joint between two differently orientated anisotropic 
sand stones (layer structure results in directionally different 
water absorption) of an exposed masonry  wall. The results 
show the rapid water  absorption of the mor ta r  during driv- 

Rainy weather Bright spell 
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25 

FIG. A-1.  
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FIG. A-2. 

ing rain impact. This is due to the higher porosity of the 
mortar compared to the sand stone, which facilitates water 
infiltration but also drying by vapor diffusion. Therefore, the 
mortar dries faster than the adjacent stone, which retains 
moisture spots at its flanks even after long periods without 
rain. It is exactly at these locations that frost or salt-induced 
damage is observed in practice, as for example at the Co- 
logne Cathedral in the photograph next to the 2D calculation 
results. 

In addition to these application examples, WUFI has been 
benchmarked for exposed brick walls, masonry with exterior 
insulation, cathedral ceilings, aerated concrete roofs, in- 
verted roofs with greenery, etc. Some benchmark tests have 
been carried out by independent specialists from universities 
and research institutions. WUFI has been continuously up- 

graded since it has been made public in 1994. Currently 
there are one- and two-dimensional professional PC versions 
available. Special versions of WUFI designed for research 
and teaching purposes are distributed free of charge for non- 
commercial applications. For further information please re- 
fer to http://www.wufi.de. 
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APPENDIX B 
Model Name: MOISTURE-EXPERT 
Author: Achilles Karagiozis 

Model Description: 
MOISTURE-EXPERT [1] is a For t r an  p r o g r a m  tha t  al lows 
the 2-D calcula t ion  of the t rans ient  hygro thermal  behavior  
of muhi - l ayer  bui ld ing componen t s  and  is cus tomized  for 
c l imat ic  condi t ions  in Nor th  America.  The uniqueness  of the 
mode l  is the inc lus ion of t empera tu re -dependen t  sorp t ion  
isotherm,  and  capabi l i ty  to handle  wind-dr iven  rain.  The 
model  was developed to evaluate the pe r fo rmance  of any 
wall, roof, and  basemen t  configurat ion.  Two systems of 
t r anspor t  equat ions  have been  employed,  one based  on vapor  
pressure  and  capi l la ry  pressure  and the o ther  based  on vapor  
pressure  and  relat ive humidity.  This mode l  is a research  
model  and  has  capabi l i t ies  to mode l  comple te  bui ld ings  by 
inc luding each wall  assembly, roof  and basement ,  and  cou- 
pl ing an indoor  a i r  qual i ty  model .  The mode l  can also in- 
corpora te  sys tem and sub-sys tem effects, such as those  de- 
t e rmined  by exper imenta l  means .  Mois ture  sinks and  
sources can be easily in t roduced  to any bui ld ing envelope 
assembly. 

Equations of State: 

Mois ture  ba lance  

O__w_w . ad O : V . (D+ V qb + 6p V(r ])sat) 
o+ at 

- u o~) (1)  

Energy  ba lance  
OH OT 
O-"-T" 0"-~ ~ V"  (~k ~ T)  -4- hv ~7. (~p~7(d) Psat)) 

- o~ucrV r + S (2) 

Airflow 
0(pu) 

- - V  p u  �9 u - V P  - ~) V21~ Jr- F 
Ot 

where  r = relat ive humidity,  t = t ime, T = tempera ture ,  c = 
specific heat,  w = mois ture  content ,  Psat = sa tura t ion  vapor  
pressure ,  k = the rmal  conductivity,  H = total  enthalpy, De> 
= l iquid conduc t ion  coefficient, gp = vapor  permeabi l i ty ,  h~ 
= la tent  hea t  of phase  change,  cp  = specific heat  of fluid, Pa 
= densi ty  of fluid, where  u is the velocity vector  (m/s), P is 
p ressure  (Pa), ~1 is the dynamic  viscosi ty (s �9 Pa), and  F is the 
body force pe r  uni t  volume (N/m3); 9~ = vapor  densi ty  and  
S = volumetr ic  heat  source or  sink. 

Boundary Conditions: Indoo r  and  ou tdoor  a i r  t empera tu re  
on any t ime interval,  relat ive humidi ty;  direct  and  diffuse 
solar  radiat ion;  precipi ta t ion,  wind  speed and direct ion,  

FIG. B-lmCrawl-space geometry. 

1Senior research engineer, Hygrothermal Project Manager, Oak 
Ridge National Laboratory, 1 Bethel Valley, Rd, Oak Ridge, TN 
37831-6070, E-mail: karagiozisan@ornl.gov FIG. B-2m2-D relative humidity distribution. 
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pressure differences or prescribed mass flows (opt.: clear sky 
radiation, driving rain). Moisture-Expert version 1.0 incor- 
porates an indoor environment model that includes moisture 
generation rates by inhabitants, interior pressure schedules, 
ventilation exchange rates, sorption and moisture release 
from interior finishing. 

Limitations: 
The model is not user friendly, an interface does not exist, 
and the model is a research model. Hysteresis of the mois- 
ture retention curve is not taken into account. The model is 
computationally very slow, as it includes the convective and 
diffusion resistances when the full Navier Stokes equations 
are solved. Darcy% equations can also be used. Limited ma- 
terial properties are currently available. Validation on a ar- 
ray of test cases of vat3~ing complexities are being performed. 

Application Example: 
Many design guidelines have been generated from the use of 
MOISTURE-EXPERT for stucco-clad wall systems (city of 
Seattle), retrofitting masonry wall systems (Boston), and cur- 

rentty in the investigation of the ventilation effectiveness in 
crawlspaces. For an application case of the model, the com- 
plex moisture transport in crawlspaces in Wilmington, NC 
(Karagiozis 2001) was chosen [2]. The model simulates the 
effect of air openings in a crawlspace and evaluates the op- 
tion of closing these vents. Climate conditions used were 
hourly temperatures, relative humidities, solar radiation, 
and wind-driven rain on the ground surface as well as on the 
walls of the crawlspace. For each orientation, the values of 
solar radiation and air pressure were accounted for. Full 
functional form of the material properties were used in the 
application example. 
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APPENDIX C 
Model Nome: SIMPLE FULUV 
Author: Oyvind Okland ~ 

Model Description: 
The hygrothermal  computer  model  SIMPLE-FULUV was de- 
veloped to investigate na tura l  and forced convection in tim- 
ber  frame walls. The work was part  of a doctoral thesis proj- 
ect 2. The model is now strictly a research tool. The 
s imula t ion  model is capable of solving two-dimensional  
heat, air, and  moisture problems. Both vapor and  l iquid 
mois ture  t ranspor t  are included. The mater ial  properties are 
changing with the moisture content  and  temperature.  The 
model uses the SIMPLE algori thm developed by Patankar  to 
solve the equat ion of state. 

In  the SIMPLE algori thm the momen tum,  energy, conti- 
nuity, and  mois ture  conservat ion equat ion is expressed in 
one equation. When  the m o m e n t u m  equat ion is solved, the 
pressure gradient  is included and  treated specially. SIMPLE- 
FULUV is based on a finite difference method. The calcula- 
t ion area is divided in control  volumes. The correct conver- 
gence is guaranteed by averaging neighboring velocities. 

