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STIEADYST;QTE AND TRANSTIENT "E3 USING THE 

-0PHYSICAL PROPERTLES OF BUIW) ING MATERw[s3' 
UNGUARDED THLN-HEATER APPARATUS 

D. L. McElroy, R. S. Graves, D. W. Yarbrough, and H. A. Fine' 

ABSTRACT 

The Oak Ridge National Laboratory unguarded thin-heater apparatus 
(UTHA) was used to determine the thermophysical properties [Le., thermal 
conductivity (k), specific heat (C), and thermal diffusivity (a)] of building 
materials from 24 to 50°C (75 to 120"F). Steady-state and transient modes of 
operation yielded data on four types of material: (1) gypsum wallboard containing 
0, 15, and 30 wt % wax; (2) calcium silicate insulations with densities (p) of 307, 
444, and 605 kg/m3; (3) three wood products [i-e., southern yellow pine flooring 
(575 kg/m3), Douglas fir plywood (501 kg/m3>, and white spruce flooring (452 
kg/m3)]; and (4) two cellular plastic foams [Le., extruded polystyrene (30 kS/rm3) 
blown with HCFC-142b and polyisocyanurate rigid board (30.2 kg/m3) blown with 
CFC-111. The extruded polystyrene was measured 25,45,74, 131, and 227 d 
after production. 

specimen. In 1983 the uncertainty in k results by this absolute method was found 
to be less than *2% by modeling, by a determinate error analysis, and by use of 
standard reference materials SRM 1450b and SRM 1451. These SRMs were 
retested in the UTWA in 1990, and agreement with the National Institute of 
Standards and Technology values was 0.3% for SRM 1451 and 1.1% for 
SRM 1450b. The UTHA k-values for the SRMs were fitted to better than 0.3% 
by a linear function of temperature. The UTHA k-values reported in this report 
provide an accurate description of the temperature dependency of k of several 
materials. 

In the UTHA transient mode of operation, a step-change in heat flux was 
applied to specimens that were initially isothermal or that had a steady, imposed 
temperature gradient. Hewiett Packard 9121 computer was used to control the 
test and to record the temperature-time behavior of the thin heater. Analysis of 
the temperature response of the thin heater for short times predicts a 
temperature rise that is a linear function of the square root of time. This 
behavior was observed, and the slope of this relation provided experimental 
values for the product k0p.C. The overall error in determining the the product 

In the steady-state mode of operation, the UTHA yields the k of the test 

*Research sponsored by the U.S. Department of Energy, Assistant Secretary for 
Conservation and Renewable Energy, Office of Buildings Energy Research, Building Systems 
and Materials Division, under contract DE- 
Systems, Inc. 

-MOR21400 with Martin Marietta Energy 

Qepartment 01 Materials Sciencz and Engineering, University of Kentucky, Lexington. 
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k .pC is I a s  than 1%. Values of C were calculated from experimental values of k, pp and 
the product of h p d .  For the densities above 300 kg/m3, the thermal 
respnse and transient analysis e was applicable. However, for the 30 k g h 3  

d the onset of the linear tcmperature rise 
with the square root of time. the use of the short-time transient analysis 

-density materials. A ram that described this observation provided 
an alternate met ct k q w 2  from the expcrimentai data. 
Valuable design uipment was also obtained from this 
alternatc analysis. For each 
and their dependency on te 
experimental values were used to calculate thcmal diffusivity (a  = k/p.C) and its 

to obtain values for 
rmation for future U 

rimental values of k, p ,  and C 
rature valua. In a ~ ~ ~ ~ ~ ~ n ,  these 

dcpcndcnq on temprabure. 

miis report d e s c r i h  m e  of the Oak Ridge National ]Laboratory (oRb&> unguarded 

thin-heater apparatus (U'IHA) in the steadystate and transient moclcs of operation to 

detcrmine b ~ i ~ ~ ~ o ~ ~ y s ~ ~ a l  properties [i.e., thermal mnductivity (I&$, specific hcat (C), and 

therand diffusivity ( )] of building materials from 24 to 50°C (75 to 120°F). I%ese 

properties were determind for (1) gypsuan wallboard containing 0, 15, and 30 wt 96 wax; 

(23 calcium silicate insulations with densities (p) of 307, W ,  and 605 kg/nl3; (3) three wood 

products Lie., soaat~iern ycl~ow pine filmring ( . ' j ~  kg/m'>, ~ ~ u g l s  fir plywood (501 kg/m3>, and 

white spruce flooring (452 kpjm3>; and (4) two cellular plastic foams [Le-, extruded polystyrene 

(30 kg/m3) blown with IICFC-142b and p 

CFC-111. Ilic extruded plystyrene was 25, 45, 74, 131, and 225 d after production. 

Discussed are the objectives of this study, thc IJTHA, the steady-state and transient nodes of 

operating the U 

anurate rigid board (30.2 kg!m3) blown with 

the analyses of results obtained with the UTHA, the characteristics of 

imens, thc test r a u k s  obtained, a! comparison of the test results with previous 

studies, conclusions, and recommendations for future research. 

The need for transient analysis of buildings bas increased interest in measuring the 

nonsteady-state thermal behavior of building materials. Transient analysis is 



3 

ORNL UTHA because the heat capacity of the Screen heater is small relative to that of 

commonly used measurement systems. One purpose of this study was to demonstrate the 

transient mode of operation of the UTHA to obtain thermophysical properties of building 

materials. The UTHA is described in Sect. 3. 

The primary use of the UTHA has been in the steady-state mode of operation as a 

means to determine the apparent thermal conductivity (k) of building insulations from 24 to 

50°C. The intent of this study was to obtain data during the nonsteady-state condition that 

precedes the steady-state condition and to interpret these data to obtain other physical 

properties of the test specimen. Doing so provided the opportunity to reexamine test and 

analysis results that were produced during the development of the UTHk 

The use of the UTKA in the steady-state and transient modes of operation was also 

prompted by the need to test gypsum board specimens containing 0, 15, or 30 wt % wax (Le., 

C18Hjg, n-octadecane) in the temperature range of 20 to 50°C. These tests were part of an 

effort to develop a gypsum wall board with enhanced thermal storage capacity. The wax, 

which melts and freezes near room temperature, provides a phase-change material that can be 

added by suffusion into the open pore spaces of the gypsum board. The objective of the 

thermal tests was to develop thermophysical property data for gypsum board and gypsum-wax 

composites and to study their transient thermal performance using the UTHA. 
The transient tests on the gypsum boards containing wax showed the potential value of 

applying this technique to other building materials to develop a thermophysical-property data 

base. This opportunity was explored as specimens became available that allowed two-sided 

heat-flow tests. Tests were conducted on three calcium silicate insulations, three wood 

products, and two cellular plastic foams as a function of time after production. This report 

compares results on these materials with previously published values. 

The transient tests on the low-density (30 kg/m3) extruded polystyrene and a 

polyisocyanurate foamed with CFC-11 yielded a temperature response of the thin heater 

different from that for materials with densities above 300 kg/m3. This finding prompted a 

reexamination of the analysis of the transient data and yielded valuable design information for 

future UTHA equipment. 
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3. EQUIPMENT 

The is an absolute longitudinal heat flow technique having less than 2% 

uncertainty for steady-state 

constant heat flux is provid 

located between two temperature-controlled copper plates. Large area (0.3- by 1.5-m) flat 

spximcm are located between the beater and each plate. For two-sided beat flow k is 

calculated from 

"C. In this technique a 

, instrumented, Nichrome,* screen wire heater 

where d = current through the screen (amps)), 

AV 2 voltage drop d ~ n g  the screen (voIts), 

I, = average specimen thickness (m), 

A = screen area defiincd by its width and the voltage lead separation (rn'), 

A T  = temperature cMference (in Kelvin) between the screen and the plates. 

Detailed descriptions of the techwiqne have been pubIishe~L'~ The American Society for 

Testing and Materials (A!!W) approved this technique as a standard test method on April 8, 

1989 (ref. 6). Figure 1 is a schematic drawing of the instrumented Nichrome screen wire 

heater and h e  temperature control an plumbing for the cold plates. Figure 2 sh 

assembled UTHA without perimeter insulation. 

A determinate crror analysis for the quantities given in Q. (1) has shown that the total 

uncertainty is +1.7% for an assume temperature difference of 10°C: The most probable 

uncertainty is near it1.296. The reproducibility and repeatability of the k measurements have 

bccn determined to be ~o.z%." 
In 1983, tests were conducted on two standards from the National Bureau of Standards 

(NRS) [now the National Institute of Standards and Technology (NIST)]; Table 1 shows these 

results,' The QRNL resulfs on the NBS Certified Transfer Standar were within 0.6% of 

NBS values at 303 and 313 K (30 and 40°C). ORNk measurements from 22 to 643°C on 

*Nichrome is a trade name of Driver-Harris Company for an 88 nickel-20 chromium 
alloy. 
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Fig. 1. Schematic drawing of (a)  the instrumented Nichrome screen wire heater and 
(b) the temperature control and plurnhing systems for each cold plate. 
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Fig. 2. Assembled unguarded thin-heater apparatus without perimeter insulation. 
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Table 1. A comparison of Oak Ridge National Laboratory and 
National Bureau of Standards (1983) 

Mean 
sample Sample 

temperature density k-ORNL k-NIST Difference" 
Specimen (Q (kg/m3) (WimX) (WimdC) (%I 

Certified transfer 
standard 

Two-sided 

One-sided 

303.14 9.255 0.04813 0.0482'7 -0.29 
313.14 9.270 0.05 164 0.05166 -0.04 

303.23 9.350 0.0481 1 0.0#09 0.04 
303.23 9.340 0.04808 0.04835 -0.56 

SRM 1450b 

Two-sided (14 p ~ h t s )  297.13 127.0 0.03454 0.03485 -0.89 
(13 points) 0.03466 0.03485 -0.55 

"loO.[(k-ORNL) - (k-NB§)J/(k-rnS). 

standard reference material SRM 145% yielded a maximum difference of 0.9% between 

measurements by the two laboratories at 297.13 K. These SRMs were retested in theUTHA 

in 1990 (Table 2); agreement with the NIST values was 0.3% for SRM 1451 and 1.1% for 

SRM 1450b. The UTHA k-values for the SRMs were fitted to better than 0.3% by a linear 

function of temperature. Because all of these comparisons are within the most probable 

uncertainty of 1.2%, the UTNA k-values reported here provide an accurate description of the 

temperature dependency of k of several materials. 

3.2 TRANSIENT MEASUREMENTS 

Transient tests can be performed in the UTHA as a two-sided test by applying a step- 

change in heat flux to an initially isothermal specimen or to a specimen with a steady-state 

temperature gradient. The temperature of the heater increases with time at a rate that 

depends on the applied power, the thermal properties of the test specimcn and the heater, 

and the temperature of the cold plates. The resulting temperature-time behavior of heater 

can be analyzed to obtain specimen proper tie^.^,^ 
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Table 2. A wrnparissn of Oak Ridge National hboratory and National Institute of 
Standards and Technolo 

303.14 9.255 0.04329 0.04827 0.04 
313.14 9,270 0.05180 0.05166 0.27 

SMM 145% 

Two-sided (4 pints)  297.13 127.0 0.03445 0.03485 -1.14 

A Hewlett Packard (HP) 9121 computer was used to control the test and to record data.’ 

Table 3 lists the types of data Io d by an HIP 3497A data acquisition system. The average 

heater temperatures were determined from the readings of five thcrmmuples located at the 

center of the heater. The electromotive force of each thermocouple was measured ta 1 pV 

Table 4. Transient signals reesrd by the Hewlett Backard system 

Number Type signal S p b o l  

11 T&ermocnuplgs on the screen heater nA“ 

1-10 

2 

~ e r m o ~ u p l e s  located within the specimen 

Voltage drop,b 0.6 and 0,9 mi 

T X U 1  

vs24  

1 Current reading cs 
“TSA Average temperature for five therm 

bPS: Calculated fro VS (0.6 m) by CS/0.557 m2- Heat flux W/m2. 
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and converted to temperature using a calibration table? After the procedure was developed, 

data were recorded every 12 s from 10 rnin prior to changing the power until 60 rnin after the 

power was changed, then every 120 s for the next 300 min, and then every 300 s until steady- 

state condition was achieved. The software allows lo00 points to be recorded. Table 4 is a 

printout of the first 30 rnin of a transient test on the gypsum board. For each specimen the 

first transient test was conducted on an isothermal specimen with the initial temperature 

difference between the plates and the screen less than 0.05"C for plate temperatures between 

25 and 50°C. At the conclusion of the first transient test, a steady-state measurement was 

made of the specimen k. The second transient test was initiated with a temperature gradient 

on the specimen and was followed by another steady-state measurement of the specimen k. 

This procedure was repeated to obtain three or four heating transient tests on most 

specimens. Finally, a cooling transient test was conducted by a step-change in the heat flux to 

zero. 

