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INTERLABORATORY COMPARISON OF FOUR HEAT FLOW METER 
APPARATUSES ON PLANED POLYISOCYANURATE BOARDS 

FOAMED WITH CFC-11' 

R. S. Graves2, D. L. McElrof, R. G. Mille?, 
D. W. Yarbrough4, and R. R. Zarr' 

ABSTRACT 

This report describes an interlaboratory comparison of apparent thermal conductivity 
(k) results on planed polyisocyanurate (PIR) boards foamed with chlorofluorocarbon- 
11 (CFC-11). Sequential tests were conducted at 75°F (24°C) at four facilities on 
two rigid (PIR) boards, individually and as a pair, using four comparative heat flow 
meter apparatuses that meet American Society for Testing and Materials (ASTM) C 
518. The specimens were shipped from lab to lab, and the testing sequence (Lab 1, 2, 
3, 4, and 1) yielded 15 k-values that have a two standard deviation (2 a) value of 2.2% 
when described by: 

k(Btu-in./h*ft2-'F) = 0.1365 + 1.15 x lo4 t 

k(W/mK) = 0.0197 + 1.66~ lo-' t , 

" 

where t is the elapsed time in days after planing of the boards. The 2 a value for five 
tests on Board 1 was 2.1% and the 2 a value for five tests on Boards 1 + 2 was 2.2%; 
but the 2 a value for five tests on Board 2 was 2.8%. This may be associated with a 
larger variation in measured specimen thickness (4.1%) for Board 2 than for Board 1 
(1.7%) and Boards 1 + 2 (1.6%). 

The 15 thermal conductance (C) values have a 2 a value of 3.2% when described by: 

C (Btu/h-ft2*"F) = 0.1069 + 1.20 x t . 

Thus, the 2 a (k-values) of the interlaboratory comparison is not reduced by 
comparing C values. 

'Research sponsored by the Office of Buildings Energy Research, Building Systems 
and Materials Division, U.S. Department of Energy, under contract DE-ACO5-840R21400 
with Martin Marietta Energy Systems, Inc. 

20ak Ridge National Laboratory, Oak Ridge, TN 

3Jim Walter Research Corp., St. Petersburg, FL 

4Tennessee Technological University, Cookeville, TN 

'The National Institute of Standards and Technology, Gaithersburg, MD 
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1. INTRODUCTXON 

This interlaboratory comparison of apparatuses designed to meet American Society 
for Testing and Materials (ASTM) C 518 (ref. 1) was conducted to help operators establish 
precision and accuracy statements for results on a material with high thermal resistivity. 
The selected material was a rigid board of polyisocyanurate (PIR) foamed with CFC-11, and 

its apparent thermal conductivity is changing with time after final planing. 

2. MEASUREMENTPROCEDURE 

The interlaboratory comparison involved similar comparative heat flow meter 
(HFM) apparatuses at four facilities: Jim Walter Research Corp. (JWRC), National 

Institute of Standards and Technology (NIST), Oak Ridge National Laboratory (ORNL), 
and Tennessee Technological University (nV). Each apparatus is designed and operated 
to meet ASTM C 518 for the testing of homogeneous slab specimens nominally 24 x 24 in. 
[0.6 x 0.6 m] (ref. 2). Detailed descriptions of the apparatuses are available from the 
participants! Each participant uses a slightly different procedure to establish the individual 
quantities to determine the apparent thermal conductivity (k) of the test specimen: 

0 * L  k =  
A - A T '  

where Q is the heat flow, W or Btu/h; A is the area measured on a selected isothermal 
surface, m2 or ft2; L is the thickness of the specimen along a path normal to isothermal 
surfaces, m or in.; and AT is the temperature difference of the two plates, T,-T,, "C or O F .  

The heat flux (Q/A) is determined from the voltage of a heat flux transducer (HFT) 
mounted in one of the plates. The calibration factor (N) for the HFT is obtained by use of 
a Standard Reference Material (SRM) or a transfer standard with a known k: 

%e use of these apparatuses does not imply endorsement of the manufacturer or his 
product by the authors' organizations. 
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where V = HFI' voltage, mV. 