Equation of State: 

Moisture balance 

~The Research foundation POLYTEC, Smedasundet 77, 5527 Hau- 
gesund, Norway. 
2Publication: Okland, 1998, Convection in Highly-Insulated Building 
Structures, NTNU, Trondheim, Doctoral thesis, ISBN 82-471-0292- 
7, ISSN 0802-3271. 

~v" Ot ax (puXv) + ~yy (pvXv) = ~xx \ Dv" p Ox / 

-( 3 D~ 'p  + S 
+ Oy -~y] 

Energy balance 

Op~T 
Cm 

Ot 

0 0 
+ ca Ox (pu T) + c a • (pvT) 

=z( 0q + 
ox \ ox / 

0(0 ) ~yy k + S  

M o m e n t u m  in v-direction 

op~ + o (o.v)  + o o { ov~ 
ot o~ 7y (Pv~ : 5-;y k ~ ~) o()o  - -  ~ - -  - v -  ~ -  

+ OX c)X Boy 

(i)  

Cont inui ty  of mass 

Op+ O O 
o-7 0-~ (o-)  + ~ (pv) = o 

(2) 

OP 
- -  - - -  + P g o  (3) ay 

(4) 

where Bo = specific permeability, c = heat capacity, D = 
diffusion coefficient, go = acceleration of gravity, P = pres- 
sure, S = source term (includes condensa t ion  and  evapora- 
tion), T = absolute temperature ,  t = time, X~ = moisture 
content,  v and u = velocity, ~v = moisture capacity, X = 

FIG. C - l - - T h e  relative humidity (%/100) and temperature (~ for a timber frame 
wall influenced by natural convection. 
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thermal conductivity, p = density, b~ = dynamic viscosity, x 
and 3: = the coordinate directions. 

Boundary Conditions: Interior and exterior temperature, 
relative humidity, wind speed. 

Limitations: Deformation of the porous structure caused by 
the ice content changes is neglected. Hysteresis of sorption 
material properties and over-cooling is not taken into ac- 
count. 

Verification: Climate chamber measurements with highly 
insulated walls have been conducted to verify the model. The 
walls were timber frame walls of wood with permeable glass 
fiber insulation. Air gap defects have been placed in different 
parts of the insulation. The walls had airtight boundary ma- 
terials with a cold and hot side to study natural convection 
effects in the wall cavity. The simulations were in reasonable 
agreement with the measurements considering the difficul- 
ties to measure all the physical effects that occurred in real 
walls. 
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APPENDIX D 
Model Name: TRATMO2 (Transient Analysis of Thermal and Moisture behavior 
of 2D-structures) 
Author: Mikael H. Salonvaara 1 

Model Description: 
The p rog ram calculates  numer ica l ly  the  t rans ien t  hea t  and  
mois ture  t ransfer  in one- or  two-d imens iona l  bui ld ing  struc- 
tures.  The mechan i sms  by which  heat  are t ransfer red  in ma-  
ter ials  are  conduct ion,  convect ion in porous  mater ia l s  and  
cracks,  r ad ia t ion  th rough  t r anspa ren t  insulat ion,  phase  
changes of mois ture ,  and  phase  change  mater ia ls .  Mois ture  
can be t ransfer red  by diffusion and convect ion in the gas 
phase  and by  l iquid flow. 

Equations of State: 

Mois ture  ba lance  

OH 
P0 - V �9 q~ 

Ot 

qm = - p0D,~Vu - k D v p ~  + vp~ 

Energy ba lance  

q = -}k �9 VT  + pl~Cpa T 

OT 
C . . . .  V . q + S  

Ot 

1Research scientist, VTT Building Technology, Espoo, Finland. 

"--Vqmv,A, mois ture  condensation~vaporization 

S =  

- p A , l  ~ ,  solid~liquid phase change (ice, P C M )  

Phase changes  in mater ia l s  are  hand led  using a me thod  tha t  
has its or igin in the  so-called entha lpy  me thod  [2,3]. 

Mass balance  for a i r  

(Darcy) V" 7 = O; ' ' '  -~ = - K (Vp + pg-k) 
tx 

(Navier-Stokes) 

Ou Ou Ou IX pT+~u~+0v;-;y+~U- 

O v Ov Ov ix 
P ~ - +  P " ~ x  + pv~y  + ~  v =  

0p 
Ox 

\O x 2 + O y 2 j  + pgk  

0p+,(02  o2q _ 
- o7 \ox ~ + oyV + ogk 

Solut ion  me thod  for NS-equat ions  is a non- i tera t ive  PISO- 
me thod  [1] that  ma in ta ins  mass  ba lance  by  coupl ing it to- 
gether  wi th  pressure  equations.  

Boundary Conditions: 
Ambient  t empera tu re  ( in ter ior  and  exterior),  vapor  pressure  
or  relat ive humidity,  solar  and  sky radia t ion:  direct,  diffuse, 

FIG. D-I---Simulated relative humidity in a wall/floor detail (a) and the amount of 
moisture in different material layers as a function of time (b). 
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and reflected, wind velocity and direction, precipitation, 
pressure (including stack effect). 

Limitations: 
No hysteresis, no gravity-induced liquid flow, lumped char- 
acteristics for t ransparent  insulations. No user-friendly in- 
terface for inputting data. 

Application Example (floor and exterior wall detail): The 
model  has been used for research purposes only. The ex- 
ample demonstrates  yearly hygrothermal  analysis of a wall 
and floor detail. 
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p. Laboratory of Heating and Ventilation. 
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APPENDIX E 
Model Nome: TCCC2D 
2D structures) 
Author: Tuomo Ojanen 1 

(Transient Coupled Convection and Conduction in 

Model Description: 
The first vers ion of this p r o g r a m  was presented  in 1988 and 
has been  improved  since then  continuously.  This mode l  cal- 
culates two-d imens iona l  heat,  air, and  mois tu re  t ransfer  in 
mul t i - layer  bui ld ing  structures.  The mate r ia l  p roper t ies  are  
funct ions  of t empera tu re  and  mois tu re  content .  Phase  
change  of mois tu re  (and also in general)  is taken  into ac- 
count.  The model  solves mold  growth  index developed by 
Vii tanen [1], which  shows the risks for mold  growth  on ma-  
ter ia l  surfaces and can he used  as one cr i ter ia  for the  mois-  
tu re-caused  risks. The model  is descr ibed  in detai l  by  Ojanen 
[2]. 

Equations of State: 

Darcy flow equa t ion  

_~ = _ K_ ( V p  + pgT) 
b~ 

Mois ture  ba lance  equat ions  

0b/ 
conservat ion  P0 - V q .... and  

Ot 

mois ture  t ransfer  qm = -SpVPv + vfp~ 

Energy  ba lance  

~T 
C" : = V(XVT) - (pvc,)f V r + S 

Ot 

where  p = density, v = a i r  flow velocity, K = ai r  perme-  
abi l i ty  (m2), u = mois ture  content  (kg/kg), qm = mois tu re  
mass  flow rate  (kg/s m2), 8 v = mois tu re  diffusivity (kg/s m 2 
Pa), C" = volumetr ic  the rmal  capaci ty  (J/K m3), • = the rmal  
conduct ivi ty  (W/Km), T = t empera tu re  (K), S = source t e rm 
(W/m3), subscr ip t  f refers to fluid (air) flow and 0 to solid 
mater ia l .  