Table 4. Recorded data for the first 30 rnin of a transient test 
(every fifth data point only) (TIR 032089) on gypsum board" 

TLME TSA lTPC TBPC Tsctll TscDl  PS 

829 
877 
937 
997 
1057 
1117 

1237 
1297 
1357 
1417 
1477 
1537 
1597 
1657 
1717 
1777 
1837 
1897 
1957 
2017 
2077 
2137 
2197 
2257 
2317 

2437 
2497 
2557 
2617 
2677 
2737 
2773 

i in 

2377 

20.97 
20.95 
21.46 
21.71 
21.87 
2200 
22.11 
2223 
22.32 
22.42 
2251 
22.57 
22.65 
2272 
22.79 
2286 
2294 
22.99 
23.04 
23.11 
23.16 
23.23 
23.27 
23.32 
2336 
23.42 
23.47 
2353 
23.56 
23.62 
23.65 
23.71 
23.74 
23.78 

20.98 
20.97 
20.97 
20.97 
20.97 
20.97 

20.98 
20.97 
20.98 
20.98 
20.97 
20.98 
20.98 
20.97 
20.97 
20.98 
20.97 
20.97 

20.98 
20.98 
21.00 
20.97 
20.97 
20.98 
20.97 
20.98 
20.98 
20.98 
20.97 
20.98 
20.97 
20.98 

20.97 

20.98 

20.95 
20.95 
20.95 
20.95 
20.97 
20.95 
m 9 3  

20.95 
20.97 
20.97 
20.95 
20.95 
20.97 
20.95 
20.95 
20.97 

20.9s 
20.95 
20.97 
20.97 

20.95 

20.97 
20.95 
20.97 
20.95 
20.95 
20.95 

20.95 
20.97 

20.95 

20.95 

20.97 

20.9s 

20.97 

21.05 
21.03 
21.05 
21.05 
21.05 
21.05 
21.07 
21.07 
21.08 
21.12 
21.12 
21.13 
21.15 
21.20 
21.22 
2123 
21.25 
21.28 
21.32 
21.33 
21.38 
21.38 
21.43 
21.43 
21.47 
21.50 
21.53 
21.55 
21.58 
21.62 
21.63 
21.68 
21.68 
21.70 

21.00 

21.00 
21.00 
21.00 
21.02 
21.03 
21.03 
21.07 
21.10 
21.10 
21.1s 
21.18 
21.22 
21.25 
21.28 
21.32 
21.33 
21.38 
21.42 
21.45 
21.48 
21.53 
21.55 
21.58 
21.62 
21.65 
21.68 
21.72 
21.75 
21.78 
21.81 
21.83 
21.86 

20.98 
0 
0 

41230 
41.283 
41.282 
41.279 
41.279 
41.275 
41.277 
41.278 
41.275 
41.275 
41.275 
4 1.275 
41.275 
41.277 
41.277 
41.278 
41278 
41278 
41.279 
41.280 
41276 
41.217 
41278 
41279 
41.279 
41.280 
41280 
41.280 
41.280 
41280 
41.274 
41.274 

"See Table 3 for eaplanation of terms; time in Mxronds, T in 'C, PS in W/m2 
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4. ANALYSIS OF S I E N  TESTS 

4.1 METIHQD 1: DATATO 1 

A d u t i o n  af the conduction equation of heat transfer I given by Carslaw and Jaeger'' 

for the case of a semi-infinite solid that k initially at canstant temperature, T", and that k 

subjected to a constant heat flux, F, at the surfa 

time relationship at any surface x 

n =: 0 for time (t) 2 to- The temperature- 

thin the material is given by 

At x = 0 (the heater), 

For a short time interval the above quat iom for a semi-infinite material are applicable to a 

material of finite thickness (L) ,  such as the samples in the UTHA transient experiment. 

During this short time interval the temperature near the surface x equal L remains nearly 

unaffected by the constant heat flux (a;*) at x q u a l  zeroo. n e  short time interval for the 

denser materials of interest in the current work is about In the current work the 

temperature vs time and the heat flux arc fxpeasurd, so 

determined from the slope of a least squarw fit of the temperature vs (t - to)'' data. 

the quantity kph: to be 

Equation (3) can be arranged as follo 

Thus a linear least-squares fit of the heater temperature as a function of (t - to)" is thc same 

as Fq- (4) if 

T = A  + B ( t -  

whereA is a constant equal to the initial heater t ~ ~ ~ ~ ~ a t ~ ~ ~  7"', and B is the sBspc and equals 

2F/( ack g q". 
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Equations 2 and 3 are for a material that is initially at uniform temperature. The 

principle of superposition, however, allows the solution to be extended to a material that has 

an initial temperature gradient. In the determination of kpC using Eq. (4) with a temperature 

gradient, F equals the change in heat flux applied at time to. For a two-sided test, the change 

in heat flux is F/2. 

Figure 3 shows that the experimentally determined heater temperature rise is a linear 

function of (time)" after the heat flux was changed for a transient test (TlR) on a gypsum 

2f 

24 

n 

0 
W 

0 

E.c 
22 

20 
0 

ORNL-DWG 17128 

20 40 60 80 

[t - 87'7]Q-5 (s)OW5 
100 

Fig. 3. Temperature of the thin heater as a function of the square root of time (TlR). 
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board, Table 4 Gsntains these data. A least-squares tit of 151 points between 877 and 2689 s 

yielded 

with an average percent deviation of 1 
0.01"C of the average cold late temperature of 20.97"C. The slope term and the heat flux 

change of 41.281 W/m2 yield a RgC value of 13,0560 75(12m2/K2; this yiel 

1055 JkgoK for this specimen with a le of 0.178 W/m& and p of 695.1 k9/m3. Sections 6 

and 7 of this report present results on other materials and a discussion of these results. 

than O,Q6%* "he T" value of 20. 

Two ~ r ~ ~ u r ~ s  were used for analysis of transient data. Method 1.1 for the denser 

materials used thc complete data set for times from 2 to 1880 s after the heat flux change, 

above, this included up to 151 data points. Method 1.2 us 

points selected in uniform timc increments from the mmplete data set for the same period- 

Method 1.2 yielded coefficients within 1% of those of Method 1.1. 

Several sources of indeterminate error ar in the analysis of the transient tests, The 

devclopn1ent of s. (2) and (3) assumes that the heat flux is constant. During the transient, 

howcvcx, the thin heater of the experimental apparatus ~ n d ~ r ~ ~ ~  a significant temperature 

changc. As this heater has a sm%B ut significant mas ,  some of the 

to increase the sensible heat of the beater. This error was illustratcd in the analysis of thc 

results as a small offset of approximately 0.03"C en the known initial tempmature and 

that resulting from the least-squares analysis (see Fig. 3). 'This effect has been discussed by 

r generation is used 

Tke applicability of the short-time solution for a semi-infinite s p i m e n ,  Qa (3), for the 

analysis of data wifs verified by comparison of the complete solution to the heat transfer 

problem with that for the short-time solution. Figure 4 shows the results of this calculation; 

the temperaturc of the complete solution, Tc9 is plotted vs that for the short-time solution, Tst. 

Deviation from the straight line of S ~ O  

time solution prediction for temperature is less than 1 mK too 1ow. This error risa to 20 mK 

at 3600 s, Least-squares linear regrwisn analysis of the data show that at 1800 s the slope of 

the line through the origin t 0. . a s  slope continues to darease as points csrresponding 

to longer times are ad ed in the analysiss. '4t 3 

value of kpC is dependent on the square of the slope, SO the resulting error was 0.01% at 

ins to oecur at 1 

1. The calculated 
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Fig. 4. Comparison of complete transient solution (TJ and short-time 
transient solution (TJ. 

s and 0.8% at 3 s. Allowing the least-squared line to have a nonzero intercept 

a F F r o ~ ~ a t ~ ~ y  doubled these errors. To minimize this error, the limit of applicability of the 

short-time solution f ~ r  the materials of interest was, therefore, taken as I800 s far the gypsum 

specimens (see Sect. 4.3 for other materials). 

The most significant determinate error arose from the fact that the starting time for the 

initial e x p ~ r ~ ~ ~ n ~  on the 

Analysis of the t ~ ~ ~ r a t ~ ~ e - t i ~ ~  results was thus performed for several values of to and the 

cimens with zero and 30% wax was only known to *6 s- 



values of the slope set q u a l  to that which yielded the "correct" initial starting temperature. 

Analysis of the results for the 

accurately known showed that an error of *1 s would produce an error in the results of 

approximately 4.4%; a k 3  s error yielded an error of *0.7%, and a *6 s error caw 

+1.1% error. Thc procedure employed allowed the initial time to be estimated to within *1 s, 

SO the error should be a b u t  4.4%. This analysis was confirmed by the agreement of the C 

sum specimen with 15% wax for which the initial time was 

The results of thc transient riments show very g 
for each material. This suggests that all o f t  e errors are small wmparcd with that resulting 

from the initial time, Thus the overall error in kpC is less than i r l% for gypsum specimens. 

agreement for the values of kpC 

4.2 METHOD 2: HEAT FLUX CHANGE 

'Illis method of analyzing transient data was us after tats on low- nsity (30-kj.$m3) 

extruded polystyrene yielded a temperature response of the thin heater that was delayed in 

time. T h i s  time lag was associated. with the thermal mass of the heater. To reduce the cffect 

of this time lag, the step-change in heat flux was corrected: 

= F - F  = F - -  - ' p ' C  
1 dT d t 2  I 

where dTldt is the rate of temperature change of the healer (AS), 

p is the heater density (2115 kg/m3), 

C is the heater s ific heat (435 SkgaK), 

x/2  is half thc heater thickness (330 x 10" m). 

4.3 METHOD 3: THERMAL NASS CHANGE 

This method of analyzing the transient data evolved from Method 2. It is based on a 

finite difference model. of the transient behavior of an infinite slab of thickness L and a thin 

heater of thickness 0.5 t,. The boundary of the slab at x equal L is maintained at constant 

temperature T(0). The boundary at x equal zero is in intimate contact with the thin heater. 

The heater has a finite thermal mass, 0.5 t,.p,.C,, arid high thermal conductivity relative to 
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the slab. The slab may initially be isothermal or have a linear temperature gradient. The 

model yields the heater temperature vs time relationship for a given step-change in the power 

to the heater. The complete development of the model, which employs the implicit method, 

and the program are presented in Appendix k 

Dimensional analysis of this problem yields four dimensionless numbers: 

1. dimensionless position, X = x/L; 

2. Fourier number (or dimensionless time), N, = at/L2; 

3. dimensionless temperature, T = fT(t) - T(O)]/[T(=) - T(0)]; and 

4. thermal mass ratio, TMR = 0.5 t,.p,.CJL.p.C. 

Thus results for the heater temperature (ie., the temperature at x equal 0) may be presented 

as a function of NFo and TMR. Figrue 5 presents some typical temperature response curves 

for the heater as a function of the square root of NFo. 

The zero-heater-thermal-mass case (ie., TMR equal zero) corresponds to Method 1. At 

short times a linear depcndcnee of the heater temperature on the square root of time must, 

therefore, occur. Figure 5 shows this behavior for times corresponding to N, less than 

approximately 0.5. 

0R.NL-DWG 17159 

u 
0 

Fig. 5. Temperature response of the thin heater as a 
function of Fourier number and thermal mass ratio. 
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As the TMR increases, a nonlinear regime in the relationship between temperature and 

the square root of time occurs at short times. The length of this regime incrcases as TMR 
increases. In all cases the nonlinear regime is followed by a linear region. The linear region 

is then followed by a roll-off in temperature, as was the case for TMR equal zero. The onset 

of the linear region occurs at dimensionless times ranging from zero for TMR equal zero, to 

0.36 (N,:' = 0.6) for TMR q u a l  1. The end of the lincar region occurs at N, equal 0.25 

for TMR equal zero and at IN, greater than 1 for TMR q u a l  1. For TMR less than or equal 

to 1, however, the linear region occurs for ~ i m e ~ s i o ~ ~ ~ s s  temperatures between 0.3 and 0.5 

(Fig. 5). 

The slopes of the dimensionless heater temperatures vs the square root of dimensionless 

time curves are a function of the TMR and d i ~ e ~ s i ~ n ~ e ~  time. In the linear reglion between 

dimensionlcss temperatures of 0.3 and 0.5, the slope is solely a function of TMR: 

The ratio of the slope for any TMR to that for R equal zero then equals 

where S(TMR) and S(0) designate the slopes of the heater temperature vs the square root of 

timc curvc in the range of dimensionless temperature between 0.3 and 0.5 for any TMR and 

for TMR q u a l  zero respectively. Assuming the ratio S(WR)/S(O) may he expressed as a 

polynomial in TMR yields 
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The zero-heater-thermal-mass analysis, Method 1, yielded 

S(0) = F / ( R p H p  . 

A combination of Eqs. (10) and (11) yields 

The constants in the polynomial used to describe the dependence of the slope on TMR 
were established from least-squares fit straight lines to the heater temperature vs the square 

root of time results for a series of calculations. Table 5 and Fig. 6 show the values of these 

slopes and the resulting polynomials. 

Table 5. Slopes for the least-squares fit lines to the linear region 
of temperature vs curves 

TMR s(=) S(TMR)/S(O) 

0.00 1.1281" 0.999752 
0.01 1.12702 0.998795 
0.025 1.12223 0.994550 
0.05 1.11665 0.989605 
0.1 1.09372 0.969284 
0.15 1.06593 0.944655 
0.2 1.0376 0.919549 
0.25 1.00946 0.8946 10 
0.3 0.98284 0.871 019 
0.35 0.95671 0.847862 
0.4 0.93068 0.824793 
0.45 0.90803 0.804720 
0.5 0.8866 1 0.785737 
0.55 0.86588 0.767346 
0.6 0.84687 0.750518 
0.65 0.82723 0.7331 13 
0.7 0.81014 0.7 17967 
0.75 0.79384 0.703522 
0.8 0.77817 0.68%35 
0.85 0.76402 0.67'7095 
0.9 0.74908 0.663854 
0.95 0.73592 0.652192 
1 0.72347 0.641 158 

"S(0) equals 1.128379 from Eq. (11). 
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An iterative technique was then employed to solve Eiq. (12), as C appears on both sides 

of the equation (is . ,  on the left as C and on the right in the denominator of TMR). The 

iterative solution technique starts with a guess for C equal to {F/((aepek)0.5 S(TMR)]}2. 

This value for C is then used to calculate a value for TMR. The value for TMR is then used 

to find a new value for C using Eq. (12). The iteration continues until the new C and old C 

values agree to 0.001%. The program, which performs the iterative solution of Eq. (12), is 

given in Appendix B. 

The curve for zero thermal mass ratio in Fig. 5 shows a linear dependence for the square 

root of dimensionless time less than approximately 0.5. The more detailed analysis performed 

for Method 1 presented in Sect. 4.2 shows an error of -0.01% at 1800 s and -0.8% at 3600 s. 

For the conditions stated in Fig. 4, these times correspond to dimensionless times of 0.1625 

and 0.325 respectively. A linear fit to dimensionless time equal 0.25 would yield an error in 

the slope of -0.24% or an error in C of 0.5%. 

Method 3 used the dimensionless temperature range between 0.3 and 0.5 to establish the 

slope, S(7IR.IR). At zero thermal mass this criterion would correspond to dimensionless times 

bctween zero and approximately (0.44)* or 0.19. Based on the data used to construct Fig. 4, 
this slightly longer time interval would produce an error in the slope of -0.05% or 0.1% in C. 

