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DEVELOPMENT OF A PHYSICAL PROPERTIES DATA BAS~{~ 

, METHODS FOR CELLULOSIC INSULATION ,:pIIf'Jf(Jy't}:;J 

K. E. Wilkes, D. W. Yarbrough, and R. S. Graves 

ABSTRACT 

This Cooperative Research and Development Agreement (CRADA) was among the 
Cellulose Insulation Manufacturers Association, Tennessee Technological University, and 
Lockheed Martin Energy Research Corp. Cellulosic insulation, for use as thermal insulation in 
residential and commercial bUildings, has been manufactured and marketed in the United States 
for over 40 years. The products manufactured by the cellulose industry have evolved in recent 
years to a lighter product with improved thermal property claims by the manufacturers. A 
comprehensive properties data base for the modem cellulose insulation did not exist and test 
methods used to characterize and qualify the performance of the products in the past needed to be 
improved or replaced. The goal of this CRADA was to develop the needed data base and 
provide needed technical work for the improvement and revision of test methods. 

1. OBJECTIVES OF CRADA 

The objectives of the CRADA were to develop a data base of physical properties of 

cellulosic insulations and to develop improved methods for testing cellulosic insulations. 

2. BENEFITS OF CRADA TO DOE 

ORNL is performing extensive R&D on the development of materials for improving the 

energy efficiency of buildings and appliances. This CRADA provided additional funding and 

industry interaction for this ongoing energy conservation activity_ This project provided ORNL 

with improved access to the industrial sector and participation in the development of improved ' 

products for the consumer. 
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3. TECHNICAL DISCUSSION OF RESULTS 3 

3.1 Task 1 Chemical Fire Retardant Studies 

This task consisted of three subtasks. The first was improvement of existing methods for 

determining the combustion properties of cellulosic insulati.on. The second subtask addressed 

improved and existing metho~s for assessing permanency of chemical fire retardants. A limited 

field study was undertaken to supplement laboratory results. The third subtask was the 

development of quantitative measures such as ignition temperature to assess the effectiveness of 

fire retardants. 

3.1.1 Combustion Property Methods (Flammability Tests) 

3.1.1.1 Background 

Two flammability tests are required of cellulosic insulation intended for use in residential 

applications. These two tests: resistance to smolder combustion (SC) and critical radiant flux 

(CRF) were not designed specifically for cellulosic insulation. In the case of the critical radiant 

flux test, there are two versions of the test commonly in use. The first uses a large gas-fired 

panel of the type that is used to test carpets. The second is a relatively small electric panel that is 

commonly used for quality control functions. The SC test was apparently adopted from a 

flammability test for mattresses. The SC test presently uses a lighted cigarette as the ignition 

source. The purpose of the present research was to seek refinement of the two existing 

flammablity tests and obtain sufficient data to justify serious consideration of changes in the test 

procedures. 

3.1.1.2 Test for Critical Radiant Flux (CRF) 

A detailed study of the electric panel apparatus that is currently in use for the 

measurement of CRF has been completed. This apparatus is marketed under the name Veri-Flux 

100. Specific factors that were considered included the time-temperature values on the surface of 

'I 
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a test specimen after being placed in a heated test cabinet with a powered cal-rod heater, the 

effect of cabinet air temperature on the radiallt flux along the test specimen surface, and the 

effect of heater angle on the surface flux. 

The Veri-Flux 100 is commonly limited to quality control functions in the cellulose 

industry. There is, however, an ASTM Task Group preparing a Standard Practice for its broader 

use. The Veri-Flux 100 uses an electric resistance heater (cal-rod) with a reflector to provide 

radiant energy to the surface of a test specimen. The test unit consists of a cabinet, specimen 

holder, radiant heat source, dial thermometer, exhaust fan, and power switches. The apparatus is 

calibrated prior to use with a heat-flux transducer to obtain a relationship between distance from 

the "hot" end of the specimen and the incoming radiant flux. This calibration is weakly 

dependent on the air temperature in the enclosing cabinet. The CRF is the minimum radiant flux 

required to support the propagation of a flame moving along the specimen away from the "hot" 

end. ~he radiant flux decreases with distance. The further the flame front travels along the 

specimen the lower the CRF. The CRF is determined from the length of the burned region. The 

shorter the burned region the greater the CRF. The minimum acceptable CRF is 0.12 W/cm2 .. 

Large values for CRF are desirable. 

3.1.1.3 Surface Temperatures 

Insulation surfa~e temperatures were measured at 10, 20, 30, 40, and 50 centimeters from 

the hot end of the specimen tray and 1.24, 2.5, 5.0, and 6.0 cm from the edge. This was 

accomplished by positioning small squares of steel screen with an attached thermocouple at the 

desired locations on the surface of the test specimen and monitoring the resulting temperature. 

The side-to-side temperature variation shows the influence of the reflector system on the 

temperature distribution. Table 3.1.1.1 summarizes the observed temperature distribution when 

the initial cabinet temperature is 120°F and the cal-rod heater was powered at 120 V AC. 

A he~t balance around a typical element of surface on the test specimen was used to 

derive a differential equation for the surface temperature as a function of time and distance from 

the hot end of the specimen. This analysis did not include side-to-side temperature variation. 
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The differential equation was solved numerically with physical property data characteristic of 

loose-fill cellulosic insulation (LFCI) at a density of 2.0 Ib/ft3
• Table 3.1.1.2 is a comparison of 

calculated and measured surface temperatures along the center line of the specimen tray. The 

input radiant flux data used in the calculations were those obtained with the heat flux transducer 

used for calibration. This numerical procedure is available for the study of the effect of 

insulation characteristics on the thermal performance of the test specimen in test position. The 

results in Table 3.1.1.2 indicate the importance of the heat-up period. Both the numerical 

calculations and measurements of surface temperature show that steady-state temperatures are 

not achieved in three minutes of heat-up time, especially at 40 or 50 cm from the hot end. The 

flux calibration, however, appears to be a steady-state curve. Further study is needed to 

understand the implications of this mixture of steady-state and transient conditions. There is 

high probability that this affects the reproducibility of the test method. A detailed discussion of 

the mathematical model and the numerical solutions are contained in a thesis by Ahmed [1]. 

Figures 3.1.1.1 and 3.1.1.2 show measured and calculated surface temperatures. 

A modification of the existing radiant energy source used for the CRF test is proposed in 

order to eliminate the side-to-side temperature variations that results with a cal-rod heater and to 

eliminate the reflector that is part of the current apparatus. The proposed change is the use of a 

flat radiant heater in place of the cal-rod heating element. A CRF tester that uses a flat radiant 

heater was constructed. Surface temperature distributions that demonstrate the elimination of the 

lateral temperature variations with the flat radiant panel are shown in Table 3.1.1.3. 

3.1.1.4 Calibration and Analysis of the Flat CRF Tester 

The length and width of the flat radiant panel heater were 19.5 and 3 inches, respectively. 

The radiant heater reaches steady-state conditions in about 20 minutes. Heat-flux transducer 

output was measured at 10, 20, 30, 40, and 50 em in order to establish a radiant flux curve at the 

steady-state output of the panel. The method for determining the steady-state flux was the same 

as that currently used, except that sufficient air movement was provided to cool the cabinet after 

each test without turning off the power to the radiant panel. Transducer voltages and the 
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corresponding heat-flux values are given in Table 3. I. 1.4 for 15° and 30° in~.1 the 

radiant panel. The end of the radiant panel was 1.25 inches above the surface of the specimen in 

each case. Figure 3.1.1.3 shows the flux distributions for the two angle of heater inclination. 

3.1.1.5 Factors Affecting CRF Results 

The current critical radiant flux test requires three minutes of preheating before the test 

specimen is ignited at the hot end. The sensitivity of measured CRF to initial cabinet 

temperature and the temperature distribution on the specimen surface at the time of ignition were 

established as follows. Cabinet temperatures were observed a different heat voltages without test 

specimens in place. The room temperature was consistently gO°F during these tests. The cabinet 

temperature was found to vary linearly with heater voltage. The results are given in Table 3.1.1.5 

and Figure 3.1.1.4. The insertion of a test specimen for three minutes of pre-heating results in 

cabinet temperature increases from 10 to 15°F. This suggests that a flux correlation at about 

10°F above the cabinet temperature should be used to evaluate the results of a CRF test. Heat 

flux correlation data are shown in Figure 3.1.1.5 as a function of cabinet temperatures for a Veri­

Flux 100 apparatus~ 

3.1.1.6 Results for Cellulose Insulation 

Critical radiant fluxes were measured for ten commercially produced cellulosic 

insulations using both a Veri-Flux tester and a flat radiant panel tester with a heat angle of either 

15° or 30°. In all three cases the testers were calibrated prior to use. The data that were obtained 

show that comparable results can be obtained with all three variations of the CRF test. The flat 

tester produces a bum pattern that is more uniform than the Veri-Flux 100. This should improve 

the reproducibility of the test method. The data obtained with the flat heater show that 

comparable results can be obtained at different heater angles. This permits angle adjustment to 

optimiz,e measurement sensitivity or position the pass/fail distance for the test. 
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3.1.1.7 Smolder'Corribustion 

Two modifications of the smolder combustion test were studied in this project. In both 

cases, the cigarette used in the current test as an ignition source was replaced. An electrical heater 

cartridge (fire-rod) was one substitution and a propane torch was the second. These ignition 

sources were selected in an effort to make the ignition source reproducible and subject to control. 

Figure 3.1.1.6 is a diagram showing the fire-rod in position as an ignition source. 

The candidate ignition sources were used to obtain results for cellulosic material without 
1.-

chemical fire retardant. The results for untreated cellulose are shown in Table 3.1.1.6-3.1.1.8. 

All of these tests were performed on specimens at 2.0 Ib/ft3• The weight loss forthe untreated 

cellulose tested by the current method was approximately 57 wt.%. This value was taken as 

representative for the purpose of adjusting the test conditions for the fire-rod or the propane torch 

as an ignition source. 

Table 3.1.1.8 shows smoldering combustion test results obtained with propane torch 

exposures of 60,90, 120, and 150 seconds~ As expected, longer torch flame contact results in 

increased test specimen weight loss. This observation was used to adjust the exposure time for 

the torch test at one minute to match the results for cigarette ignition~ 
i 

Smoldering combustion tests on untreated ceHulose were conducted with fire-rod 

cartridges powered at 55 V AC with a contact time between the rod and cellulose of two minutes. 

This combination of time and electrical voltage was chosen to obtain results similar to those 

obtained with a cigarette ignition source. Temperatures of the fire-rod operating at 55 V AC for 

two minutes were measured with a chromel-alumel thermocouple mechanically attached to the 

rod. The thermocouple voltage was converted to a temperature using a Model C-65 
.' 

thermocouple calibration meter built by Wahl Instruments, Inc. The fire-rod temperature is 

plotted against contact time iri Figure 3.1.1.7. These data indicate that the surface of the rod 

reaches 660°F after 120 seconds of contact with the insulation being tested. 

In summary, the results for the SC test on untreated cellulose showed that 60 seconds of 

exposure to a small propane torch or 120 seconds of contact time for a 55 V AC powered fire-rod 

cartridge heater gave SC wt% losses comparable to that obtained with a cigarette. In these tests 
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the blue flame of the propane torch was about two inches long. The VoJa/8:s"eld about four 

inches above the test specimen. The cartridge heater was inserted into the insulation at room 

temperature. The heater was powered with 55 VAC for 120 seconds and then removed from the 

test specimen. These test conditions were used for testing of commercially produced insulations. 

3.1.1.8 Smolder Combustion Tests on Ten Insulation Products 

A set of ten commercially produced cellulosic insulation ("Commercial Sample") was 

tested for resistance to smolder combustion by the current method and the two modified ' 

methods. The set of ten products included a variety of representative chemical fire-retardant 

formulations. All of the tests were performed on conditioned insulations at 2.0 lb/fe. The 

objective was to demonstrate that comparable results can be obtained with the three versions of 

the test. Table 3.1.1.9 is a summary of test results obtained using the three ignition sources and 

the pass/fail conclusions. The % weight loss numbers were averaged and used to assign a 

pass/fail result for each of the three methods in Table 3.1.1.10. The pass/fail results were used to 

assess the correlation between the cigarette test and the proposed modifications. The results of 

these analyses are shown in Tables 3.1.1.11 and 3.1.1.12. The comparisons between tests show 

that for 80% of the specimens the cigarette and propane torch tests give the same pass/fail result 

while 90% of the pass/fail results agree for the fire-rod versus cigarette test agree. There are no 

cases in which the fire-rod test or the propane torch test passed and the cigarette test failed. All 

three tests for a given specimen must pass in order for the material to pass. 

The fire-rod test has an apparent advantage that the test conditions can be electrically 

controlled to produce reproducible ignition conditions. The fire-rod test is relatively inexpensive 

and involves off-the-shelf hardware . 



I 
PRO,];E<i:crV.~';!~\l'I.F~ TION . I ,.. . ~'F&.-rrc:U ol ". '. 

Table 3.1.1.1. Measured Surface Temperatures Across the LF8Qt~ During the Critical I 
Radiant Flux Test 

Distance Time 
(cm) (min) 

1.25 

10 1 97 
2 117 
3 127 

20 1 78 
2 98 
3 109 

30 1 64 
2 77 
3 86 

40 1 49 
2 58 
3 63 

50 1 41 
2 42 
3 44 

Temoerature {Oel 
Distance from One Side of the Trav (cm) 

2.50 5.00 6.00 

106 117 125 
134 139 145 
148 150 153 

94 101 108 
114 116 122 
122 124 124 

66 77 86 
78 89 97 
86 96 103 

53 55 59 
63 64 68 
64 67 71 

43 44 46 
47 48 49 
49 51 52 

,I 
I 
I 
I 
'I 
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Table 3.1.1.2. Comparison" of the Computer Results with the Measured s~1e Temperatures of 
the LFCI Specimen During the Critical Radiant Flux Test for Time up to Three Minutes 

Points (em) Time ('minute) Surface Temoerature (OC) 

Calculated Measured 

10 1 136 125 
2 152 145 
3 153 153 

20 1 115 108 
2 122 122 
3 127 124 

30 1 91 86 
2 95 97 
3 99 103 

40 1 65 59 
2 72 68 
3 74 71 

50 1 49 46 
2 51 49 
3 53 51 
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Table 3.1.1.:3'." Measured Surface Temperatures of the Portion of the LFCI Specimen Directly I 
Under the Flat Radiant Heater at an Angle of 30° from the Horizontal 

Distance Time 
(cm) (min) 

10 1 
2 
3 

20 1 
2 
3 

30 1 
2 
3 

40 1 
2 
3 

50 1 
2 
3 

Temperature {OCl 
Distance from One Side of the Heater (em) 

1.25 2.50 5.00 6.00 

82 83 85 87 
97 100 98 99 
103 104 105 106 

78 77 76 76 
92 89 91 89 
98 96 97 97 

67 70 68 68 
79 80 81 79 
86 84 87 84 

54 52 53 54 
62 59 59 61 
66 62 63 64 

45 47 44 44 
49 50 48 48 
51 53 50 50 

I 
I 
I 
I 
I 
I: 
I 
'I 
I 
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Table 3, 1,1.4. Measured Transducer Voltages and Converted Heat i<JO/6t,:rat Radiant 
Heater for the 30 and 150 Angle of Inclination from the Horizontal / 

\ 

Points (em) Heater Position 
300 15° 

Voltage Heat Flux Voltage Heat Flux 
(mV) _ <W/cm2 ) (mV) (W/cnr) 

10 

20 

30 

40 

50 

1.540 

1.133 

0.807 

0.560 

0.358 

0.3143 

0.2312 

0.1647 

0.1143 

0.0730 

2.045 

1.823 

1.525 

1.140 

. 0.650 

0.4174 

0.3720 

0.3112 

0.2327 

0.1327 

Table 3.1.1.5. Steady-State Cabinet Temperatures at Different Input Voltages to the Cylindrical 
Heater of the Existing l CRF Test Method 

Percentage of Supply 
Voltage (Volt) 

55 

77 

88 

99 

J.J.O 

1. ASTM C 739. 

Steady-State Cabinet Temperature2 

(OF) 

110 

1J.8 

126 

132 

140 

2. Without test specimen in place. 
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Table 3.1. 1;6.'· Results for the Smoldering Combustion Tests of Untreated LFCI at a Density of I 
2.0 Ib/ft3 Using a Cigarette 

Test % Weight Pass/Fail 
No. Loss 

1 50.4 Fail 

2 51.8 Fail 

3 57.0 Fail 

4 57.0 Fail 

Table 3.1.1.7. Results for the Smoldering Combustion Tests of Untreated LFCI at a Density of 
2.0 lb/fe Using a Propane Torch at Different Exposure Times 

Test E~o§!yre I1me 
No. 60 secgnds ~O seconds l~Q ~econds 150 secQnds 

% Weight P/F1 % Weight P/F !Is Weight·P/F % Weight P/F 
Loss Loss Loss Loss 

1 52.6 F 55.8 F 64.0 F 65.0 F 

2 54.0 F 61.2 F 65.0 F 66.0 F 

3 54.0 F 63.7 F 63.5 F 62.0 F 

4 60.0 F 64.0 F 65.0 F 60.0 F 

1. Pass or failure of the specimen. 
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Table 3.] .1.8. Results for the Smoldering Combustion Tests of Unt~'JOIll~ Density of 
2.0 Ib/ft3 Using an Electrical Fire-Rod 

Test % Weight Pass/Fail 
No. Loss 

~ 56.3 Fail 

2 51.8 Fail 

3 53.3 Fail 

4 54.8 Fail· 
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I Table 3.1.1.9. Results of the Smoldering Combustion Tests of the 'commercli;S Sample Usmg 

Three Methods at a Density of 2.0 Ib/ft3 

I 
Specimen Test Methods 

# # ~;ig2.r~tte P;;t;:012ane Torch Fire-Rod I % Weight P /Fl % Weight P/F % Weight P/F 
Loss Loss Loss 

1 1 0.00 P 41.5 F 42.2 F I 
2 0.00 P 43.0 F 45.2 F 
3 43.0 F 43.0 F 42.2 F I 

2 1 0.00 P 0.70 P 0.70 P 
2 0.00 P 1.50 P 0.70 P I 3 0.70 P 1.50 P 0.70 P 

3 1 0.00 P 0.70 P 0.70 P I 2 0.00 P 1.50 P 0.70 P 
3 0.70 P 1.50 P 0.70 P 

4 1 0.70 P 2.20 P 0.70 P I 2 1.50 P 2.20 P 0.70 P 
3 1.50 P 35.6 F 0.70 P 

5 1 0.00 P 1.50 P 0.70 P I 
2 0.00 P 1.50 P 0.70 P 
3 0.00 P 1.50 P 0.70 P I 

6 1 0.70 P 1.50 P 0.70 P 
2 0.70 P 41.5 F 0.70 P I 3 0.70 P 43.0 F 0.70 P 

7 1 0.70 P 0.70 P 0.70 P I 2 0.70 P 0.70 ,p 0.70 P 
3 0.70 P 1.50 P 0.70 P 

8 1 56.3 F 60.0 F 54.8 F I 2 57.8 F 61.5 F 55.6 F 
3 59.3 F 61.5 F 0.70 P 

9 1 0.00 P 0.70 P 0.70 P I 
2 0.00 P 1.50 P 0.70 P 
3 0.70 P 1.50 P 0.70 P I 

10 1 0.00 P 50.4 F, 51.9 F 
2 0:00 p 53.3 F 52.6 F 

I 3 52.6 F 53.3 F 54.1 F 

1. Pass or failure of the specimen. 

I 
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Table 3.1. 1.1 0. Average Weight Loss and PasslF ai I Tabulatio~~~!jlj.lering Combustion 
Test Using Three Methods for the 'Commercial' Sample OZ~Q .' V'V03 

Specimenl 

# 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Cigar!!;t;te 
% Weight 
Loss 

14.3 

0.20 

0.20 

1.20 

0.00 

0.70 

0.70 

57.8 

0.20 

17.5 

M!!;t,hods 
Pro12ane Torch 

P/F % Weight P/F 
Loss 

P 42.5 F 

P 1.20 P 

P 1.20 P 

P 13.3 P 

P 1.50 P 

P 28.7 F 

P 1.00 P 

F 61.0 F 

P 1.20 P 

F 52.3 F 

1. Specimens are identical to Table 27. 

Fire-Rog 
% Weight 
Loss 

43.2 

0.70 

0.70 

0.70 

0.70 

0.70 

0.70 

37.0 

0.70 

52.9 

P/F 

F 

P 

P 

P 

P 

P 

P 

F 

P 

F 
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Table 3. l.l.ll. Comparison of the Results of Smoldering Combustion TeP!'of the • Commercial' 
Sample between Cigarette and the Propane Torch Method 

Observations Specimen Numbers 

Cigarette Pass & Propane 2, 3, 
Torch Pass 

Cigarette Fail & Propane 8, 10 
Torch Fail 

Cigarette Pass & Propane 1, 6 
Torch Fail 

Cigarette Fail & Propane None 
Torch Pass 

% of Agreement of Results Obtained by 
Cigarette and Propane Torch Method 

4, 5, 7, 9 

80 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 3.1.1.12. Comparison of the Results of Smoldering Combustion Test for the 'Commercial' 
Sample between Cigarette and the Fire-Rod Method I 

Observations Specimen Numbers 

Cigarette Pass & Fire-Rod 2, 3,4, 5, 6, 7, 
Pass 

Cigarette Fail & Fire-Rod 8, 10 
Fail 

Cigarette Pass & Fire-Rod 1 
Fail 

Cigarette Fail & Fire-Rod None 
Pass 

Agreement of Results Obtained by 
Cigarette and Fire-Rod Method 90 

9 

I 
I 
I 
I 
I 
I 
I 
I 
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Figure 3.1.1.1. Measured Surface Temperature for the CRF Test at Different Times as a 
Function of Distance 
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Figure 3.1.1.6. Diagram of the Smoldering Combustion Test (all dimensions are in inches) 
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3.1.2 Permanency of Chemical Fire Retardants 

A limited field study was performed to assess the permanency of chemical fire retardants. 