Limitations: 
Mois ture  flow is presented  by  diffusion-type equation,  where  
the total  mois ture  diffusivity includes  also l iquid flow driven 
by par t ia l  vapor  pressure  difference. Pure capi l la ry  mois ture  
flow and  hysteresis  are  not  taken  into account .  Wind-dr iven  
ra in  is an app rox ima t ion  of surface wetting.  

Application Example--Analysis of Mold Growth During 
Air Exfiltration: 
This model  was appl ied  in a case wi th  con t inuous  indoor  a i r  
flow (exfiltration) th rough  a t imber  f rame wall  (Fig. E- l ) .  
The inside a i r  had  cons tan t  t empera ture ,  +22 ~ and mois-  
ture load  caused  cons tan t  + 4 g/m 3 increase  c o m p a r e d  to 
ou tdoor  a i r  condi t ions.  The ou tdoor  c l imate  condi t ions  were 
hour ly  values of Jyvfiskylfi in Central  Finland.  

Cases wi th  two air  flow rates (0.1 and 0.01 L/sm) and  two 
different  exter ior  boards  (plywood 9 m m  or  porous  woodfi- 
her  boa rd  12 mm)  were analyzed.  In  one case the  p lywood 
sheathing had  open, 30 m m  thick exter ior  minera l  wool  in- 
sula t ion layer. The analysis  was done for a 480-day pe r iod  
s tar t ing f rom Sept. 1. The numer ica l ly  p red ic ted  mass  of 
mois ture  i n t h e  wall  s t ruc ture  (per  a rea  unit,  kg/m 2) is pre- 
sented in Fig. E-2, and  the local m a x i m u m  mold  growth  in- 
dex on the w a r m  surface of the  exter ior  boards  is p resen ted  
in Fig. E-3. The index can have values be tween 0 to 6, where  
6 indicates  to m a x i m u m  mold  growth  on a surface, Index 1 
is the limit for first microscopica l  signs for biological  growth,  
and  Index 3 is the lower  l imit  value for visible mold  growth.  

Exter ior  insula t ion  improved  the drying of the  wall  wi th  
p lywood sheathing,  hut  only in the case wi th  porous  wood-  
fiber board ,  and  0.01 L/(sm) airflow rate  the mold  growth  
index s tayed in a safe level. 

Boundary Conditions: In te r ior  and  exter ior  t empera ture ,  
relat ive humidity,  solar  rad ia t ion ,  c loud cover, s tack effect, 
wind  speed, wind  or ienta t ion,  pressure  difference over the 
s tructure.  

1 Senior research scientist, VTT Building Technology, Building Phys- 
ics, Finland. 

FIG. E- lmWal l  section with continuous and constant air exfil- 
tration used in the numerical analysis. 
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FIG. E-2--Numerically predicted total mass of moisture in the analyzed wall struc- 
ture (mass per unit area) during 480 days of air exfiltration. The exterior sheathing 
was either plywood or porous woodfibre board and the airflow rates were 0.1 or 
0.01 L/(sm). In case IR, the wall had plywood sheathing with 30 mm thick exterior 
insulation layer. 

FIG. E-3---Numerically predicted mold growth index during 480 days of air exffitra- 
tion. The exterior sheathing was either plywood or porous woodfiber board and the 
air flow rates were 0.1 or 0.01 L/(sm). In case IR the wall had plywood sheathing 
with 30 mm thick exterior insulation layer. 

R e f e r e n c e s  

[1] Viitanen, H., "Factors Affecting the Development of Mould and 
Brown Rot Decay in Wooden Material and Wooden Structures. 
Effect of Humidity, Temperature and Exposure Time," The 
Swedish University of Agricultural Sciences, Uppsala, 1996. 

[2] Ojanen, T., Kohonen, R., and Kumaran, M. K., "Modeling Heat, 
Air and Moisture Transport through Building Materials and 
Components," ASTM Manual Series MNL 18, Moisture Control in 
Buildings, H. R. Trechsel, Ed., Philadelphia, 1994, pp. 18-34. 
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APPENDIX F 
Model  Name:  HMTRA (Heat  Mass Transient Analysis) 
Authors: D, Gawin ] and B. A. Schrefler 2 

Model Description: 
This program calculates two-dimensional  heat and  mois- 

ture transfer in deformable soils and bui lding elements, in- 
cluding also high-temperature  regimes for concrete. Hygro- 
thermal  and mechanical  processes are considered as a 
three-phase system including gaseous, liquid, and solid 
phases. Full coupling between hygro-thermal (i.e., capillary 
and gas pressure temperature)  and  mechanical  (i.e., stress 
tensor) fields is taken into account  by means  of the effective 
stress principle. Material damaging effects arising from the 
coupled hygro-thermal and mechanical  interact ion are re- 
garded by use of the isotropic non-local  damage theory. An 
effect of damage (material  cracking) on material  permeabil-  
ity and sorption isotherms hysteresis is taken into account.  
The model is described in detail in the following publicat ions 
by Gawin and  Schrefler 3 and Gawin et al. 4 and  is a mecha- 
nistic model. 

Governing equations: 

Dry air mass balance: 
0 
0t [+(1 - S)pg a] 

+ v �9 (pgavg)  - v .  ( p . v ~ )  = 0 

0 
Moisture mass balance: at [+(1 - S)o~]  + V.  (p~,wVg) 

0 
+ V" (pgvdgw) = -- ~ [*S01 ] - -  ~7. (plPl) _ / 7 ~ / d  

0t 

1Associated professor, Department of Building Physics, Technical 
University of Lodz, Poland, D.Sc. Eng. 
2professor, Department of Structural and Transportation Engineer- 
ing, Unviersity of Padua, Italy, D.Sc. Eng. 
3 Publication 1996: Thermo-Hydro-Mechanical Analysis of Partially 
Saturated Porous Materials, Engineering Computations, Vol. 13, No. 
7, pp. 113-143. 
4 Publication 1999. "Numerical Analysis of Hygro-Thermic Behav- 
iour and Damage of Concrete at High Temperature," Mech. Cohes. 
Frict. Mater, Vol. 4, pp. 37-74. 

OT 
Energy balance: pCp -07 + [CpwPwVj + CpgPgwVg]VT - V 

[0(+vls) 
�9 (keffVT) = Ahvap L ~ V" (DlVl) 

1 

- rndJ + Ah~rn d, 

Linear  m o m e n t u m  balance: V �9 [~r" - c~(Sp~ 

+ (1 -S)pg) I ]  + p g  = 0 

where P = density, t = time, T = absolute temperature,  q5 = 
porosity, S = saturation,  Cp = isobaric specific heat, v = ve- 
locity, rn d = dehydrat ion mass source, k = thermal  conduc- 
tivity, Ah = enthalpy of phase change, g'rr = acceleration of 
gravity, ct = Biot's constant,  (r" = effective stress tensor, suf- 
fices: l = liquid water, g = gas, s = solid skeleton, gw = water 
vapor, ga = dry air, eff = effective (for the whole medium),  
yap = evaporation, d = dehydration. 