The difference between the specific heats from Method 3 and from Method 1 may, in 

part, be explained by the fact that Method 1 should be done at dimensionless times less than 

the specified value of 0.1625. The denser gypsum plus wax would, therefore, require longcr 

times to be included in the analysis. The less dense materials, especially the plastic foams, 

would require much shorter times to be used. Table 6 shows the magnitude of the possible 

error. This error is further compounded by the small sample thickness used for the 

polyisocyanurate (PIR) with CFC-11. The approximately 40% reduction in thickness of this 

material would necessitate a 64% reduction in the time interval. The rollover at longer times 

results in a lower slope and thus higher C. This result could explain the large negative 

deviation (is., C from Method 2 greater than from Method 3). The larger slope at shorter 

times would make C lower for Method 2 for the PS samples and would make the error larger. 

A similar trend would result for all of the other materials except Douglas fir plywood. 

Figure 5 suggests that the dimensionless temperature range that should be used in 

Method 3 is 0.3 to 0.5. This is based on the visual observation of the deviation from linearity. 

The slopes shown in Table 6 for other temperature ranges show, however, that the slope is 
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Table 6. Comparison of results for the different methods to calculate specific heat 

Exp. No. Method Range S lop C (Jkg*K) 

G32089 

CS 101 989 

DQWW589 

1 0. 1054 
0.86350 1087 
0.M325 1096 

3 I’ = 0-3 -+ 0.5 0.06274 1111 
0.06292 
0.0523 1 T = 0.4 -+ O S  

Calcium silicate 

1 0.02592 1035 
t = 6 0 - 1 8 0 8 ~  0.02593 1034 
r = 0 .+ 1150 s 0.02624 1010 
t = 60 .-. 1150 s 0.02538 993 
t = 128 -+ dlS0s 0.02628 1007 

2 0.025 1003 

3 T = 0.3 --E 0.5 0.02505 1100 
0.02490 
0.02302 T = 0.4 -* 0.5 

1 t = 0 -+ 1800 s 0.1038O 164Q 
s 0.106i05 1571 

0.09384 2010 
0.10240 1685 

s 0.10423 1627 

3 T = 0.3 - 0.5 0.10827 1359 
0.10818 
0.10776 T = 0.4 - 0.5 

not constant over the 0.3 to 0.5 range. As long as a consistent range i s  used, the analysis 

should be correct. This  assumption has not k e n  proved and could lead to some of the 

differences. 

Finally, Fig* 7 shows calculated and measured temperature vs time curves. In all three 

cases illustrated, an approximately lt5% range in the C value prediete by Method 3 is 
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shown. While there is clearly an offset in the absolute value of the temperature curve that 

results from the shift in C, it is not as clear that a significant change in the slope occurs. It is 

the slope that is important to Method 3. It is also clear that the "best" agreement occurs 

between dimensionless temperatures of 0.3 and 0.5, but not as good agreement occurs at short 

Limes. C .  

Analysis to determine the sensitivity of this method is needed. This analysis should look 

at both sensitivity to C and errors in temperature measurement from data acquisition and 

conversion. Would other portions of the temperature response curve be better for 

determining C? 

Radiation heat transfer in the less dense materials may also be important. This 

mechanism has not been incorporated into the current work. Materials with known specific 

heat are required to evaluate which nnethsd is correct. 

5. S'EST SPECIMENS 

Two-sided and one-sided steady-state and two-sided transient tests were conducted on the 

building material specimens described in this section and listed in Table 7. The heater was 

positioned at the mid-plane of each test specimen, and the entire heater was covered by the 

specimen or by a perimeter material of similar properties. 

5.1 GWSUM BOARDS 

The gypsum test specimen (GQW) was formed from a stack of eight boards 

(1.25 cm thick by 0.6 m by 0.9 m) cut from full-size gypsum wall boards (1.25 cm thick by 

1.2 n by 2.4 m).12 Test specimens containing about 15 (wt % wax (GlSW) or about 30 wt % 

wax (G3OW) were p r o d u d  by im 

bath of molten wax held at 75°C. This procedure allowed the wax to suffuse into the pore 

spaces of the gypsum.13 The full-size boards were cut to produce the 0.6- by 0.9-m specimen. 

Eight pkces of each material were stacked to produce a specimen approximately 10 crn thick 

for ilsc in the U T l N  Table 7 provides the thicknesses and average densities for the three 

test specimens. Table 8 contains estimates of test specimen properties at 24°C using 

literature data for k and 63 €or gypsum and w a  Three k - v a l ~ e s ~ ~ ~ ' ~  at 24°C for gypsum board 

predict an increase with density (p); this is described to 5% by the equation 

for fixed times in if 



Table 7. Building material test specimens for steady-state 
and transient tests in the Unguarded Thin-Heater Apparatus 

Test SDecimen. m 

Code Material Density Total 
(kg/m3> thickness Width Length Perimeter 

GOW Gypsum board 695.1 0.1002 0.6 0.9 GOW 
G15W Gypsum board - 14.1 wt % wax 816.9 0.1011 0.6 0.9 GOW 
G30W Gypsum board - 30 wt % wax looo.0 0.1006 0.6 0.9 GOW 

cs1 Calcium silicate 1 
cs2 Calcium silicate 2 
cs3 Calcium silicate 3 

WSF White spruce flooring 

DFP Douglas fir plywood 

307.4 0.077 0.9 1.5 - 
443.9 0.077 0.9 1.5 
605.1 0.077 0.9 1.5 

45 1.5 0.097 0.9 1.5 WSF 

500.9 0.073 0.9 1.5 DFP 

8 

SYPF Southern yellow pine flooring 575.2 0.098 0.9 1.5 SYPF 

PS Polystyrene (HCFC-142b) 
age: 25 d 

45 d 
74 d 
127 d 
227 d 

30.0 0.101 0.9 1.5 

CFC Polviswanurate (CFC-11’1 30.2 0.064 0.9 1.5 
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Data were not found that gave the temperature dependence of k of gypsum boards. 

The C of gypsum (CaSO, e 2 H,O, p theoretical density 2320 kg/m3) has been 

measuredl6> l7 from 18 to 303 K. Seventeen individual data points’’ tabulateel from 240 to 

303 K are described to 1% by the equation 

c lk-“) = 377.8 +- 2.3 (14) 

Table 8. Estimated properties at 24°C for gypsum-wax test specimens 

Estimated uroperties GOW C15We) G30W 

k, W/m-K 0.1614 0.1614 0.1943 

c, J/kg*K 1079.0 1262.0 1465.0 

a, m2/s.107~ 1.892 1.595 1.326 

“Actual composition was 14.1 

b E  is 1.892 10-7 m2/s for GOW. 

Measured k-values” for solid wax (n-octadecane) between 3 and 15°C are described to 1% by 

thc eqlaation 

= 0.3433 - 0.0016 (15) 

Data were not found that describe the k of liquid n-sctadecane. 

The C of liquid n-octadecane was cstimated to be 236.1 JkgsK at 24°C using a 

corresponding states The aensiq of wax w 770 kg/m3 (ref. 19). 

Ilie Eucken equation2’ for two-phase materials was sed to calculate k of the specimens 

where km is the conductivity of the two phase material, 

kl is the conductivity of the continuous phase, 

k2 is the conductivity of the discsntinuous phase (wax) and, 

f is the volume fraction of the discontinuous phase (wax). 
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Published data for C were used to calculate C for the specimens from the rule of 

mixtures. With increasing wax content the predicted k and C increase, but the predicted 

thermal diffusivity ( a )  decreases. Separate steady-state and transient tests were run on the 

three specimens listed in Table 7. In each test the 0.6- by 0.9-m specimens were surrounded 

by a perimeter of O W  to cover the 0.9- by 1.5-m heater. Thermocouples were added at the 

midpoints of each side of the specimen stack, and sheets of 0.07-mm-thick polyethylene were 

inserted at the four screen-specimen and plate-specimen interfaces to avoid possible bonding 

between specimens, the plates, and the screen. 

5.2 CALCIUM SILICATE BOARDS 

The calcium silicate board test specimens were duplicate slabs, each nominally 0.9 by 1.5 

by 0.038 m, of three densities (307, 444, and 605 kg/m3) that were conditioned in the Building 

Materials laboratory prior to testing.= Calcium silicate insulation is a reacted hydrous calcium 

silicate material made using uncalcined diatomaceous earth and lime blended with reinforcing 

fibers. The insulation is recommended for use for temperatures from 100 to 1200°F 

inclusive.23 The insulation is not CaOOSiO,, and while there is no exact chemical formula €or 

hydrous calcium silicate, it is near Ca$&O,, (OH), Table 9 contains k (24°C) values as a 

function of density that were obtained from ASTM standards and literature on calcium 

silicate. Figure 8 shows that the k-values in Table 9 increase with density, and the values 

show a separation of about 0.022 W/m.K (0.15 Btuin./h.ft2."F) at 240 kg/m3 (15 lb/ft3). The 

first five materials with higher k-values are described to 1% by 

A = 0.09079 - 1.1795 -lo4 p +2.7675-10-' p2, (240<p < 1050) . (17 

Items 6-9 with lower k-values average 0.056 W/moK (0.388 Btu.in./h~ft*."F). 

Specific heat values of 836-878 J/kg.K and 1045-1170 J,kg.K are listed for hydrous 

calcium ~i1icate.I~ USC of a C value of loo0 J/kg.K and Eq. (17) yields the estimated 

properties given in Table 10 for the calcium silicate specimens. This tabulation shows that the 

estimated thermal diffusivity decreases as the specimen density increases. 

Calcium silicate boards of two densities (449 kg/m3 and 641 kg/m3) have been tested at 

PABCO and NIST (Boulder) from 40 to 540°C in high-temperature guarded hot plate 

apparatuses. The results at 40°C (Table 9) show that the PAJ3CO results are 10 and 33% 



Table 9. Thema1 conducti~ty values at 24°C as a function of density for calcium silicate insulation 

Density k (2S°F) 

Item lb/ft3 kg/m3 Btuein./h.ft*.o E; W/m.K Comment Reference 
~ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10” 
11” 
12” 
13b 
14b 
ISb 
1 6b 

15 
15 
26 
38 
65 
12.8 
13.1 
14 
15 
19.2 
27.7 
37.8 
28.0 
28.0 
40.0 
40.0 

240 
240 
417 
609 
1041 
205 
210 
224 
240 
308 
444 
605 
449 
449 
641 
541 

0.54 
0.545 
0.628 
0.838 
1.856 
0.382 
0.375 
0.40 
0.39 
0.453 
0.517 
0.6116 
0.580 
0.527 
8.69 
0.524 

0.0779 
0.0786 
0. 
0. 
0.2623 
0.0551 
0.0542 
0.0577 

0.0836 
0.0760 
8.0995 
0.0756 

Type 11, fitted 14 

Class A, fitted 25 
Class €3, fitted 25 
Class c, fitted 25 

Type 11, fitted 24 

26 
27 
14 
24 

PABCO 
NIST (B) 
PABCO 

NIST (B) 

“This research Sect. 6.12. 
%-values at C. 
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Fig. 8. Thermal conductivity at 24°C of calcium silicate 
as a function of specimen density (see Table 9). 

Table 10. Estimated properties at 24°C for calcium silicate boards 

Estimated property CS1 cs2 cs3 
density (kg/m3) 308 444 60.5 

k, W/m& 0.0807 0.0930 0.1207 

C, J/kg*K 1OOO.O 1Ooo.o 1m.o 

a rn2/sa1~' 2-62 2.09 2.00 

aa is 2.62 x m2/s for CS1. 

greater than the NIST (B) results. The PABCO results increase with density, but the NIST 

(B) results do not. The UTHA tests were conducted to hclp resolve these significant 

differences. 

5.3 WOOD PRODUCTS 

The southern yellow pine flooring and white spruce flooring test specimens were made by 

gluing individual tongue-and-groove boards together and planing their surfaces to produce 
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0.9- by 1.5-en slabs of uniform thickness. The z)su las fir plywood test specimen was made 

from 1.2- by 2.5-m plywood bardstock by cutting a 09-  by 1.5-m slab and sanding one surface 

to produce a uniform thicknw. A center 0.6- by 0.6-na2 section was cut from each to break 

the conduction path in each slab. Three slabs were stacked on each side of the heater to yield 

a six-slab test specimen with the heater s a n d w ~ ~ h ~  at the stack centerline. Additional 

thermocouples were added at the h a r d  interfaces- Tests were conduct 

perpendicular to the board face, 

with heat flowing 

txz the case for a flooring application.28 

Test specimens were conditioned in the Building Materials laboratory for several weeks 

prior to testing, and the average moisture content did not change significantly as a result of 

the thermal tesb. Table 11 gives the average pre- and post-tat moisture contents. These 

values were determined using a Model RDM-1 Portable Resistance Meter made by Delmhorst 

Instrument Company, Towaco, New Jersey. Some moisture rcdistribution from warm to cold 

regions was noted. 

Table 11. Average moisture contents of woo -product test specimen (wt %'.> 

Board (Heater)o Board 

Average 1 2 3 4 5 6 

White spruce Pretest 11.1 11.0 11.4 11.1 11.0 11.1 10.8 
floofiAg TOSL-LeSt 11.8 13.7 12.1 9.6 iu.; 11.9 13.3 T.l 

Douglas fir Pretest 9.4 10.5 8.4 8.8 9.8 9.3 9.6 
plJW00d POSt-tat 8.6 10.2 8.2 7.6 7.8 8.3 9.5 

pine Rooring Post - t a  t 8.9 10.4 8.4 7.7 8.5 9.1 9.1 
Southern yellow Pretest 8.6 8.5 8.4 8.6 9.4 8.5 8.1 

?I"hh: thin heater was positioned hetween 

Available information on the thermal conductivity and specific heat of wood and wood 

products was assessed by .A TenWolde, J. D. McNatt, and E. Krahn.29 They present 

equations to predict k and C as a function of density and moisture content: 

(0.1941 + 0.m + 8,01864 

R 



29 

C, (e) = 0.003867 T + 0.1031, kJ/kgX 

c, + 0.01 M c w  
c (moist) = + A ,  1 f 0.01 M 

where M is the moisture content (percent), 

Cw is the C of water (4.186 kl/kg*K}, 

A is a correction term. 

