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THERMAL RESISTANCE OF ATI'IC LOOSE-F'ILL INSULATIONS 
DECREASES UNDER SIMULATED WINTER CONDITIONS1 

R. S. Graves, K E. Wilkes, and D. L. McElroy 

Two absolute techniques were used to measure the thermal resistance of attic loose-fill 
insulations: the Large Scale Climate Simulator (LSCS) and the Unguarded Thin-Heater Apparatus 
(UTHA). Two types of attic loose-fill insulations (unbonded and bondedhbed) were tested under 
simulated winter conditions. To simulate winter conditions for an attic insulation, the specimens were 
tested with heat flow up, large temperature differences, and an air gap. The specimens were tested 
either with a constant mean temperature (30 or 21°C) and an increasing temperature difference or 
with a constant base temperature (21°C) and an increasing temperature difference (Le-, a decreasing 
mean temperature). 

The UTHA test specimens had a nominal thickness of 0.2 m of loose-fill insulation. The LSCS 
test specimens had a nominal thickness of 0 3  m of loose-fill insulation contained in a 4.2 by 5 m attic 
test module with a gypsum board base. The module had a gabled attic with a 5 in 12 slope roof. The 
tests yielded the surface-to-surface thermal resistance, R, which includes the thermal resistance due 
to gypsum, insulation, and any wood joists. Tests with and without an air gap were conducted in the 
UTHA Surface-to-surface thermal resistance results from the LSCS and the UTHA show similar 
trends for these two types of loose-fill insulation when tested under simulated winter conditions. 

Tests with no air gap gave values of R that agreed with the bag label R-value for the 
insulations; R increased with lower mean temperatures. These no-gap values of R were 2 to 5% 
greater than the values of R obtained with an air gap for temperature differences or less than 22°C. 
For larger temperature differences R decreased, and at temperature differences of over 40"C, the 
R values were 50% less than those at small temperature differences. This phenomenon was observed 
on both types of fibrous glass loose-fill insulations: unbonded and bonded/cubed. The onset of the 
decrease in R for the bonded/cubed insulation occurs near a temperature difference of 25°C for a 
base temperature of 21°C. The temperature difference at which the R started to decrease obtained 
from the UTHA on specimens with R-values near 3.3 m2WW agreed with results from the LSCS 
on specimens with R-values near 5.3 m2-WW. 

Air-flow permeabilities were measured with apparatus similar to that described in ASTM C 
522. The air-flow permeabilities of the as-blown fiberglass specimens were in the range 20 to 80 x 

m2 and were inversely proportional to the density raised to about the third power. The shape 
of the thermal resistance-temperature difference curve is characteristic of heat transfer by natural 
convection. The onset of the decrease in thermal resistance is consistent with measured values of 
air-flow permeabilities and a critical Rayleigh number of 29 or less for an attic insulation with an 
open top. 

'Research sponsored by the Ofice of Buildings Energy Research, U.S. Department of Energy, as part of 
the National Program for Building Thermal Envelope Systems and Materials, managed by Martin Marietta 
Energy Systems, Inc-, under contract DE-AC05-84-OR21400. 
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1. INTRODUCTION 

Procedures to prepare a test specimen of a loose-fill insulation and to measure its thermal 

resistance (R-value) are described in ASTM C 687.(1) The test procedure for R-value allows hot- 

plate and hot-box techniques to be used, but states a preference for the heat-flow meter technique, 

ASTM C 518 (21, because it requires a shorter tcsting time and hence costs less. The testing 

technique described in ASTM C 687/C 518 uses heat flow up with flat plates contacting the upper 

and lower specimen surfaces (no air gap). The measured thermal resistance of the specimen obtained 

using flat plates contacting the specimen provides a needed market-place description of the material. 