Boundary Conditions: Inter ior  and exterior temperature,  
radiation,  relative humidity, gas pressure and  mechanical  
load or mechanical  constraints.  

Limitations: 
Freezing is not  regarded, only elastic material  with isotropic 
damaging is considered. 

Application Example (analysis of concrete heating dur- 
ing fire): 

This model is a research model and has been used mainly  
for R&D purposes. Model was validated for several bui lding 
and geo-materials. The material  parameters  for various types 
of HP and  UHP concrete were measured in several European  
laboratories part icipat ing in the BRITE EURAM III "HI- 
TECO" project. The code was also calibrated with some ex- 
per imenta l  data concerning high temperature  behavior  of 
concrete walls, columns,  and  special structures, e.g., tunne l  
sectors and  nuclear  waste containers.  Below are presented 
results concerning temperature,  relative humidi ty  and dam- 
age dis t r ibut ion in a cylindric sample after 10 mi n  of heat ing 
dur ing fire. They are used for predicting of an explosive 
spalling phenomenon .  
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FIG. F-1. 
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APPENDIX G 
Model Name: DIM3.1 
Author: John Grunewald 

Model Description: 
DELPHIN.4 calculates two-dimensional transient heat, air, 

and moisture transfer in porous materials. The physical 
model below is described in [1] and the usage of  the program 
is documented  in [2]. A download of the program-inclusive 
documents  is possible f rom ftp://141.30.41.194. 

Equations of State: 

Moisture mass balance 

o o [ ( p w v ~ '  " .... 
- -  - -  --  ] k,disp a t  [p,~01 + pv0g] = - O x  k 

�9 rrls ms �9 r~lv 
- -  l k ,d i f f )O1  + ( P v V k  + lk ,d i f f )Og]  (1) 

Air mass balance 

0 0 [(PaVr,ff  s ]k ,d i f f )Og ] (2) - -  _ _  _ �9 rn v 
at [p~0g] = Oxk 

Energy balance 

0 
05 [pmUn" q- ppUpOp -k plUlOl  -I- ( p v U v  q- PaUa)Og] 

0 0 
- -  m I _ _ _  

OXk [ p l U l V k  01 d- ( P v U v  d- PaUa)Vr~SOg] OXk 

X "Q "m~ [Jk,diff d- (h, - h w ) ( l k , d i s p  
�9 ms "r~Zv 

d- /k,diff)01 -t- (h~ - ha)]k ,d i f fOg  ] (3) 

1 Institute of Building Climatology, University of Technology Dres- 
den, Germany, Dr.-Ing, e-mail:gmnewald@ibk.arch.tu-dresden.de 

where: 

Advective flux of  the liquid phase 

Water vapor diffusion 

ik%~ = -P~Dw, acv D~p ap e 
Ox k RgT Ox k 

Advective flux of the gaseous phase 

Reduced heat flux 

OT .Q 
]k,diff : - - ' ~ -  Oxk 

Boundary Conditions: 
Temperature, relative humidity, wind velocity, wind direc- 
tion, air pressure, long wave and short wave solar radiation, 
driving rain, water  contact, g round water pressure. 

Limitations: 
The deformation of the porous structure caused by the salt 
crystallization is neglected, influence of salt on hygric ma- 
terial properties is not  included. Hysteresis is not  taken into 

FIG. G-1. 
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account.  Non-equi l ibr ium moisture  dis tr ibut ions in the pore 
space are also not  accounted for. 

Application Example (condensation problem, coupled 
heat and moisture calculation): 
DELPHIN4.1 has been used main ly  for R&D purposes bu t  
also for practical applications. The figures demonstra te  the 
mois ture  accumula t ion  in the area of a window lintel. The 
ambien t  air of temperature  20~ and  R.H. of 60%, with ex- 
terior condit ions of -10~ and  R.H. of 80%. Results show 
the temperature  and the moisture dis t r ibut ion after 60 days. 

R e f e r e n c e s  

[1] Grunewald, J., Plagge, R., and Houvenaghel, G., Modelling of 
Coupled of Coupled Heat, Air, Moisture and Salt Transfer in Porous 
Building Materials, Vol. 2 of the final report of the Brite-Euram 
Project BRPR-96-0229: Development of a New Methodology to 
Analyse the Durability of Facade Repair and Retrofitting Sys- 
tems, Technical University of Dresden, Germany, 1998. 

[2] Grunewald, J, Plagg, R., and Roels, S., Full Documentation of the 
Numerical Simulation Program DIM3.1, Vol. 5 of the final report 
of the Brite-Euram Project BRPR-96-0229, Development of a 
New Methodology to Analyse the Durability of Facade Repair 
and Retrofitting Systems, Technical University of Dresden, Ger- 
many, 1999. 
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APPENDIX H 
M o d e l  Nome:  2 D H A V  
Author: Arnold Janssens 1 

Model Description: ~ 
The model is a two-dimensional calculation tool to predict 
the effects of air movement on the thermal and moisture 
performance of multi-layered building components. The 
model describes a building component as a general two- 
dimensional assembly of continuous porous materials and 
discrete air channels, which are interconnected and satu- 
rated by humid air (Fig. H-l). It allows specification of com- 
plex airflow paths consisting of cracks, gaps, and permeable 
materials. The numerical calculation method provides the 
airflow rates, temperatures, relative humidities, moisture 
content, and condensation flow rates at a finite number of 
control volumes in the calculation domain. 

VAPOR: p~,(qb) 

o - a ( + ) -  + poeou~po 
+ Ox Ox 

~ I 1 o - [ -  - -  

ay 

Air, heat, and vapor flow in the air channels is modeled as- 
suming unidirectional, fully developed, laminar flow be- 
tween parallel plates. Radiative heat exchange between air 
channel walls is described assuming isothermal parallel sur- 
faces. 

Equations of State (Porous domain): 

+ - - - -  Pa -Pagy = 0  
~1 ay \ Oy 

HEAT: at {(pCd + cww)0] + O--x O-~ 

0[00 ] 
+ - -  - Xy + hef l ivg ~ 0 Oy -~y paCaVp 0 + = 

Boundary Conditions: 
Temperature, surface heat flux, vapor pressure, air pressure, 
transfer coefficients, neutral pressure level. 

Limitations: 
Liquid water transfer and ice formation are not included. 
The model is thus restricted to rectangular building com- 
ponents with low-capillary-active materials and shallow air 
enclosures in moderate climates. The model has been used 
for R&D purposes and for the development of design tools 
for condensation control. 

POROUS MEDIUM 

solid matrix 
adsorbed water 

humid air 

FIG. H- I - -Two-domain building-component model. 