Uncertainty in the k of the calibration materials and the measured parameters, Th, T,, Q, 
and L, produces uncertainty in the measurement of the board thermal conductivity. The 

procedures used by the four participants to obtain the calibration coefficient (N) are 
summarized in Table 1. Each 24 X 24 in. (0.6 X 0.6 m) apparatus has a 10 x 10 in. (0.25 x 

0.25 m) HFT located in the bottom plate. Table 1 lists the calibration materials, the k of 

the calibration materials, and the resulting N value obtained by each participant. This 
shows four different calibration materials are being used and three of the four participants 

perform calibrations as a function of specimen thickness. 

In addition, the ORNL Unguarded Thin-Heater Apparatus (UTHA) was used to 

measure k of the test specimens prior to and after tests at the four facilities. This 

apparatus meets ASTM C 1114 (ref. 3) and has a most probable error of about *1.2% for k. 

L 

2.1 TEST SPECIMENS 
The test specimens were produced from laminate, rigid boardstock of PIR foamed 

with CFC-11 for the Cooperative Industry/Government research project sponsored by the 
Polyisocyanurate Insulation Manufacturers Association (PIMA), Society of the Plastics 

Industry (SPI), National Roofing Contractors Association (NRCA), Department of Energy 
(DOE), and the Environmental Protection Agency (EPA) (4). The boardstock was 4 x 8 ft 
x 1.5 in. (1.2 x 2.4 m x 38 mm) with a black facer (0.025 in. thick) [0.6 mm] on each face. 
The boardstock was shipped to ORNL in June 1989, and was stored in an unconditioned 
area at ORNL until June 1990. Boards were planed at ORNL on June 21, 1990, to 
produce the test specimens for this interlaboratory comparison. For the purposes of these 

tests, the June 21, 1990, date'was designated as t = 0. The test specimens were nominally 
24 x 24 x 1.27 in. (0.6 x 0.6 m x 32 mm). Thus, about 0.12 in. (3 mm) of material was 
planed from each face: the 0.025 in. facer and about 0.09 in. (2.3 mm) of foam. The test 

specimens for the UTHA, nominally 36 x 60 in. (0.9 x 1.5 m), had a bulk density of 



Table 1. Calibration factor procedure for heat flow meter apparatuses 

Thermal conductivity of 
calibration material at 

Participant Calibration material description 75°F (24°C) Calibration factor, N 
(Btu in./h ft2*"F) (W/m2m.mv) 

[W/m*Kl 

JWRC Two nominal 2-in. and two nominal 
3-in. expanded polystyrene boards 
(Insulfoam) having a nominal 
density of 2.5 lb/ft3 (40 kg/m3), 
covering a thickness range of 
2 to 6 in., k-values determined at NIST. 

NIST High-density, fibrous-glass board 
similar to SRM 1450, 26.3 mm, 
138.4 kg/m3 

ORNL SRM 1451, six 1-in. pieces to 
make 1-, 3-, and 6-in. stacks. 
Fit N vs Ax 

TTU Three 1-in. pieces of SRM 1450b 
(A, B, C) used as one-, two-, and 
three-board combinations. 
Fit N vs Ax 

2 in.: 0.2319 
[ 0.03 3 441 

0.2281 
[0.03290] 

k" 
k(l in.): 0.2827 

[ 0.040771 
k(3 in.): 0.2841 

[0.04098] 
k(6 in.): 0.2829 

[0.04080] 

A 0.2411 
[0.03477] 
B: 0.2416 
[0.03485] 
C: 0.2400 
r 0.03 4621 

10.43 47 

9.2326 

P 

1 in.: 13.715 

3 in.: 13.356 

6 in.: 13.335 

PIR lb: 10.357 

PIR 2: 10.357 

PIR 1-2: 10.184 

"k: from SRM 1451 certificate k(T, density) equation 
b ~ ~ ~ :  polyisocyanurate 

t 8 
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1.882 lb/ft3 (30.15 kg/m3) and a density corrected for the buoyancy of air of 1.96 lb/ft3 
(31.40 kg/m3). Test board 1 and test board 2 were cut from the center of the UTHA 
specimens. Test board 1 had a bulk density of 1.865 lb/ft3 (29.89 kg/m3) and a density 
corrected for the buoyancy of air of 1.94 lb/ft3 (31.08 kg/m3). Test board 2 had a bulk 
density of 1.860 lb/ft3 (29.80 kg/m3) and a density corrected for the buoyancy of air of 

1.934 lb/ft3 (30.98 kg/m3). 