Three cellulosic insulation products were selected for study. One of the products was to have 

been stabilized. Bag label infonnation on the three products is given in Table 3.1.2: 1. The plan 

was to install these three products in the ceilings of several houses in both northern and southern 

regions of the country. Samples of the insulation for combustion tests were to be retrieved just 

after installation. After a period of two years, the houses were to be revisited and samples were 

to be retrieved for another round of combustion tests. In addition to the tests for fire retardant 

permanency, the initial densities and thicknesses of the insulations were to be measured, and the 

thicknesses were to be measured after two years to observe the degree of settling of the 

insulation. 

Eight suitable houses for these tests were located in Albertville and Boaz, Alabama, and 

eight test attics were located in Lansing, Michigan. The attic areas ranged from 1000 to 1400 ft2. 

Insulation was installed in the Alabama houses during January and February of 1994, and in the 

Michigan houses during July of 1994. Samples of the material were obtained for initial 

combustion tests and cardboard boxes were positioned for easy removal of combustion-test 

samples after two years. Cookie-cutter density measurements were made in each attic, and 

thickness measurements were made at the density measurement location and at one other location 

(five individual thickness measurements were averaged at each location). Each thickness and 

density site was identified with a flagged marker for future reference. Initial density and 

thickness data are given in Table 3.1.2.2. Table 3.1.2.2 shows that the installed densities in all 

the houses were higher than the label values; they ranged from 2.5 to 49 percent higher. Also, 

the thicknesses were generally lower than the label values. 

The houses in Michigari were revi~ited during September 1996 and the ones in Alabama 

were revisited during November 1996. During th~ revisits, the samples for combustion tests 

were retrieved and shipped to Tennessee Technological University. An attempt was made to 

measure the insulation thickness in the same locations that were measured when the insulation 

was installed. The insulation in three of the houses in Alabama and in all the houses in Michigan 
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had been disturbed and no marked thickness or density sites could be identiO/~ 
houses, thickness measurements were made in two locations that were relatively undisturoed; 

however these data cannot be compared directly with the initial measurements and hence cannot 

be used to detennine the amount of settling. In five of the houses in Alabama, the insulation had 

not been disturbed, and thickness measurements were made at the original locations. The final 

thickness data are given in Table 3.1.2.3. The product labeled LF #1 settled by 23.3 and 24.8 

percent, while the product labeled LF #2 settled by 23.2 and 25.0 percent. Settling of both these 

products is in line with expectations for this type of material. The stabilized material in the one 

hous~ for which pre- and post- data are available showed a settling of 25.0 percent; however, the 

manufacturer has indicated the likelihood that the insulation did not contain the adhesive 

required to obtain stabilization, and hence these data should not be interpreted as being 

representative of stabilized insulation. 

Insulation taken from test sites in Alabama and Michigan was subjected to the 

smoldering combustion test that is part of the ASTM Standard Specification for cellulosic 

insulation .[2] The critical radiant fluxes (CRFs) for the insulations taken from the test sites 

were also detennined using an electric radiant panel. At the time of installation, the insulations 

passed both the smolder combustion test (weight loss in each case was less than 1 %) and the 

CRF test (CRFs greater than 0.12 W/cm2). Unopened bags of insulation from Alabama and 
. . 

Michigan were available for repeat smolder combustion and critical radiant flux tests in April 

1998. The results of these tests, given in Tables 3.1.2.4 and 3.1.2.5 show that all materials again 

passed. 

The insulation from Alabama was present in the test attics for 35 months while the 

insulation from Michigan was in place 27 months. Specimens of insulation for the flammability 

tests were collected in 1996 and the flammability tests were completed in December of 1997. 

The insulation was stored in polyethylene bags during the time it was taken from an attic until it 

was tested. Three products indicated A, B, and C were installed and tested in this task. 

Table 3.1.2.6 contains the critical radiant flux results for the insulation specimens that 

were collected in Michigan. Table 3.1.2.7 contains the critical radiant flux results for the 
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insulation specimens that were collected in Alabama. A NI entry means that the insulation 

would not ignite using the procedure outlined in the ASTM Standard .[2] 

The critical radiant flux tests demonstrate that cellulose insulation that maintains 

satisfactory flammability characteristics can be manufactured. All three products tested passed 

the CRF test after 27 months of installation in attics in Michigan. After 35 months in Alabama, 

Product B also passed the CRF test, with all specimens showing no ignition. Samples of Product 

A from one house also passed the CRF. Samples of Product A from another house did not pass, 

but the results were marginal (failure was caused by some CRFs of 0.11, while 0.12 or greater is 

required for passing). On the other hand, Product C did not pass the CRF test for either o,f the 

two houses. 

Smolder combustion test results for the insulations taken from Alabama and Michigan 
" 

attics are shown in Table 3.1.2.8. All three products installed in Michigan and Products Band C 

installed in Alabama passed. Product A from one house in Alabama passed, but that taken from 

the other house did not. For this test (as well as the CRF tests) a failure is reported if one 
i 

specimen in a set fails. Since a weight loss of 15% or less is required to pass, two of the three 

specimens with weight losses of 2% would have passed by a wide margin, but the one specimen 

with 24.5% loss caused the sample to fail. This single smolder combustion failure is not a strong 

indication of product deficiency, since the nature of this test is that there are occasional single 

specimen failures among a number of pass results for the same product. 

. Sufficient data were not obtained to determine whether the Alabama failures were due to 

a loss of chemical or the result of manufacturing variability. The smolder combustion and 

critical radiant flux tests involve relatively small amounts of product. Control of chemical add­

on close to the pass/fail point will result in a fraction of insulation produced failing one or both 

tests. At the very least, the data should be viewed as a caution against adding a marginal amount 

of fire retardant chemicals at the time of manufacture. 
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Table 3.1.2.1. Bag Label Information for Cellulosic Insulation f~Ilt(J8s 
of Pennanency of Chemical Fire Retardants 

Density, 

Product Code Ib/fe Rlinch Thickness, in. 
-

LF#l 1.6 3.7 13.5 

LF#2 1.6 3.7 14.3 . 

Stabilized 1.4 3.7 12.2 
i 

• 
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Table 3.1.2.2. Initial Density and Thickness of Cellulosic Insulation in Field Test Houses I 

.. -

Thickness, inches 

Density, 

Ib/ft3 
At Density Site At other site 

House Product 

AL-l LF#1 1.95 10.66 10.62 

AL-2 Stabilized 1.89 
\ 

12.25 14.39 

AL-3 Stabilized 1.93 10.12 9.00 

AL-4 LF#l 1.97 11.35 10.67 

AL-5 LF#2 1.77 14.36 13.02 

AL-6 Stabilized 1.97 9.62 9.48 

AL-7 LF#2 1.71 13.08 13.80 

AL-8 LF#2 1.64 13.27 12.65 

MI-l Stabilized 1.98 9.41 8.35 

MI-2 LF#1 1.93 10.66 10.28 

MI-3 Stabilized 2.09 9.44 9.50 

MI-4 LF#1 1.89 10.93 10.47 

MI-5 LF#2 1.76 12.98 12.78 

MI-6 LF#2 1.68 12.87 14.09 

MI-7 LF#2 NA NA NA 

MI-8 LF#2 NA NA NA 

Note: AL = Alabama; MI = Michigan 

Note: Thicknesses are averages of five readings for each location. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Thickness, inches(a) - ~ercent 
Change 

Initial Final 
House Product 

AL-l LF #1 10.64 . 8.16 23.3 

AL-2 Stabilized 13.32 9.65(b) -

AL-3 Stabilized 9.56 7.17 25.0 

AL-4 LF #1 11.01 8.28 24.8 

AL-5 LF #2 13.69 10.51 23.2 

AL-6 Stabilized 9.55 8.44(b) -

AL-7 LF#2 13.44 8.42(b) -

AL-8 LF #2 12.96 9.72 25.0 

MI-l Stabilized 8.88 8. 14(b) -

MI-2 LF #1 10.47 8.85(b) -

MI-3 Stabilized 9.47 7.82(b) -

MI-4 LF #1 10.70 9.12(b) -

MI-5 LF #2 12.88 1O.58(b) -

MI-6 LF #2 13.48 11.09(b) -

MI-7 LF #2 NA 1O.88(b) -

MI-8 LF #2 NA 1O.90(b) -

(a) Thicknesses are averages of five readings at each of two locations. 

(b) Final thicknesses marked with asterisks were made at locations that were different from the 

initial measurements; this was done because the insulation had been disturbed inthe initial sites. 
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Table' 3.1.2.4. Critical Radiant Flux Results for §t!l0ilJ.3n from 

Alabama and Michigan Test Sites 

Product CRFCW/cm2) 

Spec. I Spec. 2 Spec. 3 Result(a) 

Alabama 

A 0.27 0.30 0.27 Pass 

C 0.18 0.17 0.20 Pass 

Michigan 

A 0.41 Nrb
) NI Pass 

B NI NI 0.31 Pass 

C 0.16 0.17 0.17 Pass 

(a) Pass requires CRF ~0.12 W/cm2
• 

(b) No ignition. 



Product 

Alabama 

A 

c 

Michigan 

A 

B 

C 

Table'::l;1':2:5~'''Smolder Combustion Test Results for Unused 

Alabama and Michigan Test Sites 

% wt.loss 

Spec. 1 

0.3 

0.5 

0.3 

0.1 

0.7 

Spec. 2 

0.5 

0.4 

0.4 

0.1 

0.4 

Spec. 3 Result· 

0.6 Pass 

0.5 Pass 

0.4 Pass 

0.1 Pass 

0.8 Pass 

·Pass requires wt.% less than 15%. 

~O/OJ 
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Table 3.1.2.6. Critical Radiant Flux Values for ceIlulo§l:JJJIoDaen from I 
Eight Sites in Michigan 

I 
CRF (VI /cm2

) I 
Site Product Spec. 1 Spec. 2 Spec. 3 Result" I 

1 B Nt' NI NI Pass I 
2 A 0.32 0.33 0.33. Pass 

·1 
I 

3 B NI NI NI Pass 

I 
4 A 0.38 0.35 0.37 Pass 

I 
5 C 0.13 0:15 0.16 Pass 

I 
6 C 0.15 0.18 0.19 Pass 

I 
7 C 0.17 0.17 0.15 Pass 

I 
8 B NI NI NI Pass I 

"The pass requirement is CRF ~ 0.12 W/cm2
• I 

"No ignition. I 
I 
I 
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I Talile'3'.1.2:7. Critical Radiant Fiux Values for Cellulosic In~£l,~en 
from Eight Sites in Alabama 0/0..1 

I 
CRF(W/cm2) 

I Site Product Spec. 1 Spec. 2 Spec. 3 Result(a) 

I 1-1 A 0.11 0.11 0.12 Fail 

1-3 A 0.11 0.12 0.12 Fail 

I 2-1 B NI NI NI Pass. 

I 3-1 B NI NI NI Pass 

I 
3-3 B NI NI NI Pass 

4-1 A 0.18 0.25 0.23 · Pass 

I 4-2 A 0.18 0.21 0.18 · Pass 

I 5-2 C 0.11 0.09 0.10 Fail 

5-3 C 0.08 0.08 0.12 Fail 

I 6-1 B NI NI NI Pass 

I 6-2 B NI NI NI . Pass 

I 
7-2 C 0.08 0.09 0.09 · Fail 

7-3 C 0.09 0.09 0.17 Fail 

I 8-4 C 0.09 0.08 0.09 Fail 

I 8-5 C 0.08 0.09 0.08 Fail 

I (a) A "pass" requires that all three specimens have CRF ~ 0.12. 

I 
• 
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Table 3.1.2.8. Smolder Combustion Test Results for Insulation Taken I 

from Alabama and Michigan 

% wt. loss I 
Site Product Spec. 1 Spec. 2 Spec. 3 Result(OI)* 

I 
Alabama 

1 A 2.0 24.5 2.0 Fail I 2 B 1.0 0 0 Pass 
3 B 1.0 1.0 0 Pass 
4 A 1.0 2.0 l.0 Pass I 5 C 1.0 2.0 2.0 Pass 
6 B 0 LO 0 Pass 
7 C 2.0 1.0 1.0 Pass I 8 C 1.0 1.0 1.0 Pass 

Michigan I 1 B 0 1.0 1.0 Pass 
2 A 1.0 1.0 1.0 Pass I 3 B 1.0 0 1.0 Pass 
4 A 1.0 1.0 1.0 Pass 
5 C 1.0 0 1.0 Pass I 6 C 1.0 1.0 1.0 Pass 
7 C 
8 B LO 0 1.0 Pass I 

(a) A "pass" requires that all three specimens have wt.loss less than 15%. I 
I 
I 
I 
I 
I 
I 
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3.1.3. Ignition Temperatures 6'/3a 
VOJ 

3.1.3.1. Background 

The ignition temperature project had two objectives. The first was to develop a 

laboratory test method to determine the piloted ignition temperature of loose-fill cellulose 

insulation. In order to accomplish the goal, a procedure was designed to measure the surface 

temperature of cellulosic insulation specimens in the presence of radiative flux. The second 

objective was to compare the results obtained from the ignition test method with the existing 

critical radiant flux test that is part of ASTM C-739.[2] 

3.1.3.2. Experimental Apparatus 

Surface temperatures were measured with a narrow angle infrared pyrometer focused on a 

small spot on the surface of a test specimen. A temperature was indicated by a digital readout on 

a temperature monitor and controller. The equipment used to measure and control surface 

temperature consisted of a Watlow Thermo-Ducer 1000, a Wallow Thermo-Ducer BCM4, and a 

Wallow Radiant Heat PaneL The Watlow Infrared Thermo-Ducer 1000 is a noncontact 

temperature sensor that intercepts infrared energy emitted from an object and converts it into a 

low-level electrical signal. The signal is interpreted and a temperature is indicated by a digital 

readout. The Wallow Thermo-Ducer BCM4 is a microprocessor-based non contact temperature 

controller that accepts a single input from a noncontact Thermo-Ducer sensor and an auxiliary 

thermocouple input for background radiation compensation. The Wallow Radiant Heat Panel 

consisting of a high emittance surface is mounted at the top of an aluminum chamber to provide 

a flat radiating surface that is 12 by 13 inches. A diagram of the apparatus is shown in Figure 

3.1.3.1. 

An electrical fuse wire was used as the ignition source for these tests. The wire was 

connected to an electrical device built by Parr Instrument Company to ignite.specimens in a 

bomb calorimeter. A 12 by 13 inches metal specimen tray that is two inches deep was used to 

contain a cellulosic insulation specimen to be tested. For determining the burned area, a 
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,transp~ent acetate sheet and grid paper were used to graphically detel11line the burned area 

resulting from the test. 

Calibration of the pyrometer used to measure surface temperatures was accomplished by 

using fine thel11locouples placed on the surface of the test specimen. The infrared pyrometer was 

mounted to sight through a hole in the center of the radiant heat panel, facing the surface of the 

test specimen. It is placed seven-inches above and perpendicular to the surface of the test 

specimen. This positioning gives a spot size of 2.3 inches in diameter on the surface of the test 

specimen. Five thel11locouples(were carefully placed on the surface and.inside the region of the 

2.3 inches diameter spot size of the test specimen. A temperature recorder was used in this case 

to monitor the surface temperature. 

Results for surface temperatures obtained from thel11locouple readings and pyrometer 

readings were used to correct the pyrometer reading to a true temperature. The differences 

between the pyrometer readings and thel11locouples readings were less than 5°F for surface 

temperatures in the range 80 and lOO°F. For surface temperatures above 120°F, the temperature 

differences ranged from 5 to lO°F. Figure 3.1.3.2 shows the relationship between directly 

measured surface temperatures and pyrometer readings. 

3.1.3.3. Test Specimen Preparation and Procedure 

Specimens of commercial loose-fill cellulose insulation were processed through a 

blowing machine before being hand-loaded into 12 x 13 x 2 inches specimen trays. Great care 

was taken not to compact the test specimens. The specimen tray was tapped against a solid 

surface to settle the product into the tray and produce a density of 1.6 Ib/frl. A wide .. tooth comb 

was used to screed the specimen and eliminate voids and level the specimen. After the test 

specimen preparation, a three-inch-Iong piece of fuse wire was connected to both ends of the 

al1igator-clamps located at the center of the chamber, 4.5 inches below the radiant heat panel. 

When this was done, the temperature controller was switched on and the preheat temperature was 

set at 12()OF. Then, the tray containing the test specimen was placed in the chamber. As soon as 

the specimen tray was in the chamber, the fuse wire was adjusted so that it touched the surface' 
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over a length of about 0.75 inches. The door was closed and the desired surface temp~.j 
set for the ignition test by increasing or decreasing the previously set temperature of 120°F. 

When the pyrometer reading reached the set-point temperature, the electrical trigger device was 

pressed to initiate the ignition source. The test was terminated if the specimen did not bum 

following the piloted ignition. For specimens that burned, the specimen tray was not removed 

from the chamber until the flame had gone out. When the combustion was complete, the door 

was opened and the specimen tray was removed. As soon as the specimen tray was removed, the 

set-point temperature was decreased to 120°F, and the chamber door was kept open to permit the 

chamber to cool. After the test specimen cooled to room temperature, an acetate sheet was 

placed on top of the specimen and the perimeter of the burned area was traced using a fine felt-tip 

marker. Then, the acetate sheet was removed from the surface of the burned area and was placed 

on a piece of grid paper. The area of the burned region was determined by counting the number 

of squares inside the area and mUltiplying the number of squares by the area of a square. For' 

testing the untreated loose-fill cellulosic insulation, a preheat temperature of 80°F was used 

instead of 120°F. 