A = (0.0002355 T - Q.0001326 M - 0.06191) M . 

Equations (18)-(22) were used to estimate the properties of the three wood product test 

specimens (Table 12). This tabulation shows for the woods that a 37% increase in density 

yields an estimated increase in k of 29%, a decrease in C of $%, and a 1% decrease in a. 

Table 12. Estimated properties at 24°C for wood-product test specimen 

White sprue flooring Douglas fir plywood Southern ycllow pine 

Densitv. kdm3 452 501 575 

Moisture content, wt % 0 11.5 0.0 9.0 0.0 8.8 

Estimated property 

k, W1m.K 0.106 0.127 0.0995 0.1152 0.13% 0.1513 

C, J/kg.K 1251.6 1627.3 1251.6 1554.1 1251.6 1548.1 

a. m2/s.l0~ 1.87 1.73 1.59 1.48 1.81 1.69 

aa is 1.67 x 10.’ m2/s for white spruce flooring. 

5.4 PLASTIC CELLWLAR FOAMS 

Thermal test specimens, 0.9 by 1.5 m, were prepared from 1.2- by 2.4-m boardstock of 

extruded polystyrene and polyisocyanurate plastic cellular foam?l Each polystyrene test 

specimen was nominally 0.051 m thick, had a density of 30 kg/m3, and was tested with the as- 

produced surfaces.30 The polystyrene was foamed with HCFC-142b. The polyisocyanurate 

test specimen was prepared by planing a rigid foam boardstock blown with CFC-11 that was 

nominally 0.038 m thick and faced with a 0.6- by 10”3-m (0.025-in.) GAF paper facer.” The 

density of the test specimen was 30.2 kg/m3, and each specimen was nominally 0.032 m thick. 
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Typical thermal properties ven by StrzepeC2 for extruded polystyrene are k(initial), 

0.020 W/m.K; k (after 100 days), 0.0288 W / m . ~  and a range of C values from 1130 to 

1300 J/kg.K Those by Strzepep* for polyisocyanurate are k (initial), 0.017 W/m.K; 

k(kyond 1 year), 0.024 W/m.K; and a range of C from 

provides k-values for both materials (32 kg/m3) that agree with those of Strzepek and C values 

at 300 M of 1150 J/kgaK for polystyrene and 1525 J k p K  for polyisqanurate (49 kg/m3). 

The latter value was measured by Luilrav et ale3 from 10 to 

to estimate the properties of the t a t  s 

increase with time, and the value for 

the polyisocyanurate foam. 

to 1050 S/kg.K Sparks33 

K. These valucs were used 

given in Table 13. The estimated oe for both 

lystyaene is about 60% greater than that of 

Table 13. Estimated properties at 24°C for plastic cellular foam test specimens 

Evtruded polystyrene Polyisocyanurate 

Density, kg/m3 30 30.2 

Estimated property Initial After 100 days Initial Alter 1 year - 
k, W/m.K 0.020 0.0288 0.017 0.024 

C, Jkg*K 1150 1525 

8.3 3.7 5.2 a, m2/s.10’ 5.8 

’a is 5.8 x m2/s for extm 

Subsection 6.1 describes thc k-values as a function of tern crature that were determined 

for the building material test specimens from steady-state tests and those determined before 

and at thc end of transient tests. Subsection 6.2 describes the results obtained by analyzing 

the transient data for the building material test specimens. The transient analysis yielded kpC 

and used the mcaqured k-values to obtain C as a function of temperature. 

6.1 STEADY-STATE 1XER CONDUCITWTY VALUES 

6.1.1 Gypsum b a r d s  

Table 14 contains the k-values a5 a function of temperaturc for test specimens GQW, 

G15W, and G3OW. For example, 12, 0.3 is the k-value obtained from 300 s of data before 



Table 14. Summary of k-salues for GOW, G15W, and G3OW test specimens 

Mean Mean 
Data temperature k t(hot), t(co1d) Data temperature k t(hot), t(co1d) 

point ("C) (W!rn.K) ("C) point ("e) (WimeK) ("C) - 
~~ ~~ 

D1 23.99 0.1766 27,21 T1, 1.8 24.00 0.1786 27,21 
T2, 0.3 24.02 0.1793 27,21 

D2 26.58 0.1765 32,21 72,  1.8 27.27 0.1785 32,22 
T3, 0.3 27.3 1 0.1788 32,22 

T4, 0.3 30.14 0.1782 38,22 
TlR, 1.8 24.02 0.1787 27,21 

D4 44.72 0.1762 52, 37 T3, 1.8 30.15 0.1782 38,22 

Average 0.1764 0.1786 

G15W test specimen 

D1 22.93 0.2019 23,22 T1, 1.8 22.90 0.2010 23,22 
D2 25.68 0. I952 29, 23 T2, 1.8 25.65 0.1952 29,22 

D4 33.85 0.1918 41,27 T4R, 1.8 29.76 0.1921 33,27 
D4R 33.88 0.1917 41, 27 T4R, 1.8 33.83 0.1917 41,27 
D5 29.79 0.1822 33, 27 T6, 0.3 33.84 0.1918 41,27 

D3 29.45 0.1918 33,27 T3, 1.8 29.27 0.1920 33.27 

Average D3-D5 0.1919 T3 - T6 0.1919 

G30W test specimen 

D1 23.03 0.2342 24,22 T5A, 1.8 24.75 0.2400 27,22 
T5B, 0.3 24.78 0.2424 27,22 

D2 29.21 0.2322 32,27 T5B, 1.8 28.25 0.2369 34,22 
T5C, 0.3 28.25 0.2369 3 4 2 2  

DJ 32.55 0.2322 38,27 T5D, 1.8 25.04 0.2412 28,23 
T5E, 0.3 25-03 0.24 10 28,23 
T6, 1.8 29.14 0.23 16 32, 27 

T7, 1.8 32.43 0.2330 38,27 
T8, 0.3 32.54 0.2326 38,27 

T7, 0.3 29.16 0.1333 32,2? 

- Average D2-D3 0.2322 T6 - T13 0.2326 

w 
U 
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transient "2; and T2, 1.8 is that obtained from 1800 s of data at the end of transient T 2  
Table 14 contains the nominal tcmperatures of the hot and cold surfaces for each test. 

The k-values for GOW specimen are within 1% of the average, 0.1786 W/meK, and are 

indepndcnt of t e ~ ~ r ~ ~ ~ r e  from 24 to 45°C (Fig. 9)- 

The eight k-values for G15W specimen obtained with he  cold surface near 27°C are within 

0.2% of the average, 0.1919 W/m*K, are independent of temperature from 29 to 34"C, and 

are greater than k of GOW by about 8%. The with the cold surface 

near 22°C and a small temperature difference across the specimen are within 0.5% of their 

average of 0.2014 WImeK. The fraction of wax that is solid is unknown. However, this result 

suggesls that thc k of the G15W composite with solid wax exceeds that wit 

about 5% and exceeds k (Caw) by about 13%. 

Ttae s k  k-values for G30W s cimen obtained wit the cold surface near 27°C are 

0.7% of their average, 0.2325 W/meM, are independent of temperature, and are greater than 

OIWLDWG 17166 
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Fig. 9. Thermal conductivity as a function of temperature 
for gypsum-wax specimens. 
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near 22°C are within 3.5% of their average, 0.2389 W/m.K. This result suggests that the k of 

the composite with solid wax exceeds that with liquid wax by about 3% and that of GOW by 

about 35%. 

The average k-value for GOW is 25% greater than the estimated value in Table 8. This 

value and the data in ref. 14 are described to 2% by 

This equation predicts k-values that are about 17% greater than those given in ref. 15. The k- 

value for GOW was used with ms. (15) and (16) to predict the k-values at 24°C for the 

G15W and G3OW composites respectively. The predicted composite k-values were 0.1944 and 

0.2208 W/m.K, these are 3.5 and 8% above the average measured k-values for G15W and 

G30W respectively. 

6.1.2 Calcium Silicate Boards 

Table 15 contains the measured k-values as a function oE temperature for test specimens 

CS1, CS2, and CS3, The k-values increase with temperature and density. The individual 

Table IS. Tficmal ~ n ~ u ~ t i v i t y  values for three calcium 
em as mcasurcd in the Oak Ridge National Laboratory 

-heater apparatus 

CS1,307 kg/m3 25.9)) 0.065% 
27.74 0.06562 
31.16 0.06562 
35.94 0.06587 

.95 0.06623 
52.66 0.06’723 
58.36 0.06765 -. 

k -- 4.3542 x 10.’ + 4.3009 x 10.’ t ,  i0.26%’ 

(32,444 kpiM3 27.36 
35.50 
11.28 
53.21 
59.29 

0.07473 
0.07559 
0.07597 
0.07686 
0.07736 

k = 7.2640 x 10’’ + 7.98513 x 10.’ t, *0.077% 

CS3,60S kg/m3 27-08 
33.24 
38.00 
5258 
57.97 

~ 

0.08940 
0.08953 
0.08977 
0.09119 
0.09179 

k = 8.7021 x + 7.9729 x IO-’ t .  i0.20% 

‘Average deviation. 
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specimen data were fitted by a least-squares method to a linear function of temperature. 

Table 15 contains the coefficients obtained and shows that the average deviation of the results 

from the equations i s  less than 0.25%. These linear equations were used to obtain thc k 

(24°C) values indicated in Table 9 as items 10, 11, and 12. These values and items 6, 7, 8, 

and 9 are described by a nonlinear equation with an average deviation of less than 2%: 

Figure 10 k a plot of the k-values as a function of temperature for these three specimens and 

test results from PAIJCO and NIST ( ulder) on specimens of densities of 449 kg/m3 and 

0.10 

0.09 

c\ x 
E 
v ; 0 * 0 8  

Y 

0.07 

0.06 

ORNLDWG BMG 
I I I 1 

A PABCO, 64i 

i PABCO, 449 

1 

I.__.-._.._.--. ;....I ____ L 
30 35 40 45 5 0  55 6 0  

TEMPERATURE I°C) 

Fig. 10. Thermal conductivity of three calcium silicate s 
temperature. 
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641 kg/m3. The ORNL and NIST results agree to 1% for the specimen with a density of 

449 kg/m3. The PAE3CO results are about 10% higher than these two data sets. The ORNL 

results are about 19% higher than the NIST results and about 9% lower than the PABCO 

results on the 605- kg/m3 specimen. 

6.1.3 Wood Products 

The k results obtained on the southern yellow pine flooring (SYPF), white spruce flooring 

(WSF), and Douglas fir plywood (DFP) test specimens are given in Table 16. The k-values 

increase with temperature for the three products, and the WSF and DFP k-values are nearly 

equal and less than that of the SYPF test specimen. The individual specimen data were fitted 

by a least-squares method to a linear function of temperature. Table 16 contains the resulting 

equations and shows that the average deviation of the results from the equations is less than 

0.3% Figure 11 is a plot of k-values as a function of temperature for these three products 

and includes the estimated k-values at 24°C for dry and moist specimens given in Table 11. 

The measured k-values at 24°C are within 3% of the estimated k-values for 0% moisture 

content: WSF (2.9%), DFP (2.2%), and SYPF (2.5%). However, the measured k-values at 

24" C are significantly lower than the estimated k-values for the measured moisture content of 

the test specimens: WSF (-19%), DFT(-11.7%), and SYPF (-15.9%). If this trend .is found for 

the other specimens available from the Forest Products Laboratory, it suggests that the 

equations used to estimate the k-values should be modified. 

Table 16. Thermal conductivity values for three wood products 

Mean temperature k 
('C) (W/m.K) 

