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Abstract — Thermal conductivity and heat capacity of polyurethane foam insulation of 374 kg-m~2 density were measured up to
200°C. Thermal conductivity and heat capacity were determined by transient temperature data taken across the foam specimen
when one surface was subjected to a uniform heat flux input. The transient temperature data were then processed by a parameter
estimation computer code to determine the effective thermal conductivity and heat capacity. Linear thermal conductivity and heat
capacity variations with temperature were determined by providing the property values at two different temperatures. Analyses for
sequential estimates, residuals, sensitivity coefficients were conducted for all property data obtained to assure accuracy. The results
were compared with published data as well as an existing model. It was found that the existing model for thermal conductivity of
foam materials tends to underpredict the experimental data. J 2001 Editions scientifiques et médicales Elsevier SAS

inverse heat conduction analysis / thermal conductivity / heat capacity

Nomenclature p density .................. kg-m—3
o Stefan-Boltzmann constant = 5.67-10°8  wW.m—2.K—4
C heatcapaCity =pcp . . .o Jm-3.K-1 .
cp  Specific heat a constant pressure . . . . Jkg~1.K~! Subscripts
cell diameter . .. ............ m c cdculated
e residua .................. K cond conduction in solid
fs fraction of the polymer in the struts eff effective
K  Rosseland mean extinction coefficient of f  foam
thefoam . ................ m—1 m  measured
k  therma conductivity . . .. ....... w-m~1.K! p  polymer
ket effective thermal conductivity . . . . . . w-m-1k-1 rad radiation
g¢" heatflux.................. W-m—2 s solid
T temperature................ °CorK
t time . . ... ... ... ... ... S
te Lt:gﬁjeoééggger?sdperiod that temperature . 1. INTRODUCTION
u  uncertainty
U  percentage uncertainty Heat transfer in a polyurethane foam material takes
x  distance from the heated surface . . . . in place by conduction through the solid cell walls and
Greek symbols struts, conduction through the gas-filled interior, and radi-

ation through the foam. Natural convection of gas within
acell isinsignificant because of very low Rayleigh num-
ber. Skochdopole [1] conducted of a simple experiment
* Correspondence and reprints. by reversing the hot and cold plates of amodified guarded
E-mail address: mchyu@coe.ttu.edu (M .-C. Chyu). hot plate unit in order to maximize and minimize convec-

8 volume fraction of voids
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tion, and showed that heat transfer by convection does
not exist for cell diameters smaler than 4 mm. Most
polyurethane foams have closed cells about one order of
magnitude smaller than 4 mm, and therefore, heat trans-
fer dueto convectionis negligible [2].

Valenzuela [3] showed that published heat transfer
models underestimated foam effective thermal conduc-
tivity if the contribution due to radiation was not consid-
ered. Cunningham et al. [4] and Glicksman et al. [5] in-
dicated that the radiation contribution could account for
approximately 30 % of the measured effective conductiv-
ity at room temperature. Many existing models, including
those of Skochdopole[1], Cunningham et al. [4], Glicks-
man et al. [5], and Schuetz et al. [6], postulated that the
effective thermal conductivity of the foam is the sum of
contributions of three transport paths, i.e.

kest = kcond + krad + kgas (D

where keong 1S the contribution due to conduction through
solid matrix, krag iS the contribution due to radiation, and
kgas is the contribution due to conduction through gas.

In most of the available heat transfer models, the
solid and gas conduction aspect of the problem isusually
approached based on an idealized matrix geometry, and
an either exact or approximate, usually one-dimensional
solution thereof. The radiation aspect of the problem has
been treated by considering the cell walls to be either
opaque or transparent.

Thermal conductivities of polyurethane foams have
been measured using steady-state standard methods such
as ASTM C-177, C-518 or C-1114 [7]. However, the
present literature search revealed that information on the
variation of thermal conductivity with temperature for
different polyurethane foam densities was not available.
Published data on the heat capacity of polyurethane
foams are also scarce. Beck and Arnold [8] developed
a procedure for determining the thermal properties from
transient temperature and heat flux measurements. This
method involving parameter estimation analysis has been
used to determine the thermal properties of a variety of
materials by several authors. Dowding et a. [9] used
this technique to determine the temperature-dependent
thermal properties of carbon composites.