1 Assistant professor, Building Physics, Faculty of Applied Sciences, 
University Gent, Belgium. 

Application Examples: 
Steady-state condensat ion due to air leakage: Figure H-2 
shows the velocity and temperature distribution in a 60 ~ 
sloping cathedral ceiling roof with air gaps around the fibre 
glass insulation and a 1 mm crack in the internal lining: 
global velocity field (left), porous field (middle, scale X15), 
condensation location and profile (right). 
Dynamic  s imula t ion  o f  condensat ion due to air leakage: Fig- 
ure H-3 gives an illustration of the predicted evolution in 
time of the moisture content and condensation profile along 
the hygroscopic underroof of a 30 ~ sloping cathedral ceiling 
roof. The roof consists of four layers: a vented tile-layer, fiber 
cement underroof boards (1 cm), fiber glass thermal insu- 
lation (12 cm), and a vapor retarding gypsum board con- 
taining a 1 mm crack near the ridge. The moisture contents 
are mean values over the thickness of the underroof boards. 
The outside boundary conditions are specified by the TRY 
weather data file for Belgium with hourly mean values. The 
simulation does not account for redistribution of condensate 
by gravity drainage along the underroof surface. 
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FIG. H-2--Velocity and temperature distribution in a 60 ° sloping cathedral ceil ing 
roof with air gaps around the f iber glass insulation and a 1 mm crack in the internal 
lining: global velocity f ield (left), porous f ield (middle, scale × 15), condensation pro- 
fi le (right). 
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4 

tu 36 

3 /r '71210 I"~V'~..90 0 
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I" 'I" 
1 I hygroscopic ILl 2: [ underroof 

0 
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MOISTURE CONTEN~T ACCUMULATED 2 
UNDERROOF (kg/m') CONDENSATE (kg/m) 

FIG. H-3--Dynamic simulation of condensation due to air leakage: evolution of the 
moisture content and condensation profi les as a function of height along the un- 
derroof. The t ime indication starts at October 1. 

Reference 

[1] Janssens, A., 1998, Reliable Control of Interstitial Condensation in 
Lightweight Roof Systems: Calculation and Assessment Methods, 
Doctoral dissertation, (promotor H. Hens), Laboratory of Build- 
ing Physics, K. U. Leuven, Belgium, 217 pp. ISBN 90-5682-148- 
2. 
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A P P E N D I X  I 
Model  Nome: LATENITE 
Authors: Achilles N. Karagiozis 1 and Mikael H. Salonvaara 2 

Model Description: 
This model calculates the two-dimensional heat, air, and 
moisture transfer (HAM) in building envelope systems. 
A three-dimensional version also exists. Evaporation- 
condensat ion and freezing-thawing processes are also 
treated. The model incorporates innovative mathematical  
and theoretical developments f rom the author's previous 
models such as LIDCAV/ TRATMO, z and TRATMO2. 2 The 
model is described in detail in the publications by Karagiozis 
[2], Salonvaara and Karagiozis [1], and Salonvaara et al. [3]. 
The model is formulated to be both deterministic (1992) and 
stochastic (1995). 

The LATENITE-VTT version also includes a whole build- 
ing simulation model  that can be used to calculate the heat 
and mass transfer between the building envelope and indoor 

'Senior research engineer, Hygrothermal Project Manager, Oak 
Ridge National Laboratory, Bldg 3147, Oak Ridge Tennessee. (Dur- 
ing 1991-1998 the author was a research officer at the National Re- 
search Council, Canada.). 
2Building scientist, VTT, Espoo, Finland. 

air. Heating and ventilation systems are combined with the 
building envelope performance in order to analyze the in- 
door  climate, thermal and hygric comfort,  and indoor  air 
quality instead of assuming interior conditions as known 
b o u n d m y  values. 

Equations of State: 

0u 
- -  . Moisture balance: Po Ot = V (~pVPv) 

+ V �9 (poD w Vu) - V vp~ 

0T 
Energy balance: CPeff 0-T = V " (XVT) 

+ L~ IV. (~vp~)] - v .  (o,,cr) 

Mass balance: v .  (p  j )  = o 

K 
= - - ( v P  - pag) 

(1) 

(2) 

(3) 

( 4 )  

FIG. I-I--Simulated relative humidity in EIFS wall cross section (Wilmington, NC). 
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FIG. I-2~Simulated temperature distribution in EIFS wall cross section (Wilmington, 
NC). 

FIG. I-3. 

where: p~ = air density, Cpe ff = the volumet ic  heat  capacity 
of mois t  porous materials,  P0 = density of solid material ,  u = 
mois ture  content,  t = time, T = absolute tempera ture ,  c = 
specific heat, k = thermal  conductivity, L v = latent heat  of 
vapor  phase change, 8p = vapor  permeability, D w = the l iquid 

diffusivity, V = volume, --~ = velocity vector, K = air  per- 
meability, ~1 = dynamic  viscosity, P = pressure. 

Boundary Conditions: Inter ior  and exterior  temperature ,  
relative humidity, solar and sky radiation,  wind-driven rain, 
pressure difference, and stack effect. 

Limitations: 
Deformat ion  of the porous  structure,  hysterisis, mater ia l  ag- 
ing are not  accounted for. A l imited number  of laboratory 
benchmark ing  tests have been performed,  none with field 
data. 

Application Examples (EIFS Drying and Building Enve- 
lope Effects on Indoor Air Humidity) 
This model  is a research model  and has been used solely for 
R&D purposes.  Recently, it has been used for commerc ia l  
applications.  Figures I-1 and I-2 demonst ra te  the effects of 
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moisture  accumula t ion  and  drying due to air leakage on wall 
RH and  T, respectively. Details are presented in an  ASTM 
STP1352 paper by the authors  [4]. Figure I-3 presents mea- 
sured and  calculated indoor  air humidi ty  as a funct ion of 
wall surface and  venti lat ion rate (permeable vs. impermeable  
to moisture).  More details on the effect of hygroscopic ma- 
terials in bui lding envelopes on indoor  air quality has been 
presented in  Salonvaara et al. [5] 

R e f e r e n c e s  

[1] Salonvaara, M. and Karagiozis, A., "Moisture Transport in Build- 
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[2] Karagiozis, A., "Moisture Engineering," 7 th Conference on Build- 
ing Science and Technology, 1997, pp. 93-112. 

[3] Salonvaara, M. and Karagiozis, A., 1999 Proceedings, Perform- 
ance of Exterior Envelopes of Buildings, Thermal VII, pp. 
179-188. 

[4] Karagiozis, A. and Salonvaara, M., "Hygrothermal Performance 
of EIFS Clad Walls: Effect of Vapor Diffusion and Air Leakage 
on Drying on Construction Moisture," ASTM STP 1352, pp. 
32-51. 

[5] Salonvaara, M. and Simonson, C., "Mass Transfer Between In- 
door Air and a Porous Building Envelope: Part II--Validation 
and Numerical Studies," Healthy Buildings 2000, Espoo, Finland, 
6-10 Aug. 2000, O. Sepp~inen and J. S~iteri, Eds., Vol. 3: Microbes, 
Moisture, and Building Physics, Finnish Society of Indoor Air 
Quality and Climate (FiSIAO) (2000), pp. 123-128. 
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APPENDIX J 
Model Name: FRET (A simulation program for FREezing-Thawing processes) 
Authors: M. Matsumoto, ~ S. Hokoi, ~ and M. Hatano ~ 

Model Description: 
This program developed in 1992 calculates two- 

d imens ional  heat and moisture transfer in bui lding walls, 
including freezing regimes. Freezing-thawing processes are 
dealt with as a three-phase system including gaseous, liquid, 
and  solid phases. The model  is described in detail in the fol- 
lowing publ ica t ion by Hokoi [1] and is a determinist ic  
model. 