2.2 TEST RESULTS 

The specimens were tested sequentially at ORNL, JWRC, NIST, TTU, and again at 
ORNL. The specimens were carefully packaged by each laboratory and shipped air freight 
to the next laboratory to minimize the effect of aging on the k-value. Each facility tested 

Board 1, Board 2, and Boards 1 and 2 together. JWRC made duplicate runs. Table 2 is a 
compilation of the 20 test results reported by the facilities. Appendix A contains letter 
reports from JWRC, NIST, and TI'U that were used to produce Table 2. Two laboratories 

submitted data in SI units and small errors occurred in converting to the IP units in Table 2 

for these labs. 
Appendix B summarizes the ORNL UTHA test results that were fitted by a least- 

squares method to provide the k (75) value in Table 2. The ORNL UTHA tests at 15 d 
age were conducted with Board 1 and Board 2 on each side of the thin-heater (Le., an 
average was obtained). Then the individual boards were tested in a one-sided mode of 

operation. The ORNL UTHA tests at 111 d age were conducted at 75°F in a one-sided 

heat flow mode of operation on Board 1, Board 2, and a stack of Boards 1 and 2. These 
results show k (111 d) is 5% greater than k (15 d), which supports use of a time-dependent 
equation to describe the HFM test results. 

Table 2 (Data Set I) indicates the foam age from the time (t) of specimen planing 
when the test was conducted, temperature data, the instrument indicated specimen 
thickness (x), the heat flux (q), the specimen conductance (C = q/AT), and the apparent 
thermal conductivity (k), Eq. (1). Figure 1 shows the test results as a function of foam age. 

Table 3 (Data Set I) contains the results of fitting the 20 k-values by a least squares method 
and shows that the following equation, 

k(Btu-in./h.ft**"F) = 0.1373 + 9.43 x lo-' t (34 

k(W/m*K) = 0.01981 + 1 . 3 6 ~  lo-' t 



Table 2. Compilation of 20 test results from JWRC, NIST, ORNL, and ?Tu 

ORNL/JWRC/NIST/TIZT Interlaboratory Comparison; CFC-11 Foam Boards; Manufactured: May 3 1, 1989 
Planed: June 21, 1990 (Age = 0) 

t lf 
Specimen Age T(h) T(c) Delta T T(m) X 9 c“ (Btu in./ 

(ID) (d) (OF) (OF> (OF) (OF) (inch) (Btu/h€t2) (Btulh€t2*OF) h €t2 *OF) 

ORNL #1/2 (UTHA) 

ORNL #1 
ORNL #2 
ORNL #1/#2 

JWRC #1 
#1 
#2 
#2 
#1/#2 
#1/#2 

NIST #1 
#2 
#1/#2 

Tru #1 
#2 
#1/#2 

ORNL #1 
#2 
#1/#2 

ORNL #1/2 (UTHA) 

