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Thermal Conductivity Measurement Study of Refractory Castables

1 Executive Summary

Thermal conductivity is a physical property that provides
guidance in designing refractory systems for equipment in
which heat loss and/or thermal behavior are important. The
accuracy of reporting and understanding thermal conductivity
is vital to developing the most cost effective, efficient, and
reliable equipment.

The refractory industry uses various methods for measur-
ing and reporting thermal conductivity that contribute to con-
fusion ininterpreting thermal conductivity data. The presence
of chemically combined moisture in unfired castable masses
complicates the measurement of therma conductivity. The
moisture contributes to higher thermal conductivity values
until it is removed. Improper removal of the moisture during
initial heat-up can aso contribute to incorrect thermal con-
ductivity data.

Temperatures associated with refining of petroleum prod-
uctsare considerably lower than other industries such as stedl,
foundries, aluminum, etc. At low operating temperatures
(1000°F — 1400°F), remova of chemically combined water
from refractory castable linings is incomplete, and castable
products do not achieve the optimum thermal characteristics.
Removal of chemically combined water is afunction of tem-
perature. The majority of chemically combined water—
approximately 70%—is removed between 500°F and 850°F,
with the remainder dissociating up to 1250°F. This is illus-
trated in a Thermo-Gravimetric Anaysis (TGA), shown in
Appendix A. Historically, thermal conductivity of castables
was represented as a single value. More representative multi-
point curves were later introduced as heat 1oss became more
important but captured data while cooling a specimen fired to
within 100°F of its use limit. Data collected during cooling of
specimens is classified as descending data.

Therma conductivity measured during initial heating of
specimens is defined as ascending data and produces signifi-
cantly different data than descending data. Ascending data
provides a more accurate representation of a product’s ther-
mal conductivity for low temperature application typical in
most hydrocarbon processing industry (HP!) applications.

A study was initiated to compare the thermal conductivity
developed by different measurement techniques and assess
the relationship between ascending and descending data. The
study was designed to evaluate six products in six laborato-
ries with five measurement techniques. The castable products
were chosen to represent a specific category, including: light-
weight, medium weight, moderate erosion resistant, dense,
dense-extreme erosion resistant, and fused silica castables.
The study was designed to show differences in measurement
techniques and ascending and descending data. There was no

attempt to rank, classify, or assign accuracy to each of the
measurement techniques.

The study concluded that the different thermal conductivity
procedures/apparatuses yield very different results. Thermal
conductivity of lightweight and medium weight insulating
castables varied by 100%, depending on the measuring tech-
nique. As density increased, differencesin thermal conductiv-
ity vaues attributed to measuring technique decreased but
were still significant. Test results also indicate that differences
in ascending and descending thermal conductivity data, for
the castables studies, are considerable and worthy of design
consideration.

It is recommended that users and designers utilize ascend-
ing thermal conductivity curves (data) in designing refractory
lining systems, where heat transfer is a major consideration
for applications below 1500°F. It is also recommended that
users and designers evaluate thermal conductivity data and
the method of measuring the data before using the data in
designs when heat transfer and skin temperatures are impor-
tant to successful equipment operation.

2 Introduction

Thermal conductivity is defined as the amount of heat
transferred through a unit area of a materia in a unit time,
through a unit thickness, with a unit of temperature difference
between the surfaces of the two opposite sides.

Thermal conductivity of refractory castables is difficult to
measure accurately due to the presence of moisture (chemi-
caly combined water) in the matrix. When heated the first
time, cementitious castables expel water (dehydration) from
the hydrated cement. The moistureis responsible for affecting
the identification of heat flowing through the refractory mass.

Manufacturers of refractory products use various measure-
ment techniques to devel op thermal conductivity of refractory
castables. The following list identifies commonly used proce-
dures.

a. Water Caorimeter—ASTM C-201 apparatus, C-417
procedure.

b. Calorimeter—Pilkington Method.

c¢. Hot Wire Method—ASTM C-1113.

d. Comparative Thermal Conductivity Method—Dynatech.
e. Pand Test.

Each procedure addresses unique concerns about measur-
ing thermal conductivity of unfired castable refractories.

This study was initiated to compare differences in the five
test methods at six laboratories. The scope of the study was
limited to one set of data for each of six products. Therefore,
numeric relationships and direct eval uations between the var-
ious methods were not desired nor achieved.
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The study concentrated on products with high to moderate
cement contents. These products have distinct therma con-
ductivity curves during initial heating (ascending) and cool-
ing (descending). Low and No Cement products were not
evaluated and may or may not follow the same trends devel-
oped for the cementitious products.