Heat flow up provides a simulation of attic conditions in the winter. This is obtained by a warm 

lower plate and may induce convective effects since hot, low density air near the lower surface would 

have a tendency to rise through the insulation test specimen. The contacting upper plate does not 

simulate an open-top attic insulation installation. An open-top test with an air gap may enhance 

convection. Recent large-scale tests of some attic insulations that included open-tops, heat flow up, 

and a lower face temperature near 20"C, showed the thermal resistance to decrease by as much as 

a factor of two as the temperature on the upper side was decreased from 7°C to -28°C. The 

additional heat flow is due to natural convection of air through the insulation.(3-12) Tests at ORNL 

were conducted in the Large Scale Climate Simulator (LSCS) at the ORNL Building Envelope 

Research Center. The LSCS is expensive to operate. Thus, a demonstration of this phenomenon 

in the ORNL Unguarded Thin-Heater Apparatus (UTHA) using relatively small size test specimens 

could yield an economical means to simulate winter conditions for attic installations. 

2 EQUIPMENTDESCRIPTION 

2.1 LARGE SCALE CLIMATE SIMULATOR gSCS) 

Ekperirnents were performed using an attic test module in the Large Scale Climate Simulator 

(LSCS) at the ORNL Roof Research Center.(l3) The attic test module separated the upper climate 

chamber from the lower metering and guard chambers. The temperatures in the metering and guard 

chambers were both controlled at a constant level of 21"C, while the temperature in the climate 

chamber was controlled at various steady levels between 7°C and -28°C. The attic test module 

simulated a typical gabled attic residential construction. For most of the tests, a ventilation rate of 

about 0.5 L/m2s of attic floor was used. Primary instrumentation was four arrays of 21 



thermocouples each, arranged midway between the joists to measure temperatures in the metering 

chamber air, at the bottom surface of the gypsum board, at the top surface of the insulation, and in 

the attic air 76 mm above the insulation. LSCS tests were run €or about 24 hours. The average heat 

flow through the ceiling, and all temperatures averaged over the array for a particular surface yielded 

the surface-to-surface thermal resistance, R(SS): 

The resistance defined in Equation 1 includes resistances due to the gypsum board, insulation, and 

the wood joists. Specimens tested in the LSCS were blown using a Unisul Electric Volu-matic III 
Open Blow Machine.(l4) The accuracy of the LSCS apparatus has been assessed by Wilkes and 

Childs (15) on two sets of panels of expanded polystyrene which show 95% reproducibility intervals 

of less than 2.6% and a bias of less than 4.3%. 

22 THE UNGUARDED THIN-HEATER APPARATUS (UTHA) 

The UTHA meets the requirements of ASTM C1114.(16) The apparatus is an absolute, 

longitudinal heat-flow method and consists of an unguarded, electrically-heated, flat, large-area 

Nichrome screen-wire heat source sandwiched between two horizontal layers of insulation with flat 

isothermal bounding surfaces. The heat source provides vertical heat flow in its central region across 

the subject insulation to two temperature-controlied, water-cooled, copper plates. The screen area 

is large (0.9 x 1.6 m) and is instrumented with 11 thermocouples for temperature measurement and 

voltage taps for power measurements. For two-sided heat flow, the thermal conductivity, k, is 

calculated for linear heat flow assuming half of the power generated flows through each layer, 

For one-sided mode of operation, one plate is controlled to the temperature of the screen-wire 

heater, and the thermal conductivity is calculated from a correction €or the small temperature 

mismatch between the screen and the guard plate. The reproducibility and repeatability of the k 
measurements have been determined to be 0.2%.(17, 18) Tests conducted in 1983 and 1990 on two 

standard reference materials (SRMs) from the National Institute of Standards and Technology are 

reported in Ref. 19 and show UTHA k values for the SRMs to be within the most probable 

uncertainty of 1.2%. 
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For tests in the UTHA, the loose-fill insulation test specimens were housed in a cavity, 0.216 

x 0.89 x 1.27 m, built from 25.4 mm thick expanded polystyrene board on a 12 mm thick gypsum 

board. The loose-fill insulation test specimen was prepared using a Unisul Electric Volu-Matic 111 

Open Blow Machine.(l4) Empty frames, 76 mm x 0.89 m x 1.27 m, built from 25.4 mm thick 

expanded polystyrene boards could be placed on top of the tast specimen frame to create a 76 mm 

or a 152 mm air space above the insulation specimen. A schematic drawing of this assembly is shown 

in Figure 1. Five Nichrome screen-wire pads, 30 x 30 mm, instrumented with Type E thermocouples 

were positioned with insulation sleeving at the upper surface of the loose-fill tcst specimen. This 

allowed R values as dcfined by Equation 1, to be obtained during each steady-state, onc-sided, heat- 

flow test. 