15 

18 
18 
15 

20 
21 
21 
22 
21 
21 

25 
26 
26 

30 
31 
31 

34 
34 
33 

111 

-- 

94.94 
94.95 
94.97 

94.7 
94.9 
94.9 
95.2 
95.1 
95.1 

-- 
-- 
-- 

96.30 
96.37 
96.76 

94.74 
94.76 
94.95 

-- 

55.38 
55.40 
55.18 

55.1 
55.1 
55.1 
55.0 
55.0 
55.0 

-- 
-- 
-- 

53.65 
53.56 
53.64 

55.58 
55.57 
55.40 

-- 

39.56 
39.55 
39.78 

39.6 
39.8 
39.8 
40.2 
40.1 
40.1 

39.42 
39.42 
39.96 

42.64 
42.80 
43.13 

39.16 
39.19 
39.55 

75 

75.16 
75.17 
75.08 

74.9 
75.0 
75.0 
75.1 
75.0 
75.0 

75.74 
75.74 
75.74 

74.97 
74.97 
75.20 

75.16 
75.17 
75.18 

75 

-- 

1.260 
1 .BO 
2.535 

1.248 
1.246 
1.312 
1.2% 
2.516 
2.516 

1.268 
1.280 
2.543 

1.2536 
1.252 1 
2.5027 

1.264 
1 .280 
2.547 

-- 

4.353 
4.298 
2.134 

4.44 
4.46 
4.34 
4.38 
2.21 
2.21 

4.297 
4.238 
2.169 

4.8229 
4.7965 
2.4325 

4.356 
4.284 
2.152 

-- 

0.1100 
0.1087 
0.0536 

0.112 
0.112 
0.109 
0.109 
0.055 
0.055 

0.1090 
0.1075 
0.0543 

0.1131 
0.1121 
0.0564 

0.1112 
0.1093 
0.0544 

0.1408 

0.1387 
0.1391 
0.1360 

0.140 
0.140 
0.143 
0.141 
0.139 
0.139 

Ul 

0.1382 
0.1376 
0.1381 

0.1418 
0.1404 
0.1412 

0.1406 
0.1399 
0.1386 

0.1481 

“Calculated property (see text). 

c L 
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Table 3. Results of a least-squares method of fitting 20 thermal conductivity 
test results to k = A + Bt 

ORNL/JWRC/NIST/’ITU Foam Interlaboratory Comparison 1990 
The parameters for k = A + Bt are: A = 1.373524 x lo-’; B = 9.433543 x loe5 

t ( 4  k” kp Calc % Diff Diff 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

15 
18 
18 
15 
20 
21 
21 
22 
21 
21 
25 
26 
26 
30 
31 
31 
34 
34 
33 

111 

0.1408 
0.1387 
0.1391 
0.1360 
0.1400 
0.1400 
0.1430 
0.1410 
0.1390 
0.1390 
0.1382 
0.1376 
0.1381 
0.1418 
0.1404 
0.1412 
0.1406 
0.1399 
0.1386 
0.1481 

0.1388 
0.1391 
0.1391 
0.1388 
0.1392 
0.1393 
0.1393 
0.1394 
0.1393 
0.1393 
0.1397 
0.1398 
0.1398 
0.1402 
0.1403 
0.1403 
0.1406 
0.1406 
0.1405 
0.1478 

1.44 
0.25 
0.04 
2.03 
0.54 
0.48 
2.56 
1.12 
0.24 
0.24 
1.09 
1.60 
1.23 
1.14 
0.09 
0.65 
0.03 
0.47 
1.35 
0.19 

0.0020 
-0.OOO4 
O.oo00  

-0.0028 
0.0008 
0.0007 
0.0037 
0.0016 

-0.0003 00 
-0.0003 
-0.0015 
-0.0022 
-0.0017 
0.0016 
0.000 1 
O.OOO9 
O.oo00 

-0.0007 
-0.0019 
0.0003 

“Btu in./h ft2.OF. 
bAbsolute value. 
Variance: 2.589 x lo? 
Avg % dev: 8.39 x 10-l. 

I 4 
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where t is the elapsed time in days after planing the boards, describes the results with an 
average percent deviation of 0.84% and a variance of 2.589 x lo4. One standard deviation 
is the (variance)" and is 0.001609 Btu.in./h*ft2*'F (0.000232 W/mK). The average k for 
the 20 measurements given in Table 3 is 0.14005 Btu*in./h*ft2*"F (0.02020 W/mK), so 

one standard deviation is 1.15% and two standard deviations are 2.30%. Only one of the 20 
results is outside two standard deviations. This is a very encouraging result and indicates 

that each participant is exercising procedures to meet ASTM C 518 with his particular 

apparatus. 

The first alternate analysis removed the ORNL UTHA results and averaged the 

JWRC repeat values to yield three test results per facility, or a total of 15 test results. 

Table 4 (Data Set 11) includes the first and last ORNL data sets. This shows that 

k(Btu=in./h*ft2-OF) = 0.1365 + 1.15 x lom4 t ( 4 4  

k(W/mK) = 0.0197 + 1 . 6 6 ~  t (4b) 

describes the 15 test results with an average percent deviation of 0.83%, a variance of 

2.353 X lo6, and one standard deviation of 0.001534 or 1.10%, since the average k(15 d) is 

0.1394 Btu.in./h*ft*-'F (0.0201 1 W/mK). Thus, two standard deviations are 2.20% and 

all test results are within two standard deviations. The ORNL UTHA k (15 d) value of 
0.1408 Btu*in./h.ft2*" F (0.02031 W/mK) is 0.74% above the 15-d k-value predicted by 

Eq. (3) and 0.53% above the average k. Since the UTHA is an absolute determination of 

k, this provides a check on the values from the comparative heat flow meter apparatuses. 