WSF 24.05 0.1030 
a 1 8  0.1037 
35-53 0.1046 

47.63 0.1073 
4334 a. 1054 

47.73 a.io64 
~~~ ~ ~ 

k = a . m  + 1.5537 x io-' t, t0.28%" 

DFP 23.60 0.1014 
27.24 0.1026 
32.43 0.1030 
35.02 0.1034 

k = 0.09786 + 1.6039 x lo4 t ,  i0.18% 

SYPF 23.71 0.1274 
27.12 0.1217 
32.95 0.1285 
45.89 0.1309 

k = 0.1234 t 1.6153 x lo4 t, t0.1136 

'Average deviation. 
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Fig. 11. ']Thermal conductivity of three wood-product test 
specimens as a function of temperature. 

One reason for doing these tests was to establish the temperature dependency of k of 

typical wood products, as reconimended by A. TenWolde, et aLB The average percent 

deviation of the least-squares fits is quite low. The slope terms for the three products agree 

to 12%. The increase in k from 20 to 50°C is 3.83%, or about 0.13% per degree centigrade. 

This increase is less than half of the 10% per 50°C increase in temperature cited by 

k TenWolde, et aLm 

6.1.4 Plastic Cellular Foams 

Table 67 lists the k-values for extruded polystyrene foamed with WCFC t42b as a function 

of temperature and timc after manufacture. Table 17 includes results on the polyisoeyanurate 

cellular test specimen foamed with CFC-11 and tested 398 d after manufacture. This test 

specimen will be circulated to four laboratories to compare results obtaincd using 0.6- by 

0.6-m comparative heat flow apparatuses. Table 17 contains the equations obtaincd by a least- 

squares method of fitting the data to a linear function of temperature. 'fie average percent 

deviation is less than 10.35% for the five data sets for the extrudcd polystyrene test spccimen 

and is +0.3% for the polyisocyanurate test specimen. 
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Table 17. Thermal conductivity values as a function of temperature and 
time after production for extruded polystyrene foamed with 

HCFC 142b and polyisocyanurate foamed with CFC-11 

Specimen: Mean temperature k 
age (“C) (W/m.K) 

PS (HCFG142b): 25 d 27.90 0.02624 
33-50 0.02685 
47.54 0.02858 
27.85 0.02634 

0.02627 
HF (UP) 

HF (down) 27.84 

k = 0.02302 -t 1.1650 x lo4 t, *0.15%” 
27.80 
33.18 
42.95 

0.02719 
0.02786 
0.02910 

k = 0.02368 -t 1.2618 x lo4 t, *0.014% 

PS (HcFG.142b): 74 d 27.72 
32.% 
46-60 

0.0281 1 
0.02867 
0.03033 

k = 0.02480 -i- 1.1841 x 10“ t. *0.081% 

PS (HCFG142b): 131 4 27.48 
32.58 
43.14 

0.02895 
0.02949 
0.03079 

k = 0.02567 + 1.1831 x lo4 t, *0.085% 

PS (HCFG142b): 227 d6 27.47 
32.47 
42.92 

0.02937 
0.02997 
0.03125 

k = 0.02602 -t 1.2181 x lo4 t ,  *0.012% 

PDR (CFC-11): 398 4 27.3 1 0.02068 
39.98 0.02191 
50.14 0.02295 
39.83 0.021% 
39.% 0.02 1 74 

HJ? (UP) 
HF (down) 

k = 0.01794 + 9.9054 x lo5 t, *0.29% 

“Average deviation. 
bTransient tests were conducted at these times. 
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that the k-values increase with temperature and increase with time after 

manufacture for the extruded polystyrene test specimen. For the polyisocyanurate specimen, 

ORNLDWG BMG90-5 
1,------.-.- -. . . . . . . . . 

t 0 .035  

%PS, 227d 

PS, 74d 

e----- */-- 
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L > 0.025 
Y o PIR, Lang-tlme 

0.020 I ops, 0 

0 PIR. 0 

25 3 0  35 40 45 50 55  
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Fig. 12. Thermal conductivity as a function of temperature and 
time after manufacture for extruded polystyrene (MCFC-142b) and 
polyisocyaaurate (CFC-11). 

398 d after manufacture the k-values increase with temperature. 'Ibe slope terms for the 

extruded polystyrene agree to 342% and have an average value of 1.202 x 104"C-'. The 

polyjsocyanurate test specimen has a slope term that is about 18% below this average slope. 

The equations given in Table 16 for extrudcd polystyrene were used to obtain the values 

of k at 24"C, and these values are plotted as a function of time after manufacture in Fig. 13. 

These data were fitted by a least-squares method to a0.4% by 

k = 0.02492 + 4.317 x lW5 t - 1.127 x lov7 3, k d .  (29 

Equation (25) is only valid for interpolating within these data and should not be extrapolated 

to longer times. The initial k (24°C) value, 0.02492, is about 25% greater than the initial 

value estimated in Table 13, but the lOO-day value, 0.02131, is within 3% of the estimated 

100-day value. The k (24°C) value for the 

predicted range. 

lyisqanurate test specimen is within the 
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Fig. 13. Thermal conductivity at 24°C of extruded polystyrene 
(HCFC-142b) as a function of time after manufacture. 

In a study on the aging of thin specimens planed horn polyisocyanurate roof insulation 

boards,3S we have noted that the time dependency of k can be scaled usefully by @n 100 k vs 

(time)''/thickness. This test procedure provides a means to measure the two-stage diffusion 

process that causes foams with permeable facers or no facing to slowly lose their insulating 

power as a function of time. Without a barrier, air diffuses into the foam cells, and the 

blowing agent diffuses out of the foam cells. This process changes the cell gas composition, 

which changes the cell gas thermal conductivity, which changes the product's thermal 

resistance. 

If one empirically assumes that k can be described by an exponential dependence on 

diffusion coefficient (D), time (t), and thickness (h), 

where k, is the initial thermal conductivity, then one observes 

On k = Pn k, + (Dt)"/h and 

Y = A + B X ,  
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1.0 

.Y 
0 
0 0.9 
c ..- 

0.8 

where A zz Pn k,, 
Y = & k ,  

x = Pill, 

B = LP. 

Thus, if one measures the k of a foam product of thickness (h) as a function of aging time ( t ) ,  

then a plot of Y vs X should yield a straight line with slope B. A least-square fitting of the 

data to the straight line represented by E%+ (28) yields an intercept of Pn k, and a slope 

of la”. 

Leon Glielrsman of the Massachwtb Institute of Technology (MI‘T) has providcd 

of calculations from a model for aging of pl 

two linear regions when scaled to (time)%/thickness (Le.? an initial linear region associated 

with inward diffusion of air components and a second linear region associated with outward 

diffusion of chlorofluorocarbon gas). For his calculations the linear regions intersect at a 

value of a b u t  0.3 (d)%/mm and show a transition re 

We have applied the a h v e  treatment to the five k (24°C) values with a thickness of 

50.13 mm (2 in.). The results (Fig. 14) show a linear behavior for the first three data points. 
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Fig. 14. Natural logarithm of 100 k vs (time)’A/thickness for the 
Massachusetts Tnstitute of Technology model of aging by a plastic foam 
and Oak Ridge National Laboratory data on extruded polystyrene. 
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The fourth and fifth points do not fall on the same linear relation; this indicates that a 

transition to the second linear region is occurring. 

The linear regions for the MIT model calculations are described by 

pn 100 k = 2.454 + (18.78 x IO4 t)% and 

4n 100 k = 2.826 + (9.23 x lo-'' t)*/h,(30) 

where t is time in seconds and h is thickness in centimeters. The three extruded polystyrene 

data points are described by 

dn 100 k = 2.78% + (10.81 x 10% t)%/?z, (31) 

where h is 5.08 cm. The coefficients for the time variable have the units of square. 

centimeters per second and represent apparent diffusion coefficients. For Eqs. (29) and (30) 

the ratio of these coefficients is about 200. This ratio is the correct order of magnitude 

expected for air components and CFC-11 gas. For Eqs. (29) and (31) the coefficients differ 

by less than a factor of 2, as might by expected for air components in two types of plastic 

foam. The intercept of Eq. (31) corresponds to the initial k (24°C) and has a value of 

0.02347 W/m.K, which is 2.5% lower than the prediction of Eq. (25). 

6.2 TRANSIENT DATA ANALYSIS RESULTS 

This section presents the results of analyzing the transient temperature response of the 

thin heater. Several methods of analysis have been described (see Subsects. 4.1, 4.2, and 4.3), 

and the results of applying these are described for each material. A comparison of applying 

Method 1 and Method 3 is given to show the differences in these two approaches. 

Method 3, an iterative technique described in Subsect. 4.3, was employed to determine 

the specific heat values for all of the materials tested. The thermal conductivities measured by 

the steady-state technique (presented in Subsect. 6.1) and the densities and sample thicknesses 

(presented in Table 7) were used in the analyses. Table 18 lists the results of these 

calculations to obtain specific heat values. These differences are discussed in each material 

section. 

6.2.1 Gypsum Boards Containing Wax 

Table 19 lists the results obtained by analyzing the transient data for the GOW, G15W, 

and G30W specimens using Eqs. (4) and (9, Method 1.1. Each specimen was subjected to 

positive and negative step-changes in heat flux. The slope was determined from data that 
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Table 18. Specific heat values obtained by Methods 1 (1.1, 1.2) or 2, and 3 

Material Temperature C-M3 C-MI of M2 
(TMW ("C) (Jkm (Jkm 

Gypsum 

GOW (0.0075) 23.3 1089 1048 
29.3 1121 1056 
34.8 11% 1078 
31.0 1115 
23.6 1111 1055 

G15W (0.0055) 22.8 
23.9 
29.0 
36.1 
35.2 

G3OW (0.0038) 23.9 
30.1 
29.2 
24.5 
25.0 
28.6 
34.3 
33.6 

3021 2461 
2923 2098 
1428 1425 
1301 12 
1295 1274 

7155 
9336 
1549 
9270 
45019" 
1503 
1502 
1491 

41 16 
5891 
1534 
6012 
1942 
1528 
1520 
1526 

Calcium Silicate 

CS-1 (0.023 1) 25.8 
28.3 
33.1 
41.0 
50.8 
43.9 

cs-2 (8.0164) 2623 
36.2 
50.5 
44.3 

cs-3 (0.01 21 J 26.5 
34.0 
45.5 
40.4 

1100 
1065 
1050 
1101 
1123 
1061 

1008 
1074 
1120 
1024 

1041 
1070 
1094 
1004 

1003 
1005 
1026 
1050 
1069 
1021 

1027 
1052 
1078 
1008 

1028 
1052 
1075 
loo0 
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Table 18. (Continued) 

WSF (0.00777) 23.7 
28.8 
39.5 
37.3 

DFP (0.0105) 23.3 
31.8 
44.2 
35.8 

SYPF (0.0065) 23.4 
27.6 
36.3 
34.9 

1672 
1704 
1748 
1720 

1438 
1487 
1533 
1492 

1544 
15% 
1600 
1601 

1656 
1668 
1712 
1723 

1400 
1411 
1421 
1412 

1576 
1642 
1676 
1669 

Plastic 

PIR + CFC-11 (0.237) 26.7 
40.0 
43.6 

PS @ 45 d (0.132) 27.2 
35.2 
49.7 
46.5 

PS @ 127 d ( 0.144) 26.9 
34.4 
49.0 
46.8 

PS @ 227 d (0.145) 27.1 
34.2 
48.7 
46.6 

1218 
1327 
1300 

1359 
1397 
1552 
1485 

1275 
1323 
1349 
1364 

1308 
1270 
1350 
1353 

1530b 
16406 
l(i8ob 

12501b 
1309b 
1441’ 
1381’ 

1157’ 
1226’ 
1239 
1283’ 

116@ 
1165‘ 
1245‘ 
1266’ 

“Based on slope for T equal 0.3 to 0.4. 
’C-M2. 



Table 19. Summary of specific hcat (C> values from analysis ef transient 
t a t s  of gypsum-wax composites using Method 1.1 

Average Specific Power Transient range 
Transient temperature heat change Slope keC t(start, end, plate) 

test ("C) (j'k-m (W) (" Ci(sj'h.102) (W2/m*kgeK2) t"C> 

WW density, 

T1 22.85 f 048 23.06) 6.446 186.62 21, 27, 21 
T2 28.54 1056 19.32 5.412 188.02 27, 33, 22 
T3 34.12 1C78 16.68 4.625 191.W 33, 38, 22 
T4 32.97 1092 -59.00 -14.252 194.36 38, 21, 22 

T1R 22.82 1055 23.m 4.446 187.83 

315W density, 816.9 kg/m'; k, 0.1918" 

T1 22.55 246Ib 4.00 0.652 472.34 22, 23, 22 
7-2 23.78 2@JSb 23.42 4.135 402.57 22, 29, 22 
T3 28.14 1425' 26.20 5.614 273.38 27, 33, 26 

T4R 35.00 1296 38.30 7.369 248.65 33, 41, 26 
T6 37.18 1274 -59.00 -13.370 244.41 41, 26. 26 

e 
P 

T5A 
T5B 
T5C 
T5D 
T5E 
T6 
77 
T8 

22.42 
28.55 
31.05 
23.33 
26.29 
27.82 
33.30 
35.43 

63OW density, 1 Brglnm3; IC, 0.2325' W h e K  

41 1fjb 26.20 2.712 957.01 22, 27, 22 
5891b 32.80 2.838 1369.66 27, 34, 22 
1534 -59.00 -10.003 356.66 34, 22, 22 
60 12' 26.20 2.244 1397.82 22, 27, 22 
1942b -26.20 -3.947 45 1.40 27, 22, 22 
1528 26.20 4.45 1 355.29 26, 32, 26 
1520 32.80 5.586 353.50 32, 38, 26 
1526 -59.00 -10.030 354.77 38, 26, 26 

'k-value of gypsum-liquid wax. 
bSee text. 
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spanned the first 1.8 kiloseconds of each transient.The specific heat (C) was calculated from 

the experimental kpC value using measured values of k and p. 

The five C values for O W  increase with temperature and are described to 1% by 

C (J/kgoK) = 159.5 -I- 3.0070 T (K); ( 3 4  

these are about 2% below values given by Eq. (14). 
Three of the five C values for G15W are very large and indicate that a phase change was 

occurring during the transient. The other two C values average 1285 JkgrK, which is 2% 

above the value in Table 8. Four of the eight values for G30W are large and are indicative of 

a phase change. The other four C values average 1527 J/kg.K, which is 4% above the value 

in Table 8. These four C values apply for gypsum containing Iiquid wax between 28 and 38°C 

(Fig. 15). The large apparent specific heat values were derived using the short-time solution 

ORNGDWG 17167 
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30% Wax 
t- f -  -. A - _  . 

15% Wax 

0% Wax 
e ------0 
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e 

20 30 40 
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Fig. 15. Specific heat as a function of temperature for gypsum-wax 
specimen. 
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given in El. (4). This equation is for determining the specific heat only and does not apply 

for cases where a phase change is occurring. An analysis that includes the latent heat of the 

phase change is needed to treat these cases. 

Thc experimental C values at 30°C for nd the two composites fit the Pule of 

mixtures: 

C (composite, JkgeK) = 10190 (1 - Xw) .t 2589 (X,> , (33) 

where X, is the weight fraction of wax in the corngosite. This equation predicts a C (wax, 

30°C) of 2589 J/kgeM, which is 9.5% higher than the ~ ~ ~ ~ n d ~ n g  states model.a 

Figure 16 compares the temperature response for tests on gypsum with 0 wt 9% wax 

(T1R) and gypsum with 38 w-t % wax (T5A). This figure shorn that steady-state condition 

was reached in 20 ks for the @OW s p m i m e ~ ~  but was not reached in over 60 k for the G30W 

specimen. The latter data yielded a high C value, which is  indicative of the wax phase change 

occurring during the test. 

ORNLDWG 17168 
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26 
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Fig. 16. Temperature vs time for gypsum without wax 
(GOW) and gypsum with 30 wt % w 
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Table 20 contains a values from 20 to 50°C that were calculated from the experimental 

values of p, k, and C for the three specimens. The a values for the gypsum without wax 

decrease with increasing temperature because of the increase of C with temperature. The a 

values for the composites decrease with increasing wax content, and the a (solid wax) values 

are 3 to 5% larger than the a (liquid wax) values. The experimental a values (Table 20) are 

15 to 25% larger than the a values estimated from the literature (Table 8). The gypsum 

products have the lowest thermal mass ratios of the materials tested, less than 0.008 

(Table 18). Thus close agreement should be achieved between the results of Methods 1 

and 3. 

The specific heat values from Method 3 for the gypsum without wax are an average 

4.6%, or 49 J/kg.K, higher than those determined by Method 1. The values for gypsurn with 

15 or 30% liquid wax are in better agreement and average 1.0% (or 13 J/kg.K) high for 

GlSW, and 1.0% (or 16 J/kg.K) low for G30W. At the lowest value of TMR, 0.004 for 

G30W, a difference of about 1% occurs in the values obtained from the two methods of 

analysis. We are unable to resolve which method yields the correct C value. The 4.6% 

difference for GOW may be associated with uncertainties in the starting time of the test. The 

i l% agreement for G15W and G30W are within the limits of error of Eq. (5) for the data 

from Method 1.1. We believe the k l% agreement is more representative than the 4.6% 

value. Because the experimental uncertainty in the k-values is about 1% and those in the C 

values are about 1%, this analysis yields a combined error in the a values of about 2%. 

Table 20. Calculated thermal diffusivity for three gypsum-wax composites 

GOW G15W G30W 

Percent wax 0 14.1 30 

C, J/kg*K a 1285 1527 
k, W1m.K 0.1780 0.1919 0.232Sb 

Density, kg/m3 695.1 8 16.9 1Ooo.o 

a, m2/s x io7 

t, "C 20 
25 
30 
50 

2.460 (1.919)" 
2.425 1.919 
2.391 1.828 
2.264 (1.828) 

( 1.565) 
1.565 
1.523 

(1.523) 

"Eq. (20). 
of liquid-wax gypsum composite. 

"Extrapolated. 
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6.2.2 Calcium Silicate Ebards 

Table 21 lists the results obtained by analyzing the 14 transient tests for the a - I ,  CS-2, 

and CS-3 specimens ansing Eqs. (4) and (5), Meth 

positive and negative step changes in heat flux. ?he slope term in Eq. (5) was determined 

using the data that spanned the range 

correction for the screen thermal mass was 

(C) was calculated fro 

k-values calculated Erom the equations given in Table 21. 

imen was subjected to 

s of each transient. The heat flux 

n 2% for all 14 cases. The s 

the experimental kpC value wing the measured values of p and the 

The 14 values of C for the calcium silicate test specimens are plotted in Fig. 17 and 

increase with tempcratuse. Each of the transie t tests with negative step changes in heat flux 

yielded low C values. If these are exclu d, the remaining 11 values are described with an 

average deviation of 1.0% by 

Equation (34) yields a Ca of 1012.6 J/kgeK, which is 1.3% above the estimated value for C 

given in Table 10. 

Table 22 contains thermal diffusivity ( a )  values calculated from the experimental values 

of p and C and the k-values calculated from the equations in Table 21. If the analyzed results 

from the cool-down transients are excluded, the following equations describe the a of the 

three specimens with an average percent d e ~ ~ t ~ ~ n  of Is than *0.4%: 

a (cs-I) 107  = 2.221 - 3.81 103 t , (35) 

(36) BI (CS-2) LO7 = 1.679 - 1.65 x 10” t , and 

(cs-3) 107 = i . a 3  - 2.12 10-3 t , (37) 

Table 22 contains a values for the three calcium silicate test specimens calculate 

these equations. The a values decrease with temperature and with increasing density. The E 

values are 19 to 2.8% lower than the estimat lues given in Table 10. The Beast dense 

samples, CS-1, yielded an average of 5.3% o *K higher specific heat from Method 3 

than lrrom Metbod 2. Specific heat values Erom Method 3 for the medium density CS-2 are 

near those for Method 2, and yielded an average difference of 1.4% or 15 JkgoK The 

highest density calcium silicate had H slightly smaller difference of 1.3% or 14 JkgeM. As in 

the case of C (GQW), we do not know which meth 

values from Method 2 W ~ H C  used to obtain the a values given above. 

i s  yielding the correct C (CS-1). The C 



Table 21. Summary of the thermophysical properties of calcium silicate derived 
from analysis of transient tests by Method 2 

Average 
k*P k*p& C Q 

( W*kglrn4K) ( W2*s/m4*K4) (Jkm (rn*/s* 107) 
Transient test temperature k (E¶*) 

("e> (W/m*K) 

-1: density, 307.4 kg/in3; k e.) = 0.063842 + 63008 x lo-' t 

1 25.65 0.06546 20.12 20177.8 1002.9 2.1236 
2 28.14 0.06562 20.17 20259.9 1004.7 2.1250 
3 32.76 0.06591 20.26 20776.6 1025.7 2.0907 
4 40.48 0.06639 20.41 21435.3 1050.4 2.0537 
5 50.15 0.06700 20.59 22014.3 1069.0 2.0392 
6" 45.77 0.06673 20.5 1 20934.8 1020.8 2.1268 

CS-2 density, 443.95 kghn3; k OEq.) = O.CV2B + 7.98935 x t 

1 26.40 0.07475 33.185 34081.2 1027.0 1.6395 
2 34.67 0.07541 33.478 35210.7 1051.7 1.6151 
3 49.38 0.07658 34.000 36661.0 1078.3 1.5997 
4' 47.27 0.07642 33.927 34206.8 1008.3 1.7072 

CS-3: density, 605.1 kg/m3; k (Es.) = 0.087021 + 79724 x 16' t 

1 26.22 0.0891 1 53.920 55462.3 1028.6 1.4317 
2 37.20 0.08%3 54.235 57055.9 1052.0 1.4080 
3 44.10 0.09054 54.784 58884.2 1074.8 1.3921 
4" 42.76 0.09043 54.719 54709.0 999.8 1.4948 

"Cool-down transient. 
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Fig. 17. Specific heat as a function of temperature for three calcium 
silicate insulatioris. 

Table 22. Calculated thermal diffusivity for three calcium silicate specimens 
( a  107, m z , q  

cs-1 cs-2 c s - 3  

Density, k g h 3  307.4 443.95 605.1 

t, " C  20 2.145 1.712 1.441 
24 2.130 1.639 1.432 
30 2.107 1.629 1.419 
SO 2.03 1 1.5% 1.377 

6.2.3 Wood Products 

Table 23 contains the results obtained by analyzing thc 12 transient tests conducted on 

products using Eqs. (4) and ( S ) ,  Method 2. Each specimen was subjected to three 

positive and one negative step-change in heat flux. The slope term in Eq. (5 )  was determincd 

using data that spannc the range 200 to 1800 s for each transient. The heat tlux correction 

for the screen thermal mass was -1.03% for the WSF specimens, -1.09% for the DEP 

specimcns, and - 0.85% for the SWF specimens. The spccific heat (C) was calculated from 



Table 23. Summary of the thermophysical properties of wood products derived 
from analysis of transient tests by Method 2 

Average kp*C 
Transient temperature k. P experimental C a 

(m2/s x io7) test ("C) (W/m*K) (Wekgh'K) (w* s/m41c) (J/kg *K) 

WSF: density, 4515 w3; k (Eq.) = 0.09920 + 15537 x 104 t 

1 23.15 0.1028 46.465 76961.9 1656.3 1.3731 
2 27.46 0.1035 46.77 780 10.6 1668 1.3727 
3 37.16 0.1050 47.45 81 193.3 1711.7 1.3576 
4" 42.15 0.1057 47.80 82344.4 1722.7 1.3575 