23 AIR m w  P E l R M E N 3 r n  APPARATUS 
The air-flow permeability is defined by Darcy’s law (12), 

To calculate K from the experimental measurements, Darcy’s law was integrated and rearranged to 

give 

Air-flow permeabilities were measured with the apparatus shown schematically in Figure 2, which 

follows the gcneral principles outlined in ASTM Method C 522.(20,21) Insulation specimens were 

blown into wood boxes having lateral dimensions of about 610 by 610 mm.(14) Air from a cylinder 

of compressed air was passed through a Meriam laminar-flow element, then through a high-density 

fiberglass board that acted as a flow straightener, and finally through thc specimen and into the 

surrounding atmosphere. The pressure drop through the laminar flow element was read using a 

Validyne differential pressure transducer, and was converted to a volumetric flow rate using the 

calibration supplied with the flow element. Since expansion of the high pressure air from the cylinder 

caused a cooling effect, the temperature of the air stream was measured to take into account the 

variation of air viscosity with temperature. The pressure drop across the specimen was measured with 
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GAP 
TEST 

NO GAP 
TEST 

I I  
SUPPORT 

Fig. 1. Schematic drawing of loose-fill insulation specimen assembly used in the unguarded thin- 
heater apparatus. 

Air Flow 

Meriam laminar 
Validyne Differenti 
Pressure Transducer 

Fig. 2. Schematic of Air-Flow Permeability Apparatus. 
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a Validyne differential pressure transducer. 

Measurements were made at six or more different flow rates between 0 and 1.1 liter per 

second, corresponding to velocities of 0 to 3 mm/s. Pressure differences across the specimcn were 

4 Pa or Icss. In all cases, a plot of AP versus F was a straight line, and a linear regression was used 

to obtain the ratio, A P E  for use in Equation 4. Coefficients of determination (r') were greater than 

0.99 for most of the tests, but were as high as 0.9999 and as low as 0.87 for some of the tests. 

3. TESTRESULTS 

3.1 A L R - m W  PF3UMEABILITY 

Tables 1 and 2 list the air-flow permeabilities measured on specimens of bondedhubed and 

unbonded loose-fill fiberglass. Figure 3 shows permeabilily versus density, along with curves obtained 

from linear regressions of log K versus log p. Equations 5 and 6 are the equations for the 

bonded/cubed and unbonded insulations, respectively: 

K = 6.4359 X lo-' P - ~ " '  (6) 

Coefficients of determination, as obtained from the linear regressions of log K versus log p, are 0.810 

and 0.856 for Equations 5 and 6, respectively. 

3.2 THERMAL TEST RBULTS FROM THE LSCS 
Characteristics of attic loose-fill insulations tested in the ESCS are given in Table 3. Two 

specimens of unbonded (U) and one specimen of bonded/cubcd (BC) fiberglass insulation were tested 

at thicknesses of 0.33 to 0.38 m. For specimen U-1, the average thickness and mass of the insulation 

from the central metering area were determined following the thermal tests. For the other two 

specimens, additional tests (not reported here) only allowed the thickness and mass values to bc 

estimated, 

Both specimens of the unbonded material were tested under thermal conditions that simulate 

those encountered in a typical attic: the air below the ceiling was maintained near 21°C for all tests, 

while the temperature in the climate chamber was maintained at various steady temperatures to 

simulate outdoor winter temperature conditions between 7°C and -28°C. This set of conditions is 
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Table 1. Air-flow permeability of bonded/cubed loose-fill fiberglass insulation 