The next alternate analysis was to correct all of the k-values in Table 4 to 75°F 
using the temperature dependency of k measured by the UTHA. The UTHA k-values are 
described by 

k(Btu-in./h-ft2-"F) = 0.1123 + 3.80 x T (OF) ( 5 4  

k(W/m*K) = 0.01794 + 9.90 x lo-' T ("C) (5b) 

with an average percent deviation of 0.29% and a 2 o value of 1.04%. This equation 

predicts a change in k of 0.27%PF near 75°F. The maximum change in k was -0.21% for 
the NIST values that were reported at 7574°F. Table 5 (Data Set 111) contains the 75°F 

k-values which are reported to six figures to show the correction. The JWRC duplicate 



Table 4. Results of a least-squares method of fitting 15 thermal conductivity 
test results to k = A + Bt 

The parameters for k = A + Bt are: 
A = 1.364613 x lo-' 
B = 1.153153 x 

t ( 4  1p k" Calc % Diffb Diff 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

15 
18 
18 
20 
21 
21 
25 
26 
26 
30 
31 
31 
33 
34 
34 

0.1360 
0.1387 
0.1391 
0.1400 
0.1420 
0.1390 
0.1382 
0.1376 
0.1381 
0.1418 
0.1404 
0.1412 
0.1386 
0.1406 
0.1399 

0.1382 
0.1385 
0.1385 
0.1388 
0.1389 
0.1389 
0.1393 
0.1395 
0.1395 
0.1399 
0.1400 
0.1400 
0.1404 
0.1404 
0.1403 

1.61 
0.12 
0.40 
0.84 
2.15 
0.08 
0.83 
1.35 
0.98 
1.33 
0.26 
0.82 
1.20 
0.16 
0.34 

-0.0022 
0.0002 
O.OOO6 
0.0012 
0.0031 
o.Ooo1 

-0.001 1 
-0.0019 A 

-0.0014 
0.0019 
O.OOO4 
0.0012 

-0.0017 
0.0002 

-0.Ooo5 

0 

"Btu in./h ,ft2a0F. 
bAbsolute value. 
Variance: 2.353 x lo4. 
Avg % Dev: 8.32 x lo-'. 



values were averaged. The results in Table 5 are described by 

k(Btu*in./h-ft2*OF) = 0.1364 + 1.14 x 10" t (6) 

. 

with an average percent deviation of OM%, a variance of 2.56219 x lo', and with an 
average k-value of 0.1393 Btu*in./h+ft2*OF (0.02009 W/mK) yielding a 2 u value of 

2.30%. This result is very similar to that of the previous data fits. 

Two additional data fits were completed. These excluded either the first or the 
second set of tests by ORNL. The results of all five data fits are shown in Table 6. The 2 

u value is increased if either ORNL data set is eliminated. Thus, either the treatment of 

Set I1 or Set I11 is a satisfactory description of the test results, and the authors choose to 
use Set I1 since it yields the lowest 2 u value (2.20%). 

The sets of five data for Board 1, Board 2, and Boards 1 plus 2 were fitted by a 
least-squares method, and the results given in Table 7 were obtained. The 2 u value for 

Board 2 (2.84%) is 1.3 times the 2 u value for Board 1 and Boards 1 + 2. Table 7 contains 

the average thickness for the five tests, the range, and the range percent for the specimens. 

The large value of range percent for Board 2 may be the cause for the large 2 u value for 
the Board 2 test results. 

Table 7 shows the average value for k and the intercept A, which is the projected 
value for k at zero time (the time when the specimens were planed). These two k-values 
for Boards 1 + 2 are less than the corresponding values for Board 1 and Board 2. Thus, 

the A value for Boards 1 + 2 (0.13400) is less than the average A value for Board 1 and 

Board 2 (0.13850) by about 3.2%; and the k (average) for Boards 1 + 2 (0.13849) is less 
than the k (average) for Board 1 and Board 2 (0.13978) by 0.9%. This suggests that an 
interfacial resistance exists in the tests for Boards 1 + 2 that yields a lower k for the pair. 
This was observed by two of the four test facilities (see Table 2). 