3.1.3.4. Ignition Temperature Results 
Experimental results were obtained for eight loose-fill cellulose insulation products. 

These eight products included six chemically treated products and two untreated loose-fill 

materials. Each of these six chemically treated products contained a different fire retardant 

chemical formulation. All of the cellulosic insulations that were tested were blown with a small 

Krendl blowing machine before being hand-loaded into the ~pecimen tray. The test specimens 

were loaded to achieve a material density of 1.6 Ib/ft3. 

The surface temperatures obtained from pyrometer reading and the corrected surface 

temperatures for six chemically-treated loose-fill cellulose insulations are listed in Tables 3.1.3.1 

to 3.1.3.6. These results give burned area as a function of surface temperature that results from 

ignition source being powered. In the ignition temperature test, at least six temperatures were 

tested for the burned area of each test specimen. For every surface temperature observed, the 
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burned ,area for four specimens were measured. 

Tables 3.1.3.1 to 3.1.3.6 show that a burned area of less than two square inches is 

observed for the lowest surface temperatures being measured. For higher surface temperatures, 

combustion due to the fuse wire ignition fonns a burned area of around two square inches. A 

burned area of four square inches or more, therefore, was used as a criterion for ignition. A 

burned area of four square inches was chosen, therefore, to define the ignition temperature 

because it ensured that the ignition of the material occurred after the flame from the ignition 

source was removed. As the surface temperature was increased above the ignition temperature, 

the burned area increased dramatically. Figures 3.1.3.3..;3.1.3.8 show the burned area data 

graphically and Table 3.1.3.7 summarizes the ignition temperatures that were obtained from the 

burned area data. 

Table 3.1.3.8 contains critical radiant flux data for the six insulation products that were 

part of the project. All of the products passed the smolder combustion test. Similarities between 

the critical' radiant flux test and the ignition temperature test suggest that a correlation should 

exist. Figure 3.1.3.9 shows the relationship between ignition temperature and critical radiant flux 
~ 

to be approximately linear. 

The experimental procedure for the measurement of ignition temperatures was applied to 

two specimens of untreated cellulosic material. As expected, the ignition temperature was quite 

low. The material ignited at room temperature under the definition for ignition temperature used 

in this study. Tables 3.1.3.9-3.1.3.1 0 and Figures 3.1.3.1 ~-3.1.3.l1 summarize the ignition 

temperature data. The burned areas in both cases greatly exceeded four square inches at an initial 

surface temperature of 80°F. 
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Table 3.1.3.1. Experimental Data for Surface Temperature and Burned Area of ~(.~/O ':) 
Cellulosic Insulation from Product A V 

400 392.4 

390 382.5 

380 372.5 

370 362.6 

360 352.7 

350 341.5 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

8.72 
11.55 
9.92 
10.88 

7.29 
8.65 
4.53 
7.86 

3.35 
7.05 
3.59 
3.20 

2.02 
1.92 
3.14 
2.79 

1.78 
1.78 
1.78 
1.74 

1.64 
1.09 
1.12 
1.18 

10.27 

7.08 

4.30 

2.47 

1.74 

1.26 
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Table 3.1.3.2. Experimental Data for Surface Temperature and Burned Area of Treated I 
Cellulosic Insulation from Product B. 

I 
I 

1 64.80 I 
350 342.8 2 48.62 57.38 

,3 57.97 I 4 58.13 

1 51.00 I 
340 332.8 2 27.60 39.45 

\. 

I 3 38.26 
4 40.90 

1 13.20 I 
330 322.9 2 21.50 23.01 

3 25.69 I 4 ' 31.65 

1 9.45 I 
320 313.0 2 9.77 10.66 

3 3.88 I 4 19.53 

1 4.34 I I 310 303.1 2 9.30 6.53 
3 4.26 

I 4 8.22 

1 4.42 I 300 . I 293.1 2 4.03 4.83 
3 4.81 
4 6.05 I 

I 
I 
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Table 3.1.3.2. Continued 30103 

1 2.12 
290 283.2 2 3.41 2.43 

3 1.40 
4 2.79 

1 1.52 . 
280 273.3 2 1.44 1.46 

! 3 1.09 
4 1.78 
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I Table 3.1.3.4. Experimental Data for Surface Temperature and Burned Area of Treated 

Cellulosic Insulation from Product D. 

I 
I 
I 1 45.88 

I 
260 253.4 2 66.73 63.10 

3 66.81 
4 72.95 

I 1 36.43 
250 243.5 2 34.41 43.02 

I 3 47.59 
4 53.63 

I 1 25.43 
240 233.6 2 29.45 36.95 

I 3 47.74 
4 45.26 

I 1 22.16 
'/230 223.7 2 15.50 19.32 

I 3 23.02 
4 16.59 

I 1 2.64 
220 213.7 2 2.33 2.45 

I 
3 2.41 
4 2.40 

I 1 2.48 
210 203.8 2 1.01 I 1.50 

3 1.34 

I 4 1.18 

I 
I 
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Table 3.1.3.5. Experimental Data for Surface Temperature and Burned Area of Treated I 
Cellulosic Insulation from Product E. 

I 
I 

1 78.75 I I 
260 253.4 2 81.67 80.93 

3 83.45 I 4 79.86 

1 69.60 I 
250 243.5 2 74.26 69.66 

3 66.40 
~ I 4 68.00 

1 55.10 I -' 
" 

I 240 233.6 2 67.50 62.75 
3 66.40 I I 4 - 62.00. 

1 50.40 I I 230 I 223.7 2 52.50 49.09 
3 55.25 
4 38.23 I 
1 33.80 I 220 213.7 2 50.24 36.92 
3 38.21 
4 25.42 I I 
1 16.30 21.63-1 I 210 203.8 2 28.67 
3 17.05 
4 24.49 I 

I 
I 
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Table 3.1.3.5. Continued 

1 4.57 
200 193.9 2 4.18 3.93 

3 5.27 
4 1.71 

1 0.20 
190 184.0 2 0.35 0.61 

3 1.08 
4 0.80 
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Table 3.1.3.6. Experimental Data for Surface Temperature and Burned Area of Treated 
Cellulosic Insulation from Product F. 

I' 48.95 
220 213.7 2 51.08 43.24 

3 45.80 
4 27.13 

1 20.86 
210 203.8 2 14.25 16.35 

3 17.67 
4 12.63 

1 13.89 
200 193.9 2 10.12 11.87 

3 12.40 
4 11.08 

1 5.88 
190 184.0 2 6.75 6.47 

3 6.05 
4 7.21 

1 1.18 
180 174.1 2 1.86 1.59 

3 1.55 
4 1.78 

1 1.05 
170 164.1 2 0.95 0.92 

3 0.85 
4 0.80 

\ 
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Table 3.1.3.7.·Experimental Data for Ignition Temperature of p./~ reated Cellulosic 
Insulations. 

Products Ignition Temperature 

from Figures 3.1.3.3-3.1.3.8 

A 370.8 

B 300.0 

C 224.6 

D 209.7 

E 191.8 

F 182.8 
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Table 3.1.3.8. Experimental Data for Critical Radiant Flux using Six D)tQn~roducts of 
Cellulosic Insulation. 

A 

B 

c 

D 

E 

F 

Test 
, Number 

1 
2 

1 
2 

2 

2 

2 

1 
2 

0.50 
0.55 

0.36 
0.38 

0.25 
0.24 

0.20 
0.21 

0.17 
0.19 

0.11 
0.13 

Pass 
Pass 

Pass 
Pass 

Pass 
Pass 

Pass 
Pass 

Pass 
Pass 

Fail 
Pass 

0.53 

0.37 

0.25 

0.21 

0.18 

0.12 
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Table 3. I .3.9~·· Experimental Data for Surface Temperature Q ~B ilWJi'f Untreated 
Cellulosic Insulation Product G. . U/U3 

200 193.9 

180 174.0 

160 154.'1 

140 134.3 

120 114.4 

100 94.6 

80 74.7 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

156.0 
118.3 

138.0 
110.8 

88.3 
92.4 

78.5 
89.8 

66.4 
70.8 

59.5 
55.4 

47.2 
40.7 

137.2 

124.4 

90.4 

84.2 

68.6 

57.5 

43.9 
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3.2 Task 2 Convective ·Effects 

3.2.1 Introduction 

Heat transfer in thennal insulations is usually considered to be a combination of 

conduction through still air and through the solid insulation particles and radiation through a 

medium that absorbs, emits, and scatters radiation. In some cases, heat transfer by convection 

may be an important additional heat flow mechanism. Research at ORNL and elsewhere has 

shown .that some low-density loose-fill attic insulations are susceptible to heat transfer by natural 

convection under cold winter conditiohs.[3,4] The additional convective heat transfer is caused 

by the buoyancy of heated air when the warm side of a horizontal layer of insulation is on the 

bottom and the top side is cold. In essence, the warm, low-density air near the ceiling drywall 

tries to rise up through the insulation, and the cooler, more-dense, air in the attic space tries to 

fall down through the insulation., The result can be a continuous circulation of air between the 

attic space and the drywall. 

Guarded hot box (ASTM C 236) tests conducted on a low-density, loose-fill fiberglass 

insulation in a simulated attic with the lower side maintained near 70°F showed that the thennal 

resistance of the insulation decreased by as much as a factor of two as the temperature on the top 

side was decreased from 45°F to -18°F.[3] Similar tests with fiberglass batts and with a loose-fill 

cellulose insulation having a density of about 2.0 Ib/ft3 showed essentially no evidence of 

additional heat transfer by natural convection. Tests on loose-fill fiberglass insulation were also 

conducted using the ORNL unguarded thin heater apparatus (ASTM C 1114). Some tests were 

perfonned with the upper cold plate of the apparatus in direct contact with the upper surface of, . 

the specimen, and other tests were perfonned with a three or six inch air gap between the top of 

the insulation and the cold plate. Effects of convective heat transfer were observed in the tests 

with air gaps, but convection was effectively suppressed when the top plate was in contact with 

the insulation.[4] 

The theory of natural convection in a horizontal layer of porous material shows that 

convection starts when the temperature difference across the layer exceeds a certain critical 
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value.[5] This critical temperature difference depends upon the th~~OW properties 

of the material, the thickness of the layer, and the properties of the fluid with ~ich the material 

is saturated (for our purposes, the fluid is air). Theory combines these factors into one 

dimensionless group, known as the Rayleigh number (Ra), which is defined as 

where g = acceleration of gravity 

Ra = gppCpLK L\T 
vk 

P = volume coefficient of thermal expansion of the fluid 

p = density of the fluid 

Cp = specific heat of the fluid 

v = kinematic viscosity of the fluid 

L = thickness of the material layer 

K = air-flow permeability of the material 

k = thermal conductivity of the material 

L\ T = temperature difference across the layer 

For a uniform layer of material with an isothermal, open top surface, and an isothermal, 

impermeable bottom surface, theory predicts that convection will start when the Rayleigh 

number exceeds a value of 27.1. 

(3.2.1) 

The above equation shows the important role of the air-flow permeability in determining 

whether natural convection will occur. Since the air-flow permeability is a measure of the ease 

with which air can flow through the material; a material with a high air-flow permeability will be 

more susceptible to heat flow by natural convection than will a material with a low air-flow 

permeability. Accordingly, measurements of the air-flow permeability were used as a screening 

tool to determine which of the low-density cellulose materials would be most susceptible to 

<:onvective heat transfer. 
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3.2.2 Air-Flow Permeability Measurements 

Air-flowpermeabilities were measured using the apparatus shown schematically in 

Figure 3.2.1, which follows the general principles outlined in ASTM C 522.[6] Insulation 

specimens were blown directly into wood boxes having lateral dimensions of about 24 by 24 

inches. The tops of the boxes were open, while the bottom was covered with a mesh that allowed 

free flow of air. Compressed air from the building supply line flowed through a laminar flow 

element, then through a high-density fiberglass flow straightener, and finally through the 

insulation specimen. The laminar flow element was u~ed to measure the air flow rate, and a 

high-sensitivity differential pressure transducer was used to measure the pressure drop across the 

specimen. Specimens were blown into the boxes at a depth of 6 to 9 inches, and were measured 

as-blown. Some of the specimens were compressed in place in order to obtain a curve of 

permeability versus density. 

The results of the air-flow permeability measurements on nine products are given in 

Tables 3.2.1 through 3.2.9. The tables are arranged in the order in which the measurements were 

made, and show the test thickness and density, the measured permeability, and notes about 

specimen preparation. The air-flow permeabilities of the cellulosic materials were found to be 

about 10 times lower than those measured on loose-fill fiberglass insulations.[7] The measured 

permeability data are plotted versus density in Figure 3.2.2. This figure shows that the data for 

the different products fall into two distinct bands. The upper, higher permeability band consists 

of Products 2, 11, 13, 19, and 23. while the lower permeability band consists ofProducts9. 16. 

17. and 20. As will be seen in Section 3.4, the thermal conductivity data also separate into the 

same two bands, with the higher thermal conductivity products also corresponding to the higher 

permeability materials. This consistency between the data for the two properties is an indication 

that there is a systematic difference between the two groups of materials. We do not have 

definitive information on the manufacturing processes for these products. However, our guess is 

that Products 2, 11, 13, 17, and 23 are made with hammermill process and that the others are 

made with fiberizer processes. With a couple of exceptions, the products that we think are made 

with the hammermill process line up with the group of products that have higher air-flow 
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penneabilities. () B/ 
A power law regression analysis was perlonned on each of the two ~.tftata. giving 

the following regression equations -J 
K = 1.257 X 10-7 P -2.675 (3.2.2) 

for the lower permeability band (Equation 1 on Figure 3.2.2), and 

K = 3.482 X 10-7 P -3.334 (3.2.3) 

for the higher permeability band (Equation 2 on Figure 3.2.2). The coefficients of determination, 

(r) for both equations were 0.91. For both equations, the permeability varies approximately 

inversely with the cube of the density. This shows that, for a given material even small 

reductions in density can lead to large increases in permeability. 

The two bands differ in permeability by a factor of about 1.5 to 2. If this is truly due to a 

product structure change caused by a processing change, then lowering the density while at the 

same time making a more efficient product structure does not necessarily result in a higher 

permeability. As will be seen in Section 3.4, the two bands differed in thermal conductivity by 

only 8 to 10 percent, showing that the air-flow permeability is much more sensitive to the 

produCt differences that result in the two bands of materials. 

Table 3.2.10 shows the average density and permeability of as-blown specimens, and also 

the label density. With the exception of Product 17, the as-blown densities were fairly close to 

the label density; for some undetermined reason, Product 17 blew lighter than the label density. 

The data in Table 3.2.10 and in Figure 3.2.2 were used to select the product that would be judged 

to be most susceptible to heat flow by natural convection. The product with the highest air-flow 

permeability would be most susceptible to convection, since this would lead to the highest 

Rayleigh number for a given set of environmental conditions. The products with the highest 

permeabilities at the blown density were Products 9, 13, and 19. The average as-blown 

permeabilities of these three products vary by only 9 percent, which is less than the specimen-to­

specimen variation for Products 9 and 13. A statistical analysis showed that these three products 
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are not statistically significantly different. Since Product 9 is the lowest density product of these 

three, it was selected for use in thermal experiments with the unguarded thin heater apparatus. 

3.2.3 Thermal Measurements of Convective Effects 

. Thermal measurements ~ere made on Product 9 using the Unguarded Thin-Heater 

Apparatus (ASTM C 1114). The test specimen was prepared by blowing the material into a box 

which had a V2-inch-thick gypsum board bottom and l-inch-thick expanded polystyrene foam 

(BPS) side walls. The EPS box had inside dimensions of 33 by 48 inches and a height of 8.5 

inches. Two nominal 2 x 4 wood joists, placed 24 inches on center, were attached to the top side 

of the gypsum board, and were centered within the 48 inch length of the box. The walls of the 

EPS box were extended upwards by placing a 6 inch high collar made of l-inch-thick EPS on top 

of the box walls. The box assembly was placed on the screen heater and the top (cold) plate of 

the apparatus was lowered onto the EPS collar, leaving a six inch air gap between the top of the 

insulation and the cold plate. Temperatures were measured at the bottom and top of the gypsum 

board, at the top of the insulation, and on the cold plate. For the temperatures on top of the 

insulation, thermocouples were attached to l-inch-square metal screens which were laid on top of 

the insulation. The heat flux through the assembly was determined from measurements of the 

current through and voltage drop along the screen heater, with the voltage drop being measured 

over the 24 inch distance between the centers of the wood joists. The average heat flux and the 

temperature difference between the bottom of the gypsum board and the top of the insulation 

were used to calculate an overall thermal resistance of the assembly of gypsum board, insulation, 

and wood joists. After the thermal measurements were completed. the insulation was weighed 

and its density was calculated to be 1.621b/ft3• 

Seven thermal tests were performed on this assembly. In order to increase the sensitivity 

to convective effects, the mean temperature of the insulation was held near a constant value for 

six of these tests. In this way, the effects of convection are most clearly separated from effects 

due to the normal variation of thermal conductivity with temperature. In order to obtain large 

temperature differences, a mean temperature of about 85°F was selected. Then the thin heater 
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was operated at higher temperatures ranging from 92 to 133°F, while the cold plate was operated 

,between 40 and 73 oF. For the seventh test, the temperature of the bottom of the gypsum board 

was held near 70°F to simulate the indoor temperature in a house, and the top of the insulation 

was held at 25°F to simulate an outdoor condition. Temperatures measured at the four locations 

through the insulation assembly are given in Table 3.2.11. This table also gives the temperature, 

relative humidity, and dew point temperature of the air in the laboratory surrounding the 

apparatus. The humidity conditions are important since the apparatus is not sealed off from the 

laboratory, and when the cold plate temperature is operated below the laboratory dew point 

temperature, moisture can condense on the cold plate, drip onto the specimen, and alter the 

thermal properties of the insulation. It is noted that the cold plate temperature was below the 

laboratory dew point temperature for Tests 3, 6, and 7. 

Results of the thermal tests are presented in Table 3.2.12. This table lists the mean 

temperature of the insulation, the temperature difference across the insulation, and three different 

R-values. The "Measured System R-value" is the thermal resistance of the composite consisting 

of the insulation, gypsum board, and wood joists; it corresponds to the system between the 

bottom of the gypsum board and the top of the insuiation. The "Calculated Insulation R-value" is 

the thermal resistance of the insulation calculated from the "Measured System R-value" uSing the 

average of a parallel-path and a series-parallel calculation. These calculations assume that the R­

value of the Yl-inch gypsum board is 0.45 h-ft2.°FlBtu, and that the thermal resistivity of the 

wood is 1.25 h-ft2e°FlBtu-in. The "Calculated Insulation R-value" is slightly larger (by 0.8 to 2.2 

percent) than the "Measured System R-value." This is because the gypsum board provides an 

extra resistance in series with the insulation, but the wood joists provide a partial thermal 

bridging through the insulation. The net result is that the system R-value is slightly smaller than 

the R-value of the insulation alone. The third R-value listed in Table 3.2.12 is that calculated . 

from the thermal measurements made using the heat flow meter apparatus (ASTM C 518). The 

thermal conductivities listed in Table 3.4.3 for Product 9 in the as-blown condition and with 

densities between 1.55 and 1.77 lb/fe were interpolated to give a thermal conductivity of 0.2804 

Btu-in.lh-ft10F at a density of 1.62 Ib/ft3 and a mean temperature of 75°F. The temperature 
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dependence data from Table 3.4.3 were interpolated to obtain the ratio of thermal conductivity at 

a given temperature to that at 75°F. These interpolated values were used to calculate the R-value 

of the insulation under the temperature conditions of the unguarded thin heater apparatus tests. 