I 

7 196 8.10 63.4 

8 202 8.01 74.7 

1 188 6.76 62.2 

1 224 10.7 19.7 

2 138 5.97 80.1 

2 266 10.2 21.5 

3 187 6.7 1 68.9 

3 218 10.8 18.0 
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Table 2. Air-flow permeability of unbonded loose-fill fiberglass insulation 
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Table 3. Properties of attic loose-fill insulation specimens tested in the UTHA and the LSCS. 

k Tested in the Unguarded Thin Heater Apparatus (UTHA) 

Specimen 

Unbonded 

B. Tested in the Large Scale Climate Simulator (UCS) 

Un bonded 

BondedICubed 

a. Pin gage thickness. 
b. From plate to plate thickness. 
c. Estimated 
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referred to as "base". The bondedkubed material was also measured under a second set of conditions 

wherein the mean temperature of the insulation was maintained constant near 22°C by varying the 

temperatures in both the climate and metering chambers. This set of conditions is referred to as 

"mean". 

Results of tests in the LSCS are given in Table 4 and are plotted in Figure 4. For both 

unbonded specimens, (U-1 and U-21, the resistance at temperature differences of 18 K or lcss 

averaged about 5.4 m2.K/W, increased as the mean temperature increased under the %base" 

conditions. As the temperature difference increased above 18 K, the resistance started to decrease, 

and when the temperature difference reached about 40 K, the resistance had decreased by about 45 

percent. 

For the bondedkubed insulation under "base" conditions, the resistance started at 5.7 m2.K/W 

at a temperature difference of 14 K, rose to 6.1 m2-K/W at a difference of 24 K, and then decreased 

with larger temperature differences, until at a temperature diEerence of 45 K the resistance had 

decreased by about 47 percent. Under "mean" conditions, the resistance was approximately constant 

at 5.6 m2-K/W at temperature differences of 29 K and smaller; above 29 K, the resistance decreased 

until at a temperature difference of 47 K it had decreased by about 32 percent. As shown in Figure 

4, the intersection of a horizontal line at 5.6 m2;WW with a straight line through the higher 

temperature difference data points occurs at a temperature difference of 31 K 

The shape of the resistance-temperature difference curves is characteristic of heat transfer 

by natural convection. For a horizontal porous medium heated from below, no convection is 

expected until a certain critical temperature difference is reached, after which the resistance starts 

to decrease with increasing temperature difference. The hypothesis of the occurrence of natural 

convection has been confirmed through infrared images of the top of the insulation (5). These 

revealed a hexagonal pattern that is also characteristic of some natural convection configurations, with 

cold dense air from the attic flowing down into the insulation at the cores of the hexagons, being 

heated from below, and the warmer, less dense air flowing up out of the insulation at the perimeters 

of the hexagons. 

Theory (12) shows that the onset of convection in a horizontal porous medium is governed 

by the dimensionless Rayleigh number, Ra, which is defined as: 
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Table 4. Surface-to-surface thermal resistances of ceilings insulated 
with low-density loose-fill fiberglass determined in the LSCS 

k Unbonded, Constant Base, Specimen 1 

B. Unbonded, Constant Base, Specimen 2 

SI Units 
I ll 

19.4 -20.5 3 . 0  

Note: Tb =c temperature of bottom of gypsum board ceiling, "C. 
T, = temperature of bottom of gypsum board ceiling, "C. 
R = thermal resistance between bottom of gypsum board and top of insulation system, 

rn2WW. 
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19.2 -26.1 

Table 4. Surface-to-surface thermal resistances of ceilings insulated 
with low-density loose-fill fiberglass determined in the LSCS (ant.)  

3.21 

C. Bonded/Cubed, Constant Base 

SI Units 1 

-7.7 11 20.2 
I 

-11.9 

-16.3 

-21.0 3.59 

D. Bonded/Cubed, Constant Mean 

SI Units 
I I 

Note: Tb = temperature of bottom of gypsum board ceiling, "C. 
Tt = temperature of bottom of gypsum board ceiling, "C. 
R = thermal resistance between bottom of gypsum board and top of insulation system, 

r n 2 - W .  