Polyurethane as a thermal insulation and encapsulant
may be subjected to high heat due to fire or other abnor-
mal conditions. The objective of the present research is
to determine the thermal conductivity and heat capacity
of polyurethane foam insulation during transient heating
through experiment coupled with a parameter estimation
analysis, and to compare the result with published data
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and an existing analytical model. Polyurethane foam of
374 kg-m~3 density was tested up to 200°C.

2. ANALYSIS

In the present experiment, a one-dimensional foam
test specimen was heated with an electric heater on one
surfacewith the other surfacesinsulated. Heat conduction
within the test specimen is governed by the following
formulation (figure 1):

9 k(T)aT —C(T)aT T(x,t), 0 L,t>0

ox ox |~ o e Esr=RE
oT "
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In the above formulation, the thermal conductivity k(T')
and heat capacity C(T') are unknown, while data of tem-
perature variation with time at different locations can be
measured. These temperature data are used to determine
the thermal conductivity and heat capacity of the spec-
imen through a method involving parameter estimation
analysis. The functional forms that thermal conductivity
(k) and heat capacity (C) vary with the space coordi-
nate are assumed. It is expedient to assume that both
and C vary linearly and continuously across the spec-
imen thickness (x-coordinate). The number of spatial
temperature data across the specimen must equal or ex-
ceed the number of unknown parameters in the £ and
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Figure 1. Heat conduction model.
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C functions. Thus, the inverse heat conduction prob-
lem can be regarded as a problem of parameter estima-
tion. Such a problem can be solved by the Levenberg—
Marqguardt method which solves nonlinear |east-squares
equations by iteration. The solution method will in-
volve solving the direct conduction problem with finite-
difference method, computing the sensitivity coefficients
for each parameters, and calculating the parameters by
iteration.

A parameter estimation computer code similar to that
used by Dowding et al. [9], commercialized by Beck
Engineering Consultants Company, Okemos, Michigan,
was employed in the present study. In a two-parameter
case, the code provides an estimation of £ and C val-
ues assuming both are independent of T'; i.e. k = congt,
and C = congt. In a four-parameter case, the code es-
timates linear k and C variations with temperature by
providing the k and C vaues at two different tempera-
tures.

3. EXPERIMENT

In an experiment that can generate useful data for in-
verse heat conduction analysis, it is necessary to con-
trol the thermal boundary condition in terms of the ex-
act amount of heat input to the test specimen. However,
control of the heat loss from the backside of a heater
applied to the foam specimen surface is difficult. The
present experimental facility featured an electric heater
sandwiched between two identical pieces of test insu-
lation (approximately 30 x 30 x 15 cm3), as shown in
figure 2 and in more detail in figure 3. The two pieces
of test insulation were identical in terms of composition,
density, thermal properties, dimensions, thermal bound-
ary condition, etc.; therefore, identical thermal behavior
was expected. In such an arrangement, each insulation
was subjected to a heat input rate equal to 1/2 of thetotal
heat rate generated by the heater. All the other surfaces
of the test insulation were insulated in order to eliminate
heat loss, if any (figure 3). Thermocoupleswere installed
at strategic locations to monitor change of temperature
distribution throughout the specimen during heating (fig-
ure4).

A flexible silicone rubber electric heater was sand-
wiched between the two test specimens, and its heat-
ing power was controlled by a powerstat, with the
power measured by a voltmeter and an ammeter, as
shown in figure 2. Temperature data were taken and
processed by a computer-controlled data acquisition sys-

) . o Experimental
32 Channel 8 bit A/D E Data file
board Converter | .«——| Microcomputer

Figure 2. Experimental facility.

«—Threaded rod, 4

Foam specimen,
2 identical

Electric heater

Insulation

Figure 3. Test section.

tem. Polyurethane foam of 374 kg-m—3 density was
tested up to 200°C.