Table 8 shows that a least-squares fit to the thermal conductance, C = q/AT, for 
Data Set I1 yields a 2 u of *3.2%. The 2 u value for the Set I1 k results is 2.2%. The C 

value comparisons should reduce the influence of thickness errors. The 2 o values given in 

Table 8 for the other C data sets are greater than those given in Table 7 for the 
corresponding k data sets. Thus, based on 2 u values, the C values appear to contain the 

major differences in the data sets. 



Table 5. Adjusted values of apparent thermal conductivity at 75°F 

Age ( 4  Tm (OF) k k(75) 
ORNL- 1 18 75.159 0.1387 0.138639 

2 18 75.173 0.1391 0.139034 
112 15 75.078 0.1360 0.135970 

JWRC 1 
2 

112 

NIST 1 
2 

112 

1Tu1 
2 

112 

ORNL 1 
2 

112 

20.5 
21.5 
21.0 

25 
26 
26 

30 
31 
31 

34 
34 
33 

74.95 
75.05 
75.0 

74.74 
75.74 
75.74 

74.975 
74.966 
75.200 

75.150 
75.167 
75.176 

0.140 
0.142 
0.139 

0.1382 
0.1376 
0.1381 

0.1418 
0.1404 
0.1412 

0.1406 
0.1399 
0.1386 

0.140019 
0.14 198 1 
0.139000 

0.1379 18 
0.1373 18 
0.137818 

0.141810 
0.140415 
0.141 124 

0.140539 
0.139836 
0.138533 

I 
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Table 6. Comparison of least-squares fits of thermal conductivity data sets 

I I1 

Data sets 

I11 Iv V 

Number of 
values 

20 15 15 (75°F) 12 (75°F) 12 (75°F) 
w/o 0-2" w/o 0-lb 

A 0.13735 0.13646 0.13641 0.13527 0.13850 

B 9.4335 1 0 - ~  1.15315 x 10" 1.14214 x 10" 1.68956 x 10" 4.30937 10-5 

k (avg) 0.14005 0.13941 0.13930 0.13925 0.13%9 

Avg % Dev 0.84 0.83 0.88 0.92 0.91 

(Variance)" 1.6091 10-3 1.5339 x 10" 1.6007 10-3 1.7057 x 1.6351 x 

2 0, % 2.30 2.20 2.30 2.45 2.34 
~ ~~ 

%/o 0-2  means without ORNL data set 2. 
bw/o 0 - 1  means without ORNL data set 1. 



Table 7. Comparison of thermal conductivity data sets for 
Board 1, Board 2, and Boards 1 + 2 

Board 1 Board 2 Boards 1 + 2 

Number of values 
A 
B 

k" (average) 
Avg % Dev 
(Variance)% 
2 a  
Thickness (in.) 
Average 
Range 
Percent 

5 
0.13653 

0.13724 x 10" 
0.13985 

0.67 
1.4429 1 0 - ~  

2.06 

1.2585 
0.021 
1.67 

5 
0.13976 

-1.6276 x lo6 
0.13972 

0.89 
1.9873 x 

2.84 

1.2792 
0.052 
4.06 

5 
0.13400 

1.7821 x 10" 
0.13849 

0.82 
1.5401 x 

2.22 

2.5287 

0.0443 
1.75 

"Btu in./h*ft2*oF. 

1 U t 
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3. CONCLUSIONS AND RECOMMENDATIONS 

The 15 k-values have a two standard deviation (2 a) value of 2.2% when described 
by: 

k(Btu.in./h*ft2*'F) = 0.1365 + 1.15 x 10" t 

k(W/mK) = 0.0197 + 1.66 x lO-'t, 

where t is the elapsed time in days after planing the boards. This result on high thermal 
resistivity test specimens is less than the 2 u value (imprecision) of 3.0% found for test 

results on glass-fiber blanket by nine laboratories in the 1987 ASTM C 687 Round 

Robin (5). The plate-to-plate thermal resistance for the C 687 test was about 24 
h=ft20F/Btu and for these tests was 18 h-ft2=OF/Btu or less. This suggests that future 
tests should include test specimens with greater thickness to see if the 2 a level changes 

with increased plate-to-plate thickness or thermal resistance. 
The 2 a value for Board 2 (2.8%) is 1.3 times the 2 a value for Board 1 and 