14 

2 -  

1 -  

0 

'I 

A 

Unbonded, Spec. 1 , Base 
Unbonded, Spec. 2, Base 
Bonded/Cubed, Base 
Bonded/Cubed, Mean 

0' I I I I 
Q 10 20 30 40 50 

Temperature Difference, K 

Fig. 4. Thermal Resistance of ceilings insulated with unbonded and bondedkubed low-density loosc- 
fill fiberglass as determined in the LSCS. The ordinate is the surface-to-surface thermal resistance 
between the bottom of the gypsum board and the top of the insulation system, and the abscissa is the 
temperature difference between these two locations. 
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The theories also predict that the critical Rayleigh number, Rac, depends upon the thermal and 

mechanical boundary conditions imposed on the top and bottom surfaces of the insulation. For thc 

configuration of attic insulation, with an open top surface, the Rac should be 27.1 or less. 

The calculated Rac for unbonded specimen U-1 is 12, while that for unbonded specimen U-2 

is 9 to 26 (depending upon which value of density, and hence, permeability is used). For the 

bonded/cubed insulation, for which the density was estimated, the Rac is calculated to be 28 for the 

%asel' conditions. Using a critical temperature difference of 31 K for the "mean" condition, the Rac 

is 29. While there is uncertainty in these Rac values (mainly from the uncertainty in the 

permeability), they all fall within the range of 10 to 30 that has been observed in other 

experiments.(3, 10) In addition, Rac values for the %base" and "meanB' conditions for the 

bonded/cubed fiberglass insulation are nearly identical, showing that the effects of differing mean 

temperatures can be accurately accounted for (note, the ratio of the critical Rayleigh numbers for 

these two conditions is not influenced by any uncertainty in the permeability). 

33 T3HERMALTESTmWnFROMTHEUTHA 

Characteristics of the loose-fill insulations tested in the UTHA are given in Table 3. 

Unbonded (U) and bondedkubed (BC) loose-fill fiberglass insulations were tested in the UTHA as 

specimens with wood joists on 0.61 m centers (U-J and BC-J) and without joists (U-NJ and BC-NJ). 

The UTHA specimens were nominally 0.22 m thick and had densities between 7.5 and 9.3 kg/m3. 

Table 5 lists the thermal tests conducted in the UTHA on the unbonded and bonded test 

specimens. For example, the five tests on the unbonded, no joists specimen were conducted with 

air gaps of 76, 152, and 0 mm and at a mean nominal temperatures of 21 and 30°C. Tests were 

conducted on the unbonded, joist specimen and the bonded/cubed joist specimen with a base 

(gypsum) temperature of 21°C and a range of temperature differences (see asterisk, Table 5). The 

air gap tests of zero mm spacing correspond to the top plate contacting the upper surface of the 

insulation, which is the usual C 687 procedure for thermal testing of insulation. The surface-to- 

surface thermal resistance data for the UTHA specimens are tabulated in Tables 6, 7, and 8. 

It should be noted that the temperature difference used to define the Rayleigh number is not exactly 
equal to the surface-to-surface temperature difference used to define the thermal resistance. However, since 
the thermal resistance of the gypsum board (about 0.08 m%W) is much smaller than the thermal resistance 
of the insulation in the absence of convection (about 3.5 to 7 m2WW), the difference between these two ATs 
is only about 1% to 2% and is, therefore, ignored in the discussion of the onset of convection. 
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Figure 5 shows the results of tests on the unbonded, no-joists specimen with a mean 

temperature of 30"C, and air gaps of 0, 76, and 152 mm. With no air gap, the resistance is 3.18 

m2.K/W and nearly independent of temperature difference. With either air gap, the thermal 

resistance is near the value of 3.18 m2WW for temperature differences of 40 E; or less. For larger 

temperature differences, the thermal resistance decreases with increasing temperature difference, until 

at the largest temperature difference of 55 K, the thermal resistance has decreased by about 20 

percent. The curves for the 76 and 152 mm thick air gaps are very similar, but differ markedly from 

that for no air gap for temperature differences greater than 40 K. Because of the similarity of results 

with the two sizes of air gap, only the larger air gap was used for the remaining experiments. Using 

a critical temperature difkrence of 39.8 K, a Rac of 17.2 is calculated for the cases with air gaps. 