The errors of the thermophysical property results ob-
tained in this study were assessed by the method of se-
quential perturbations [10], where the total uncertainty
of a set of data is estimated by integrating the uncer-
tainties due to errors associated with individual partici-
pating parameters. The total uncertainty in ke Was cal-
culated as £13%, and the total uncertainty in C was
+11%. Details of error analysis can be found in appen-
dix.
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Figure 4. Dimensions of foam specimen.

4. RESULTS AND DISCUSSION
4.1. General

Three tests were conducted with the 374 kg-m—2 den-
sity specimen: 30 to 80°C, 30 to 120°C, and 30 to
200°C. During the experiment, the thermocouples posi-
tioned 2.5 in offset from the centerline, and 2 in from the
heated surface, showed a maximum deviation of 0.2 K
compared to the centerline temperature recorded at the
same longitudinal location. This indicated that tempera-
ture gradient in the lateral direction, and, therefore, the
side heat loss, was negligible, and heat conduction virtu-
ally took place only in the longitudinal direction. All the
thermocouple readings at corresponding locationsin two
individual specimens tested simultaneously were com-
pared to ensure symmetry. The deviations were always
lessthan 0.5K in all tests.

It was observed that when the heater temperature was
above 150°C, the surface of the specimen in contact with
the heater started to turn brown and to bulge sideways
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(parallel to the heated surface), while the central region
of the heated surface caved in. Fumeswere generated and
cracks were developed in the corners of the specimensin
contact with the heaters.

4.2. 80°C test results

4.2.1. Results without heater and contact
resistance effect

It was found in the present study that if only the
test specimen was considered in the parameter estima-
tion analysis, thermophysical properties could not be es-
timated accurately. Figure 5 exhibits a typical result that
the estimated effective thermal conductivity (kesr) values
at both 30°C and 80°C vary with the test time e within
which temperature datawere used for ket estimation. Itis
shown that if the test specimen only, without the heater,
was considered in the analysis, estimated ke does not
reach a steady value. Therefore, no conclusion regarding
the ket (T') function can bereached. An accurate estimate
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Figure 5. Comparison of sequential estimates of thermal
conductivity obtained by models with and without heater
effect.
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Figure 6. Comparison of sequential estimates of volumetric
heat capacity obtained by models with and without heater
effect.

of the property should be independent of ze. A similar be-
havior is demonstrated in figure 6 by the C values at both
30°C and 80°C estimated without considering the heater
effect. The problem was solved by taking into account in
the analysis the thermal effect of the heater and the con-
tact resistance between the heater and the test specimen,
as recommended by Dowding et al. [9]. Apparently, the
contact resistance plays an important role by affecting the
temperature distribution in the specimen.

4.2.2. Short duration tests for heater and
contact resistance

In order to take the heater and the contact resistance
into account, the heater along with the test specimen
needsto beincluded in the model, making it atwo-region
heat conduction problem for each of the two specimens.
In asimilar experiment estimating the thermal properties
of a carbon—carbon composite, Dowding et al. [9] ex-
perimentally estimated the effective thermal conductivity
of the electric heater, including the contact resistance ef-
fect, by conducting a series of short duration experiments.
A short duration test has to be reconducted every time af -

ter the test setup is reconfigured because reconfiguration
of the setup changes the contact resistance.

In the present experiment, similar short tests as that
carried out by Dowding et al. [9] were conducted to deter-
minethe heater’ s effectivethermal conductivity including
the contact resistance effect. In a typical short test, heat
flux generated by the electric heater was approximately
370 W-m~2, with test duration of about 30 s. The test
duration was so short that by the end of the test, only
the first thermocouple (on the specimen’s heated surface)
recorded a significant temperaturerise, while all the other
thermocouple readings were virtually maintained at the
initial (surrounding) temperature. Although the effective
thermal conductivity of the heater was determined based
on estimated properties of the test specimen and assumed
volumetric heat capacity of the heater, the final results
of estimated specimen properties were found not signif-
icantly affected by the accuracy of those estimated and
assumed values, as also reported by Dowding et al. [9].