~~~~ ~~~~~ ~ 

DFP: density, 500.9 kgh3; k (Eq.) = 0.09786 + 1.6039 x 104 t 
1 23.14 0.1016 50.89 71235.0 1399.8 1.4490 
2 30.39 0.1027 51.46 72593.3 1410.7 1.4534 
3 43.66 0.1049 52.52 74642.0 1421.1 1.4737 
4" 39.32 0.1042 52.175 73655.0 1411.7 1.4735 

'4 
w 

SYPF: density, 575.2/m3; k (Eq.) = 0.1234 + 1.6153 x lo' t 

1 22.99 0.1271 73.34 115571.9 1575.9 1.3978 
2 26.49 0.1277 73.66 120979.8 1642.3 1.3476 
3 34.29 0.1289 74.39 124646.9 1675.5 1.3336 
4" 38.46 0.12% 74.78 1248 18.6 1669.1 1.3457 

"Cool-down transient. 
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the experimental values of kpC using the measured values of p and the k-values calculated 

from the equations in Table 23, 

The C values for e specimen (plotted in Fig. 18) span the range of 1400 J/kg.K 

to 1725 J/kg*K Each ct shows a different temperature dependence for C (Le., C 

WSF 

A 
DFP, EST. 

SYPF. EST. 

I I __._._._..___I_ I 

25 30 35 40 45 5 0  
TEMPERATURE ( O C I  

Fig. 18. Specific heat as a function of temperature for three wood 
products. 

increases from DFP to SYB to WSF). The following equations describe the C results for 

these specimens: 

9.7 -t 3.6910 t, 4.16% , (38) 

C ( S Y P F )  = 1470.2 +- 5,5805 t, *1.2% , and 

C (DW) = 1388.5 f 0.8874 t, n0.18% . 

For the WSF specimen, 1F.q (38) yields a C (24) of 1658 Jkg& this is 1.9% above the 

estimated C given in Table 11. The S P F  has a lower moisture content than the WSF 
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specimen and has a lower C value. For SYPF, Eq. (27) yields a 

3.6% above the estimated C given in Table 12. The DFT specimen showed the lowest C 

values, and Eq. (40) yields a C2' of 1402 J/kg.K; this is 9.8% lower than the estimated C 

given in Table 12. 

of 1604 JkgeE;; this is 

Table 23 contains thermal diffusivity (a) values calculated from the experimental values 

of p and C and the k-values calculated from the equations in Table 23. The following 

equations describe the a of the three specimens with an average percent deviation of less than 

*1.2%: 

a (WSF) x lo7 = 1.3968 - 9.7243 x 10' t, i0.16% , 

a (SYPF) x lo7 = 1.4471 - 2.9772 x lo3 t, *1.18% , and 

(41) 

(42) 

a (DFP) x = 1.4156 + 1.3710 x lo3  t, 4 .18% . (43) 

Table 24 contains a values €or the three wood product test specimens calculated from 

these equations. The a values for the WSF and SYPF are about 20% lower than the 

estimated a values given in Table 12 and the DFP is 2% lower than the estimated a in 

Table 12. 

Table 24. Calculated thermal diffusivity for three 
wood product specimens 

(a  x io7, m2/s) 

WSF SYPF DFT 

Density, kg/m3 451.5 

t, "C 20 1.3773 
24 1.3735 
30 1.3676 
50 1.342 

575.2 

1.3876 
1.3756 
1.3578 
1.2982 

500.9 

1.4430 
1.4485 
1.4567 
1.4841 

The comparison of the Method 3 and Method 2 derived C values shows differences that 

increase with TMR. WSF had the smallest difference in the group, 21 3kg.K or 1.3%. A 

5.4% or 77 J/kg.K difference was found for DFP. The calculated values from Method 3 were 

56 J/kg.K low for SYPF. Method 2 values of C were used to calculate a. 
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6.2.4 Plastic Cxllular Foams 

Table 25 contains the results obtained by analyzing three transient tests conducted on the 

polyisoqanurate (CFC-11) test s 

polystyrene (MCFC142b) test specimen. This analysis used F45. (4) and (9, Method 2. Each 

specirm-icn was subjected to positive and negative step changes in heat flux The heat flux 

corrections for the heater thermal mass were large (Table 2s). The slope term in Q. ( 5 )  was 

determined using data that spann the range of 200 to 1 

specimen and 100 to s for thc exqnad 

was tested three times after manufacture. 

h e n  and 12 transient tests wnducted on the extruded 

s for the plyisocyanurate 

tg.rene specimen. The polystyrene specimen 

The C values obtained from each test of the cellular plastic foams is plotted in Fig. 19 

and span the range of 1140 JkgsK to 1680 J/kgeK The C values for the polyisscyanurate 

specimens are highest; these are described with an average percent deviation of 0.21% by 

c = 12681.1 I- 9.4857 t . (4) 

Equation (44) yields a of 14% J/kge%(; this is 1.9% above the estimated C given in 

Table 13. The C values for the extruded polyxtyrene specimen decrease as aging time 

increases. Equations to describe the C values are: 

C (42 d) = 1103.6 4- 6.QM t, rt1.9% , (45) 

C (131 d) == 1067.6 4- 4.0294 t, *1.2% , and (46) 

C (227 d) = 1046.0 -t- 4.2128 t, *OB% . (47) 

Equation 47 yields a C24 of 1147 JkgeK, this i s  0.25% less than the estimate of C given in 

Table 13. Note that C (45 d9 is greater than C (227 d); this effect may be due to inward 

diffusion of air and outward diffusion of HCFC-142b - a higher C being associated vdh  the 

blowing agent, The value given in Tablc 13 coincides with calculated values for air and 

polystyrene. 

Table 25 contains ther a1 diffusivity ( a )  values calculated from the experimental p and 

C‘ values and the k-values calculated from the equations in Table 25. The following equations 

describe the a of these specimens with an avcrage percent deviatio of less than +2%: 



Table 25. Summary of the thennophysical properties of cellular plastic foams 
from analysis of transient tests by Method 2 

Average k*p& F F 
Transient temperature k(Eq.) k*P experimental C a applied corrected 

test ("C) (W/m*K) (W*kg/m4K) (W2 s/m'.K2) (J/kg.K) (m2/s x lo7) (W/m2) (W/m2) 

PIR (CFG11): density, 30.2 kg/m3; k(Eq.) = 0.017941 + 9.90541 x lO-' t 

1 27.25 0.02064 0.6223 951.868 1529.6 4.475 6.604 6.036 
2 39.78 0.02188 0.6597 1082.21 1440.4 4.424 -41.271 -37.924 
3 43.08 0.02221 0.6695 1125.39 4.383 34.638 31.883 1680.8 

PS (HCFc142b) 45 days: density, 30 k&h3; kcEq.) = 0.02368 -t 1.2618 x lo-' t 

1 26.12 0.0260 0.7790 975.416 6.941 6.604 5.833 1250.2 
2 33.52 0.0269 0.8059 1055.25 1309.4 6.857 11.915 10.573 
3 46.82 0.02846 0.8527 1228.56 6.593 22.758 20.361 1440.8 
4 52.37 0.0291 0.8718 1203.59 1380.5 7.036 -41.273 -36.881 cn wl 

PS (HCFG142b) 131 daya: density, 30 kgh3; k(Q. )  = 0.02567 + 1.1831 x 104 t 

1 25.98 0.02874 0.8610 996.32 1157.1 8.290 6.605 5.841 
2 33.00 0.02% 0.8861 1086.41 8.058 11.915 10.589 1226.1 
3 46.03 0.03 11 0.9325 1155.42 1239.0 8.378 25.350 23.500 
4 52.52 0.03 19 0.9557 1226.35 1283.2 8.233 -44.862 -40.470 

PS WW-142b) 227 days: density, 30 kgim3; k&.) = 0.02602 + 12181 x lo' t 

1 26.04 0.0292 0.8746 1021.80 1168.3 8.342 6.606 5.851 
2 32.78 0.0300 0.8W2 1047.75 1165.2 8.594 1 1.883 10.528 
3 45.78 0.03 10 0.9466 1178.52 1244.9 8.312 26.383 23.555 
4 52.23 0.03238 0.9702 1228.61 1266.4 8.534 -44.866 -40.138 
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Table 26- Calculated thermal diffusivity for cellular plastic foams 
(. 107, m*/s) 

PIR (CFC-11) PS (HCFC-i42b) - 
Density, ks/an3 30.2 38.0 30.0 30.0 

Age, d 398 45 131 227 

t, "C 20 4.516 6.891 8.181 8.415 
24 4.49% 6.888 8.190 8-42 1 
30 4.4633 6.875 8.206 8.447 
50 4.356 6.833 8.311 8.529 
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The a values for PIR (CFC-11) are between the values estimated in Table 13. The a values 

for the PS (HCFC-142b) started out greater than the initial u estimated in Table 13 and 

exceed the a (beyond lo0 d) value by 2.7%. 