Equations of State: 

Moisture balance 

Op~q~ 
- -  V" ()k~g V T )  -[- V" [(X~g ~- X~I)V [& ( i )  

Ot 

Energy balance 

OT 
co, o-7 = v -  ( x v r )  + H~[v �9 (x;.~ VT) 

ODiOi 
+ v .  (x'~ v~)) + . ~  %7-  (~) 

Freezing Point  Depression and  Equi l ib r ium Liquid Mois- 
ture Content  

IX = H~ log~( T/To) (3) 

where: 
p = dens i t y ,  ~ = volume fraction, t = time, T = absolute 
temperature,  c = specific heat, ix = chemical  potential  of 
water relative to free water, )t = thermal  conductivity, H = 

Professor, Faculty of Engineering, Osaka Sangyo University, Japan. 
2professor, Graduate School of Engineering, Kyoto University, Ja- 
pan. 
3 Government of Housing Loan Corporation, Japan. 

= ~ - -  0 h,-.x.r 

~[>.Jlt41r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - n _  T2 h o u r s  
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f \  
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d i s t r i b u t i o n  d u r i n g  f e e z i n g  p r o c e s s .  
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�9 ~ '  ~ O~xr . . . . . . . . . . . . . . . . . . . . . . . . . . .  

211~ h.~.r.~ 

E.~ " ,5  . . . . . . . . .  ~ . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  �9 - ~ -  ~ - ~ ' ~  

-4~1 �9 , ~. . . I . . . I . . . . . . . .  
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F I G .  J - 2 - - C a l c u l a t e d  t e m p e r a t u r e  d i s t r i b u t i o n  d u r i n g  f r e e z i n g  
p r o c e s s .  

heat of phase change, k~, X~, X~ moisture conductivit ies 
in gaseous, liquid, and  total phase related to water chemical  

t ! ! potential  gradient, k~, A~l, ~ = moisture conductivit ies in 
gaseous, l iquid and total phase related to tempera ture  gra- 
dient, T o = freezing temperature  of free water = 273.16 [K]. 
Suffix w = water, g = gas, l = liquid, I = ice, s = solid 
skeleton. 

Boundary Conditions: Inter ior  and  exterior temperature,  
relative humidity, solar radiation. 

Limitations: 
The deformat ion of the porous structure caused by the ice 
content  change is neglected, all variables are single valued; 
hysteresis and  over-cooling are not  taken into account,  wind- 
driven ra in  is not  included. Air flow is also not  accounted 
for. 

Application Example (analysis of freezing process): 
This model  is a research model  and has been used solely for 
R&D purposes. It has not  been benchmarked  for commercial  
applications. Below demonstrates  the mois ture  accumula-  
t ion of a fiberglass specimen 10 cm • 10 cm • 10 cm glass 
fiber board (density of 48 [kg/m3]) due to mois ture  accu- 
mula t ion  in  a freeezing experiment.  The ambien t  air of tem- 
perature 20~ and  RH 60%, with exterior condit ions of 
-10~ Results show the mois ture  content  (Fig. J-l),  and the 
temperature  dis t r ibut ion (Fig. J-2). 

R e f e r e n c e  

[1] Journal o f  Thermal Env. & Bldg. Sci., Vol. 24, July 2000, pp. 
42-60. 
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APPENDIX K 
Model Name: FSEC 3.0 
Authors: Muthusamy V. Swami, Lixing Gu, and Philip W. Fairey 

Model Description: 
FSEC 3.0 is a general building simulation program, devel- 

oped by the Florida Solar Energy Center [1]. The program 
provides detailed simulation of whole building system prob- 
lems, including simultaneous solution of energy, moisture, 
and contaminant transport, including the interactive im- 
pacts of pressures and airflows within forced air distribution 
systems and the building zones. The program has been se- 
lected by ASHRAE TC 6.3 as the simulation tool of choice 
for air distribution system analysis [3]. Its current capabili- 
ties consists of zone thermal and moisture balances, zone 
contaminant balance, including radon and VOC, heat and 
moisture transfer in building envelope, airflows in multiple 
zones and air distribution systems, zone and air distribution 
system pressures, HVAC system models, duct heat and mois- 
ture exchanges, radon transport in soil and slab, and con- 
taminant sources and sinks. 

FSEC 3.0 consists primarily of three main sections. The 
first section is the heart of the program, which calculates 
temperatures, air pressures, and moisture levels in the en- 
velope. Users have a choice of either finite element or con- 
duction transfer function methods. The second section is the 
building program that calculates zone balances for heat, 
moisture, and contaminants. The third section is the HVAC 
and airflow program that calculates airflows, pressures, con- 
taminant concentrations, temperatures, and humidity ratios 
in the building and distribution system. All three sections are 
fully coupled in an iterative loop and simulations are run 
until overall convergence tolerance is attained. 

FSEC 3.0 is able to simulate coupled heat, air and mois- 
ture transfer in l-D, 2-D, and 3-D geometry in the hygro- 
scopic region in the building envelope using the finite ele- 
ment method. The detailed model description may be found 
in references [2,4]. 

Boundary Conditions: 
Outdoor temperature and humidity, pressure, wind speed, 

and wind direction. 

Limitations: 
Liquid water transfer in building envelope is not included. 

Application Example (Air Pressure Impact) 
The following example is used to show the impact of air 

pressure on temperature and moisture distribution in a 
frame wall in a hot, humid climate under steady state equi- 
librium condition. The frame wall is 8 ft high as shown in 
Fig. K-l, composed of i/2-in, plywood on the exterior with a 
1/2-in. hole above the middle of the wall, 2.25-in. fiberglass 
insulation and 1/2-in. gypsum drywall on the interior with a 
1/2-in. hole below the middle of the wall. Indoor conditions 

FIG. K- lmCombined heat, airflow, and moisture transport 
across an external wall. 

Comparison o f  Wall System Temperatures 
140 F 

Pressurized (+2 Pa) Depmssurized (-2 Pa) 
(Daytime summer design conditions) 

FIG. K-2--Steady-state temperature gradients. 

74 F 

are 23.3~ and 60% RH, while outdoor conditions are 30~ 
and 90% RH with 300 W/m 2 solar radiation in daytime and 
25.6~ and 100% at night. 

Figure K-2 shows temperature distribution in the wall in 
the daytime. The left figure is temperature distribution at +2 
Pa indoor pressure with respect to outdoors, while the right 
figure is at - 2  Pa indoor pressure with respect to outdoors. 
Even though air is flowing through the wall, temperature 
distributions are only slightly affected. Figure K-3 shows RH 
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Comparison of Wall System Moisture Contents 
100% 

Comparison of Wall System Moisture Contents 
100% 

0% Pressurized (+2 Pa) Depressurized (-2 Pa) 
(Daytime summer design conditions) 

FIG. K-3~Steady-state equilibrium relative humidity. 