4.2.3. Model with heater and contact
resistance effect

The thermophysical properties of polyurethane foam
were determined by including the heater and contact re-
sistance effect in the model, again using the same pa
rameter estimation code. Both two-parameter and four-
parameter cases were studied for the 374 kg-m—3 speci-
men. The results based on a set of temperature test data
with the maximum specimen temperature at about 80°C
are shown in tables | and 1. Since the two specimens
on both sides of the heater were identically instrumented,
two different estimates of properties plus another esti-
mate based on the average temperature data were ob-
tained. For all the kgt and C data presented in this work,
the contact resistance was reevaluated by means of the
af orementi oned short-durationtest each time after the test
specimen was reinstalled and the contact resistance be-
tween the heater and the specimen was changed.

4.2.4. Sequential estimate

The results exhibited in tables | and |1 are based on
sequential estimates of properties, such as that shown in
figures 5 and 6 (30°C and 80°C with heater). The se-
quential estimates demonstrate how the estimated prop-
ertiesvary as additional temperature data are considered.
With the heater and contact-resistance effect taken into
account, both ks and C approach to steady values as fe
increases. Relatively large variation is observed only at
the beginning of the test (small 7¢), because there is not
enough information to determine the property. A correct
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TABLE |

Estimated thermal conductivity and heat capacity from 30 to 80°C, 374 kg-m~3 specimen.

Two-parameter case (keff = const, C = const).

keff C Locations (x) of thermocouple
w-m-1K-1 Jm3.K-1 readings used in analysis, in
Specimen A 0.0682 + 0.0034 5.13.10° + 1.25.10% 0, 0.25,0.5,0.75, 1.0
Specimen B 0.0647 £+ 0.0021 4.88.10° +9.27-103 0, 0.25,0.5,0.75, 1.0
Average 0.0664 + 0.0027 5.00-10° + 1.08-10* 0, 0.25,0.5,0.75, 1.0

TABLE Il

Estimated thermal conductivity and heat capacity from 30 to 80°C, 374 kg-m~3 specimen. Four-parameter case (linear

ket (T') and C(T)).

keff C Locations (x) of thermocouple
w-m-1K-1 Jm3.K-1 readings used in analysis, in
30°C 80°C  Fitted keff(T), T:°C  30°C 80°C Fitted C(T), T: °C

Specimen A 0.0503 0.0794  0.0328 4+ 0.0005827 4.37-10° 7.36.10° 2.58.10° +5.98.10°T 0,0.25,0.5,0.75, 1.0
+0.0017 =+0.0013 +1.0310* +3.69.10*

Specimen B 0.0512  0.0713  0.0392 +0.000401T 4.27-10° 6.36.10°  3.02-10° 4+ 4.17.10°T 0,0.25,0.5,0.75, 1.0
+0.0025 +0.0018 +1.69-10* +5.84.10%

Average 0.0508 0.0751 0.0363+0.000485T 4.32:10° 6.83-10°  2.82-10° + 5.02-10°T 0,0.25,0.5,0.75, 1.0
+0.0015 +0.0011 +1.07.10* +3.81.10*

estimation of the property must be independent of time
period te. The results in tables | and Il as well as all
the ke and C data for different foam densities and tem-
peratures presented in this work are ze independent.

4.2.5. Residuals

A quantity that can be observed to demonstrate the
accuracy of the estimated property is residual. Residual
ejj is the difference between the measured temperature
Tm,i; and the calculated temperature T¢ ;; for aparticular
time (#;) and thermocouple location (x;), calcul ated as

eij =Tmij — Tcij (3

Figure 7 presents the residual data for a 374 kg-m—3
specimen. Of all the five sensors used in the analysis,
the one at the heated surface (x = 0) has the maximum
residual. However, the magnitude of the residua is
approximately within only +0.2°C, except immediately
after the heater was turned on (r = 0 s) and turned off
(r = 1086 s). Even the maximum residual during the
test, observed immediately after the heater was turned
off, is only about 1.7% of the temperature rise during
the experiment. The residua at other locations, such as
x = 1.0 in shown in figure 7, is within approximately
40.2°C. The small residualsindicate small errorsin the
result of the inverse conduction analysis.
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Figure 7. Temperature residuals.