Cement bonded castables develop physical properties
through proper hydration of the cement. Upon heating, the
hydrated cement dehydrates as the chemically bonded water
dissociates from the calcium auminate cement. Use of
Thermo-Gravimetric Analyses (TGA) provides agood under-
standing of the dehydration process. Figure A-1 showsaTGA
curve for a cement bonded castable refractory. Dehydration
begins at approximately 425°F and continues through
1250°F. However, approximately 70% of the water loss due
to dehydration occurs between 500°F and 850°F.

3 Test Methods

Thermal conductivity is a measure of heat flow through a
medium. Various techniques of measuring thermal conductiv-
ity are employed by manufacturers and laboratories. The fol-
lowing is a brief description of the measurement techniques
evaluated in this study.

3.1 WATER CALORIMETER

3.1.1 ASTM C-201 Apparatus (Conducted in
Accordance with ASTM C-417)

3.1.1.1 The C-201 apparatus consists of a heating chamber,
caorimeter assembly, water circulating system, and instrumen-
tation. The heating chamber is capable of being hested el ectri-
caly over a temperature of 400°F to 2800°F in a neutra or
oxidizing atmosphere. Heating is controlled to + 5°F. A silicon
carbide dab 13%2 x 9 x 1 in., with the 13%2 x 9-in. faces plane
and paralld, is placed above the sample for the purpose of pro-
viding uniform heet distribution. A layer of insulation equiva:
lent at least to 1-in. Group 20 insulating firebrick is placed
below the calorimeter and guard plates.

A copper calorimeter assembly is used for ensuring the
quantity of heat flowing through the test specimen. The water
circulation is such that adjacent passages contain incoming
and outgoing streams of water. The calorimeter is 3 x 3 in.2
and has one inlet and one outlet water connection. An inner
and outer guard surrounds the calorimeter.

The water-circulating system provides the calorimeter
assembly with water at constant pressure and at atemperature
that is not changing at arate greater than 1°F per hour. Instru-
mentation for measuring temperatures includes:

a. Specimen temperature.

b. Calorimeter water temperature.

c. Temperature difference between calorimeter and inner
guard.

The apparatus is modified for the C-417 procedure to
reduce the affect of moisture released from the specimen.
Ceramic fiber is used to ensure there is no contact between
the specimen and calorimeter. Copper tubes are inserted
through the furnace wall to the perimeter of the outer guard to
facilitate removal of moisture during heating of the specimen.
Compressed air supply with a flowmeter is aso a part of this
apparatus.

Thermal conductivity is determined by measuring the tem-
peratures of the furnace and specimen, water temperature
rise, and calculating thermal conductivity with the following
formulation.

__a
‘" A w

where

= thermal conductivity in Btu in./hr ft2°F,

Btu/hr flowing into the calorimeter,

r O x
1

thickness (distance between hot junctions at
whicht; and t; are measured) inin.,

= higher of two temperatures measured in the test
specimenin °F,

,_.,
flry
|

lower of two temperatures measured in the test
specimen in°F,

A = areaof center caorimeter in ft2.

3.2 CALORIMETER

3.2.1 Pilkington Apparatus MTP-103

3.2.2 The Pilkington apparatus is composed of a heating
chamber, calorimeter assembly, and instrumentation. The
refractory specimen is placed 2 in. above and paralld to the
silicon carbide heating elements. The calorimeter islocated in
direct contact with the top surface of the specimen. The 2¥4-
in. diameter calorimeter is surrounded by an inner and outer
guard. Heating chamber temperature is controlled by a plati-
num-platinum/13% rhodium thermocouple located between
the specimen and the heating elements. Platinum-platinum/
13% rhodium thermocouples are attached to the calorimeter
to measure the temperature gradient.

The refractory specimen is cut to form a solid octagon,
4.4in.to4.5in. between parallel sides. The specimen should
be cut/ground to a thickness between 1 in. and 3 in. based on
density. The octagona surfaces must be flat and paralle
within £ 0.01 in. Platinum-platinun/13% rhodium thermo-
couples are cemented into grooves in the hot and cold face of
the specimen to measure the temperature gradient.
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Therma conductivity is calculated with the following
equation:

K(c)xT(c)xd(s)
T(s) xd(c)

K(s) = 2

where

K(s) = thermal conductivity of samplein Btuin./hr
ft2°F,

K(c) = thermal conductivity of calorimeter determined
by interpolation of the known thermal conduc-
tivity values of the calorimeter in Btu in./hr ft2
QF,

T(s) = temperature drop across samplein °F,
T(c) = temperature drop across calorimeter in °F

d(s) = distance between the hot junction thermocouple
beads in the sample in inches,

d(c) = distance between the hot junction thermocouple
beads in the calorimeter in inches.