Comparison of Wall System Moisture Contents 
140 F 

0% Pressurized (+2 Pa) Depressurized (-2 Pa) 

(Nighttime summer design conditions) 

FIG. K-5--Steady-state equilibrium relative humidity. 

RH level in the  gypsum drywall  is above 95%, because  h u m i d  
ou tdoor  a i r  flows th rough  the wall. 

F igure  K-4 shows t empe ra tu r e  d is t r ibut ions  in the  wall  at  
night.  The pressure  differential  across  the wall  only sl ightly 
affects the t empera tu re  dis t r ibut ion.  Figure  K-5 shows RH 
dis t r ibu t ions  in the wall  at night. When  the indoors  is pres- 
surized,  the  humid i ty  in the a lmos t  the  ent ire  wall  (excepting 
the ou tmos t  po r t ion  of exter ior  plywood)  is below 60% RH 
However, when  the indoor  pressure  is negative, the  RH level 
in a lmos t  the ent ire  wall  is above 95%. 

Pressurized (+2 Pa) Depressurized (-2 Pa) 

(Nighttime summer design conditions) 

FIG. K-4~Steady-state temperature gradients. 

74F 

d i s t r ibu t ion  in the wall. When  indoor  pressure  is posit ive 
(+2 Pa), the RH level in the  wall  is less than  60%, as shown 
in the  left figure, because  dry  indoor  a i r  flows th rough  the 
wall. However, when  the pressure  is negative ( - 2  Pa), the 

R e f e r e n c e s  

[1] Florida Solar Energy Center, 1992, "FSEC 3.0: Florida Software 
for Environmental Computation," Version 3.0, FSEC-GP-47-92. 

[2] Gu, L., Swami, M., and Fairey, R, "Generalized Theoretical 
Model of Combined Heat, Air and Moisture Transfer in Porous 
Media," FED-Vol. 173/HTD-Vol. 265, Multiphase Transport in Po- 
rous Media in 1993, ASME Winter Annual Meeting, New Orleans, 
LA, Nov. 28-Dec. 3, 1993, pp. 47-55. 

[3] Gu., L., Cummings, J. E., Swami M. V., and Fairey, E W., "Com- 
parison of Duct System Computer Models That Could Provide 
Input to the Thermal Distribution Standard Method of Test 
(SPC152P)," 1998 ASHRAE Winter Annual Meeting, San Fran- 
cisco, 1998. 

[4] Kerestecioglu, A. and Gu, L., "Theoretical and Computational 
Investigation of Heat and Moisture Transfer in Buildings: Evap- 
orative and Condensation Theory," ASHRAE Transactions, Vol. 
96, Part 1, 1990, pp. 455-464. 
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CONTENT 

The enclosed CD ROM includes  four p rograms ,  two mois t  
a i r  convers ion p rog rams  and  two mois ture  analysis  models:  

�9 Trane Engineers  Toolbox, a p r o g r a m  for convert ing mois t  
a i r  p roper t ies  in i n c h / p o u n d  units.  

�9 Moist  Air Unit Conversion (MAC), a p r o g r a m  for convert-  
ing mois t  a i r  p roper t ies  in SI (metric)  and  in i n c h / p o u n d  
units.  

�9 MOIST, NIST developed hygro the rmal  mode l  for mois tu re  
analysis  of walls  and  roofs, and  

�9 WUFI  ORNL/ IBE hygro the rmal  model  developed by the 
F raunhofe r  Ins t i tu te  fOr Bauphys ik  and Oak Ridge Na- 
t ional  Laboratory.  

SYSTEM R E Q U I R E M E N T S  

�9 IBM or  IBM-compat ib le  mach ine  
�9 Pen t ium processor  or  h igher  
�9 At least  100 megabytes  of  ha rd  disk space 
�9 At least  32 megabytes  of m e m o r y  (RAM) 
�9 Windows 95/98 or  Windows NT/2000 
Addi t ional  r equ i rements  for WUFI  ORNL/IBP:  
�9 Under  Windows NT: Service Pack 
�9 Under  Windows 95/98: IE 4.01 
�9 Microsof t  Data  Access MDAC 2.5 

INSTALLATION 

To instal l  the  programs,  p lace  the CD ROM into the CD ROM 
drive. The disk will instal l  i tself  and  the opening  screen as 
shown below will appea r  wi th  the four  p rog rams  and  for 
each a choice of  "About" and  "Install." 

Please read  the About  file first by clicking on the "About" 
but ton.  

The ins ta l la t ion  process  can be s ta r ted  for each of the  
three  p rog rams  by  clicking on the "Install" but ton.  Cont inue 
by following the direct ions on screen. However, before  at- 
t empt ing  to run  any of the  p rograms ,  it  is s t rongly recom- 
m e n d e d  that  the user  read  the instruct ions,  manuals ,  help 

files, and  read-me  first documen t s  provided  on the disk. At 
the end of the ins ta l la t ion  of each program,  the  open ing /  
ins ta l la t ion  screen reappears .  You can then  e i ther  instal l  the  
next p rog ra m or  exit to run  the p rogram.  

PROGRAM SPECIFIC COMMENTS 

Toolbox 

When  instal l ing Toolbox, you need to provide  your  name  and  
c ompa ny  name  and a Serial  Number .  For  owners  of MNL 
40, the Serial  N u m b e r  is "ASTM". This will provide  free ac- 
cess to two programs:  "Propert ies  of Air" and  "Mixed Air 
Propert ies."  At the  end of the ins ta l la t ion  rout ine,  you will 
have the choice of either:  

�9 Restar t  your  Compute r  now or  
�9 Res tar t  your  c o m p u t e r  later. 

If  you click on "Now," you will get back  to the  windows open- 
ing screen; If you click on "Later," you will get back  to the 
Mois ture  Analysis Programs  opening  screen. 

Addi t ional  engineer ing tools are  par t  of  the Trane suppl ied  
p r o g r a m  but  access to them has  to be pu rchased  separa te ly  
f rom the Trane Company. The purchase  is convenient  
th rough  a hot  l ink provided  in the ins ta l la t ion  routine.  The 
addi t iona l  tools are: 

�9 Power  Fac to r  Correct ion,  
�9 F lu id  Propert ies,  
�9 Refr igerant  Propert ies ,  
�9 Refr igerant  Line Sizing, and  
�9 Ductulator.  

Addi t ional  engineer ing tools for HVAC Engineers  pub l i shed  
by the Trane Company  and not  inc luded are l is ted on the CD 
ROM in a file C.D.S. Elec t ronic  Catalog. 

To run  Toolbox, go to Explorer, Programs,  and  C.D.S. Ap- 
p l ica t ions  and click on Toolbox. 

To run  "Propert ies  of Air," inser t  a l t i tude (sea level is de- 
fault) and  two values, click on calculate,  and  read  the eight  
o ther  values. 