Except for Tests 1, 3, and 6, the insulation R-values obtained from the unguarded thin heater 

apparatus tests are within 3.6 percent of those obtained from the heat flow meter apparatus tests. 

This level of agreement is considered to be excellent for these two quite different test methods. 

In order to examine the unguarded thin heater apparatus data to determine whether there 

is evidence for heat transfer by natural convection, the measured system thermal resistances 

obtained with a constant mean temperature were plotted versus the temperature difference. Such 

a plot is shown in Figure 3.2.3. The horizontal dashed line is the average of the resistances . 

measured in Tests 2,4, and 5. According to theory, at small enough temperature differences, the 

thermal resistance should be independent of temperature difference, but after the temperature 

difference exceeds a certain critical value, the thermal resistance should decrease. Ignoring Test 

1 (it is thought that the temperature difference may have been too small to get accurate data), 

Figure 3.2.3 shows that the resistances measured in Tests 2,4, and 5 are independent of 

temperature difference over the range of 35 to 50°F (the resistances from these three tests vary 

only by 1 percent). At a temperature difference of 91°F, the resistances from Tests 3 and 6 are 

only 4.5 and 2.7 percent lower than the average of Tests 2, 4, and 5. This is still a very small 

. difference, and indicates that little or no convection is present even at temperature differences 

over 90°F. It is possible that the small lowering of the thermal resistance may be due to moisture 

effects. For Tests 3 and 6, the cold plate temperature was below the dew point of the air in the 

laboratory. It is possible that some moisture from the air condensed on the cold plate, and since 

its temperature was above freezing, the moisture would have been liquid and could have dripped 

onto the insulation and caused a small decrease in the resistance. Some support for this argument 

comes from the difference in dew point between these two tests. After Test 4, a room 

dehumidifier was installed in the room that contains the thin heater apparatus. With this 

dehumidifier, it was possible to lower the relative humidity down to close to 50 percent. With 

the lower humidity, the difference between Test 6 and the average of Tests 2, 4, and 5 was about 
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one-half of that for Test 3. Lowering the relative humidity should result in a smaller amount of 

moisture that can condense on the cold plate, and should decrease any effect of moisture on the 

thennal resistance of the insulation. 

In order to plot the results of Test 7 on the same figure with Tests 1-6, the measured 

system thennal resistances were divided by the R-values from the C 518 tests and these 

resistance ratios were plotted against the Rayleigh number. Such a plot in given in Figure 3.2.4, 

and the calculated Rayleigh numbers are also given in Table 3.2.13. The dashed line is again the 

average of the values for Tests 2, 4, and 5. Using the ratio of resistances, the result from Test 7, 

which was at a lower mean temperature and had a higher thennal resistance, is seen to fall very 

close to the results of the other tests. The fact that the dashed line is at about 0.96 instead of at 

1.0 is due to a combination of two factors. First, the numerator of the ratio was the measured 

system resistance, which includes the effects of the thennal bridging by the wood joists and is 

lower than the resistance of the insulation itself. Second, the denominator of the ratio was 

measured with the heat flow meter apparatus on different specimens, and the results from this 

apparatus appear to be slightly higher than those from the thin heater apparatus. The key point, 

however, is that the thennal resistance ratio for all the tests (except Test 1, as mentioned above) 

are very consistent and show little or no evidence of effects of heat transfer by natural 

convection. 

With previous thin heater measurements on loose-fill fiberglass insulation, the measured 

thennal resistance started to decrease when the Rayleigh number exceeded about 19, and was 

about 20 percent lower at a Rayleigh number of about 25. Also, as mentioned above, theory 

predicts that the thennal resistance will start to decrease at a Rayleigh number of 27.1 when 

natural convection starts to occur. Rayleigh numbers for the present tests are 2.0 or less, and 

since this is so much lower than 27.1, or even 19, natural convection would not be expected to 

occur. The theory can be used to predict whether convection would be expected under more 

extreme conditions. A Rayleigh number of only 7.3 is calculated for the extreme conditions of 

R-49 insulation (Le., a large insulation thickness), an insulation mean temperature of 20°F, a 

temperature difference of lOO°F, and a penneability of 4.25 x lO-8 ft2. The temperature 
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conditions correspond to ~n indoor temperature of 70°F and an attic temperature of -30°F. The 

air-flow penneability corresponds to a density of 1.5 Ib/ft3 on Figure 3.2.2. Since the Rayleigh 

number is still Jess than 27.1 (or even 19), additiona1 heat transfer by natural convection would 

not be expected even under these extreme conditions. 
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Table 3.2.1. Air-Flow Permeability Results for Product 20 

Density; Permeability, 

Specimen lb/fe ft2 Preparation 

1 1.72 3.65 x 10-8 Blown 

1 2.32 1.61 x 10-8 Compressed 

2 1.65 3.62 x 10-8 Blown 

3 1.69 3.52 x 10-8 Blown 

4 1.63 3.83 x 10-8 Blown 

Table 3.2.2. Air-Flow Permeability Results for Product 9 

Density, Permeability, 

Specimen lb/fe ft2 Preparation 

1 1.48 4.54 x 10-8 Blown 

1 1.52 4.10 x 10-8 Compressed 

1 1.63 3.49 x 10-8 Compressed 

1 1.84 2.56 x 10-8 Compressed 

2 1.42 5.07 x 10-8 Blown 

3 1.46 5.08 x 10-8 Blown 

4 1.42 4.91 x 10-8 Blown 
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Table 3.2.3. Air-Flow Penneability Results for Product 2 

Density, Penneability, 

Specimen Ib/ft3 ft2 Preparation 
; 

I 2.04 3.49 x 10-8 Blown 

2 2.33 1.97 x 10-8 Blown 

3 2.22 2.44 x 10.8 Blown 

4 2.09 2.80 x 10.8 Blown 

Table 3.2.4. Air-Flow Penneability Results for Product 11 

Density, PenneabiIity, 

Specimen lb/fe ft2 Preparation 

1 2.15 ·2.38 x 10-8 Blown 

2 2.17 2.32 x 10'8 Blown 

Table 3.2.5. Air-Flow Penneability Results for Product 17 

Density, Penneability. 

Specimen Ib/ft3 ft2 Preparation 

1 1.63 3.11 x 10.8 Blown 

2 1.62 2.96 x 10.8 Blown 
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Table 3.2.6. Air-Flow Permeability Results for Product 23 

Density, Permeability, 

Ib/ft3 ft2 Preparation 

2.00 3.12 X 10-8 Blown 

2.04 2.91 x 10-8 Blown 

Table 3.2.7. Air-Flow Permeability Results for Product 16 

Density, Permeability, 

Ib/ft3 ft2 Preparation 

1.70 2.59 x 10-8 Blown 

1.66 2.84 x 10.8 Blown 

1.66 2.66 x 10-8 Blown 

1.92 1.86 x 10-8 Compressed 

2.56 9.44 x 10-9 Compressed 

Table 3.2.8. Air-Flow Permeability Results for Product 19 

Density, Permeability, 

lb/fe ft2 Preparation 

1.85 4.57 x 10-8 Blown 

1.84 4.67 x 10:8 Blown 
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Table 3.2.9. Air-Flow Penneability Results for Product 13 

Density, Permeability, 

Specimen lb/fe ft2 Preparation 

1 1.82 4.60 x 10-8 Blown 

1 2.02 3.68 x 10-8 Compressed 

1 2.25 2.66 x 10-8 Compressed 

2 1.74 5.42 x 10-8 Blown 

2 1.96 3.97 x 10-8 Compressed 

2 3.54 1.78 x 10.8 Compressed 

3 1.75 5.14 x 10-8 Blown 

3 1.94 4.21 x 10-8 Compressed 

3 2.16 3.11 x 10-8 Compressed 
---- -

Table 3.2.10. Average Air-Flow Permeabilities of Blown Cellulose Products 

Product Label Density, Test Density, Permeability 

lb/fe Ib/frl ft2 

20 1.7 1.67 3.65 x 10-8 

9 1.5 1.45 4.90 x 10-8 

2 2.0 2.17 2.68 x 10.8 

11 2.0 2.16 2.35 x 10-8 

17 2.1 1.62 3.04 x 10-8 

23 2.0 2.02 3.02 x 10-8 

, 
16 1.6 1.67 2.70 x 10-8 

19 1.7 1.85 4.62 x 10-8 

13 1.85 1.77 5.05 x 10-8 
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Table 3.2.11. Temperatures and Humidities in Unguarded Thin-Heater Apparatus Tests 

Temperatures, of 

Lab. Lab. 

Gypsum Gypsum Relative Dew 

Board Board· Top of Cold Humidity, Point, 

Test Bottom Top Insulation Plate Lab. percent OF 

1 91.79 91.49 73.09 72.40 69 73 60 

2 110.55 109.73 59.06 56.94 65 66 53 

3 132.35 130.70 39.45 35.60 68 75 60 

4 102.51 101.89 66.36 64.76 69 71 59 

5 102.19 101.55 66.46 64.82 70 52 52 

6 133.09 131.38 . 40.13 35.57 70 52 52 

7 69.70 68.93 25.28 22.89 69 51 50 

Note: Cold plate temperature is below dew point of laboratory air for Tests 3, 6, and 7. 
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Table 3.2.12. Results of Unguarded Thin-Heater Apparatus Tests 

Insulation 

Temp. Measured Calculated R-value 

Mean Difference, System Insulation fromC Percent 

Test Temp., of OF R-value R-value 518 Tests Difference 

1 82.29 18.40 24.86 25.05 29.36 -14.7 

2 84.40 50.67 28.03 28.44 29.10 -2.3 

3 85.08 91.25 26.66 26.97 29.05 -7.2 

4 84.12 35.53 27.98 28.39 29.13 -2.5 

5 84.00 35.09 27.73 28.12 29.16 -3.6 

6 85.78 91.25 27.15 27.50 28.96 -5.0 

7 47.10 43.65 31.57 32.25 32.28 -0.1 

Note: Units for thermal resistances are h-ftZ_OFlBtu-in. 

Note: Percent difference is (Calculated R-value - C 518 R-value)/(C 518 R-value) x 100 

Table 3.2.13. Calculated Rayleigh Numbers for Unguarded Thin-Heater Tests 

Test Rayleigh Number 

1 0.42 

2 1.12 

3 2.01 

4 0.79 

5 0.78 

6 1.99 

7 1.40 
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3.3 Task 3 Settling· Stabilized Products 

Laboratory tests for settling of cellulosic insulation installed with adhesives in both 

horizontal (attic) and vertical (wall) applications have been developed and used to characterize 

the mechanical stability of installed insulation. Section 3.6 contains a discussion and results for 

wall cavities filled with cellulosic insulation and vibrated for 24 hours. This section contains 

results and a recommended procedure for testing of stabilized cellulosic insulation intended for 

use in attic applications. The term stabilized is used to· distinguish a product that contains an 

adhesive that reduces or eliminates the after-installation settling that is characteristic of loose-fill 

cellulosic insulations. There are a large number of "stabilized" cellulose products being marketed 

in the U.S., but there is no consensus standard for demonstrating stability. The results of thi.s 

project have been used to draft a recommendation of a test for stabilization. 

3.3.1 Laboratory Tests 

Two types of laboratory tests have been studied as part of this task. A large-scale 

vibration apparatus has been used to shake boxes filled with stabilized insulation with depth 

measurements used to monitor settling and verify stability. Drop-box tests have also been used to 

test mechanical stability. In both cases, the experimental procedure involved installation with 

water of cellulosic insulation containing adhesive in boxes using equipment that is smaller than 

typically used by insulation contractors. The insulation specimens were then allowed to dry in 

place to constant mass. The "cured" insulation was then subjected to either vibration or drop box 

tests. 

Vibration tests were done on insulation filled boxes with dimensions 32x32x8 inches. 

The eight-inch deep insulations were intended to simulate nominal R 30 cellulosic insulation. 

Each box contained a single 2x4 inch "joist" along the bottom of the box. The cured specimens 

were subjected to 48 hours ofO.l-inch-displacement vibrations at 15 Hertz. A vibration time of 

24 hours was finally selected. since little or no change was observed in going from 24 to 48 hours 

of vibration. The depth of the insulation in each box was measured periodically at nine locations 

and averaged after 6,12,24 and 48 hours of vibration. At the end of the vibration period, the 



EX,PIRED 6/30/03 
82 

 

insulation in the boxes was removed and weighed. A "settled" density was then calculated from 

the weight and volume of the insulation. 

Drop tests were performed using insulation installed in 36x22.5x8 inch boxes. The 

insulation installed in these boxes was allowed to dry to constant weight before testing. The 

initial depth of insulation, the depth after drying, and the depths after 1,3, and 5 six-inch drops 

were measured. In each case the nine depth measurements were averaged. The drop test consists 

of lifting an insulation-filled box six inches above a concrete floor and allowing it to drop freely 

to the floor. The six-inch drop was repeated a total of five times with thicknesses measured after 

drops 1,3 and 5. The initial thickness and thickness after drops 1,3 and 5 were taken to be the 

average of nine depth measurements in each case. At the end of the drop sequence the insulation 

was removed from the box and weighed to provide data for a calculation of the "settled" density. 

3.3.2 Experimental Results 

Data for the laboratory tests are shown in Tables 3.3.1 and 3.3.2. The difference in 

(average) depth from initial installation to the cured state is identified as a "shrinkage". while the 

change in depth due to vibration or drop is identified as settling. Table 3.3.1 contains summary 

data for three series of vibration tests. Table 3.3.2 contains summary data for four sets of drop­

box tests. 

The data in Table 3.3.1 show that the depth reductions occurred during the time period 

associated with drying. The decreases in depth due to vibration of the dry insulation were 

negligible. 

Table 3.3.2 contains summary data for four sets of drop-box measurements. As in the 

case of the vibration testing the majority of the insulation depth reduction in each case occurred 

during the drying period. Insulation depths decreased very little as a result of the drop tests. 

3.3.3 Discussion 

The results shown in Tables 3.3.1 and 3.3.2 demonstrate the significance of the drying 

period. As a result .the procedure recommended to the ASTM Task Group responsible for 
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drafting a stabilized cellulose standard includes measurements needed to estimate the amount of 

water added during installation. The insulation specimens prepared for the vibration or drop-box 

tests were perceived to be "wet" during installation but moisture content was not measured. 

The laboratory testing leads to the following recommendations. Use the initial and final 

weights of the insulation-filled boxes to estimate the initial excess water content in the installed 

insulation. This "water lost" number and the weight of the dry insulation provides an estimate of 

the % added water. Test boxes should not be moved until the insulation is dry in order to avoid 

additional settling. 

The drop-box method is recommended primarily for economy. The equipment for large­

scale vibration testing represents a significant capital investment. The "settling" due to either 

dropping or Vibration was smallin every case. 

A procedure for determining the "design density" for stabilized ceHulose has been drafted 

for the ASTM Task Group organized to write a standard specification for the product. 

3.3.4 Procedure for Determining Design Density· 

A test method, shown in Appendix A, is in the process of being evaluated by the 

"stabilized cellulose" task group. The procedure has been used to obtain results for three 

products as shown in Table 3.3.3. 

These results reflect the cautions concerning excessive water addition during instaliation. 

The overall % changes in depth or % increases in density were about 20% less than the early 

laboratory results. With one exception, however, the design densities were greater than 2.0 lb/fe. 

The data shown as Set 2 in the above table showed a 15% increase in density, but a final design 

density of 1.3 lb/frl, thus demonstrating that the stabilized concept can be used to produce 

relatively low density settled insulation. 

3.3.5 Conclusions and Recommendations 

The proposed drop-box test could be used by a large number of producers to provide a 

data-base of settled-density results. The values obtained with the laboratory test must be 
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validated by measurements on insulation installed in attics and allowed to dry. The field 

measurements should be made about one month after the installation of the insulation and about 

one year after the installation of the insulation. Thermal resistance measurements should be made 

at the design density on insulation that has been through all of the steps required for installation. 
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Table 3.3.1. Summary Data for Vibration Tests on Stabilized Cellulose 

Specimen One Two Three 

Initial thickness (in.) 7.87 7.87 7.87 

Thickness after drying 6.72 6.87 6.54 

Thickness after vibration 

6 hours 6.65 6.87 6.69 

12 hours 6.65 6.85 6.69 

24 hours 6.61 6.85 6.69 

48 hours 6.61 6.82 6.50 

Thickness loss-drying (%) 14.6 12.7 16.9 

Thickness loss-24 hr. vib.(%) 1.4 0.3 0.6 

Thickness loss-total (%) 16.3 13.0 17.4 

Final density (lb/fe) 1.84 1.64 1.87 
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Table 3.3.2. Summary Data for Four Sequences of Drop-Box Tests 

Specimen 

One Two Three Four 
, 

Initial thickness (in.) 7.87 7.87 7.87 7.87 

Thickness after drying 6.S2 6.S8 6.63 6.S3 

Thickness after dropping 

one 6.S2 6.S6 6.63 6.S3 

three 6.S0 6.S8 6.63 6.S0 

five 6.S0 6.S8 6.63 6.50 

Thickness loss-drying (%) 17.2 16.4 IS.8 17.2 

Thickness loss-drop (%) 0.3 0.0 0.0 0.3 

Thickness loss-total (%) 17.4 16.4 IS.8 17.S 

Final density 2.62 2.27 2.41 2.62 
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Table 3.3.3. Drop-Box Tests Reported by ASTM Task 

Group Members Using the Proposed Test Method 

I-A I-B 2 

Number of specimens 3 3 3 

Initial thickness (inches) 8 12 8 

Water added (%-dry basis) 16.2. 12.7 20.5 

Initial density (lb/ft3) 2.11 2.14 1.16 

Dry density (lb/ft3) 2.29 2.41 1.26 

Design density (lb/ft3) 2.35 2.41. 1.34 

% Change 11.4 12.6 15.5 
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3.4 Task 4 Thermal Resistance 

A data base and R-value correlation already exist for cellulosic insulation at densities 

above 2.0 Ib/ft3
• The objective ofthis task was to develop a generalized R-value correlation for 

cellulosic products designed for application at less than 2.0 lb/fe. The CRADA Steering 

Committee selected 10 products for this study on the basis of chemical formulations and also to 

span the density range from 1.3 to 2.0 Ib/ft3• Ten or 15 bags of each product were shipped to 

both ORNL and TIU for use in this study. 

The products are referred to in this report by a code number. Two products were to have 

been stabilized material. However, one product was not delivered and the adhesive was 

apparently left out of one product, making the material unsuitable for testing. One other,· non­

stabilized material was substituted into the test plan. Table 3.4.1 shows the bag label densities of 

the materials that were tested in this task. The products are listed in the order in which the 

measurements were made. 

Thermal resistances were measured by ASTM C S18 test method. Specimens were 

prepared in frames that were 24 inches square. Generally, two specimens were prepared for each. 

product. One specimen was prepared at a thickness of about 5 inches. After measurements at 

this thickness, the specimen was compressed to about 4 inches and then to about 3.S inches and 

the measurements were repeated to generate a curve of thermal conductivity versus density at a 

mean temperature of 7soF. The other specimen was prepared at a thickness of about 4 inches 

and measurements were made at three mean temperatures to generate a curve of thermal 

conductivity versus temperature. Both specimens were generally prepared by hand-loading to a 

density that corresponds with the bag label. In a few cases, additional tests were performed with 

the material blown directly into the specimen frame. 

Results of the thermal measurements are given in Tables 3.4.2 through 3.4.10. These 

tables list the thicknesses, densities, and temperatures at which the tests were conducted; the 

measured thermal conductivity and thermal resistivity; and the method of specimen preparation. 