Boards 1 + 2. This larger 2 u value is associated with the larger test thickness range 
(4.1%) for Board 2 than for Board 1 and Boards 1 + 2 (1.7%). A lower test thickness 

range might reduce the 2 a value for all tests to 2.0% or less. 
Three of the five data sets yielded lower k-values for Boards 1 + 2 than found for 

Board 1 and Board 2. This suggests that an interfacial resistance exists in the tests on 
Boards 1 + 2. This could impact results obtained by testing stacks of thin boards, which is 
used to accelerate the aging process in foam boards. 

This suggests that future tests include boards and stacks of boards to evaluate the 
interfacial resistance effect and determine an approach for corrections. It might be useful 
to test very compressible materials as interfacial layers to correct for this and to seek a way 

to address test specimens that contain surface undulations (waves). 

Fifteen C values have a precision, 2 u, value of 3.2% when described by: 

C (Btu/h*ft2-'F) = 0.1069 + 1.20 x t . 

This suggests that the thickness differences noted above are contained in the C 
values. 
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J u l y  18, 1990 

Yr. Ron Graves 
Oak Ridge N a t i o n a l  Labora tory  
Bldg. 4508, :IS 6092 
P.O. Box 2008 
Oak Ridge, TN 37831-6092 

Dear Ron : 
I 

Summarized below a r e  t h e  r e s u l t s  of t h e  R-Platic hea t  f low meter t e s t s .  
Duplicate  t e s t s  were run  on t h e  s i n g l e  samples and t h e  s t a c k e d  sample. 

Sample Th 
ID ('E') 

!I 1 94.7 

:I 1 94.9 

- -  

II 2 94.9 

/I  2 95.2 

111/112 95.1 

t 1 / # 2  95.1 

If you have any 

0.140 

0.140 

1.248 74.9 0.112 55.1 4.44 

55.1 4.46 1.246 75.0 0 :112 

55.1 4.34 1.312 75.0 0.109 0.143 

0.142 55 .O 4.38 1.296 75.1 0.109 

5 5  .O 2.21 2.516 75.0 0.055 0.139 

55.0 2.21 2.516 75.0 0.055 0.139 

q u e s t i o n s ,  p l e a s e  g i v e  m e  a c a l l .  

S i n c e r e l y ,  

I e c  

cc:  J .  Hagan 
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*,*sm' 0' c 

:' '2 %'**: I UNITEP STATEa DEPARTMENT OF COMMERCI 
and Technology 

July 23 ,  1990 

Hr. Ron Graves 
Oak Ridge National Laboratory 
P.O. 2008 
Oak Ridge, Tennessee 37831-6092 

Letter Report: July 2 3 ,  1990 

Dear Ron: 

Summarized below are NIST's measurements of thermal conductivity for 
polyisocyanurate specimens (CFC-11, #1 & #2)  supplied by Oak Ridge National 
Laboratory. 
(HFM) Apparatus (ASTM C528). 

All measurements were conducted with our 610 mm Heat-Flow-Meter 

Specimen hl P k-factor Mean AT 
T e s t  #/ ID (nun) kn/m3 mW/ ( m e  K) f "C) ("C) 

R900 7 16A # 1 3 2 . 2  2 9 . 5  1 9 . 8 7  2 4 . 3  2 1 . 9  

R900717A I 2 3 2 . 5  2 9 . 4  1 9 . 8 2  2 4 . 3  21.9 

R9007 1 7 B  #1, #2* 6 4 . 6  2 9 . 4  1 9 . 9 6  2 4 . 3  2 2 . 2  

*Stacked: Hot face, #2, fl ,  Cold face 

The HFM was calibrated on 6 July 1990 using a specimen of 2 6 . 2  mm thick, high- 
density fibrous glass board, similar to SRM-1450. The thermal conductivity Of 
the specimen was calculated using a regression equation from Siu'. 
conditions for calibration were 24.1"C and 21.5"C for the mean specimen 
temperature and temperature difference, respectively. The calibration 
coefficient for all three tests reported above was 9 .2326  W/mV/m2. 