To run  "Mixed Air  Propert ies ,"  inser t  p roper t ies  of  the two 
cons t i tuent  air  masses,  a l t i tude (sea level is default) .  Click 
on "calculate", and  read  the ten proper t ies  of the mixed  air. 

Moist Air Unit Conversion (MAC) 

The Moist  Air Unit  (MAC) Conversion p r o g r a m  was devel- 
oped by  Dr. Carsten Rode of the Technical  Universi ty of Den- 
mark.  I t  is based  on S I /Met r i c  units,  but  also al lows the use 
of i n c h / p o u n d  units.  To change units,  press  the PGUP and 
PGDN keys. 

To read  the ins t ruct ions  and  user 's guide for the p rogram,  
in Explorer  go to Programs,  MAC Program,  and MAC In- 
s truct ions.  To run  the p rogram,  also under  Explorer  and  
MAC Program,  click on Moist  Air Unit  Conversion.  

MOIST Hygrothermal Model for Moisture 
Analysis of  Walls and Roofs 

MOIST was developed by  Douglas M. Burch  at  the  Nat ional  
Ins t i tu te  of  S tandards  and  Technology (NIST). To read  the 
user 's manua l  for MOIST, wi th  the CD ROM in the drive, 
find the  drive where  the  CD ROM is located and  click on 
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MOIST Install. The User's Manual is located in the Folder 
"Manual." 

To run MOIST, go to Explorer, Programs, find NIST 
MOIST 3.0 Programs, and click on "Moist Release 3.0." At 
opening screen it is highly recommended that the user read 
the help file first. This provides a tutorial and line-by-line 
instructions for conducting a moisture analysis. 

Note that MOIST 3.0 includes initially only weather data 
for six cities. To install the weather data for any of another 
45 cities in the United States and Canada, follow the instruc- 
tions given in the "About" screen. The data are in WY Format 
with the following convention: The first two letters are the 
WY (for Weather Year), next is a three-letter City code, fol- 
lowed by the two-letter code for the State (in the U.S.) or the 
single letter "C" for Canada. 

The WYEC Weather data on the disk are published with 
the permission of the American Society of Heating, Refrig- 
erating and Air Conditioning Engineers Inc. (ASHRAE). A 
newer set of hourly weather data WYEC2 has been prepared 
by ASHRAE and is available from the Society. However, 
WYEC data are not compatible with MOIST 3.0. 

The results of the analysis are a graphic depiction of the 
moisture/RH/etc, levels. The numeric values, in default set- 
tings as weekly averages, can be obtained by accessing the 
"results" files in the MOIST directory. The two most fre- 
quently used result files are those for Moisture Content (file 
Result.mc) and Surface Relative Humidity (file Result.srh). 

WUFI ORNL/IBP Hygrothermal Model  for 
Architects and Engineers 

WUFI ORNL/IBP was developed by Hartwig Kuenzel at the 
Fraunhofer Institute fOr Bauphysik and Achilles Karagiozis 
at the Oak Ridge National Laboratory. To read the instruc- 
tions and a detailed User's Manual, go to Explorer to the 
drive where the CD ROM is located and click on "wufi in- 
stall." The manual is in a file "Wufi ORNL-IBP Manual- 
Guide.pdf." A very useful "Help" file is located in a Folder 
called Wufi30. This can be accessed after installation by go- 
ing to "Start," "Programs," "Wufi30," to "Wufi30 Help." 

Before installing WUFI ORNL-IBP, you must first obtain a 
password/Serial Number. The password/number is free for 
owners of MNL 40. To obtain the number/password, send 
an E-mail to Dr. Karagiozis at the web-site: http:// 
www.ornl.gov/btc/moisture, and provide the following infor- 
mation: 

Legal name 
Company or University 
Address 
Telephone 
Zip Code 

Fax 
E-mail 

You will receive your three-line password by E-mail within 
a short time. When prompted, enter the three-line password 
exactly as received from ORNL on the three lines on the 
screen. To run WUFI ORNL/IBP after the installation is 
complete, go to "Start," "Programs," and "Wufi30." 

TECHNICAL S U P P O R T  
�9 Trane Engineering Toolbox: 

Mr. Rob Davidson 
The Trane Company 
3600 Pammel Creek Rd. 
LaCrosse, WI 
rdavidson@trane.corn 
Telephone: 608-787-3926 

�9 Moist Air Unit Conversion (MAC): 
Dr. Carston Rode 
Technical University of Denmark 
Dept. of Civil Engineering 
Lyngby, Denmark 
car@byg.dtu.dk 

�9 MOIST 
The program MOIST, developed by Douglas M. Burch at 
the National Institute of Standards and Technology 
(NIST), was one of the earliest hygrothermal models for 
building walls and roofs published in the United States and 
designed for use by building practitioners and building re- 
searchers. Since it is no longer maintained by NIST, tech- 
nical support is no longer available. However, the program 
is still very useful to evaluate the propensity of wall and 
roof designs to condensation damage, and the documen- 
tation provided is very complete so that the reader should 
not have any difficulty in using the program. 

�9 WUFI-ORNL/IBP: 
Dr. Achilles N. Karagiozis 
Oak Ridge National Laboratory 
1 Bethel Valley Road 
Oak Ridge, TN 
ank~harnmodel@ornl.gov 
Telephone: 865-576-3924 

For information on the original version of WUFI (Europe), 
contact: 

Dr. Hartwig Kuenzel 
Fraunhofer Institute fOr Bauphysik 
Holzkirchen, Germany 
Kuenzel@hoki ibp.~g.de 
Telephone: +49 (0)8024/643-43 
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properties, 2-6 

Airflow, MOISTURE-EXPERT, 165 
Air flux, 29 
Air leakage sites, 12 
Air mass balance, DIM3.1, 175-176 
Air permeability, 32, 34 
Air permeance, 34 
Air retarders, 10 
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Air transport, modeling, 96 
ASHRAE SPC 160P, 16, 102-103, 142 
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Basements, flooded and damp, 9 
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BS 7543-1992, 67 
Building contents, acceptable moisture 

levels, 11 
Building envelope system and sub- 

system effects, 100, 102 
moisture storage, 136-137 

Building materials 
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dimensional changes in wood, 10 
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properties, 9 
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water vapor transmission, 9-10 
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Cellulose, 69 
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properties, 54 
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properties, 48 
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Continuity of mass, SIMPLE-FULUV, 

167 
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Convective vapor transport, 85 
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LATENITE, 88 
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Failure---continued 
criteria, 77-78 
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definitions, 66 
direct and indirect moisture problems, 

67-68 
future prospects, 79 
life cycle perspective, 154 
mold growth estimation, 78 
prediction 

calculation, 76-79 
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risk analysis, 153-154 
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Fick's first law, 95 
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Fungi, 66 
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Glaser's method, 86 
Glass fibre insulation, hygrothermal 

properties, 55-57 
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transport equations, 29 
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Liquid conductivity, 85 
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wall with vapor retarder example, 
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Mass balance, LATENITE, 88 
Mass balance for air, TRATMO2, 97 
Mass conservation, equations, 96 
Mass transfer, modeling, 95 
Mass transport, 12-14 
Material properties database, 152-153 
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