4.2.6. Sensitivity coefficients

Sensitivity coefficient isthe first derivative of temper-
ature with respect to the estimated property. It indicates
how well the experiment is designed [9]. In general, the
sensitivity coefficients are desired to be large and uncor-
related (linearly independent). Figure 8 shows the sensi-
tivity coefficients of ket and C for a specimen at 30°C
for two sensor locations (0 and 1.0 in). It is observed that
the sensitivity coefficientsfor both sensors are correlated
only for a very short time period during initial heating,
and uncorrelated for the rest of test period. The above
analyses for sequential estimates, residuals, and sensitiv-
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Figure 8. Sensitivity coefficients for estimated properties at
30°C.
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Figure 9. Estimated effective thermal conductivity.

ity coefficientswere conducted for all the thermophysical
property data presented in this work.

4.3. 120°C test results

Tests were also conducted for the maximum specimen
temperature (at the heated boundary surface) reaching
120°C. The linear ket (T) and C(T') functions obtained
based on average data are plotted in figures 9 and 10,
along with those of the 30-80°C test for comparison. It
is shown that for both ke (7)) and C(T), the results for
two different temperature ranges well agree. In figure 9,
the fact that the 30—120°C function has a smaller dope
than the 30-80°C function seems to suggest a negative
d%kess/dT?. A similar trend is also observed with € in
figure 10. The sequential estimates of ke and C for the
120°C test with the 374 kg-m~—2 specimen are exhibited
in figure 11, showing the data are eventually independent
of te. Numerical data as well as fitted functions of the
120°C test are included in the summary table for the
374 kg-m~2 specimen, table 1.
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Figure 10. Estimated heat capacity.

4.4. 200°C test results

The results of the 30-200°C test with the 374 kg-m—3
specimen areincluded in figures 9 and 10 for ke and C,
respectively. Estimated kgt and C data as well as fitted
functions are also included in table I11. The sequential
estimates of ket and C values are exhibited in figure 12,
showing that the estimated values are independent of time
period.

In both figures 9 and 10, the three lines for differ-
ent temperature ranges with the 374 kg-m—2 specimen
demonstrate satisfactory repeatability. The experimental
results demonstrate that both ket and C increase with T,
and ket (T) and C(T) functions are closeto linear in the
present temperature range of 30 to 200°C. In figure 9,
the three linesindicate a dlight decreasein dkes /AT with
temperature, i.e. a negative d%kes/dT 2.

Also included in figures 9 and 10 are the data of a
352 kg-m~2 density foam sample from Taylor et al. [11].
Both their k and C data are lower than the present data.
Possible reasons for the discrepancy are as follows:

(a) The density of their specimen is 11 % lower than
the present specimen; however, it is closest to our spec-
imen we could find. The solid phase in a polyurethane
foam usually consists of the organic substance along with
other ingredients added for a variety of reasons, such as
foaming agents, fire retardantsand dyes or pigments. The
physical properties of the resultant foam can vary greatly
depending on the specific types and amounts of ingredi-
ents added as well as the foaming procedure followed.

(b) In their work, the thermal conductivity was not
measured; instead, it was calculated based on measured
thermal diffusivity, specific heat, and density.

(c) The thermal diffusivity was measured using the
laser flash technique where the front face of asmall disc-
shaped sample was subjected to a short laser burst and
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Figure 11. Sequential estimates of effective thermal conductivity and heat capacity for 120°C test with 374 kg-m~2 specimen.
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Figure 12. Sequential estimates of effective thermal conductivity and heat capacity for 200 °C test with 374 kg-m~2 specimen.
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TABLE IIl
Estimated thermal conductivity and heat capacity for 374 kg-m—2 specimen.
kest, W-m— 1K1 C,Im3K1

Test 1,30t0 80°C 30°C 0.0508 + 0.0015 4.32.10° + 1.1.10%
80°C 0.0751 + 0.0011 6.83-10° + 3.8.10%

Fitted function, T: °C kest (T) = 0.0363 4 0.000485T C(T) = 2.82:10° + 5.02-10°T
Test 2, 30t0 120°C 30°C 0.0498 + 0.0070 4.33.10° +2.7-10*
120°C 0.0821 + 0.0041 8.47-10° + 6.2.10%