This is somewhat larger than the Rac of 12 calculated for the unbonded test in the LSCS. Theory 

shows that the addition of a solid plate on top of the insulation should increase the critical Rayleigh 

number by 46 percent. Hence the Rac for the no air gap case would be expected to be 25.1. This 

corresponds to a temperature difference of 58 K, which is beyond the range measured. Hence the 

difference in Rac between the case with no air gap and those with air gaps provides an explanation 

for the difference in curves of resistance versus temperature difference. 

Figure 6 shows the results for the unbonded, no joists specimen with a 152 mm air gap and 

mean temperatures of 21" C and 30" C (Tests 2 and 3). At small temperature differences, a decrease 

in mean temperature from 30°C to 21°C results in a 5 percent increase in resistance. However, the 

decrease in mean temperature results in a smaller critical temperature difference so that the curves 

cross each other. Using the Rac of 17.2 calculated for the 30°C case, the critical temperature 

difference for the 21°C case would be expected to be 33.8 K, which agrees well with the 

experimental curve. For the unbonded insulation, R(SS) with no air gap at 21°C is 3.48 m2K/W 

(Test 5), but R(SS) with an air gap is 5% less, 3.32 m2K/W (Test 3). 

Results for unbonded specimens with and without joists at a mean temperature of 21°C and 

with a 152 mm air gap are shown in Figure 7. Based on numerical calculations (1 l), it was expected 

that the joists would provide warm spots that would trigger convection at smaller temperature 

differences than in their absence. This expectation was not borne out by experiment, as these curves 

show. However, a direct comparison of these two sets of data to detect differences due to the joists 

is complicated by a difference in density of the insulation. The specimen with joists had a density 

about 19 percent larger than the one with no joists. Also the unbonded insulation with joists had an 

R with no air gap (Test 5) at 21°C that is 4% less than R with an air gap (Test 2). Using Equation 
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Surface-to-surface thermal resistances of UTHA specimens of unbonded, loose-fill 
insulation with no joists. 

19.3 3.14 

II 45.9 14.4 3.14 



Table 7. 

T b  TI 
(“C) (“C) 

49.4 10.2 

54.8 6.1 
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Surface-to-surface thermal resistance of UTHA specimens of unbonded, loose-fill 
insulation with joists. 

R 
(m2.WW) 

3.20 

3.13 

58.7 

41.1 

33.3 

33.4 

41.0 

58.9 

2.1 3.03 

19.0 3.32 

23.9 3.17 

23.9 3.21 

19.0 3.28 

2.1 3 -02 

ll 27.5 I 16.0 

27.4 16.0 

31.8 10.3 

38.0 5.8 

46.2 -2.0 

I 3.64 

3.59 

3.46 

3.40 

3 -29 

II 29.4 1 13.2 I 3.48 

24.8 19.2 1 3.65 

21 .o 10.4 

21.2 5.7 

21.2 0.8 

21.0 -5.0 

3.66 

3.75 

3.73 

3.71 

46.0 13.6 I 3.30 

37.5 5.1 3.59 
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Surface-to-surface thermal resistance of UTHA specimens of bonded/cubed insulation 
with and without joists. 

Test 3 (2) 
Bonded/Cubed, Joists 

37.7 5.3 3.28 

30.5 13.6 3.3 1 
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Fig. 5. Thermal Resistance of the unbonded, no joist specimen of low-density loose-fill fiberglass as 
a function of the size of the air gap as determined in the UTHk The ordinate is the surface-to- 
surface thermal resistance between the bottom of the gypsum board and the top of the insulation 
system, and the abscissa is the temperature difference between these two locations. 
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Fig. 6. Thermal Resistance of the unbonded, no joist specimen of low-density louse-fill fiberglass as 
a function of mean temperature as determined in the UTHA. The ordinate is the surface-to-surface 
thermal resistance between the bottom of the gypsum board and the top of the insulation system, and 
the abscissa is the temperature difference between these two locations. 
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fill fiberglass at a mean temperature of 21°C as determined in the UTHk The ordinate is the 
surface-to-surface thermal resistance between the bottom of the gypsum board and the top of the 
insulation system, and the abscissa is the temperature difference between these two locations. 
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6, thc air-flow permeability of the specimen with joists is expected to be 79 percent lower than the 