Figure 3.4.1 is a composite of all the thermal conductivity data measured at a mean 

temperature of 7soF, and shows the relationship between thermal conductivity and density. As 
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with the air-flow permeability data, the thermal conductivity data fall into two fairly distinct 

bands. The upper, higher conductivity band consists of the data for Products 2,' 11, 13, 19, and 

23, while the lower conductivity band consists of the data for Products 9, 16, 17, and 20. On 

average, the thermal conductivity of the upper band is about 8 to 10 percent higher than that of 

the lower band. The products that fall into each of the two bands are the same as those for the 

two bands from the air-flow permeability versus density data, with the higher air-flow 

permeability materials also corresponding to higher thermal conductivity. This consistency 

between the data for the two properties is an indication that there is a systematic difference 

between the two groups of materials. We do not have definitive information on the 

manufacturing processes for these products. However, our guess is that Products 2, 11, 13, 17, 

and 23 are made with hammermill process and that the others are made with fiberizer processes. 

With a couple of exceptions, the products that we think are made with the hammermill process 

line up with the group of products that have higher thermal conductivities. 

Figure 3.4.1 also shows the curves for three equations. Equation 1 is based on previous 

correlations and is given by 

k = 0.1838 + 0.02348· P + 0.08591 p (3.4.1) 

where k is the thermal conductivity in Btu·in./h·ft2.oF and p is the density in lb/fe. Figure 3.4.1 

shows that over the density range of the present data, Equation 3.4.1 is not an especially good 

representation of the data. All the present data sets show a monotonic decrease in thermal 

conductivity as the density increases, while Equation 3.4.1 shows an initial decrease and then an 

increase. Equations 3.4.2 and 3.4.3 are regressions of the two groups of the present data and are 

given by 

k = 0.1888 + 0.007157·p + 0.12611p (3.4.2) 

and 

k = 0.1442 + 0.02187·p + 0.1944/p (3.4.3) 
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The coefficients of determination (r) for these two equations are 0.71 and 0.79, respectively. All 

the individual data points are found to fall within about ± 5 percent of the two curves, and are 

usually considerably closer to the curves. 

Figures 3.4.2 through 3.4.10 are plots of the data for each individual material. In addition 

to the measured data points, the figures also show the label value, the curve for Equation 3.4.1, 

and the curve for either Equation 3.4.2 or Equation 3.4.3. In all cases, the new curves are good 

representations of the data. 

Table 3.4.11 compares the label Rlin. value with the average values measured near the 

label density. Except for Products 11 and 17, the average measured Rlin. was less than the label 

value. The difference between the measured and label values exceeded 5 percent for four of the 
\ 

nine materials, but was no higher than 9.2 percent. 

Specimens of Products 20 and 9 were prepared both by direct blowing and by hand 

: placing. For Product 20, the blown Rlin. was about 2.4 percent larger than for the hand-placed 

material, while for Product 9, the blown Rlin. was only 1 percent higher. These results indicate 

little, if any, difference between blowing and hand placing. 

The data obtained as a function of temperature for specimens near the label density are 

shown in Figure 3.4.11. These data all show an increase in thermal conductivity as the 

temperature increases, as is commonly observed for most thermal insulations. The thermal 

conductivity may be regarded as a combination of conduction through still air, conduction 

through the solid particles. and radiative heat transfer through an absorbing, scattering. and 

emitting medium. The thermal conductivity of still air is known to increase with temperature 

(approximately with the square root of the absolute temperature), and the contribution due to 

radiation is also known to increase sharply with temperature (approximately with the cube of the 

absolute temperature). In Figure 3.4.12, the data are normalized by dividing the individual data 

points by the average of all the thermal conductivity data at 75°F. This normalization reduces the 

scatter in the data and shows the temperature dependence more clearly. The curve through the 

data is from a linear regression. While the data appear to increase slightly faster than linearly, the 

linear relationship gives an adequate representation of the data over the temperature range of the 
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measurements. The linear relationship gives an increase in thermal conductivity of about 2.5 

percent for each 10°F increase in mean temperature. 
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Table 3.4.1. Materials Tested for Thermal Resistance 

Product Code Label Density, Ib/ft3 Label R per inch 

20 1.7 3.7 

9 1.5 3.7 

2 2.0 3.6 • 

11 2.0 3.55 

17 2.1 3.65 

23 2.0 3.6 

16 1.6 3.8 

19 , 1.7 3.65 

13 1.85 3.7 

" 

/ 
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Table 3.4.2. Thermal Conductivity Results for Product 20 

Thermal Thermal 

Thickness, Density, Temperature, Conductivity, Resistivity, 

in. lb/fe of Btu·in.lh·ft2.oF h-ft2_OFlBtu-in. Preparation 

4.84 1.87 74.9 0.2693 3.713 Blown 

4.86 1.75 74.9 0.2709 3.691 Blown 

3.87 1.71 74.9 0.2696 3.709 Blown 

3.68 1.80 74.9 0.2657 3.764 Compressed 

3.50 1.89 74.9 0.2637 3.792 Compressed 

5.00 1.70 74.9 0.2793 3.580 Hand-loaded 

4.00 1.70 74.9 0.2761 3.622 Hand-loaded 

3.00 1.70 74.9 0.2740 3.650 Hand-loaded 

4.05 1.68 74.9 0.2765 3.617 Hand-loaded 

" .. 53.6 0.2631 3.801 " 

" " 99.8 0.2968 3.369 " 

" " 74.9 0.2752 3.634 " 

• 
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Table 3.4.3. Thermal Conductivity Results for Product 9 

Thermal Thermal 

Thickness, Density, Temperature, Conductivity, Resistivity, 

m. Ib/ft3 OF Btu·in.lh·ft2.oF h·ft2.oFlBtu-in. Preparation 

5.50 1.45 54 0.2634 3.780 Blown , 

If If 75 0.2770 3.610 Blown 

5.50 1.45 54 0.2643 3.784 Blown 

If If 100 0.3055 3.273 Blown 

5.01 1.59 75 0.2838 3.524 Blown 

4.51 1.77 75 0.2704 3.698 Blown 

5.58 1.55 75 0.2831 3.532 Blown 

5.37 1.57 75 0.2842 3.519 Blown 
'" 

5.03 1.50 75 0.2880 3.472 Hand-loaded 

5.02 1.49 77 0.2820 3.546 Hand-loaded 

4.51 1.66 76 0.2788 3.587 Compressed 

4.14 1.82 76 0.2646 3.779 Compressed 

5.00 1.50 76 0.2840 3.521 Hand-loaded 
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Table 3.4.4. Thennal Conductivity Results for Product 2 

Thennal Thennal 

Thickness, Density, Temperature, Conductivity, Resisti vity, 

m. Ib/ft3 of' Btuein.lheft2eOp heft2eOFlBtuein. Preparation 

5.00 2.00 75.1 0.2913 3.433 Hand-loaded 

4.00 2.50 75.1 0.2770 3.610 Compressed 

3.15 3.18 75.1 0.2737 3.654 Compressed 

4.00 2.00 75.0 0.2849 3.510 Hand·loaded 

II II 50.1 0.2648 3.776 II 

II II 100.0 0.2982 3.353 " 

, Table 3.4.5. Thermal Conductivity Results for Product 11 

.. 
Thennal Thennal 

Thickness, Density, Temperature, Conductivity, Resistivity, 

in. Ib/ft3 of Btuein.lh·ft2.oF heft2.0PlBtu·in. Preparation 

5.02 2.00 74.9 0.2845 3.515 Hand-loaded 

4.00 2.50 74.9 0.2762 3.621 Compressed 

3.20 3.13 74.9 0.2757 3.627 Compressed 

4.00 2.00 75.0 0.2865 3.490 Hand-loaded 

" " 50.1 0.2674 3.740 " 
If " 99.9 0.2934 3.408 " 

" " 75.0 0.2752 3.634 " 
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Table 3.4.6. Thennal Conductivity Results for Product 17 

Thennal Thennal 

Thickness, Density, Temperature, Conductivity. Resistivity, 

in. lb/fe of Btu·in./h-ft2.oF h-ft2.oFlBtu-in. Preparation 

5.00 2.10 75.0 0.2752 3.634 Hand-loaded 

4.00 2.62 75.0 0.2535 3.945 Compressed 

3.25 3.23 75.0 0.2505 3.992 Compressed 

4.00 2.10 75.0 0.2685 3.724 Hand-loaded 

tI " 50.1 - 0.2514 3.978 " 

" " 99.9 0.2816 3.551 If 

" " 75.0 0.2588 3.864 " 

Table 3.4.7. Thennal Conductivity Results for Product 23 

Thennal Thennal 

Thickness, Density, Temperature, Conductivity • Resistivity. 

in. Ib/fe of Btu·in./h·ft2e°F h·ft2.oFlBtu·in. Preparation 

5.00 2.00 75.0 0.2886 . 3.465 Hand-loaded 

4.00 2.50 75.0 0.2760 3.624 Compressed 

3.25 3.08 75.0 0.2736 3.655 Compressed 

4.00 2.00 75.1 0.2820 3.546 Hand-loaded 

" " 50.1 0.2649 3.774 " 

" " 99.9 0.2965 3.373 " 

" It 75.0 0.2757 3.626 " 
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Table 3.4.8. Thennal Conductivity Results for Product 16 

Thennal Thennal 

Thickness, Density, Temperature, Conductivity, Resistivity, 

in. lb/fe of Btu-in./h-ft2_OF h-ft2.oFlBtu·in. Preparation 

5.00 1.60 75.0 0.2772 3.608 Hand-loaded 

4.00 2.00 75.0 0.2646 3.779 Compressed 

3.25 2.46 75.0 0.2603 3.842 Compressed 

4.00 1.60 75.0 0.2859 3.498 Hand-loaded 

It II 50.1 0.2671 3.744 II' 

II .. 99.9 0.3083 3.244 " 

It " 75.0 0.2830' 3.533 " 

Table 3.4.9. Thennal Conductivity Results for Product 19 

Thermal Thennal I 
Thickness, D~nsity, Temperature, Conductivity, Resistivity, 

in. Ib/ft3 OF Btu·in./h-ft2.oF h-ft2_OFlBtu-in. Preparation 

4.00 1.70 75.0 0.2939 3.403 Hand-loaded 

5.00 1.70 75.1 0.3018 3.314 Hand-loaded 

4.00 2.12 65.1 0.2808 3.561 Compressed 

3.25 2.61 75.1 0.2744 3.645 Compressed 

4.00 1.70 75.0 0.2909 3.438 Hand-loaded 

" " 50.1 0.2733 3.659 It 

It " 99.9 0.3051 3.278 " 
.. It 75.0 0.2909 3.438 " 
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Table 3.4.10. Thennal Conductivity Results for Product 13 

Thennal Thennal 

Thickness, Density, Temperature, Conductivity, Resisti vity, 

in. lb/fe OF Btu·in./h-ft2_OF h·ft2_OFlBtu-in. Preparation 

4.00 1.84 100.3 0.3150 3.175 Hand-loaded 
, .. It 50.0 0.2761 3.622 " 

< 
It 10 75.1 0.2940 3.401 " 

5.00 1.84 75.2 0.3014 3.317 Hand-loaded 

, 4.00 2.30 75.1 0.2831 3.533 Compressed 

3.25 2.83 75.1 0.2776 3.602 It 

Table 3.4.11. Comparison of Average MeaSured Rlin. with Label Values 

Product Label Rlin. Measured Rlin. Percent Difference* 

20 3.7 3.62 -2.2 

9 3.7 3.51 -5.1 

2 3.6 3.47 -3.6 

11 3.55 3.54 0.0 

17 3.65 3.74 +2.5 

23 3.6 3.54 -1.7 

16 3.8 3.55 -6.6 

19 3.65 3.40 -6.8 

13 3.7 3.36 -9.2 ,--

* (Measured - Label}/Label x 100 
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3.5 Task 5 Moisture Transport 

The addition of water to cellulosic insulation during installation occurs for both attic and 

wall cavity applications. Water is added to cellulosic fiber mixed with adhesive to form 

"stabilized" attic insulations. Water is also added to insulation being installed in wall cavities. 

This is often done to "activate" adhesives in the product and enhance the mechanical stability of 

the insulation. Cellulosic insulation installed on attic floors is not enclosed so drying time for the 

initially damp insulation is not an issue. Cellulosic .nsulation installed with water in wall 

cavities should be allowed to dry before water vapor retarders or dry wall are installed. The time 

required for the insulation to dry depends on a large number of variables including the ambient 

conditions and the amount of water added during installation. The objective of this task was to 

develop data to provide a basis for estimating the drying time required for a variety of situations. 

The objective was accomplished by the development of correlations between water loss and 

drying conditions. These correlations formed the basis for a Fortran program for predicting 

drying time from a specification of the drying conditions. 

The water added to cellulosic insulation at installation adds to the water naturally present, 

equilibrium water content. The equilibrium water content is the water in the wet solid which 

cannot be removed by the air in contact with the solid, due to the humidity of the air. The 

equilibrium water content for solids is given as a relationship between the relative humidity of 

the air and the liquid water content of the solid. If t~e equilibrium curve, the relationship 

mentioned, is extrapolated until it intersects the axis at 100 percent relative humidity, the water 

content is defined as the fiber saturation point. It is the minimum amount of water a material can 

hold and still have a vapor pressure at least as much as that of water at the same temperature. A 

solid containing more liquid than this cannot have a vapor pressure greater than that of water at 

the same temperature. The amount of water retained by a specimen of spray-applied cellulosic 

insulation depends on the type of paper stock and flame retardants used in its manufacture. This 

is important because it may impact the smoldering combustion, critical radiant flux, and 

corrosion tests. Some of the moisture held by a solid that is less than the fiber saturation amount 

is called bound water. Bound water is hydrogen bonded to the hydroxyl groups of cellulosic 
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compounds. All other water is called unbound water. The "bound" water is not readily removed 

without increasing the temperature of the material while unbound water can be vaporized. The 

above discussion suggests that adding excessive water to cellulosic insulation can result in 

r~tention of water above the usual "equilibrium" water content for long periods of time. 

The time required for an initially damp cellulosic insulation to reach a specified level of 

water content depends on many factors including the "equilibrium" water content. The 

equilibrium water content in turn depends, on the paper type and the fire retardant chemicals 

present in the product. "Equilibrium" water percentages relative to dry fiber were determined as 

part of the drying project. Normal fluctuations in relative humidity during testing were ± 5 

percent. The chamber used for the study contains two adjustable shelves. There was room for up 

to four specimens to be tested simultaneously. 

As drying proceeded the time and weight of each specimen was recorded. These data 

were recorded periodically until the specimens reached equilibrium with the environment inside 

the chamber. The specimens were considered to be at equilibrium when the weight of the 

specimen began to fluctuate randomly. After reaching the apparent eqUilibrium condition. each 

specimen was left inside the chamber for about 24 additional hours. 

The weight of the bone dry cellulose in each test specimen was measured. Each specimen 

was placed into a Despatch model LBD oven at 176°F. The specimen's weight loss was 

monitored with time. The specimen was considered to be bone dry when it lost less than one­

half of a gram in a 24-hour period. The water content at equilibrium taken on a dry basis was 

recorded as the equilibrium water content. Table 3.5.1 contains a listing of the specimen boxes 

used in the project. 

Two types of specimen boxes were used for the isothermal drying experiments. One set 

of specimen boxes was constructed out ofPlexiglass® (acrylic), one-eighth of an inch thick, and 

one set of specimen boxes was made out of O.080-inch-thick aluminum. 

All of the specimen boxes were five sided; four sides. one bottom, and no top. This was 

to allow for drying in one direction. The Plexiglass® specimen boxes were glued together with 

ethylene dichloride. Cracks were sealed with 100 percent silicone sealant. The Plexigiass® 
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specimen boxes were observed to adsorb and desorb water while inside the environmental test 

chamber. Also, they could not withstand the temperatures used in the oven, so they were 

eventually discarded. Aluminum boxes were used in their place. Eight five-sided boxes were 

constructed. The specimen boxes used in the drying experiments with a temperature gradient had 

aluminum bottoms one-sixteenth of an inch thick and foamboard sides two inches thick. The 

foamboard sides were attached with three inch long sheetrock screws, while the bottom was 

attached with ~wo-inch-long sheetrock screws. All cracks were sealed with 100 percent silicone 

sealant. 

3.5.1 Specimen Preparation 

Specimen preparation for the drying project is described as follows. The compressed 

insulation from a package was placed into the hopper of the blowing machine where it was 

broken up and fluffed. The insulation was pulled into a tornado blower and transported through 

the hose to the point of installation. As the insulation exited the hose, it passed through a nozzle 

where water was added. The applicator's nozzle sprays water or water solution into the moving 

stream of insulation. The water content of the insulation was regulated by adjusting the water 

flow rate or the voltage to the blower. 

Before blowing specimens the water flow rate from the nozzle of the applicator was 

determined. The water was turned on and the water valve was completely open. The output 

from the nozzle was caught in a graduated cylinder, while being timed. This was repeated 

several times. The average flow was determined to be 2.3 felhr (0.29 gpm). 

A Krendl insulation blowing machine was used to prepare specimens. A bag of cellulosic 

insulation was placed in the hopper. The voltage was set at fifty percent of line voltage. The air 

inlet was adjusted to one of three positions; closed, half open, or fully open. An entire bag was 

blown with the air inlet at each position, while being timed. This was repeated several times. 

The average flow rate at each air flow position were 18,21, and 24lb cellulose/min, respectively. 

Next, the entire apparatus was calibrated. The air inlet position, water flow rate, and 

voltage to the blower were recorded. A specimen was blown and its initial water content was 
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detennined. This was repeated with various cellulosic insulation products. Each product blown 

had a different water content. Due to this, the water flow rate was always left constant, water 

valve fully open, and the air inletwas left half open. This allowed enough air into the cellulose, 

but not too much to cause a dust problem. The voltage to the blower was regulated between 40 

and 60 percent of the line voltage. The voltage was adjusted to keep a steady unifonn flow of 

material. 

The specimen boxes were set on the floor and the insulation was lofted into them from 

about four feet away as is done in installation of attic insulation. It was assumed that the 

moisture distribution is the same for a vertically or a horizontally prepared specimen. The spray­

applied cellulose was piled about six to ten inches above the box's sides. The height depended 

on the desired density. The pile was leveled off and squared up before being compressed level 

with the sides of the specimen box. Great care was taken to maintain constant density and 

moisture content. This procedure was developed because insulation would not stick in a 

vertically oriented metal pan. 

3.5.2 Isothennal Drying Experiments 

Before being placed into the environmental test chamber, the specimens were weighed 

and covered with a plastic screen to prevent the air movement in the chamber from scattering the 

insulation. The screen prevented the insulation from being blown out of the specimen box. 

A Sartorius digital scale was used to measure the weight of the specimens. It was 

calibrated using standard weights. The corrected mass is given by Equation 3.5.1. 

Actual Mass (g) = 1.00153 x Mass Read (g) + 0.01270 (3.5.1) 

The readability of the scale is ± 0.05 grams. 

The environmental test chamber that was used operates at temperatures between -40 and 

351°F and relative humidities between 10 and 90 percent. The relative humidity can only be 

controlled at temperatures between 32 and 212°F. Specimens were dried at three relative 
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humidities; 30, 50, and 70% and temperatures of 75 or 90°F. During each experiment the 

environmental test chamber was operated at a constant temperature and relative humidity. 

Equilibrium water contents expressed as pound of water per pound of dry cellulose are 

shown in Table 3.5.2 for six commercial products and untreated newsprint that had been 

processed through a fiberizer. The data shows the dependence of equilibrium water content on 

the humidity of the environment. The data for untreated newsprint at 75 of, for example, 

averaged 0.070 lb waterllb cellulose at 30% RH, 0.089 lb waterllb cellulose at 50% RH, and 

0.148 lb water lIb cellulose at 70% RH. The equilibrium water content decreased as the 

temperature was increased from 75°F to 90°F. 