'Siu, M.C.I. "Comparison of Results of Measurements Made On a Line-Heat- 

Test 

Source and a Distributed-Heat-Source Guarded-Hot-Plate Apparatus", Thermal 
ConchcLvitv 17, ;p. 413 -426 .  

Ron, if you need additional information, please contact me at 1-301-975-6436 .  

Sincerely, 
- 7  -,7 , 

. qqL- _ -  +&/ 
Robert R. Zarr 
Mechanical Engineer 
Heat Transfer Group 
Building Environment Division 

cc. A.H. Fanney, NIST 
J.E. Hill, NIST 
R. G . Miller , JWRC 
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Tennessee Technological University 
College of Engineering . Department of Chemical Engineering 
Box 501 3 . Cookeville, TN 38505 .615-372-3297 

TO: 

FROM: 

DATE: 

SUBJECT: 

M E M O R A N D U M  

R.S. Graves 

D.W. Yarbrough 

July 23, 1990 

Round-Robin Foamboard Data. 

BoardNo. 1 Mass 352 grams. 

T, = 35.72"C T, = 12.03"C T = 23.875"C 
k, = 0.02045 W1rn.K 
Age 30 days. 
Measurement Date 712 1/90 a2300 
Time in R-Matic 1 1  hours 

Q = 4.8229 Btu/hr.ft2 
Test Thickness 3.1842 cm 

x 

Board No. 2 Mass 356 grams. 
U 

T, = 35.76"C T, = 11.98"C T = 23.870"C 
k,, = 0.02025 W1rn.K 
Age 31 days 
Measurement Date 7/22/90 @ 1040 
Time in R-Matic 10 hours 

Q = 4.7966 Btu/hr*ftz 
Test Thickness 3.1803 cm 

Stack of Two Boards - No. 1 on top 

T, = 35.98"C T, = 12.02"C T = 24.00"C 
k, = 0.02037 W1rn.K 
Age 31 days. 
Measurement Date 7/22/90 @ 1545 
Time in R-Matic 5 hours 

Q = 2.4325 Btu/hr.ft2 
Test Thickness 6.3569 cm 
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Test #1 ,DATA #1 
,DATA #2 . 
,DATA #3 
,DATA #4(HFU) 
,DATA #S(HFD) 

dens i t y  

24.0 27.3100 300.460 0.02068 81.1580 0.1434 1.882 
22.0 39.9804 313.130 0.02191 103.9647 0.1519 

122.2430 0.1591 17.0 50.1350 323.285 0.02295 
19.0 39.8283 312.978 0.02196 1 03.6909 0.1522 
66.0 39.9567 313.107 0.02174 103.9221 0.1507 

Hours t T k(a) t k(a) 
( C )  (K) (Uh.  K 1 ( F )  (Btu-in/h.ftA2.F) (Lb/f tA3) 
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UTHA DATA;ORNL/NIST/JWRC/TTU RR;CFC-11 

THE PARAMATERS FOR : 

Y = A + B*X 

ARE : 

A = 1.794110D-02 
B = 9.905408D-05 

X Y YCALC 

27.3100 
39.9804 
50.1350 
39.8283 
39.9567 

VARIANCE : 1.125271D-08 
AVG % DEV. : 2.912747D-01 

0.0207 0.0206 
0.0219 0.0219 
0.0230 0.0229 
0.0220 0.0219 
0.0217 0.0219 

% DIFF 

0.1631 
0.0396 
0.1866 
0.3358 
0.7313 

DIFF 

0.0000 
0.0000 
0.0000 
0.0001 

-0.0002 

THE PARAMATERS FOR : 

Y = A + B*X 

ARE : 

A = 1.122682D-01 
B = 3.805188D-04 

X Y YCALC % DIFF DIFF 

1) 81.1580 
2 )  103.9647 
3) 122.2430 
4) 103.6909 
5 )  103.9221 

0.1434 
0.1519 
0.1591 
0.1522 
0.1507 

0.0002 0.1432 0.1741 
0.0001 0.1518 0.0469 

0.1588 0.1987 0.0003 
0.0005 0.1517 0.3124 

0.7382 -0.0011 0.1518 

c 

VARIANCE : 5.436799D-07 
AVG % DEV. : 2.940635D-01 
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