other. Hence with a Rac of 17.2, the critical temperature difference for the specimen with studs 

would be expected to be 61 K for 21°C mean and 71 K for the 30°C mean, both of which are 

beyond the range of the experiment. The fact that the resistance does decrease slightly over the 

temperature difference range measured may be an indication that the joists are causing a small 

amount of convection to occur even though the Rayleigh number is lower than the critical value. 

A comparison of results with the 'base" and "mean" conditions is given in Figure 8 for the 

unbonded specimen with joists and with an air gap of 152 mm. With the "base" conditions, the mean 

temperature varies from 157°C to 8.0"C as the temperature difference is increased. If no 

convection were present, this decrease in mean temperature would be expected to cause an increase 

in resistance. Even though Rayleigh numbers are less than 10 for the "base" measurcments, the 

resistance first rises and then falls as the temperature difference is increased. Again, the slight falloff 

in resistance may be an indication of a small amount of convection caused by the joists even though 

the Rayleigh number is much below the critical value. 

A composite of the data on bonded/cubed insulation in the UTHA is shown in Figure 9. All 

data were taken either with a 21°C mean or a 21°C base temperature. Either with or without joists, 

the resistance with constant mean temperature is essentially independent of temperature difference 

below about 32 K. For the bonded/cubed insulation R with no air gap was 2% greater than R with 

an air gap. At temperature differences greater than 32 K, the resistance decreases, with the decrease 

being larger for the case with joists. Critical Rayleigh numbers for the cases without and with joists 

are calculated to be 11.4 and 15.3, respectively. For the measurements with constant base 

temperature, the resistance increased as the temperature difference was increased from 6 K to 20 K 

and then started to decrease. Using the critical Rayleigh number of 15.3, the critical temperature 

difference for the "base" case would be expected to be about 26 K, which is in fairly good agreement 

with the experimental data. Critical Rayleigh numbers of 11 to 15 for the UTHA experiments are 

less than the value of 28 calculated for the LSCS tests on the same material. It is suspected that the 

estimates of density in the LSCS tests are too low. 

3.4 COMPARISON OF TE;sT RESULTS FROM THE LSCS AND THE UTHA 

Apparent thermal conductivities for the insulation may be calculated from the thermal 

resistance data that are considered not to be influenced by convection. Apparent thermal 

conductivity values for the insulation were calculated using an average of the ASHRAE parallel path 
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Fig. 8. Thermal Resistance of the unbonded, specimens of low-density loose-fill fiberglass at base and 
mean conditions as determined in the UTHk The ordinate is the surface-to-surface thermal 
resistance between the bottom of the gypsum board and the top of the insulation system, and the 
abscissa is the temperature difference between these two locations. 
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bottom of the gypsum board and the top of the insulation system, and the abscissa is the temperature 
difference between these two locations. 



25 

and series-parallel methods.(22) These calculations assumed the thermal conductivities of wood and 

gypsum board to be 0.115 and 0.160 W/mK, respectively.(22) Figure 10 shows the apparent thermal 

conductivity as a function of T3/p, where T is the mean absolute temperature. In general, for low- 

density insulations, the thermal conductivity tends to vary linearly with T3/p, with the values lor the 

bonded/cubed material falling somewhat below those for the unbonded material. From this plot, i t  

is seen that the thermal conductivities derived from the LSCS and the UTHA are in good agreement. 

By pooling the data from all the tests, the thermal conductivity may be represented by 

k = 0.003393 + 7.586 X lo-’ T + 1.281 X 10- 8 2  

P 

where the first two terms represent the thermal conductivity of air (23) and are independent of 

density. The third term represents the radiative contribution for the loose-fill insulation obtained 

from regression analysis of k without the thermal conductivity of air. 