The chemically treated cellulose specimens exhibited higher eqUilibrium water contents 

than the untreated specimens. Products A, B and C at 90 of and 50% RH, for example, average 

0.104, 0.102, and 0.109 Ib waterllb cellulose, respectively. The untreated cellulose under the 

same conditions averaged 0.079 lb waterllb cellulose while products D ang E averaged 0.175 and 

0.190 lb waterllb cellulose, respectively. Products D and E were reported to contain significant 

amounts of ammonium sulfate. 

Twenty-seven cellulosic specimens were dried isothermally under the conditions listed in 

Table 3.5.2. The water content, lb waterllb cellulose, versus time are listed in Appendix B, 

Experimental Drying Time Data. The data sets include the initial water content and water 

content versus time until eqUilibrium was attained or in a few cases the water content dropped 

below the fiber saturation value. Eight specific test sequences are shown in Figures 3.5.1 to 

3.5.8. Figures 3.5.1 to 3.5.6 are for isothermal drying while Figures 3.5.7 and 3.5.8 are non­

isothermal drying. The data are shown as solid hexagons in the figures with a predictive curve 

also shown. The notation Xl gives the initial water content of the test specimen. The predictive 

curve will be discussed later. 

Adrying time can be defined in many ways. The extreme case would be the time 

required to reach an equilibrium water content. An alternate choice would be to select an 

arbitrary water content, 0.1 Ib waterllb cellulose, for example, and determine the time required to 

achieve that value. The criteria selected for further discussion is the time required to reach the 
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fiber saturation value, taken to be 0.25 lb waterllb cellulose. This later selection was made on the 

basis that the risk of wood decay or similar effects becomes small below the fiber saturation 

value. 

Four drying time observations were made with a temperature gradient imposed on the test 

specimen. This was done by placing a 12 by 12-inch 720 watt heater under the specimen box. A 

copper-constantan thermocouple was placed between the heater pad and the aluminum bottom of 

the specimen box. A transformer was used to adjust the voltage to the heater pad to obtain.a 

specific temperature at the bottom of the specimen. The temperature was held constant at the 

bottom of the specimen box and the temperature of the environment inside of the chamber was 

held constant along with the relative humidity. In this way a one-dimensional temperature 

gradient was established across the specimen. The temperature at the bottom of the specimen 

along with the weight loss with time was monitored. The experimental data obtained in the non­

isothermal drying experiments are listed in Appendix B. 
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Table 3.5.1. Spray-Applied Cellulosic Insulation Specimen Containers 

Box Construction x y z weight 

Number Material (in) (in) (in) (lb) 

(depth) 

PI Plexiglass® 10.88 10.88 3.56 1.334 
, 

P2 Plexiglass® 10.88 10.84 3.56 1.332 

P3 Plexiglass® 10.97 10.97 3.44 1.332 

P4 Plexiglass® 10.81 10.91 3.56 1.358 

P5 Plexiglass® 10.91 10.88 3.56 1.332 

ALl Aluminum 11.79 11.85 3.50 1.874 

AL2 Aluminum 11.56 11.60 3.50 1.821 

AL3 Aluminum 11.81 11.79 3.50 1.864 

AlA Aluminum 11.42 11.61 3.50 1.818 

AL5 Aluminum 11.42 11.38 3.50 1.791 

AL6 Aluminum 11.38 11.46, 3.54 1.786 

AL7 Aluminum 11.42 11.46 3.50 ' 1.787 

AL8 Aluminum 11.41 11.37 3.54 - 1.780 

ABIO Aluminuml 12.26 12.30 3.50 2.660 

Foamboard 

ABll Aluminuml 12.24 12.17 3.52 2.134 

Foamboard 
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Table 3.5.2. Moisture Loss and Experimental Equilibrium Water Content 

Experiment Box Product Temperature Relative Equilibrium 
Humidity Water Content 

of % lb water! 
lb cellulose 

1 PI A 90 30 ----
2 P5 A 90 30 ----
3 PI A 90 49.9 0.1014 

3 P2 A 90 49.9 0.1057 

3 P3 A 90 49.9 0.1092 

4 P4 A 90 49.9 0.0980 

5 PI newspaper 90 49.9 0.0806 

5 P2 untreated 90 49.9 0.1109 

5 P3 B 90 49.9 0.1046 

6 ALl B 90 ' 49.9 0.1133 

7 AL2 untreated 90 49.9 0.0785 

8 AL3 B 90 49.9 0.0867 

19 ALl C 90 49.9 0.1063 

1'0 ALl untreated 90 49.9 0.0814 

10 AL2 untreated 90 -49.9 0.0952 

11 AL3 untreated 90 49.9 0.0945 

12 ALl C 90 49.9 0.1335 

13 AL2 C 90 49.9 0.1111 

13 AL3 sand 90 49.9 0.0018 

14 ALl D 90 49.9 0.1710 

14 AL3 sand 90 49.9 0.0009 

14 AlA D 90 49.9 0.1619 

15 AL3 D 90 49.9 0.1840 
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Table 3.5.2. Moisture Loss and Experimental Equilibrium Water Content (Continued) 

Experiment Box Product Temperature Relative Equilibrium 

Humidity Water Content 

of % lb water/ 

lb cellulose 

15 AL2 D 90 49.9 0.2023 

16 ALl D 90 49.9 0.1661 

16 AL4 D 90 49.9 0.1632 

17 AL2 E 90 49.9 ----
17 AL3 E 90 49.9 0.1895 

18 ALl E 90 30.9 0.0730 

18 AL4 E 90 30.9 0.0629 

19 AL2 F 90 69.5 0.1646 

19 AL3 F 90 69.5 0.1591 

19 AL5 F 90 69.5 0.2069 

19 AL6 F 90 69.5 0.1718 

20 ALl F 75 49.5 0.1115 

20 AL4 . F 75 49.5 0.1162 

20 AL7 F 75 49.5 0.1148 

20 AL8 F 75 49.5 0.1161 

21 AL2 C 75 49.5 0.1031 

21 AL3 C 75 49.5 0.1073 

21 AL5 C 75 49.5 0.1041 

21 AL6 C 75 49.5 0.1032 

22 ALl untreated 75 49.5 0.1020 

22 AL4 untreated 75 49.5 0.1025 

22 AL7 untreated 75 49.5 0.1038 

22 AL8 untreated 75 49.5 0.0999 
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Table 3.5.2. Moisture Loss and Experimental Equilibrium Water Content (Continued) 

Experiment Box Product Temperature Relative Equilibrium 

Humidity Water Content 

OF lb water! 

lb cellulose 

23 AL2 untreated 75 31.8 0.0710 

23 AL3 untreated 75 31.8 0.0703 

23 AL5 untreated 75 31.8 ,0.0683 

23 AL6 untreated 75 31.8 0.0702 

24 ALl untreated' 90 30.9 0.0330 

24 AL4 untreated 90 30.9 0.0342 

24 AL7 untreated 90 30.9 0.0336 

24 AL8 untreated 90 30.9 0.0322 

25 AL2 untreated 75 . 68.8 0.1498 

25 AL3 untreated 75 68.8 0.1494 

25 AL5 untreated 75 68.8 0.1458 

25 AL6 untreated 75 68.8 0.1489 

26 ABIO untreated 90 49.9 0.0550 

26 ABl1 untreated 90 49.9 0.0487 

27 ABIO untreated 90 49.9 0.0754 

27 ABll untreated 90 49.9 0.0652 

28 ABIO untreated 94.6 57.2 0.0664 

28 ABll untreated 94.6 57.2 0.0609 

29 ABIO C 90 49.9 0.723 

29 ABU C ,90 49.9 0.0740 
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Figure 3.5.1. Experimental Data and Predicted Drying Curve for Exp23-AL2 
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Figure 3.5.3. Experimental Data and Predicted Drying Curve for Exp25-AL5 
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Figure 3.5.5. Experimental Data and Predicted Drying Curve for ExplO-AL2 
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Figure 3.5.6. Experimental Data and Predicted Drying Curve for Exp 19-AL2 
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3.6 Task 6 Wall Cavity Insulation Tests 

3.6.1 Scope 

Task Six of the CIMAIITU/ORNL CRADA targeted the mechanical stability and 

thermal properties of sprayed cellulosic insulation installed in standard wall cavities. The 

mechanical stability of the insulation was evaluated by means of a full-scale vibration test. The 

results of the vibration tests, insulation density measurements, and initial water content 

determinations are presented in this section. Thermal test specimens taken from both the 

nominal2x4 inch and 2x6 inch cavities were evaluation in accordance with ASTM C 518 using 

24x24 inch test specimens constructed from insulation that was installed in cavities. The 

measured R-values and air-flow permeabilities for the wall-cavity insulation are given elsewhere 

in this report. 

3.6.2 Preparation of Test Specimens 

Full-height wall cavities (frames) built to represent nominal2x4 on 16-inch centers. 2x6 

on 16-inch centers. or 2x6 on 24-inch centers were tested. Cellulose insulation especially 

formulated for this project was installed in the test frames by experienced workmen selected by 

CIMA using commercial equipment. The installation of the insulation was done at Tennessee 

Technological University so that shipping and unsupervised handling of the test frames would 

not occur. The project included 32 frames representing nominal 2x4 on 16-inch center 

construction, 3 frames representing nominal 2x6 on 16-inch center construction. and 4 frames 

representing nominal 2x6 on 24-inch centers. The 2x4 frames were filled with insulation on 

December 13, 1996. and the 2x6 frames were. filled with insulation on May 13, 1997. 

3.6.3 Procedure for Vibration Tests 

The procedure for handling the insulated wall cavities was as follows. Insulation was 

installed with the cavities in an upright (vertical) position. The test frames were rotated 90° to a 

horizontal position and weighed. The frames were then stacked in a horizontal orientation with 
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spacers to pennit air circulation. The insulation in the frames was expo~ed to surrounding air at 

laboratory conditions of 75 ± 5°F and relative humidity of 50 ± 10% for a drying period of at 

least two weeks. Prior to vibration testing the frames containing "dry" insulation were weighed 

and the cavities were enclosed by attaching plywood sheathing to the frames with wood screws to 

completely enclose the insulation. The enclosed insulated wall cavities were subjected to 

mechanical vibrations while in a vertical, upright, orientation. 

3.6.4 Discussion of Results for Cavity Insulation Properties 

The project was designed to include three independent variables: amount of adhesive, 

initial water content, and insulation density. In order to achieve variation of adhesive content. 

product was provided by CIMA that contained Y.t lb. lib, or 1 Y.t Ibs 'of adhesive per 30 lb bag of 

insulation. The initial water content was varied by using three orifice sizes in the water injeCtion 

system (nozzle). The "tips" that were used were 25015 (low water rate), 25020 (nonnal water 

rate), and 25030 (high water rate). Ap effort was made by the insulation installer to vary the 

density of the installed insulation. This effort was not particularly successful because the density 

of the dry insulation is not known' until many hours after the insulation is sprayed into the cavity . . 
This makes the installation of different insulation densities a matter of the installer's judgement' 

and experience. Both sizes of 2x6 test frames were insulated with product containing one pound 

of adhesive per bag of insulation using 'a No. 25015 tip (low water rate). Table 3.6.1 contains 

specimen identification and installation infonnation. 

Table 3.6.2 summarizes the measurements that were made in the wall-cavity tests. The 

initial weight of insulated frames and the weight after the insulation was allowed to dry under 

laboratory conditions provided a measure of the water added at the time of installation. The 

weight of "dry" insulation determined after the vibration testing provided for calculation of 
I 

weight percent water added at the time of installation and the density of the dry insulation. In 

both cases "dry" means that the cellolose contains its equilibrium water content. The 

experimental data contained in Table 3.6.2 were used to calculate sample means and standard 

deviations. These statistical quantities are given in Table 3.6.3. 
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The numerical infonnation in Table 3.6.3 was used to test for the ,statistical significance, 

of differences between sample means using a two-sided t-test. An item of practical interest is 

whether or not the initial water and final insulation density are related to water addition rate as 

controlled by the water nozzle size. The following questions were considered using the 

methodology described by Natreller.[8] 

Question Number Question 

1 Are the mean densities for low water rate (25015) and nonnal water 
rate (25020) different for the 2x4'data? 

2 Are the mean densities for nonnal water rate (25020) and high water 
rate (25030) different for the 2x4 data? 

3 Are the mean densities for low water rate (25015) for 2x4 cavities and 
2x6 cavities different for the 2x4 data? 

4 Are the initial water percentages for low water rate (25015) and nonnal 
water rate (25020) different for the 2x4 data? 

5 Are the initial water percentages for nonnal water rate (25020) and 
high water rate (25030) different for the 2x4 data? 

6 Are the initial water percentages for low water rate (25015) for 2x4 
cavities and 2x6 cavities different? 

The answers to the six questions are as follows: 

Question Number Answer 

1 the means are different with 90% confidence 

2 no 

3 , no 

4 the means are different with 95% confidence 

5 the means are different with 90% confidence 

6 the means are different with 95% confidence 
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The answers to questions 1 and 2 suggest that a weak: correlation exists between the water . 
addition rate as controlled by nozzle orifice size. There are other installation variables such as 

the angle of the hose during installation that appear to have an effect on final density'. The 

answers to questions 4 and 5 show a correlation between water addition rate as controlled by 

nozzle orifice size. The answer to questions 3 and 6 suggest that the installation techniques for 

2x4 and 2x6 cavities should be different. The difference between the average densities for the 

two wall cavity sizes was not statistically significant, but the initial water percentage of the 2x6 

cavities was lower than that of the 2x4 cavities at the 95% confidence level. The fraction of time 

used for a single 2x4 cavity in which interior surfaces are being wet without fiber flow may be 

greater than the corresponding fraction for 2x6 cavities. The average densities and initial water 

percentage are shown as a function of the water nozzle orifice diameter in mils (0.001 inch) in 

Figures 3.6.1 and 3.6.2. 

These data indicate that the water addition rate is too high with the result that initial water 

percentages are significantly higher than anticipated and densities are modestly higher than 

expected. The water rate can be controlled by reducing the orifice diameter in the nozzle or by 

reducing the pressure difference across the nozzle with a precision valve and pressure gauge. 

3.6.5 Discussion of Results for the Vibration Tests 

The 39 insulated cavities were subjected to a 24-hour-Iong vibration test after the 

insulation was dry. The test cavity was vibrated a~ 15 hertz and an amplitude of 0.10 inches 

while mounted vertically. the normal orientation for walls. At the end of the vibration period the 

cavity being tested is removed from the vibration and rotated to a horizontal orientation. The top 

cover is removed so that the insulation in the cavity can be inspected. Upon completion of the 

inspection the insulation in the cavity is removed and weighed. 

Test cavity i'nsulation in judged to have passed the test if no settling occurs and no 

interior voids are observed. Settling in excess of lI4-inch or voids that extend across the 

thickness of the insulation are judged failures. Settling greater than 1I4-inch or cumulative voids 

that exceed five square inches are judged serious failures. All of the 2x4 insulated test cavities 
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passed the vibration test, no settling or void fonnation was observed. The 2x6 on 16 inch 

insulated test cavities passed the test. No settling was observed, but there were cracks in the 

insulation. None of the cracks opened to fonn voids. The 2x6 on 24 inch cavities failed the 

vibration test. Settling from the top that fonned void spaces between Y2 and 1 inch occurred. 

Four to six interior void spaces were created in each cavity as a result of the vibration. All of the 

voids exceeded five square inch criterion stated above as a criterion for "serious" failure. 

3.6.6 Thermal and Air-Flow Permeability Tests 

Test panels were prepared with spray-applied cellulose at ITV. After settling tests, 

insulation specimens were removed and were transported to ORNL for thennal and air-flow 

penneability tests. Seven thennal test specimens were prepared from material removed from 

2 x 4 wall panels. The thennal tests were perfonnect at test thicknesses of 3.25 (to ensure plate 

contact with the specimen) and then at 3.0 inches. Results from these tests are given in Table 

3.6.4. Densities for the test specimens ranged from 2.47 to 3.53 Ib/ft3. With the exception of one 

data point, the thennal resistivity was greater than 3.4 and was a high as 3.65 h·ft2~OFlBtu·in. 

Three thermal test specimens were prepared from material removed from 2x 6 wall panels. 

Thermal tests for these specimens were perfonned at a thickness of 5.0 inches, with the results 

shown in Table 3.6.5. The densities were all around 3.2lb/ftl and the thermal resistivities were 

3.4 to 3.5 h·ft2.oFlBtu·in. Thus the data from the 2 x 6 wall panels agree closely with those 

from the 2 x 4 panels. 

The thermal conductivities from the tests on spray-applied cellulose are plotted versus 

density in Figure 3.6.3. One data point, indicated by a square symbol, was considered to be an 

outlier. The solid curve is a linear regression through all the data points with the exception of the 

outlier. The dashed curve and dotted curve are from earlier correlations for spray-applied 

material.[9] The regression through the present data agrees with the dashed curve to within 

better than 1 percent over the density range of 2 to 4 Ib/ft3. Based on this comparison, it appears 

that the old correlation is adequate for the material used in the present study. 

Air-flow penneabilities were measured on the three specimens taken from 2 x 6 waIl 
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panels. The results, given in Table 3.6.6, show that the permeability is near the low end of the 

range of values observed for loose.;.fill cellulose (see Figure 3.2.2). 
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I Table 3.6.1. Installation Information for Wall Test Frames 

I 
Specimen Number Frame Dimensions (i.Jl.) Nozzle I.D. Adhesive (lblbag) 

I 1 2x4 on 16 25020 O.S 
2 2x4 on 16 25020 O.S 

I 3 2x4 on 16 25020 0.5 Q 
4 2x4 on 16 25020 0.5 
5 2x4 on 16 25020 O.S 

I 6 2x4 on 16 25015 0.5 
7 2x4 on 16 25015 0.5 
8 2x4 on 16 25015 0.5 
9 2x4 on 16 25030 0.5 

I 10 2x4 on 16 25030 0.5 
11 2x4 on 16 25030 1.0 
12 2x4 on 16 25030 1.0 

I 13 2x4 on 16 25030 1.0 
14 2x4 on 16 25030 ' 1.0 
IS 2x4 on 16 25020 1.0 

I 16 2x4 on 16 25020 1.0 
17 2x4 on 16 25020 1.0 
18 2x4 on 16 25020 1.0 
19 2x4 on 16 25015 1.0 

I 20 2x4on 16 25015 1.0 
21 2x4 on 16 25015 1.0 
22 2x4 on 16 25015 1.0 

I 23 2x4 on 16 25015 1.5 
24 2x4 on 16 25015 1.5 
25 2x4 on 16 25015 1.5 

I 
26 2x4 on 16 25020 1.5 
27 2x4 on 16 25020 1.5 
28 2x4 on 16 25020 1.5 
29 2x4 on 16 25020 1.5 

I 30 2x4 on 16 25030 1.5 
31 2x4 on 16 25030 1.5 
32 2x4 on 16 25030 1.5 

I 33 2x6 on 16 25015 1.0 
34 2x6 on 16 25015 1.0 
35 2x6 on 16 25015 1.0 

I 36 2x60n24 25015 1.0 
37 2x60n24 25015 1.0 

I 38 2x6on24 25015 1.0 
39 2x60n24 25015 1.0 

I 
I 



Table 3.6.2. Weights, Water Contents, and Insulation Densities for 39 Wall Test Frames 

fnillal Weight . Pinal Weight 
of Insulallon of Insulalion Weight of Weight of Denslly of 

Dry Insulation Wafer Added Dry Insula lion WI. ~ of Test Frame Test Frame 
Water Added (lb/ftJ)  Specimen ID (Ibs) (Ibs) (Ibs) (Ibs) 

 
7.05 90.8 2.63 39.1 6.4 

 m I 45.5 
7.0 7.35 95.2 2.1 

 2 39.0 32.0 
1.17 51.5 2.90 X 33.0 4.0 3 31.0 

4.0 6.72 59.5 2.51 "0'0 4 31.0 33.0 
2.68 4.5 1.18 62.7  35.5 31.0 --5 

32.5 5.0 1.34 68.1 2.74 

 :0 
6 37.S 

6.11 49.1 2.28 , 31.5 3.0 7 34.5 
1.61 59.1 2.84 VJ 'm 45.5 4.5 

0\ 
8 SO.O 

8.05 105.6 3.0  46.0 31.5 " 8.5 

',0 
9 

7.61 91.3 2.86  
31.5 30.5 1.0 10 

7.45 81.2 2.18 II 53.5 41.0 6.5 
2.88  0) 39.1 7.9 1.72 102.3 12 47.0 

80.9 2.54 .' ......... 31.5 5.5 6.80 

 'W 
13 43.0 

1.0 7.31 95.0 2.75 14 51.5 44.5 
2.73 0 6.0 7.31 82.1 IS 51.5 45.5 

7.96 94.2 2.91 .......... 54.0 46.S 7.5 
 0 

16 
41.5 6.5 7.11 91.4 2.65 17 48.0 

2.73 (;.) 43.5 9.0 7.32 123.0 18 52.5 
7.08 105.9 2.64 41.0 7.5 19 48.5 

6.0 7.42 80.9 2.17 20 53.0 47.0 
21 39.0 32.0 1.0 7.73 90.6 2.89 
22 45.0 39.5 5.5 7.00 18.6 2.61 
23 34.0 30.0 4.0 5.75 69.6 2.15 
24 35.5 31.0 4.5 5.79 17.7 2.16 

-------------------



-------------------

Table 3.6.2. (cont.) Weights, Water Contents, and Insulation Densities for 39 Wall Test Frames 

Initial Weight Final Weight 
of Insulation of Insulalion Weight of Weight of Density of .  
Tesl Frame Tesl Frame Water Added Dry Insulation WI. % of Dry Insulation 

Specimen JD (fbs) (Ibs) (fbs) (Ibs) Waler Added (Ib/fl')  

m 
25 ' 29.3 29.3 4.1 6.45 

 >< 63.6 2.41 
26 37.0 30.5 6.5 6.82 95.3 2.55 =-u 
21 38.5 30.5 8.0 6.93 115.4 2.59 """""" 
28 40.0 30.0 10.0 7.55 132.4 2.82 

-
:;0 .. 