3.3 HOTWIRE C 1113-90

3.3.1 Thehot wire method of determining thermal conduc-
tivity is described in ASTM Procedure C-1113-90, Volume
15.01. A constant electrical current is applied to a pure plati-
num wire placed between two brick. The rate at which the
wire heats is based on how rapidly the temperature flows
from the wire into the constant temperature mass of the
refractory brick. The rate of temperature increase of the plati-
num wire is accurately determined by measuring its increase
in resistance in the same way a platinum resistance thermom-
eter isused. A Fourier equation isused to calculate the k value
based on the rate of temperature increase of the hot wire and
the power input.

3.3.2 Refractory castables can be cut into brick shapes or
cast into special molds. A step and several grooves are uti-
lized to position the platinum wire. A furnace with a heating
chamber capable of supporting two 9-in. straight brick is used
to heat the brick shapes. Thermocouples are embedded into
the grooves and monitored with a computer which also serves
to control the power supply, voltmeter, and scanner.

3.4 COMPARATIVETHERMAL CONDUCTIVITY
TESTER

3.4.1 TheModed TCFCM comparative therma conductiv-
ity instrument is designed for testing medium-to-high thermal
conductivity materials, such as ceramics, plastics, glass, met-
als, metal aloys, epoxies, composites, and geological materi-

as. The therma conductivity of the unknown specimen is
determined by comparing this property to the known thermal
conductivity of a reference material. The reference materials
is chosen to match, as closely as possible, the expected ther-
mal conductance of the unknown sample. Best results are
obtained by using areference materia with athermal conduc-
tivity with an order of magnitude of that of the test specimen.
This test method requires the use of a relatively small test
specimen. Low thermal conductivity materias (thermal insu-
lation) that are nonhomogeneous require a larger test speci-
men.

3.4.2 A single specimen is tested at one time. The speci-
men is instrumented with two thermocouples near or at each
surface to measure the temperature gradient through the sam-
ple during atest. Two materials of known thermal conductiv-
ity are placed, one above, and one below the test specimen to
form acolumn. These reference materials are similarly instru-
mented with thermocouples. A heater is placed a each end of
this column. The temperature of each heater is regulated by
an automatic temperature controller; and each heater is regu-
lated at a different temperature to impose atemperature gradi-
ent across the three components. A spring-loaded pad applies
aforce on the test stack to assure stability of the column and
good contact between the samples. This column rests on a
heat sink cooled with water or some other cooling liquid, thus
permitting operation a or below ambient temperatures. A
guard furnace, which is designed to allow the operator to
impose a linear temperature gradient through it that closely
matches the gradient through the samples, and thereby mini-
mizes radiant heatflow from the samples, also surrounds the
test column. The temperature gradient through the furnace is
regulated by two automatic temperature controllers.

3.4.3 The thermal conductivity of the test specimen is
determined from the knowledge of the thermal conductivities
of the reference materias, the temperature gradient through
the reference and the test samples, and the geometry of each
sample with the equation:

k(test sample) = %%teﬂ sample ©)]

[k%%top ref + k%%bottom ref}

where
k = thermal conductivity,

Ax = distance between the thermocouples mounted
in each sample,

AT = temperature gradient through a sample as mea

sured with thermocouples.
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3.5 FURNACE PANEL

3.5.1 The test panel procedure uses an eectrically heated
furnace and two walls fabricated with the test specimens. The
furnace accommodates two test panels 18 x 18 x 3%2 in.,
which can be brick, rammed, cast, or gunned from the test
meaterials, depending on the method of application. All test
panels except fired brick are dried to a constant weight at
230°F, prior to ingtalling in the furnace.

3.5.2 A paralld series of four electricaly heated SIC glo-
bars are used as the heat source in the furnace. SiC plates are
positioned between the furnace chamber and the test panelsto
evenly distribute the heat onto the hot face of the panel.

3.5.3 Three thermocouples are positioned between the SIC
plate and test panel near the center of the panel to measure the
hot face temperature. The cold face temperature is measured
on ab x 6 in. sted plate in contact with the cold face at the
center of the refractory test panel, using both a surface ther-
mometer and thermocouples. The ambient temperature is
measured with a bulb thermometer, and the thickness of the
panel is determined at the center of the panel where the tem-
perature readings are taken.