Fitted function, T: °C kest (T) = 0.0392 + 0.000402T C(T) = 2.95-10° + 4.60-10°T
Test 3, 30 t0 200°C 30°C 0.0531 + 0.0130 4.41.10° + 3.7-10*
200°C 0.1021 + 0.018 1.19-106 + 1.4.10°

Fitted function, T: °C

ket (T) = 0.0444 + 0.000288T

C(T) = 3.08-10° + 4.41.103T

theresulting rear face temperaturerise was analyzed. De-
pending on the laser heat flux and the sample thermal dif-
fusivity, a great temperature gradient across the sample
disc could be generated and causing a significant error
in the therma diffusivity measurement if only the rear
face temperature was analyzed assuming constant ther-
mophysical properties across the disc.

(d) Thespecific heat, based on which thethermal con-
ductivity was calculated, was measured after the sample
had been heated to 260°C in a previous mass loss ex-
periment. The sample was reported to have experienced
a 2.43% mass loss and to have “turned brown” at this
temperature. Such changes were most likely irreversible
and might have permanently changed the thermophysical
properties of the foam sample.

4.5. Comparison with existing model

The present results were compared with the existing
analytical model for heat transfer through a cellular
foam insulation by Glicksman et a. [5]. The model
considers the effective thermal conductivity of a foam
insulation as the superposition of contributions due to
(a) heat conduction through the solid polymer, (b) heat
conduction through the gas in the cell, and (c) thermal
radiation, as substantiated by the following equation:

kest = kcond + krad + kgas (4)

The contribution due to conduction through the solid
polymer, kcond, Can be expressed as

erally taken as0.250 W-m~1.K—1, while values of awide
range of variability, from 0.167 to 0.348 W-m~1.K~1,
have been quoted in the literature [12]. The parameter
fs is the fraction of the polymer in the struts. A strut
is the material formed at the intersection of three cell
walls. A value of 0.8 was used for fs by Collishaw and
Evans [12]. (1 — §) is the volume fraction of the foam
occupied by the solid, and can be calculated as

_M
Ps

1-6 (6)

where ps is the density of solid polyurethane, and is
1251 kg-m~2 for the present specimen, and 1150 kg-m—3
wasused by Dostal [13]. Theterm for conduction through
the gasin the cell is calculated by the following correla-
tion for thermal conductivity of CO,, the blowing agent
of the tested foam specimens, based on the thermal con-
ductivity datain Incroperaand DeWitt [14, table A 4]:

kgas = 0.001(0.0793T — 6.99) @

where T isin K and kgas in W-m~1.K~1. The radiation
term in the effective thermal conductivity equation is
calculated by

oT3
krag = 16— 8
rad 3K ( )

where T is again in K and K is the Rosseland mean
extinction coefficient of the foam, and is given as

, f K = 41051/ P ng/ Ps ©)
kcond = ékp<1— g)(l—(?) (5)

where kp is the thermal conductivity of solid polymer.
Thevalue of thermal conductivity of polyurethaneis gen-

where d is the cell diameter. Values of the parameters
used in the present calculation are summarized in ta-
blelV.
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TABLE IV
Summary of parameters used in model calculation.

Parameter Value Reference

d 3910 %m Chu, 1997; Newbury, 1997

of 374 kg-m3 measured

Ds 1251 kg-m—3 Chu, 1997

kp 0.25W-m—1K-1 [12]

fs 0.8 [12]

kgas 0.001(0.07937 — 6.99) W-m~1.K~1, T: K [14], fitted curve

M
£
= 006
Prediction by Glicksman et al. [$] a
0.04 1.30-80°C (p=374kg/m’) (a) Table 3.
2.30-120°C (p = 374kg/m’) (b) Table 3. except p, = 1150kg/m’
3.30-200°C (p = 374kg/m’) (c) Table 3. except k, = 0.348W/m-K.
002 o p=352kg/m’® (Tayloretal. [11]) (d) Table 3. except ;= 0.7
(€) Table 3. except Ky = kyir
0.00
20 40 60 80 100 120 140 160 180 200 220

T,°C

Figure 13. Comparison of experimental kg data with the
model.