Another direct comparison between results from the LSCS and the UTHA can be obtained 

by examining dimensionless quantities. The Rayieigh number, defined in Equation 7, is a 

dimensionless number which accounts for differences in mean temperature, temperature difference, 

air-flow permeability, thickness, and apparent thermal conductivity. Correlations of convection data 

usually use the Nusselt number for the other dimensionless quantity, which is defined as the ratio of 

heat flow with convection to that without convection. Since our focus is on thermal resistance, we 

use a quantity that is essentially the inverse of the Nusselt: the ratio of the thermal resistance, R, 

divided by the thermal resistance at small Rayleigh numbers, Ro. 

Dimensionless resistance ratios and Rayleigh numbers €or the unbonded material are shown 

in Figure 11. This plot shows that the LSCS data are in good agreement with the UTHA data taken 

with an air gap over the insulation. For these tests, R/Ro is close to one for small Ra and then 

decreases when Ra exceeds about 12 to 18. However, for the UTHA tests with no air gap, R/Ro 

remains close to one for larger Ra. Theories for porous media with no gradients in air-flow 

permeability predict that the critical Rayleigh number is 45c2 when the porous medium is bounded by 

isothermal, impermeable surfaces on the top and bottom, and is 27.1 when the top surface is 

open.(l2) When there is a large variation in air-flow permeability through the thickness of the 

porous medium (such as was observed €or these materials), theory indicates that the critical Rayleigh 

number is reduced from the 4n2 value to about 28. It is speculated that a variable permeability may 
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also reduce the 27.1 value by the same percentage, to a value of about 19. Critical Rayleigh numbers 

of 19 and 28 for the open and closed tops are consistent with the data in Figure 11. 

Figure 12 shows FUR0 versus Ra for the bondedkubed material. Here, the agreement 

between the UTHA and the LSCS data is not as good. As was mentioned above, the density of the 

LSCS specimen was not directly determined, and the uncertainty in density is thought to be the cause 

of the differences between the data from the two apparatuses. Because of the strong variation of 

air-flow permeability with density, an error in the density will be magnified into a larger error in Ra. 

For example, if the density were 15 percent larger, the Ra values would all be reduced by 33 percent, 

bringing the results of the two apparatuses into good agreement. The UTHA data for the 

bonded/cubed material are in good agreement with those obtained on the unbonded material. It 

should also be noted that the values for the LSCS data in Figure 12 include both the data obtained 

under the "base" conditions as well as the "mean" conditions. By plotting dimensionless values, the 

data obtained under these two conditions fall on the same curve. 
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APPENDIX A 
TABLE OF NOhKENCLATURl3 

R(SS) is the surface-to-surface thermal resistance, m2.WW, 

A is the effective area of the ceiling exposed to the metering chamber, 6.44 m2, 

Tb is the temperature of the bottom of the gypsum board, K or "C, 

Tt is the temperature at the top of the insulation, K or "C, 

Q is the heat flow, W, 

k is the thermal conductivity, W/m.K., 

I is the current, amperes, 

AV is the voltage, volts, 

L is the insulation thickness, m, 

& is the screen meter area, 0.5575 m2 (UTHA), 

AT is the temperature difference between the screen and the plates, K, 

V is the fdtration velocity, m/s, 

K is the air flow permeability, m2, 

p is the dynamic viscosity of air, k g h s ,  

dPldx is the pressure gradient through porous medium, Pa/m, 

F is the volumetric flow rate, m3/s, 

A is the specimen area perpendicular to the flow, m', 

L is the thickness of specimen in flow direction, m, 

AP is the pressure difference across the specimen, Pa, 

p is the density in kg/m3, 

g is the acceleration of gravity, m/s2, 

0 is the volume expansion coefficient, K-I, 

Cp is the specific heat, J/kg.K, 

v is the kinematic viscosity of air, m2/s, 

A T  is the temperature difference across the porous medium. 
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