3.5.4 The procedure for the thermal conductivity test is to
heat the furnace to several programmed temperatures (usualy
500°F/1000°F/1500°F/2000°F) and hold for 18 hours to
ensure a steady state of heat flow. Temperatures are then
recorded for hot face temperature, cold face temperature, and
ambient air temperature.

K valueis calculated as follows:

Saliwe @
where
Q = heat lossin Btu/ftZ/hr,
L = thicknessof test pand inin.,
Thi = temperature of hot facein °F,
T = temperature of cold facein °F.

Qiscalculated by adding QR+ QC,
where

QR = heat loss dueto radiation

_ mler’ _qTa00
0.174e 7559 ~ g0l ®)

where

Tg = temperature of cold facein °R,

T, = temperature of ambient air in °R,

e = emissvity of surface.

QC = heat loss due to convection
= 0.25(Ty =To)" (6)
where
Tg = temperature of cold face (°F),
T, = temperature of ambient air (°F)

4 Materials

4.1 Thethermal conductivity study was designed to evalu-
ate a cross section of products used in the petroleum refining
industry. The following is a list and description of the prod-
ucts evaluated.

4.1.1 lightweight castable: A lightweight castable, den-
sity of 56 Ib/ft3 and compressive strength of 350 psi was
selected for this category.

4.1.2 medium weight castable: A castable, density of
74 — 78 1b/ft3, compressive strength of 1,500 — 2,200 psi was
selected for this category.

4.1.3 moderate density castable: The product chosen
had a density of 110 |b/ft3, a compressive strength of approx-
imately 7,000 psi and erosion losses of less than 15 cm3.

4.1.4 dense castable: Product has adensity of 135—140
Ib/ft3, compressive strength of 7,500 — 9,000 psi and erosion
losses of lessthan 12 cm3.

4.1.5 dense erosion resistant castable: Product hasa
dengity of 165 Ib/ft3, compressive strength of 9,000 — 12,000
psi, and erosion losses of lessthan 7 cm3.

4.1.6 fused silica castable: This product has a fused
silica aggregate system with a density of 124 |b/ft3.

All product categories are cement rich castables that use
water to hydrate the cement and devel op appropriate physical
properties.

5 Sample Preparation

Each of the six participating manufacturers of refractory
products supplied samples to each company conducting ther-
mal conductivity testing. Sample preparation was performed to
maximize uniformity in the samples supplied. Sample sizesfor
each test method were communicated to each manufacturer.
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Sampleswere cured and dried under laboratory conditions.
Samples were subsequently sealed and shipped to participat-
ing companies for testing.

6 Data

Thermal conductivity data, developed by each participate
and reported in English units, Btu in/hr ft2°F, is shown in
TablesA1l —A6. Datafrom the tables is shown graphicaly in
FiguresA1—-A7.

Therma conductivity measured during the initial heating
of conventional cementitious bonded castable products,
shown in Figures 1A — 6A, decreases with increasing temper-
ature. The fused slica castable did not follow this trend
because the affect of dehydration was basically overshad-
owed by the therma conductivity of the aggregate system.
The trends were consistent with al test procedures; however,
the magnitude of change varied.

Thermal conductivity measured during the cooling cycle of
the test decreased with decreasing temperatures as shown in
Figures A-1B — A-6B. This trend was apparent in all data
developed during this study and is consistent with manufac-
turers published thermal conductivity data.

A total of six apparatuses, representing five measurement
techniques, show a wide variation in measured thermal con-
ductivity. Differences range from 20% to 100%; however, dif-
ferences of 50% — 70% were typical.

7 Conclusions

7.1 DIFFERENT PROCEDURES YIELD DIFFERENT
RESULTS

The measurement of therma conductivity for cement-
bonded castable products vary considerably. Differences
between test methods are more significant than originally
considered. The testing program was not designed to evaluate
accuracy of each test method; however, results show the rela-
tionships of each test method was generaly consistent.

7.2 ASCENDING THERMAL CONDUCTIVITY
CURVES DIFFER FROM DESCENDING
THERMAL CONDUCTIVITY CURVES

Therma conductivity for cement bonded castable prod-
ucts is generaly higher during the initial heating. The

ascending data, developed during theinitial heating, consis-
tently produces higher thermal conductivity, except for the
fused silicaproduct. The significance in this datais apparent
in higher heat transfer for equipment operating at low
(1000°F — 1400°F) temperatures, where optimum thermal
conductivity is not devel oped.