Theresult of calculated effective thermal conductivity
for polyurethane foam using the above model by Glicks-
man et al. [5] as well as parameters listed in table 1V,
is compared with the present experimental result in fig-
ure 13. Also included are the experimental data for a
352 kg-m~3 polyurethane foam by Taylor et al. [11].
Thepredicted result (curve (a)) is significantly lower than
both the present and Taylor et al. [11] experimental data.

Since variations are possible with some parameters
used in the model, several additional cases were calcu-
lated in order to demonstrate a possible variation range
of the predicted ke Using the model by Glicksman et
al. [5]. Plotted in figure 13, the predicted results include
curve (b) based on all the parameters in table 1V ex-
cept ps = 1150 kg-m~2, a value given by Dostal [13],
curve (c) based on dl the parametersin table 1V except
kp = 0.348 W-m~1.K~1, a value quoted by Collishaw
and Evans [12], curve (d) based on all the parametersin
table 1V except fs= 0.7, just to demonstrate the sensitiv-
ity of the result to a variation of fs, and curve (€) based
on al the parametersin table |V except CO, wasreplaced
with air asthe gasin the cells and kgas = 0.001(0.0727 +
4.7) W-m~L1.K~1 for air. Curve (e) was of interest based
on the consideration of possible aging of the foam spec-
imen. Aging is a phenomenon that the composition of a
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gasin the cells of apolymeric foam does not remain con-
stant with time, and there is a steady increase in thermal
conductivity as nitrogen and oxygen in the surrounding
air permeate into the cells to replace the CO; originaly
in the cells of the foam [12]. Such rise in gas thermal
conductivity may take place for several months, and may
have happened in the present foam specimen. However,
the fraction of CO, remaining in the cells is difficult to
estimate. Curve (e) in figure 13 was considered for the
limiting condition that all the CO» in the cells was re-
placed by air. In the present temperature range, the ther-
mal conductivity of air is up to about 60% higher than
that of CO5. Although the gas pressure in a cell varies
with temperature, the pressure effect does not need to be
considered because the thermal conductivity of a gasis
basically independent of pressure [14, chapter 2].

Comparison of the five prediction curvesin figure 13
shows that the change in the value of &, (curve (c)) in-
creases the predicted ke for about 22 %, while assuming
total air permeation into the cells (curve (€)) increases
the predicted ket for about 19%. Both decreasing ps
(curve (b)) and increasing fs (curve (d)) increase the pre-
dicted ke for only about 6%. Comparison between all
the five predicted curves and both sets of experimen-
tal data suggests that the model by Glicksman et a. [5]
underpredicts the kg Of the present polyurethane foam
specimen. The predicted curves based on the model are
closer to the experimental data of Taylor et a. [11], while
the present experimental data demonstrate greater slopes
(dkes; /dT) than the predicted curves. The large slopes of
the present data may be due to the error caused by con-
traction of material during heating. More contraction of
the foam material was observed at a higher temperature.
There was a larger contraction in the central region on
the heated surface than in the periphery. Therefore, the
foam specimen surface in contact with the electric heater
formed a shape of basin. As a result, in the central re-
gion of the heated surface, the thermal contact between
the heater and the specimen deteriorated with tempera-
ture. The higher thermal resistance in the central region
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redistributed heat flux, and the heat flux actually passing
through that region was|ower than the average value. The
thermocouples located along the centerline of the speci-
men were directly influenced by this lower-than-average
heat flux. This phenomenon caused an error in the mea-
sured effective thermal conductivity, and such an error
increased with temperature. However, the maldistribution
of heat flux due to bad thermal contact in the central re-
gionisdifficult to quantify. As shown in the following er-
ror analysis, when avariation of £10% intheheat flux is
applied, both the resultant ket and C vary about £10%.