29 43.5 31.0 12.5 7.35 170.1 2.74 m> 30 57.0 46.0 11.0 8.11 135.6 3.03 w 
31 38.5 29.5 9.0 6.45 139.5 2.41 --.J 0'· 
32 40.0 31.4 8.6 6.S7 130.9 2.45 

Of 
33 62.5 52.S 10.0 12.8 78.1 2.99 

 --....;. ; 
34 55.0 49.0 6.0 11.2 53.6 2.62 

 
W 

35 58.0 50.5 7.5 11.6 64.1 2.71 0 
36 74.5 63.0 II.S 18.4 62.5 

........ 
2.77  0 

37 66.0 57.5 8.S 17.3 49.1 2.61 W 38 65.5 56.5 9.0 17.4 51.7 2.62 
39 54.5 49.5 5.0 13.8 36.2 2.08 
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Table 3.6.3. Statistical Parameters for the WaIl Cavity Data Sets 

Parameter 2x4 
low water 

2x4 
normal water 

2x4 2x6 2x4and2x6 

I 

I 
I 
I 
I 
I 
I 
I 

w 
Sw 
Ilw 
P 
sp 
lip 

high water low water low water 

74.3 97.2 107.6 56.6 67.0 
16.3 13.0 22.2 13.3 17.2 
10.0 13.0 9.0 7.0 17.0 
2.549 2.712 2.746 2.629 2.582 
0.279 0.132 0.231 0.277 0.272 

10.0 13.0 9.0 7.0 17.0 

W, P are sample arithmetic means for wt% water added and dry density in Ib/ft3 I 
s is an estimate of the population standard deviation computed from the samples 
n number of data points in the sample 
w subscript for water percentage data 'I 
p subscript for density data 

I 
I 
I 
I 
I 
I 
I 
I 
I 
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Table 3.6.4. Thennal Conductivity Results for Spray-Applied Cellulose Prepared in 2' x 4 
Frames' 

Thermal Thermal 

Frame Density, Conductivity, Resistivity, 

Ib/ft3 Btuein.lheft2.oF h-ft2eOFlBtu·in. 

2 3.27 0.279 3.58 

2 3.49 0.278 3.60 

3 2.47 . 0.276 3.62 

3 2.67 0.275 3.63 

6 3.34 0.289 3.46 

6 3.53 0.282 3.55 

7 2.73 0.284 3.52 ) 

7 2.92 0.274 3.65 

8 3.21 0.292 3.42 

8 3.39 0.283 3.53 

10 3.06 0.287 3.48 

10 3.30. 0.279 3.59 

14 3.29 0.306 3.27* 

14 3.52 0.282 3.54 

* Data point considered to be an outlier. 
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Table 3.6.5. Thennal Conductivity Results for Spray-Applied Cellulose Prepared in 2 x 6 
Frames 

Thermal Thermal 

Frame Density, Conductivity, Resistivity, 

lb/ft3 Btu-in./h-ft2_OF h-ft2.°FlBtuein. 

2 3.17 0.282 3.55 

5 3.26 0.285 3.51 

Unnumbered 3.25 0.295 3.39 
'------ --- ~--

Table 3.6.6. Air-Flow Penneability of Spray-Applied Cellulose Prepared in 2 x 6 Frames 

Frame Density. Ib/ftl Permeability, ft2 

2 3.17 2.06 x 10-8 

5 3.26 2.17 x 10,8 

Unnumbered 3.25 2.10 x 10-8 
-_.- ~-.- -_._ .. _ .. _ .......... _--- ---
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2x6 wall data 
o 

2x4 wall data 
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Figure 3.6.1. Insulation Density vs. Orifice Diameter 
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4. INVENTIONS 

No inventions were made as part of this CRADA. 

5. COMMERCIALIZATION POSSmILITmS 

It is anticipated that the data and test methods developed under the CRADA will improve 

the insulation that is produced by CIMA members, and the ultimate benefit will be to the 

consumer. 

6. PLANS FOR FUTURE COLLABORATIONS 

While there are no definite plans for future collaborations, ORNL, TIU and CIMA will 

continue to interact as the technology of cellulosic insulations continues to ·be developed. 

7. CONCLUSIONS 

In Task I, a field study was performed to study the permanency of chemical fire 

retardants. Part of this study involved settling characteristics. It was possible to obtain settling 

data on only five of eight houses in Alabama that had their attics insulated with cellulosic 

products. After a period of nearly three years, the insulation had settled by 23 to 25 percent. One 

of these houses was to have had a stabilized product; however the manufacturer of this product 

indicated the likelihood that the insulation did not contain the adhesive required for stabilization, 

and hence these data should not be interpreted as being representative of stabilized cellulose. 

The insulation had been disturbed in the other three houses in Alabama and in all eight attics in 

Michigan, making it impossible to obtain settling data on the insulation that had been installed in .. 

these attics! . 
The cellulosic insulation products installed in Alabama and Michigan passed both the 

smoldering combustion and critical radiant flux tests when the product was installed. Bags of 

insulation taken from the job site and stored until April of 1998 also passed both the smolder 

combustion and critical radiant flux tests. 

Specimens of all the insulation products that were removed from the test sites in 

f 
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Michigan passed both the smolder combustion and critical radiant flux tests. One of the three 

products from Alabama sites passed the critical radiant flux. Samples of another product from 

one house in Alabama passed the critical radiant flux, but samples of the same product from 

another house did not. Samples of the third product from Alabama did not pass for either of the 

two houses. With ~e exception of one test specimen, all products exposed in Alabama and . 

Michigan passed the smolder combustion test. The single failure was a marginal result. 

Sufficient data were not obtained to determine whether the Alabama failures were due to 

a loss of chemical or the result of manufacturing variability. The smolder combustion and 

critical radiant flux tests involve relatively small amounts of product. Control of chemical add­

on close to the pass/fail point will result in a fraction of insulation produced failing one or both 

tests. At the very least, the data should be viewed as a caution against adding a marginal amount 

of fire retardant chemicals at the time of manufacture. 

In Task 2, a study was made of the potential for heat transfer by natural convection 

through cellulosic attic insulation. Air-flow permeability measurements were used as a screening 

tool to determine which of the various products would be most susceptible to heat transfer by 

natural convection; The product having the highest permeability was selected for thermal tests in 

the unguarded thin heater apparatus. Tests performed over a wide range of thermal conditions 

showed little or no evidence for additional heat transfer by natural convection. Theoretical 

calculations showed that convection should not occur for the range of extreme conditions that the 

insulation might be exposed to (R-49 insulation level, -30oP attic temperature, low-densitylhigh 

permeability product). 

A piloted ignition temperature measurement apparatus and procedure was designed and 

tested in Task 3. The method showed piloted ignition for untreated cellulose to be near room 

temperature while treated cellulosic insulation had piloted ignition temperatures that ranged from 

183°P to 371°F. A correlation between piloted ignition temperature and critIcal radiant flux was 

developed. 

In Task 4, thermal conductivity measurements were made on nine cellulosic products as 

functions of density and mean temperature. The thermal conductivity-density data showed that 
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the products could be divided into two groups. The group with higher thennal conductivity 

group is thought to correspond to products made with the hammennill process, while the lower 

thermal conductivity group is thought to correspond to products made with the fiberizer process. 

New correlations of thennal conductivity with density were derived for both groups. A 

correlation of thermal conductivity with mean temperature derived, which showed that the 

thermal conductivity increases about 2.5 percent for each 10°F increase in mean temperature. 

A predictive method for determining drying times for wet-spray cellulose installed in 

residential wall cavities has been developed. The model is based on drying time data obtained 

under both isothennal and non-isothermal conditions. The predictive model has been 

implemented with a program, DRY.FOR, that can be used to predict drying times for a wide 

variety of environmental conditions and initial water contents. The model shows the importance 

of limiting the initial water content to less than 0.3 lb waterllb cellulose. 

The initial water content of installed cavity insulation varied from 36 wt. % to 140 wt. %. 

The initial wt% water content increased as the water nozzle orifice diameter increased. The 

average initial wt.% water varied from 57% for 2x6 cavities insulated using a O.015-inch­

diameter nozzle orifice to 108% for 2x4 cavities insulated with a 0.030-inch-diameter nozzle 

orifice. The average initial wt.% water for nominal2x4 on 16-inch center cavities was 74%. 

The cavity-average insulation density after drying varied from 2.1 to 3.0. The insulation 

density increased as the water addition rate as controlled by orifice diameter increased. The 

average densities for five selected data sets ranged from 2.55 to 2.75Ib/fe. The average density 

for 2x4 on 16-inch centers was found to be 2.55 lb/fe. 

The 2x4 on 16-inch insulated cavities passed the vibration test and exhibited mechanical 

. stability. The 2x6 on 16-inch centers insulated wall frames passed the vibration test with minor 

crack formation. The 2x6 on 24-inch insulated walls exhibited settling, crack fonnation, and 

void fonnation. The insulated 2x6 on 24-inch insulated walls failed the vibration test. 

In Task 6, thennal conductivity and air-flow permeability measurements were made on 

spray-applied cellulose. Densities ranged from about 2.5 to 3.5 lb/ft\ and, with the exception of 

one data point, the thermal resistivity was greater than 3.4 and was a high as 3.65 heft2eOFlBtu-in. 
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The air-flow permeability was about 2 x 10.8 ft2, which is near the lower end of the range that 

was found for loose-fill cellulose. 
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Appendix A 

"Stabilized Cellulose" Test Method Under Development by ASTM 
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Stabilized Cellulose Task Group April 1998 

First draft of test method for design density of stabilized cellulosic insulation product. The 

following is proposed to replace Section 8 in C 739. 

8. Design Density 

8.1 Scope - This test method provides a basis for calculating product coverage and for 
conducting physica~ property tests that must be performed at design density. 

8.2 Significance and Use -The design density is the material density expected after long-term 
attic application. 

8.3 Apparatus . 

8.3.1 Insulation Specimen Container - The insulation specimen container (drop-box 
apparatus) shall consist of an open-top box with sides and bottom made from 3/4-
inch-thick plywood. The interior of the box shall be treated with a water sealer. 
The interior dimensions of the box shall be 22x36x8 in. (deep) for insulations 
with R-value less than or equal to 30 ft2-h-OFlBtu and 22x36x12 (deep) for 
insulations with R-value greater than 30 ft2eh-OFlBtu. Box dimensions shall be 
within Y2 inch of these stated values. Handles may be attached to the box to assist 
with lifting the box, or steel "eyes" may be attached to each corner to permit 
lifting the box above the floor with a rope and pulley. 

8.3.2 Spacer - A six-inch-thick spacer shall be fabricated for positioning the box above 
a solid floor. The spacer should be fitted with a handle or heavy cord to assist in 
moving it from beneath the specimen container. A quick release device may be 
used to drop the specimen box to <the floor from a height of six inches or the box 
may be dropped manually. 

8.3.3 Balances - A balance with sufficient capacity to weigh an insulation-filled 
specimen container to within 0.25 pounds is required. A balance with sufficient 
capacity to weigh the insulation contained in the specimen box to within 0.01 
pound is required. 

8.3.4 Probe and Rule - A 1I8-inch-diameter rod, pointed on one end to serve as a pin 
gauge, and a steel rule with O.l-inch divisions of finer are required. 

8.4 Procedure 

8.4.1 The insulation to be tested shall be blown into the specimen container using 
installation instructions developed by the insulation manufacturer. Excess 
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insulation shall be screed from the top of the insulation to provide a level surface 
that approximately coincides with the top edge of the box. 

8.4.2 The average depth of the insulation in the specimen container shall be measured 
to within 0.1 inch using the probe and ruler. Five individual depth measurements 
shall be averaged to obtain the average depth. Individual depth measurements 
shall be taken at the center of the specimen container and in each quadrant of the 
specimen container. 

8.4.3 The insulation shall be allowed to come to equilibrium with the air in a 
conditioned space at 75 +/- 5°F and 50 +/- 10% relative humidity. The criteria for 
eqUilibrium shall be a weight change of less than 0.25 lb for consecutive 
measurements that are 24 hours apart. The weight of the specimen container and 
the conditioned insulation shall be recorded. 

8.4.4 The thickness of the conditioned (dry) insulation shall be measured by the 
procedure described in 8.4.2. 

8.4.5 The box containing the conditioned insulation shall be dropped to a solid floor 
from a height of six inches. The average thickness of the insulation shall be 
determined after five such drops using 8.4.2. The insulation shall be removed 
from the box and weighed to within 0.01 lb. 

8.5 Calculations 
8.5.1 The following quantities shall be used to calculate design density. 

L The interior length of the box in inches. 
W The interior width of the box in inches. 
M2 The weight of the box and freshly installed insulation in pounds. 
M3 The weight of the box and insulation after conditioning in pounds. 
M4 The weight of the conditioned insulation in pounds. 
TiThe initial thickness of the insulation in inches. 
T 2 The average thickness of the insulation after conditioning in inches. 
T) The average thickness of the insulation after five drops in inches. 

8.5.2 Calculations 

Weight of water added during installation: 
% water added during installation (dry basis): 
Volume of insulation after drops (V): 
Design density of stabilized product: 
Percent shrinkage (SI): 
Percent thickness loss (settling): 

8.6 Report 

M2-M) (lbs.) 
(Mz-M3)-1001M4 
L-W-T311728 (ft2) 
M4N (lb/ft3) 

(Tz-T1)-100rr1 ' 

(T3-TI)-100rr l 

A report containing the following information shall be prepared. 
Identification of the test material 
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Dimensions of the specimen container 
The percentage of water added 
The design density (lb/ft3

) 

The percent shrinkage 
The percent thickness loss (settling) 
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Appendix B 

Experimental Drying Time Data 





• 

EXPI RED 6/30/03 
157 

 

The, data listed in the following Tables, 4-31, are the total mass, water content, and temperature, 
if applicable, at the given times during experiments. During each experiment there were from 
one to four specimens in the environmental test chamber at a time. This is the reason for the 
arrangement of the columns of data in these tables. The total mass, M, is the mass of both the 
cellulose and water and the box. The mass and dimensions of each box are given in Section 3.5. 
The mass of the box should be subtracted from the total mass to determine the mass of the 
cellulose and water. The bottom number, the number without a time, is the dry mass of the 
cellulose and the box. This is used to determine the amount of water present at each recorded 
time. Table 3 contains the experimental conditions inside the environmental test chamber'during 
each experiment. 