Because of the high TMR's for these materials, Method 2 was used to find their specific 

heats. Method 2 has no fundamental basis, and large differences between the calculations 

resulted PIR-CFC-11, -21% or -335 J/kg.K, PS @ 45 d, +7.7% or 103 J/kg.K, PS @ 131 d, 

+8.3% or 102 JkgoK; and PS @ 227 d, +9.1% or 109 J/kg& The TMRs for these 

materials were approximately 0.14 for the PS and 0.24 for the PIR. If the C values for the 

plastic foams from Method 3 were used to compute the a values, then the a (PTR) would 

increase by about 25% and the u (PS) would decrease by about 10%. Table 27 summarizes 

the materials with the highest TMR studied. 

Table 27. Summary of differences between calculation methods 

~~ 

Material TMR Methods Delta c" % Difference 

GOW 0.0075 3 and 1 49 4.6 
G15W 0.0055' 3 and 1 13' 1 .ob 
G30W 0.0038b 3 and 1 -16' -1.e 

CS-I 0.0231 3 a n d 1  54 5.3 
a - n  0.0164 3 and 1 15 1.4 
a - I 1 1  0.0121 3 and 1 14 1.3 

WSF 0.0077 3 a n d l  21 1.3 
DFP 0.0105 3 and 1 77 5.4 
SYP 0.0065 3 and 1 -56 -3.4 

PIR-CFC 0.237 3 and 2 -335 -20.7 
PS@ 45 0.132 3 and 2 103 7.7 
PS @ 130 0.144 3 and 2 102 8.3 
PS @ 230 0.145 3 and 2 109 9.1 

"C for M3 minus C for M1 or M2. 
'Gypsum plus liquid wax only. 

7. DISCUSSION OF RESULTS 

Discussed are potential improvements in the measurement equipment suggested by the 

analyses of the transient tests and a wmparison of the test results obtained on these building 

materials. 
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7.1 MEASURING EQUIPMENS" AND ANALYSIS DEmLQPMENT 

The fdsting equipment and p epre for w in a two-sided or ~ A ~ ~ s ~ a e a  steady- 

state mode of operation provida k-valua with an uncertainty of less than 2% for 

homo gene^^^ building materialis of the 

achieved a s a t ~ s ~ a ~ t ~ ~  state of development that compare favorably with other absolute, 

longitudinal heat flow techniques such 

ekctrically, and thermally simple ~ ~ ~ a ~ a ~ ~  that provi 

specimens. It has k e n  u s d  on a wi 

n e  meaurement enols are 

modeled. It is a valuable technique for use by the building materials research community. 

In contrast, the existing UTpp%$ equipment and p r d u r e  for the transient axrode of 

in this report. Thus the U71t$ has 

guarded hot plates* The UTMA is a mechanically, 

sampling on large area 

and building materials. 

sitive above mom te and the tester is readily 

operation with positive and negativc step-changes in heat flux is  relatively new and requires 

further research to reach a mature stage of dc~e l~pmen t .  For the building materials included 

in this report, satisfactory results were obtained QTI specinaeras that had low values for the ratio 

of the thermal mass of the heater to that of the s p i m e n  (TA4R). The existing heater 

thermal. mass, 0.5 t, p C, is about 3 

mEl for some of the test 

J/m3.K/m2. Table '23 lists the thermal mass values and 

materials. For the materials with TMR values bela 

Table 28. Specimen thermal mass and the thermal mass ratio 

cs-I, 307 kg/m 11854 0.025 

WSF 0.008 

PS 
(PS, double thickness, SS) 

1755 
(3510 

0.170 
(0.020) 

BIR 1435 0.209 
(PIR, double thickness, SS) (a701 (0.025) 
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heat flux correction for the heater thermal m a s  was 1% or less. However, for the cellular 

plastic foams the heat flux correction by Method 2 was 9 to 13%; this corresponds to a 21 to 

30% correction in the value for kpC, since the heat flux term is squared. These large 

corrections increase the measurement uncertainty for these materials, and this effect decreases 

the applicability and value of the technique. To reduce this technique limitation, several 

alternate paths are being pursued. 

An alternate heater with a lower thermal mass would decrease the TMR and reduce the 

heat flux correction. For example, we have obtained a type 316 stainless steel wire screen that 

has a thickness of 117 x lo4 m (0.0046 in.), p of 2350 kg/m3, and C (estimated) of 

525 J/m3.K. Thus a type 316 stainless steel heater of this thickness would have a thermal 

mas that is about 70 J/m3.K; this is 25% of the existing Nichrome heater. This type 316 

stainless steel heater would decrease the TPviR values given in Table 28 by a factor of 4 and 

reduce the needed corrections to the heat flux change and the kpC product. Table 28 shows 

that doubling the specimen thickness and using a stainless steel heater would yield TMR 
values below 0.03. We should test this concept and seek alternative systems that yield an 

improvement by a factor of 10 or more over the existing Nichrome screen wire heater. 

System requirements include (1) a low thermal conductivity, such as metal alloy (Nichrorne or 

stainless), or a heavily doped semiconductor; (2) a low thickness, such as a screen produced 

from small diameter wires [the screen thickness is about 2.6 times the wire diameter, so wires 

with a diameter of 25 by 10" m (0.001 in.) would improve the thermal mass by a factor of lo]; 

and (3) mechanical ruggedness to allow instrumentation and specimen changing without 

damage. A vapor-deposited metal film on a thin plastic membrane might obtain the desired 

low thermal mass. We are currently exploring each of these options. Further work on models 

of the transient system could provide improved procedures to analyze the thermal response or 

the specimen heater-specimen composite. Both existing means to correct the measured 

results, Method 2 and Method 3, derive from this type of approach. 

The heater is a screen in the experiment. This configuration may effect the response of 

the material at x equal zero, as heat must "spread out" from the heater. This elfect has not 

been included in the current model. A major gap exists in that there are no SRhh for 

transient tests, so confirmation of a testing procedure is difficult. Materials with known 

specific heat are required to establish which analysis method is correct. This report has not 

included a discussion of transient tests and analyses that were conducted during the early 
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stages of development of the UIPWA on SRM 145 SRM 1451, and a low-density fiberglass 

blanket?. 41 37* 38 The T M M  values for these matcrials were in the range of 0.05 (SRM 145Qb) 

1451). Clearly these 'HUR values are in the region that requires a significant 

correction. The treatments of t h a c  results rais 

behavior of such 1 

current ~~a~~~~ presume that the heat transport is by a diffinsive-wnduction prosRss that 

occurs at the s 

another important as t of the transient 

density insulations -- the role of radiative heat transport. AI1 of the 

a We do not believe that this is the c for radiative heat 

be diffusive but ocmm at the s of light. We netxi to reexamine 

modeling analyses to show t e impact of (1) thermal  ma^^ of the transient system components 

for diffusive-eonduction heat trans 

pr~sumed diffusive-conductive heat transfer. In addition, we s~~~~~ extend our literature 

search for therniophysical properties, particdady measurements of the heat capacity of 

building materials. Our previous search on SRMs and fibcrglasss blankets led to measurements 

of specific heat of these materials by a differential scanning calorimete?9. The specific heat of 

moist specimens was significantly larger than the s ific heat of dry specimens became of the 

effect of latent heat of vaporization and desorption of moisture. n e  presence of a phenolic 

binder an the specimens precluded testing of dry s 

phenolic binder a sorb moisture rapi By). T h i s  phenomena impacts any transient test 

mnducted in an ambient environment containing moisture. A compilation of available 

thermophysicd properties may help in the identificati 

the development of transient analysis procedures. In 

spccific heat of insulating and building materials. This limitation could lead to the need for 

obtaining a technique to measure this property, an such i t e m  are commercially available. 

rt and (2) diffusiveradiative heat transport on the 

imens (Le., all specimens containing a 

E specimens for transient tests and in 

ral, the literature i s  limited on the 

Sections 5 and 6 provide ~ ~ ~ ~ ~ t ~ ~ ~ s  of the t a t  s iimens and present steady-state and 

transient t a t  rcsults o 

estimated properties and are used to calculate the spcximemen tlicrrnal diffusivity. 'This 

subsectiron connpares the thermophysical propaties for the four sets of buildi 

imens. T'he t a t  results are compared with 

Figure 24) shows the k of the four sets of ~~~~~~~~ materials from 20 to 50°C The range 

of k-values is from 0.02 to 0.24 W / m K  'The high-density ,gypsum specimens have the highest 

k-values of the t s t d  materials, and the ~ ~ ~ ~ t a ~ ~ ~ ~ ~  materials have a higher k when the 
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Fig. 20. Thermal conductivity as a function of temperature for four sets 
of materials. 

wax is solid than when the wax is liquid. The k of gypsum without wax is a constant, 0.178 

W/mrK, this is 17% greater than the value given by the American Society of Heating, 

Refregerating, and Air Conditioning Engineers.” The k-values for the wood products are in 

the range of 0.10 to 0.13 W/m.K and increase slowly with temperature. The southern yellow 

pine k-value is near 0.12 W/mrK, and the WSF and DFP have nearly equal k-values, 0.10 

W/m& The calcium silicate insulation k-values are in the range of 0.065 to 0.09 W/m.K, 

building increase with density, and increase slowly with temperature. The cellular plastic foam 

test specimens show the lowest k-values, and these increase slowly with temperature. The BS 

specimen has a k near 0.030 W/m.K; the FIR specimen, a k near 0.020 W/m.K. 

Figure 21 shows the specific heat of the four sets of building materials as a function of 

temperature from 20 to 50°C. The C values are in the range of lo00 to 1750 J/kg.K, and 

the order of C values differs from that of the k-values for these materials. All C values 

increase with temperature. The lowest C values were found for the three calcium silicate 
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specimens, and these di not depend on density. The highest C values were found for the 

moisture-cantaining wood products W-SF and SWF- The 

slightly greater than that of thc CS specimens and increased dramatically with wax content 

(C[G38W] - 1.5 C [GOW]). 'I'he C value of the PS specimens decreased with age and were 

about 2/3 of the 67 value 

sum (without wax) C value was 

easured for the PIR (CFC-11) specimen. The C value of the DFP 

J,kg&, and the WSF and SUPF were between lfioo and 1750 J/kg*R 

Figure 22 shows the thermal diffusivity, k/pC, for the four sets of building 

function of temperature from 20 to 50°F. The BL values are in the range of 1.9 by to 8.6 

by 10-7 m2/s. '11~ woodi ucts shaw the lowest a values; the plastic cellular foams, the 

highest. In general, all 

All three wood products have a values near 1.4 x 

decrease with increasing density from near 2 x 

(without wax) has a a near 3,4 x 

(G15W) and 1.5 x m2/s (G38 

the BS a values increase with age from near 5.9 x 

ucs decrease slowly with temperature in this temperature range. 

m2/s. The calcium silicate a values 

to near 1.4 x lo" m2/s. "he 

m2/s, arid the wax additions lower this to 1.9 x m2/s 

. The PIK [CFC-11) a value is near 4.5 x lo7 m2/s, and 

m2/s to near 8.5 x m2/s. As noted 
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earlier, the a values for the dense building materials were only within *t3 % of the estimated 

values, but the a values for the m M a r  plastics were within 4% of the estimated 

valuesi, 

Finally, Table 29 contains values of the thermal response parameter, kpC, and the values 

of (kpC)-" for the individual test specimens at 24°C Both parameters are a direct result of 

the analysis of the transient tests a d are interesting material t h e ~ o ~ ~ ~ j c a l  properties. The 

kpG values for these materials show a range of values from 

or a factor of 406). ne: (kp~3)~"  va~raes show a range from 1.7 x 

factor of 20. A$ Fiq. (4) shows, the latter parameter indicates the expected change in 

temperature as a function of (time)'h after the application of a step-cbange in heat flux. For 

the denser building materials the rate of change decreases with increasing density and with 

incrcasing wax content €or the sum specimens. For the cellular plastic foams the rate of 

change i s  significantIy greater than for the other building materials. The (kpC)-" values are 

lowest for the gypsum specimens containing wax? and none of our analyses to data: include the 

effect af the heat of fusion of the wax. 

Bo over 350 ,m W2.s/m4.K, 

to over 33 x ¶03, or a 

8. CONCLUSIONS AND RECOMMENDATIONS 

Although the primary purpose of this report is to describe the transient mode of 

operation of the UTHA, the cotx%~~ions and r&mmendations about steady-state results are 

also included. 

8.1 CONCLUSIONS 

1. Steady-state and transient m d e s  of operation of the W3-U yielded thermophysical 

properties (k, C, and a> of four types of building materials @e9 gypsum with and without waxx, 

calcium silicate insulations, w d  productss, and wilular plastic foams) from 24 to 50°C. 