5. CONCLUSIONS

Thermal conductivity and heat capacity of polyur-
ethane foam material were measured at elevated tem-
peratures. Polyurethane foam specimens of 374 kg-m—3
density were tested up to 200°C. Effective thermal con-
ductivity and heat capacity were determined by parame-
ter estimation analysis using transient temperature data
taken across the foam specimen when one surface was
heated by an electric heater. All data obtained were an-
alyzed in terms of sequential estimates, residuals, sensi-
tivity coefficientsto assure accuracy. The effects of heater
thermal conductivity and contact resistance between the
heater and the specimen were found to be important. The
present experimental result was higher than that predicted
by an existing model.
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APPENDIX
Error analysis

The errors of the thermal property results obtained
can be assessed by the method of sequential perturba-
tions [10]. In this method, the total uncertainty of a set
of data is estimated by integrating the uncertainties due
to errors associated with individual parameters. In the
present experiment, three major sources of error are

(a) theerror intemperature data measured by thermo-
couples along with the data acquisition system,

(b) the error in the location of a thermocouple well
caused by drifting during drilling a long, narrow hole,
and

(c) theerror intheinput heat flux level dueto material
contraction and bad thermal contact, as discussed above.

The property data (ke and C) were first calculated
by inverse conduction analysis using the measured tem-
perature (7) data at given locations (x) and times, as
well as assumed uniform input heat flux (¢”). The un-
certainty associated with the present temperature data,
ur, was then applied to all temperature data, and the in-
verse conduction analysis was conducted again. As are-
sult of introduction of temperature uncertainty, the esti-
mated property result, keff, varied by A (keff)7. The vari-
ation in kef due to the uncertainty in x, A (keft),, aswell
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TABLE V
Values of parameters involved in error analysis.

Variable Uncertainty Resultant deviation
T ur =+05K Akeif) T/ kest = 8% A(C)7/C=4%
x u, = £0.05mm Akeit)x ) ket = 1% A(C)y/C=1%
q" U, =£10% Akett)g / keit = 10% A(C)y7/C =10%
TABLE VI TABLE VII

Temperature uncertainty values applied in trial cases to
determine A(kef)7 and A(C)r, data in K.

Thermocouple location uncertainty values applied in trial
cases to determine A(kesf)x and A(C),, datain mm.

Case Thermocouple location x, in Case Thermocouple location x, in
0.0 0.25 0.5 0.75 1.0 15 0.0 0.25 0.5 0.75 1.0 15

1 +0.5 +0.5 +0.5 +0.5 +0.5 +0.5 1 0.0 +0.05 +0.05 +0.05 +0.05 +0.05
2 -05 -05 -05 -05 -05 -05 2 00 -005 -005 -005 -005 -0.05
3 +0.5 +0.3 +0.1 -0.1 -0.3 -05 3 00 +005 -005 4005 -005 +0.05
4 —05 -0.3 -0.1 +0.1 +0.3 +0.5 4 00 -005 4005 —-005 +0.05 -0.05
5 +0.5 -05 +0.5 -05 +0.5 -05

6 -05 +0.5 -05 +0.5 -05 +0.5

as that due to the uncertainty in ¢”, A(keft)q”, were also
estimated following the same method. Finaly, the total
uncertainty associated with ke was determined by

3 2
Z |:A(keff)i:| A1)

Uk = ket

where A(kes); includes A(ket)r, A(keff)x, and
A (keit) 4. Theuncertainty with C datawas estimated fol -
lowing a similar method:

(A.2)

The uncertainty values and the resultant deviationsfor
individual variablesin the present error analysisarelisted
in table V. The uncertainty with thermocouple location,
uy, was estimated to be very smal since very little
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drifting would occur during drilling in a soft material
such as foam. After drilling, the drill experienced no
resistance moving in and out the hole, indicating a
very straight hole. The uncertainty u, was estimated as
+0.05 mm.

Thedeviationin keff dueto temperature, A (keff) 7, Was
determined as the maximum possible deviation in k£ as
aresult of amaximum +0.5 K uncertainty applied to all
temperature data. The cases considered were exhibited in
table VI. The maximum A (keff) 7 @and A(C)r were given
by case 6 featuring an alternate + uncertainty pattern.

The deviation in ke due to thermocouple location,
A(keif)x, Was determined as the maximum possible
deviation in ke as a result of a maximum £0.05 mm

uncertainty applied to all thermocouple location data.
The cases considered were exhibited in table VII. The
maximum A (keff), and A(C), weregiven by case 3 or 4,
depending on temperature. Finally, using equations (8)
and (9), the total uncertainty in ke is calculated as
+13%, and the total uncertainty in C is £11%.