7.2.1 Descending thermal conductivity data is vaid for
applications where operating temperatures are sufficiently
high to remove moisture in the castable, and the affect mois-
ture has on therma conductivity.

7.2.2 The differences in measuring thermal conductivity
exposed in this test program were intended to help define the
most accurate test method. Each test method has accuracies
designed into the procedure. The differences are likely a
result of the intent of each test method. In some instances,
absolute thermal conductivity is not as important as more
practical values. However, the designer must be aware of
these differences and incorporate them into his design.

8 Recommendations

8.1 For applications where heat loss and/or skin tempera-
tures are critical, review the thermal conductivity data source
and type before assigning valuesin adesign.

8.1.1 Heat transfer plays an important role in designing
expansion provisions for heated equipment. Inaccurate ther-
ma conductivity data will contribute to inadequacies in
expansion joint design, hanger designs, and heat balances for
process control. Lower-than-expected therma conductivity
yields lower shell temperatures and problems such as dew-
point corrosion.

8.2 Standardize on the ascending thermal conductivity data
castablesin refining and petrochemical applications.

8.2.1 Operating temperaturesin refining and petrochemical
applications are lower than other many other industries. The
lower temperatures (1000°F — 1400°F) do not remove al of
the moisture in a castable lining; therefore, higher thermal
conductivities are obtained. Ascending thermal conductivity
curves provide more accurate data for developing hesat trans-
fer characteristics of fired equipment lining.
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Figure A-1—Thermo-Gravimetric Analysis (TGA) Cement Bonded Castable
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Table A-1—Thermal Conductivity
Dense (135 — 140 Ib/ft3) Erosion-Resistant Castable

Btu in./hr ft2 °F

Water Water
Calorimeter Calorimeter Hot Wire
Mean
Temperature Pilkington
°F Cdorimeter | ASTM C-417 | ASTM C-417 | ASTM C-1113 Dynatech Panel Test
200 12.57 12.90
243 15.50
300 12.46 7.01
400 9.70 12.02 14.70 6.83
500 10.06 11.59 6.65
572 8.60
600 10.60 11.18 6.50
700 10.81 6.40
752 8.90 12.61
800 10.49 6.38
900 10.25 6.36
932 9.00
973 9.13
1000 10.09 6.38
1025 9.46
1100 10.02 6.40
1112 9.30 12.06
1200 10.08 6.43
1312 9.00
1410 9.36
1472 12.00
1657 9.13
1788 9.44
1398 9.58
1299 8.87
1112 11.93
1100 10.03
1000 9.79 10.00 6.35
932 8.80 8.76
900 9.99
800 10.00 6.25
752 11.65
700 10.02
621 10.00
600 10.06 6.20
572 8.40
531 8.66
500 10.11
400 8.50 10.18 10.75 6.20
300 10.27
244 11.00
200 8.79 10.37 6.20
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Table A-2—Thermal Conductivity

Dense (165 Ib/ft3) Extreme Erosion-Resistant Castable

Btu in./hr ft2 °F

Water Water
Cdorimeter Hot Wire Cdorimeter
Mean
Temperature
°F ASTM C-417 Dynatech ASTM C-1113 Panel Test ASTM C-417
200 15.50 20.34
300 14.70 19.22 21.20
400 13.83 21.97 17.71 6.20
500 12.92 15.95
570 6.40
600 11.99 14.14
700 10.92 12.50
752 16.90 6.55
784 12.10
800 9.99 11.23
900 9.37 10.44
927 6.59
1000 9.00 10.11
1100 8.73 10.07 6.55
1112 12.65
1200 8.56 9.92
1251 9.56
1300 8.48
1400 851
1472 12.06
1812 9.68
1425 10.10
1300 8.68
1200 8.73 9.89
1112 12.65
1105 6.40
1100 8.81 9.95
1028 10.90
1000 8.91 10.04
927 6.25
900 9.01 10.16
800 9.13 10.38
752 13.39 6.10
700 9.25 10.47
634 12.10
600 9.38 10.66
570 5.95
500 9.52 10.88
400 9.67 14.48 11.13 5.85
300 9.83 11.40
253 14.40
200 9.98 11.70
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Table A-3—Thermal Conductivity
Fused Silica Castable
Btu in./hr ft2 °F