2. Standard reference materials, SRM ¶450$ and SRM 1451, were retested in the UTXA 

in 195% a i d  agreed with NIS'T values to 1.1 and .3%, respectively; this confirmed the * 1 2 %  

most probable uncertainty for U'IHA k-value~ 

3. A procedure was developed to operate the U T E 4  in a transient mode by applying a 

stepchange in heat flux t s  specimens that were initially isothermal or that had a steady 

imposed temperature gradient. The prc9cedanre used a computer to control the test and to 

record the temperaturetime behavior of the thin heater. 



Table 29. Thermal response parameters at 24°C for the building material test specimens 

Thermal response factors 

Thermal kPC ( k p c ) - % x  I d  
Density Specific heat conductivity (Wh/m4.K2) rn2.W.sH 

Code Materials (kg/m3) (JkW (W/m.K) 

GOW Gypsum board 695.1 1052.6 0.1765 129138 2.738 

G15W Gypsum board 14.1 wt % wax 8 16.9 1285 0.1919 201440 2.228 

G30W Gypsum board 30 wt % wax lo00 1527 0.2325 355027 1.678 

c s1  Calcium silicate 1 307.4 1012.8 0.065 20276 7.023 

c s2  Calcium silicate 2 443.9 1012.8 0.074 33276 5.482 

a 3  Calcium silicate 3 605.1 1012.8 0.089 54534 4.282 

WSF White spruce flooring 451.5 1658.3 0.1023 76679 3.611 

DSF Douglas fir plywood 500.9 1401.8 70791 3.758 0.1010 

SYPF Southern yellow pine 575.2 1604.1 0.1266 117176 2.921 

PS Polystyrene 30.0 
age: 25 d 

45 d 1249.2 0.0269 1000.6 31.613 
74 d 

127 d 11 64.3 0.0285 995.5 3 1.695 
227 d 1147.1 0.0289 994.5 31.910 

PIP, Polykcysnurate (CFC-11) 30.2 1495.8 0.01992 W8.4 33.364 
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4. Experimental values for the product kpC were determined from the temperature 

change of the thin heater that is a linear function of the sqware root of time after the step- 

change in heat f lw,  r l ~ e  error in the product kpC was less than 1% for building materials; 

(kpC)-lk values were bGl~w 10 rn%/Wrs (Le, densities above 300 kdm3 and low values of 

). However, for the cellular plastic foams with (IcpC')-" values above 30 m2K/W8s 

(i.e-, densities near 30 kg/m3 and large TMR values), alternative analyses were required 

becausc of the large relative thermal mass of the beater, and larger differen 

for kpC. 

5. For each of the materials tested, published data were used to estimate k, C, and QI 

values. The test r a u k s  for 86, C, and d ~ :  were compared with t ese cstimated properties, and OL 

differences of up to 1.30% were noted for the denser materials. The differences noted for the 

a of thc cellular plastic foams were less than *3% and, thus, were in the expected range. 

6. Each of the thermophysical properties of each type of building material was tabulated, 

described by equations, and discuse in detail. The specific heat and thermal diffusivity are 

valuable materials characterization properties. 'This emphasizes the value of obtaining data 

from the U T W  in the nonsteady-state condition that pr 

82 RECOMMENDATIONS 

1. Alternate paths should be pursued to obtain and to test a thin heater with a thermal 

mass that is less than 10% of the existing Nichroine heater (300 J/m2aK) and to increase the 

test specimen thickness. Tnis could extend the applicability of the UTKA in the transient 

mode to building imsulations with densities in the range 10 to 30 kg/m3. 

2. The analyses of the eat-up stcpchanges in heat flux were more consistent than those 

for the cool-down stepchanges in heat flux. Additional tests and analyses should 

see if smaller mol-down stepchanges in heat flux improve the agreement. 

3. Further development is needed of the techniques for analysis of the transient data to 

incrcase the confidence in the kapaC products OA low-density building materials. These 

aiialyscs should inchide the impact of both diffusive-conductive and diffusive-radiative heat 

transport phenomena on the thermal rcqmnse of the heater and should reexamine transient 

results obtained on l~w-demity fiberglass, SWM-1451, and SRM 1450b. 

4. A literature search of the thermophysical properties (k, p, C, and 

materials should be initiated to identify existing data and data gaps. This would provkk a 

basis for future tests and identi@ the value of obtaining means for direct measurement of C. 



67 

5. Additional specific research should be conducted on the specimens tested to date. 

5.1. -sum containing wax. Additional specimens containing a wax from an alternate 

source exist and should be tested in a modified UTHk The capacity of the cold plate cooling 

units only allows cold plate temperatures of about 20°C. Units to cool the plates to 0°C are 

needed to allow measurements at lower mean temperatures for all materials and particularly 

for tests of gypsum containing wax from a solid wax state. These tests would be 

complemented by predictions of gypsum-wax behavior through the solid-liquid phase change to 

estimate the enhanced thermal performance. 

5.2. Calcium-silicate insulations. W e  should encourage the producers of high- 

temperature insulations to develop and to apply a version of the UTf-IA that woulcl operate 

from 24 to 650°C. An alternative would be to prepare an unsolicited proposal for the work 

to be done at ORNL with their guidance and financial support. 

5.3. Wood uroducts. Transient and steady-state tests using the UTHA should proceed as 

rapidly as possible on the remaining eight specimens from the Forest Products Laboratory 

Materials Bank. This is particularly important because the existing predictive equations for k 

of wood products overestimate k by 10 to 20%. 

5.4. Plastic Cellular Foams. The measured k, C, and a results for polystyrene show large 

changes with age. Specific tests should be initiated to confirm this for new specimens of 

polystyrene and polyisocyanurate with alternative blowing agents. 
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APPENDIXA 

FINITE DIFFERENCX MODEL, EMPLOYED 
IN THE DEVELOPMENT OF MEI'HOD 3 
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As mentioned in Sect. 4.3, a finite difference n el was employed to generate the data used 

to develop Methad 3 for the analysis of the transient test results. The development of this model 

f O l l 0 ~ .  

The heat transfer problem is for transient unidirectional heat flow by conduction in an 

infinite slab of thickness L and a thin hcater of thickness 0.5 t,. The boundary of the slab at x 

equal L is maintained at constant temperature T(0). The boundary at x equals zero is in intimate 

contact with the thin heater. The heater has a finite thermal mass, 0.5 t,op,eC,, and high 

thermal conductivity relative to the slab. The slab may initially be isothermal or have a linear 

temperature gradient. The desired results are the temperature of the heater as a function of time 

after a step-change in the power is  applied to the heater. 

Thc implicit finite difference method was used to solve the above problem.' The approach 

employed sets the entire heater in node 1, and the slab is divided into NEL-1 additional nodes 

shown below. 

heater 
4 

slab 
1 

1. 2 . 3 . 4 .  

0 x --t 

. . . .  .NEL-l. NEE I 
* 

L 

Thc model is devcloped from heat balances performed on each node. 
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NODE 1: 

IN - I OUT + ACCUMULATION 

aT 
at 

vpc- - I ~ . R  at - = - k A - l  + 
ax X l O  2 

Written as a finite difference equation, this becomes 

T2' - TI' TI' - TI 
-R4 + vpc P .R - =  

2 A* At ? 

where T,' and T, are the temperature at position 1 and at times t + A  t and t 

respectively. The thickness of ail nodes except node 1 is 

AX =: y (NEL - 1) . (fw 

The thickness of node 1 is 0.5 t,. The factor of 115 appears in the denominator of the first term 

on the right hand side of Eq. (A2) because the conductivity of the heater was assumed to be large 

compared with that of the slab (Le., the heater is isothermal). Rearranging Eq. (A2) yields 

( l + T M R . r ) ( T , ' -  T2') = 12'R'AX + TMR.l?-T,, where 
4 k A  

NODE 2: 

aT aT + vpc- aT * 

ax at - R A - l I ,  = -R4$**& 
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Written in finite difference form, this equation b e c a m s  

T2'-Tlr T3 I- T,' T2 *- T2 
=. f vpc- 

A* AX At 

or 

NODES 3 to NEL-1: 

Written in finite difference form, this quat ion becomes 

T i  - Ti 
+ vpc- T; - T ' i-l T*i+l- a; 

AX Ax At 

or 

NODE NEL: 
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Written in finite difference form, this equation becomes 

or 

Equation (A4) for node 1, EQ. (A7) for node 2, Eq. (A10) for nodes 3 through NEL-1, and Eq. 

(A13) for node NEL form a set of NEL linear equations with NEL unknowns @e., the 

temperature of the nodes at each time increment). The following FORTRAN program solves 

the equations at each time increment and stores the heater temperature. 
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Finite difference program to analyze the effect of the screen 
al mass on the temperature response of the screen 



77 

Finite difference program (cont'd) 

DO 6 I=2,NEL 

D(NEL) 3- D(NEL) + 2 * TC 
CALL TRIDIAG (1, NEL, A, B ,  C, D, T)  
IF (ICCLWT .NE. IFRECE) GO TO 8 
IPRINT = IPRINT + 1 
TIME (IPRINT) = TAU 
TO(IPR1NT) = T ( 1 )  
ICOUNT = 0 

8 CONTINUE 
fF ( TAU .CE. TAUMAX j GO TO 10 
GO TO 3 

6 D ( I )  = GAM1ULA*T(I) 

10 WRITE (2,205) NEL, IFREQ, DTAU, TC, TSAZERO, CP, RHO, K, L, TNR, 
1 FS, TAUMAX, (TIME(I), TO(I), I=l,fPRINT) 

2 0 5  FORMAT ( '  INPUT DATA ' ! / , I  NEL, IFREQ, DTAU, TC, TSAZERO, CP, 
1 RHO, K, L, THR, FS, AND TAUMAX I t / ,  13, 2X, 13, 2 X ,  7F10.3, / ,  
2 F12.5, ZF10.3, / / ,  ' RESULTS',/, ' TIME(I), TO(I)', / ,  
3 (2312.3)) 

STOP 
END 
SUBROUTINE TRIDIAG (IF, L ,  A, B, C, D, V) 

BETA(1F) = EI(1F) 
GGAMMA(IF) L!(IF) /EETA(IF) 
I F P l  = IF + 1 
DO 1 I=IFPl,L 
IM1 = I - 1 
EETA(Ij 5 B ( 1 )  - A ( I )  *C(IB!l) /BETA(IMl) 
GGAKMA(1) (D(I)-A(I)*GGAMMA(IMl))/BETA(I) 
V(L) = GGAMHA(L) 
LAST = L - IF 
DO 2 K=l,LAST 
1 - L - K  
IP1 = I + 1 
V ( T )  = G G M l A ( I )  - C ( I )  Q V(IPl)/BETA(I) 
RETURN 
END 

DIMENSION A(1) , a i l ) ,  C ( 1 ) ,  D(1)I V ( 1 )  , BETA(101) t GGAKMA(101) 



The required inputs to this program are: 

ZHLE 
NEE 

DTAU 
'TC 
TSM"ER0 
CP 
RHO 
K 
L" 
m w  
FS 
TAUMAX 

rmEQ 

file name for the calculated results 
1 plus the number of nodes in the slab 
IIXEQ B DTAU equals the time interval between outputting results, s 
time increment in solution, s 
temperature at x q u a l  L, "C 
initial hcater temperature, "C 
slab specific heat, JkpK 
slab density, kg/m3 
slab thernial csnductivily, W/mM 
slab thickness, m 
see text for equation, dimensionless 

maximum time interval, s 
A12eR/A, W/m2 

Sarnplc inputs and the resulting outputs are shown below. The information that must be 

supplied by the user is indicated in brackets, < 
Sample Inputs 

INPUT NAME OF OUTPUT FILE 
< E S T 1  .BAT > 
INPUT WEI,, IFREQ, DTAU, TC, TSAZERO, CP, RHO, K, L, TMR, I%, AND TAUMAX 
<51> 
< 12, 
< 1 >  
<25> 
<30> 
<1000.> 
<30.> 
< 0.02 > 
<0.05> 
<0.025> 
<5. > 
< 120> 

>. 

NEL, IFREQ, DTAU, TC, TSME 0, CP, WHO, K, I.,, "MR, FS, AND T'AUMAX 
51 12 1.OOO 25.000 30.000 1OOO.ooc) 30.000 0.020 0.050 
0.25000 10.800 120.000 
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RESULTS 

0.OOO 30.000 
12.000 30.410 
24.000 30.607 
36.000 30.758 
48.000 30.886 
6O.OOO 30.998 
72.000 31.100 
84.OOO 31.914 
96.000 31.194 
108.000 31.364 
120.000 31.441 
Stop - Program terminated. 

TIME (I), TO(1) 

Reference 

1. B. Carnahan, H. A. Luther, and J. 0. Wilkes, Amlied Numerical Techniques, Wiley, 
New York, 1972, 465-73. 





APPENDIX B 

PROGRAM THAT PERJ?ORMS THE ITEXATIWi CACCZTLATIONS 
FOR ME1;HOD 3 



Because C appears on bst . (12) ( i -e ,  on the left as C and in the denominator 

of WR), an iterative technique was employed io solve the equation. The solution starts with 

a guess for C equal to ( F / [ ( ~ e p e k ) 0 ~ 5  S(TMR)]}2. This value for C is then used to calculate a 

value for W R .  The valuc for T M W  is then uscd to find a new value for C using Eq. (12). The 

iteration continues until the new C and old C values agree to 0.001%. The FORTRAN program 

that pcrforms the iterative solution of Eq. (12) is given below. 
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The required inputs are as follows: 

SLOPE slope @ 0.3 s 5 0.5, S ("R) 
IC slab thermal conductivity, W/mK 
L slab thickness, m 
RHO slab density, kg/m3 
Fs AI~.R/A, W/m2 

Sample inputs and the resulting output are shown below. The user supplied inputs are shown in 

brackets, < >. 

Sample InDuts 

INPUT SLOPE @ TMR, K, L, RHO, AND POWER 

<0.2> 
<0.02> 
~ 0 . 0 5 ~  
<30.> 
< 10. > 

Samde Output 

C EQUALS 1161.21 
Stop - Program terminated. 

TMRP EQUAL3 0.168 
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