Water Water
Calorimeter Calorimeter
Mean
Temperature
°F ASTM C-417 Dynatech | ASTM C-1113| Panel Test ASTM C-417
200 6.08 7.37
300 6.21 7.75
400 6.33 8.94 7.90
461 7.19
500 6.45 7.92
600 6.57 7.92
700 6.68 8.00
752 9.50
800 6.81 8.16
900 6.97 8.37
1000 7.16 8.53
1100 7.41 8.59
1112 10.31 7.76
1200 7.72 8.60
1472 11.34
1642 9.64
1222 8.98
1200 17.77 8.62
1112 10.42
1100 7.59 8.61 8.73
1000 741 8.49 8.59
900 7.23 8.29 8.45 8.41
800 7.07 8.08 821
752 9.60
700 6.90 7.89 797
640
600 6.75 7.73 7.74
500 6.60 7.61 757 7.89
400 6.42 7.55 711
392 8.70
300 6.21 7.52
274 7.57
200 5.99 7.51
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Table A-4—Thermal Conductivity
Lightweight (55 — 60 Ib/ft3) Castable
Btu in./hr ft2 °F

Water
Calorimeter Hot Wire
Mean
Temperature
°F ASTM C-417 Dynatech | ASTM C-1113| Panel Test

200 207 284
300 1.95 2.82
392 3.77
400 1.85 243
435 2.00
500 177 2.02
600 173 1.84
700 1.70 1.87
745 175
752 329
800 1.68 1.93
900 1.67 1.87
1000 1.68 1.78
1070 167
1100 1.70 1.86
1112 347
1200 172 1.97
1300 1.76
1349 1.76
1472 3.82
1300 1.76
1200 172
1112 350
1100 1.69 1.86 1.64
1005 1.66
1000 1.66 1.82 1.60
900 1.63 177 155
800 1.60 173 151
752 3.22
700 157 1.69 147
640 1.63
600 154 1.65 141
503 151 1.62 135
400 149 1.60 1.29
392 1.46 3.06
300 143 1.59 1.22
274 1.62
200 157
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Table A-5—Thermal Conductivity
Medium Weight (70 — 85 Ib/ft3) Insulating Castable

Water Water
Calorimeter Calorimeter Hot Wire
Mean
Temperature Pilkington
°F Cdorimeter | ASTM C-417 | ASTM C-417 | ASTM C-1113 Dynatech Panel Test

200 4.80
229 450 3.55
300 4.67 248
400 2.90 3.97 5.29 2.35
500 3.30 2.22
514 3.01
536 3.32
572 3.00
600 2.99 2.08
700 3.00 2.03
752 2.60 4.25
800 3.09 2.00
854 3.05 277
900 3.08 195
932 2.80
1000 3.04 2.00
1100 3.16 2.03
1112 2.90 452
1135 2.72
1200 3.25 2.04
1235 2.89
1449 291
1472 4.78
1588 3.14
1255 3.02
1200 3.17
1131 2.80
1112 4.56
1100 3.12 201
1000 3.08 197
932 2.80 3.07
900 3.03 1.93
800 271 2.98 1.92
752 2.60 4.20
700 293 191
600 3.03 2.88 1.90
572 2.60
500 2.64 2.83 1.89
400 2.80 2.77 3.89 1.88
300 2.72 187
258 3.04
228 251
200 2.66
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Table A-6—Thermal Conductivity
Moderate Density/Erosion Resistant Castable (110 Ib/ft3)
Btu in./hr ft2 °F

Water Water
Cdorimeter Hot Wire Cdorimeter
Mean
Temperature
°F ASTM C-417 Dynatech ASTM C-1113 Panel Test
200 6.36
300 6.01 7.72
392 8.37 7.35 4.36
400 5.70 6.94
500 6.55
570 4.13
600 5.19 6.24
700 5.00 6.02
745 4.02
752 6.89
800 484 5.98
900 4,78 5.87
930 401
1000 474 5.90
1100 474 5.95
1112 6.87 4.14
1200 4.76 5.9
1300 478
1400 4.83
1472 7.01
1500 4.87
1400 4.86
1300 484
1200 4.83
1112 6.94 4,18
1100 4.83 5.87
1028
1000 4.83 5.83
930 4.05
900 4.84 5.81
800 4.85 5.80
752 6.77
745 3.94
700 4.87 5.80
600 4.88 5.80
570 3.86
500 4,90 5.81
400 4.92 5.81
392 6.63 3.76
300 494 5.80
200 4.95 577
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