Time is recorded in hours 
M is the total mass of the specimen in grams (' 
X is the water content of the specimen in lb water/lb cellulose 
T is the temperature of the bottom of the specimen in OF 

Table 4. Data for Isothermal Drying Experiment Number 3 

Time Box PI 
M X 

0.00 812.12 OAm 
3.21 793.09 0.2915 
8.93 778.80 0.1933 

27.38 769.03 0.1262 
73.92 765.98 0.1053 
78.88 765.53 0.1022 
96.25 765.57 0.1024 

750.66 

BoxP2 
M X 

827 A7 0.3987 
810.13 0.2901 
796.15 0.2025 
783.65 0.1242 
781.41 0.1102 
780.65 0.1054 
780.70 0.1057 
763.82 

BoxP3 
M X 

893.26 0.3815 
878.16 0.3094 
862.55 0.2348 
843.47 0.1436 
836.92 0.1123 
836.35 0.1096 
836.28 0.1092 
813.43 

Table 5. Data for Isothermal Drying Experiment Number 4 

Time Box P4 
M X 

0.00 943.83 0.8703 
0.48 939.17 0.8437 
1.15 934.40 0.8164 
2.35 927.38 0.7762 
8.08 903.83 0.6415 

21.15 868.65 0.4402 
21.90 867.34 OA327 
25.80 861.49 0.3992 
30.43 854.94 0.3617 
49.00 830.97 0.2246 
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Table 5. (continued) 

Time BoxP4 
M 

72.05 812.63 
74.25 811.83 
76.27 811.19 
88.20 809.17 
93.08 808.85 

100.00 808.85 
120.00 808.85 
130.00 808.85 
140.00 808.85 

791.71 

X 
0.1197 
0.1151 
0.1115 
0.0999 
0.0980 
0.0980 
0.0980 
0.0980 
0.0980 

Table 6. Data for Isothermal Drying Experiment Number 5 

Time Box PI 
M X 

0.00 1581.51 2.9151 
19.25 888.44 0.1335 
21.43 884.54 0.1178 
23.02 883.21 0.1125 
24.53 880.46 0.1014 
27.02 879.03 0.0957 
40.83 876.65 0.0861 
72.67 875.23 0.0804 
90.02 875.35 0.0809 
94.88 875.28 0.0806 

115.73 875.28 0.0806 
855.19 

Box P2 Box P3 
M X M X 

902.63 0.5712 970.80 0.4436 
837.14 0.2253 925.02 0.2628 
834.02 0.2088" 921.37 0.2485 
831.56 0.1959 918.93 0.2388 
829.89 0.18709i6.71 0.2301 
827.14 0.1725 913.11 0.2158 
818.93 0.1292 898.48 0.1581 
816.02 0.1138 886.07 0.1091 
815.77 0.1124 885.48 0.1068 
815.66 0.1119 885.39 0.1064 
815.48 0.1109 884.94 0.1046 
794.48 858.43 

Table 7. Data for Isothermal Drying Experiment Number 6 

Time Box ALl 
M X 

0.00 1053.00 0.3436 
0.53 1045.34 0.2929 
3.52 1028.55 0.1818 
5.03 1025.53 0.1617 
6.851023.01 0.1450 
7.631022.29 0.1403 
9.25 1021.07 0.1322 

10.93 1020.28 0.1270 
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Table 7. (continued) 

Time Box ALl 
M X 

12.80 1019.65 0.1228 
13.92 1019.29 0.1204 
14.82 1019.00 0.1185 
22.90 1019.04 0.1188 
24.23 1018.91 0.1179 
26.15 1018.86 0.1176 
30.30 1018.21 0.1133 
31.35 1018.25 0.1136 
49.00 1018.60 0.1159 

1001.09 

Table 8. Data for Isothermal Drying Experiment Number 7 

Time Box AL2 
M X 

0.00 1156.26 0.5212 
0.75 1148.96 0.4876 
1.85 1141.23 0.4520 
2.80 1136.28 0.4292 
5.77 1120.82 0.3580 
7.27 1114.05 0.3268 

10.30 1102.63 0.2743 
11.27 1099.42 0.2595 
21.67 1075.59 0.1498 
25.35 1070.65 0.1270 
29.70 1066.97 0.1101 
43.00 1060.49 0.0803 
53.05 1060.19 0.0789 
69.52 1060.10 0.0785 

1043.06 

Table 9. Data for Isothermal Drying Experiment Number 8 

Time Box AL3 
M X 

0.00 1152.14 0.2737 
0.78 1145.46 0.2460 
1.571140.19 0.2241 
4.48 1127.00 0.1693 
7.121119.12 0.1366 
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Table 9. (continued) 

Time Box AL3 
M X 

20.80 1107.17 0.0870 
23.77 1106.75 0.0853 
48.60 1107.10 0.0867 

1086.22 

Table 10. Data for Isothermal Drying Experiment Number 9 

Time Box ALI 
M X 

0.00 1227.77 0.3426 
3.43 1210.49 0.2812 
4.181207.94 0.2721 
5.25 1204.56 0.2601 
7.521198.17 0.2374 
9.23li94.09 0.2229 

10.78 1190.69 0.2108 
20.32 1173.33 0.1491 
25.27 1167.60 0.1288 
32.45 1163.45 0.1140 
46.43 1161.55 0.1073 
49.53 1161.27 0.1063 

1131.37 

Table 11. Data for Isothermal Drying Experiment Number 10 

Time Box ALI 
M X 

0.00 1174.58 0.6205 
1.03 1158.98 0.5426 
5.071127.12 0.3835 
6.081122.39 0.3599 
7.85 1113.29 0.3145 

23.23 1076.78 0.1322 
24.70 1074.81 0.1224 
72.85 1067.17 0.0843 
94.93 1066.60 0.0814 

1050.30 

BoxAL2 
M X 

1215.87 0.4306 
1207.36 0.3994 
1188.10 0.3288 
1184.51 0.3156 
1177.36 0.2894 
1141.52 0.1579 
1139.05 0.1489 
1125.26 0.0983 
1124.43 0.0952 
1098.47 
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Table 12. Data for Isothennal Drying Experiment Number 11 

Time Box AI..3 
M X_ 

0.00 1298.09 0.9247 
2.971268.33 0.7982 
4.55 1257.13 0.7506 
6.55 1244.74 0.6979 
9.38 1225.49 0.6160 

21.52 1163.99 0.3545 
22.68 1159.75 0.3365 
23.67 1156.02 0.3207 ,-
26.85 1145.81 0.2773 
30.68 1136.02 0.2356 
3l.77 1133.59 0.2253 
45.10 1112.11 0.1340 
68.55 1102.79 0.0943 
72.93 1102.30 0.0922 
75.60 1102.83 0.0945 

1080.60 

Table 13. Data for Isothennal Drying Experiment Number 12 

Time Box ALl 
M X 

0.00 1315.87 0.7676 
2.45 1295.50 0.6903 
3.67 1288.09 0.6621 
7.97 1270.13 0.5940 

12.70 1251.73 0.5242 
24.95 1216.44 0.3903 
29.53 1206.54 0.3527 
32.35 1200.98 0.3316 
33.85 1197.79 0.3195 
42.25 1177.46 0.2424 
46.23 1175.94 0.2366 
47.12 1174.69 0.2319 
53.10 1167.86 0.2060 
56.45 1163.90 0.1919 
68.12 1155.34 0.1585 
80.28 1151.37 0.1434 
98.05 1148.71 0.1333 

100.05 1148.76 0.1335 
1113.57 
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" Table '14. Data for Isothermal Drying Experiment Number 13 

Time Box AL2 Box AL3 
M X M X 

0.00 1210.11 0.6008 3714.00 0.2814 
0.93 1203.06 0.5714 3670.00 0.2618 
4.031189.15 0.5134 3516.00 0.1930 
4.601186.99 0.5044 3488.00 0.1805 

16.97 1152.83 0.3622 3095.00 0.0049 
19.72 1146.24 0.3347 3088.00 0.0018 
20.47 1144.76 0.3285 3088.00 0.0018 
21.88 1142.18 0.3178 3088.00 0.0018 
24.05 1138.18 0.3011 
28.25 1131.46 0.2732 
29.75 1129.40 0.2645 
40.43 1114.58 0.2027 
75.63 1093.78 0.1162 

114.08 1092.57 0.1111 
1065.90 3084.00 

Table 15. Data for Isothermal Drying Experiment Number 14 

Time Box ALl Box AL3 
M X M X 

0.00 1161.16 0.5351 3656.00 0.2555 
1.00 1154.59 0.5027 3602.00 0.2314 . 
2.581147.34 0.4669 3520.00 0.1948 
3.40 1144.23 0.4516 3476.00 0.1751 
4.031141.86 0.4399 3446.00 0.1617 
4.521140.14 0.4314 3422.00 0.1510 
5.751135.72 0.4096 3342.00 0.1153 
6.721132.46 0.3935 3280.00 0.0876 
8.781123.72 0.3504 3172.00 0.0393 

21.42 1100.98 0.2382 3086.00 0.0009 
22.47 1099.87 0.2327 3086.00 0.0009 
25.47 1097.82 0.2226 
27.02 1096.54 0.2163 
27.93 1095.90 0.2131 
33.82 1093.15 0.1996 
34.87 1092.69 0.1973 
46.93 1088.95 0.1788 
SO.52 1088.55 0.1768 
52.62 1088.40 0.1761 



Table 15. (continued) 

 

EXPIRE 
Time Box ALl Box AL3 

M . X M X 
70.53 1087.33 0.1709 
74.63 1087.35 0.1710 

1052.70 3084.00 

Table 16. Data for Isothermal Drying Experiment Number 14 

Time BoxAL4 
M X 

0.00 1131.08 0.4817 
0.95 1125.33 0.4539 
1.921120.92 0.4325 
3.98 1114.07 0.3994 

16.62 1086.58 0.2664 
17.67 1085.18 0.2596 
20.67 1080.99 0.2394 
22.22 1079.17 0.2305 
23.13 1078.37 0.2267 
29.02 1072.84 0.1999 
30.07 1072.14 0.1965 
42.13 1067.04 0.1719 
45.72 1066.17 0.1676 
47.82 1066.08 0.1672 
65.73 1065.12 0.1626 
69.83 1064.98 0.1619 

1031.52 

Table 17. Data for Isothermal Drying Experiment Number 15 

Time Box Al3 
M 'X 

0.00 1451.30 0.5473 
0.45 1448.09 0.5391 
2.40 1438.85 0.5155 
3.88 1433.63 0.5022 
5.13 1429.53 0.4917 
7.23 1423.81 0.4771 

11.23 1413.89 0.4518 
22.17 1390.41 0.3918 
35.37 1369.48 0.3384 
52.33 1348.09 0.2838 

Box Al2 
M X 

1349.38 0.5369 
1346.38 0.5281 
1337.24 0.5012 
1331.98 0.4858 
1327.98 0.4741 
1322.29 0.4574 
1313.64 0.4320 
1294.81 0.3767 
1276.42 0.3227 
1258.77 0.2709 

6/30/03 



l64 

EX.PIRED 6/30/(J8ma;~m CMn~ mR_I'mf 

Table l7. (continll:ed) 

Time Box AL3 
M X 

58.97 1340.82 0.2652 
75.60 1326.96 0.2298 
92.15 1318.09 0.2071 

119.17 1311.57 0.1905 
143.73 1310.46 0.1876 
166.10 1309.55 0.1853 
186.92 1309.01 0.1840 

1236.98 . 

Box AL2 
M X 

1253.91 0.2566 
1245.16 0.2309 
1240.34 0.2168 
1236.82 0.2065 
1236.33 0.2050 
1235.63 0.2030 
1235.40 0.2023 
1166.50 

Table 18. Data for Isothermal Drying Experiment Number 16 

Time Box ALl 
M X 

0.00 1504.43 0.5418 
6.00 1478.95 0.4818 

12.05 1461.96 0.4417 
27.28 1431.61 0.3702 
31.63 1424.43 0.3533 
36.37 1416.93 0.3357 
45.68 1404.91 0.3073 
47.28 1402.92 0.3026 
70.37 1379.65 0.2478 
94.13 1363.72 0.2103 

102.80 1359.70 0.2008 
238.57 1344.93 0.1660 
264.43 1344.97 0.1661 

1274.46 

Box AL4 
M X 

1434.52 0.5370 
1411.54 0.4791 
1395.82 0.4394 
1368.48 0.3705 
1361.94 0.3541 
1355.33 0.3374 
1342.60 0.3053 .. 
1340.60 0.3002 
1316.98 0.2407 
1301.60 0.2019 
1298.03 0.1929 
1286.19 0.1631 
1286.22 0.1632 
1221.50 

- . Table 19. Data for Isothermal Drying Experiment Number 17 

Time Box AL3 
M X 

0.00 1333.56 0.6888 
1.05 1326.74 0.6661 
4.18 1313.87 0.6233 
7.20 1304.99 0.5938 

21.47 1274.76 0.4932 
49.87 1237.86 0.3705 
68.83 1224.12 0.3248 

Box AU 
M X 

1422.72 0.5361 
1416.64 0.5199 
1405.01 0.4890 
1396.64 0.4667 
1368.56 0.3920 
1332.54 0.2961 
1315.03 0.2496 
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Table 19. (continued) EXPIRED 6/30/03 
Time Box AL3 Box AL2 

M X M X' 
123.22 1209.84 0.2773 1294.14 0.1940 
143.05 1208.80 0.2738 1292.46 0.1895 

1126.48 1221.24 

Table 20. Data for Isothermal Drying Experiment Number 18 

Time Box ALI 
M X 

0.00 1416.68 0.5427 
2.37 1391.73 0.4911 
3.25 1391.82 0.4750 
3.78 1388.66 0.4664 
4.67 1383.93 0.4535 
7.43 1371.12 0.4187 

21.12 1326.27 0.2966 
22.27 1323.30 0.2885 
23.17 1320.88 0.2819 
25.38 1315.53 0.2673 
31.47 1301.51 0.2292 
45.83 1274.16 0.1547 
50.85 1266.38 0.1335 
69.20 1247~35 0.0817 
71.25 1246.11 0.0783 
75.78 1244.14 0.0730 

1217.33 

Box AlA 
M X 

1388.28 0.4981 
1371.27 0.4528 
1365.66 0.4379 
1362.61 0.4298 
1358.09 0.4178 
1345.40 0.3840 
1299.99 0.2633 
1296.94 0.2552 
1294.56 0.2489 
1289.20 0.2346 
1275.11 0.1972 
1249.24 0.1284 
1242.31 0.1100 
1226.74 0.0686 
1225.88 0.0663 
1224.59 0.0629 
1200.95 

Table 21. Data for Isothermal Drying Experiment Number 19 

Time Box AU 
M X 

0.00 1447.34 0.3704 
1.37 1443.49 0.3619 
3.95 1438.21 0.3505 
7.13 1433.95 0.3409 

21.00 1418.17 0.3061 
28.60 1413.83 0.2965 
33.60 1409.87 0.2878 
44.62 1403.10 0.2729 
53.45 1397.32 0.2601 
68.65 1388.92 0.2416 

Box AL3 
M X 

1438.78 0.4005 
1435.87 0.3936 
1430.99 0.3821 
1426.31 0.3711 
1410.14 0.3329 
1404.11 0.3187 
1397.18 0.3023 
1385.21 0.2741 
1377 .57 0.2560 
1367.71 0.2328 

Box AL5 
M X 

1316.24 0.5185 
1310.30 0.5006 
1301.07 0.4728 
1292.27 0.4463 
1267.16 0.3706 
1259.54 0.3477 
1256.97 0.3399 
1248.68 0.3150 
1244.15 0.3013 
1237.37 0.2809 

BoxAL6 
M X 

1476.55 0.5619 
1472.22 0.5518 
1466.51 0.5384 
1459.97 0.5231 
1442.53 0.4822 
1434.92 0.4643 
1430.77 0.4546 
1419.300.4278 
1413.09 0.4132 
1403.09 0.3898 
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Table 21. (connllued) 

Time Box AL2 
M X 

93.23 1380.51 0.2231 
119.35 1371.46 0.2031 
170.77 1365.27 0.1894 
197.10 1364.06 0.1868 
239.25 1364.07 0.1868 
261.17 1362.47 0.1833 
334.03 1358.09 0.1736 
356.18 1357.54 0.1724 
386.23 1357.00 0.1712 
507.75 1353.49 0.1635 
550.23 1353.98 0.1648 

1279.36 

Box AL3 
M X 

1356.31 0.2058 
1349.61 0.1900 
1344.20 0.1773 
1344.84 0.1788 
1344.15 0.1771 
1343.62 0.1759 
1339.43 0.1660 
1335.93 0.1578 
1339.53 0.1663 
1335.44 0.1566 
1336.50 0.1591 
1269.09 

Box AL5 
M X 

1228.09 0.2529 
1221.27 0.2324 
1212.01 0.2045 
1213.42 0.2087 
1211.45 0.2028 
1212.81 0.2069 
1212.81 0.2069 
1212.81 0.2069 
1212.81 0.2069 
1212.81 0.2069 
1212.81 0.2069 
1144.14 

Table 22. Data for Isothermal Drying Experiment Number 20 

Time Box ALl 
M X 

0.00 1477.61 0.5348 
2.72 1465.92 0.5062 
4.75 1458.32 0.4876 
6.47 1452.81 0.4741 

21.52 1416.92 0.3864 
50.92 1369.83 0.2712 
70.78 1347.09 0.2156 

121.00 1314.500.1359 
165.38 1305.81 0.1146 
192.47 1304.68 0.1119 
192.7S 1304.53 0.1115 
287.92 1304.53 0.1115 

1258.93 

Box AlA 
M X 

1466.48 0.4262 
1457.50 0.4062 
1450.42 0.3905 
1446.03 0.3807 
1417.37 0.3170 
1387.45 0.2505 
1365.75 0.2023 
1341.81 0.1491 
1329.55 0.1218 
1329.12 0.1209 
1328.01 0.1184 
1327.00 0.1162 
1274.74 

BoxAL7 
M X 

1335.85 0.4233 
1327.13 0.3997 
1322.43 0.3869 
1318.20 0.3755 
1296.39 0.3164 
1257.98 0.2123 
1245.54 0.1786 
1224.03 0.1204 
1223.03 0.1177 
1221.98 0.1148 
1221.98 0.1148 
1221.98 0.1148 
1179.60 

Table 23. Data for Isothermal Drying Experiment Number 21 

Time BoxAL2 
M X 

0.00 1379.18 0.5050 
1.00 1373.37 0.4892 

20.05 1334.81 0.3543 
43.72 1307.29 0.3094 
69.78 1285.81 0.2510 

BoxAL3 Box AL5 
M . X M X 

1409.98 0.5888 1319.43 0.4868 
1402.92 0.5689 1312.78 0.4673 
1364.23 0.4601 1263.89 0.3240 
1326.19 0.3530 1230.04 0.2248 
1304.55 0.2921 1209.10 0.1634 

Box AL6 
M X 

1385.46 0.3485 
1373.71 0.3209 
1348.89 0.2628 
1344.20 0.2518 
1333.63 0.2270 
1330.47 0.2196 
1319.81 0~1946 
1317.89 0.1901 
1316.28 0.1864 
1309.77 0.1711 
1310.07 0.1718 
1236.73 

Box AL8 
M X 

1300.67 0.4485 
1291.15 0.4205 
1284.01 0.3996 
1279.93 0.3876 
1248.83 0.2963 
1212.43 0.1893 
1197.59 0.1458 
1188.37 0.1187 
1187.52 0.1162 
1187.49 0.1161 
1187.49 0.1161 
1187.49 0.1161 
1147.95 

BoxAL6 
M X 

1337.16 0.5342 
1331.38 0.5174 
1286.19 0.3859 
1261.21 0.3132 
1233.45 0.2324 

\ 
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Table 23. (continued) J~XPIRED 6/30/03 
Time BoxAL2 Box AL3 Box AL5 Box AL6 

M X, M X M X M X 
194.55 1240.43 0.1276 1243.89 0.1214 1193.08 0.1164 1195.76 0.1227 
236.22 1235.84 0.1151 1243.58 0.1205 1192.11 0.1136 1192.86 0.1143 
352.58 1233.38 0.1084 1240.61 0.1122 1190.21 0.1080 1191.54 0.1105 
375.55 1231.44 0.1031 1239.49 0.1090 1188.85 0.1041 1189.05 0.1032 
496.75 1231.44 0.1031 1238.88 0.1073 1188.85 0.1041 1189.05 0.1032 

1193.53 1200.75 1153.36 

Table 24. Data for Isothermal Drying Experiment Number 22 

Time Box ALl 
M X 

0.00 1544.35 0.8550 
0.98 1535.18 0.8305 
3.28 1523.30 0.7988 
4.08 1520.45 0.7912 
5.01 1516.50 0.7806 
6.07 1513.87 0.7736 

22.23 1472.39 0.6628 
24.12 1469.31 0.6545 
51.47 1415.83 0.5117 
70.77 1390.04 0.4428 

214.73 1264.88 0.1084 
261.83 1264.30 0.1068 
333.12 1262.49 0.1020 

1224.31 

Box AlA Box AL7 
M X M X 

1507.32 0.8576 1455.98 0.8874 
1496.92 0.8293 1443.43 0.8507 
1484.62 0.7958 1430.24 0.8122 
1481.07 0.7862 1425.87 0.7994 
1476.65 0.7741 1421.63 0.7870 
1473.17 0.7647 1417.48 0.7749 
1431.62 0.6516 1377.13 0.6569 
1427.73 0.6410 1372.38 0.6430 
1372.92 0.4918 1327.60 0.5121 
1342.30 0.4085 1292.26 0.4087 
1232.42 0.1094 1192.69 0.1176 
1231.12 0.1059 1188.72 0.1060 
1229.87 0.1025 1187.96 0.1038 
1192.22 1152.46 

Table 25. Data for Isothermal Drying Experiment Number 23 

Time Box AL.2 
M X 

0.00 1356.76 0.7345 
1.03 1345.12 0.6965 
3.32 1329.83 0.6465 
6.42 1314.31 0.5958 

22.97 1258.20 \0.4125 
28.55 1243.63 0.3649 
47.27 1210.06 0.2552 
52.47 1197.99 0.2158 
70.00 1173.38 0.1354 

126A8 1155.00 0.0753 

Box AL3 Box AL5 
M X M X 

1499.43 0.8239 1353.51 0.7569 
1485.13 0~7840 1342.08 0.7198 
1469.76 0.7412 1325.38 0.6656 
1451.49 0.6902 1312.57 0.6240 
1398.04 0.5411 1251.09 0.4244 
1379.81 0.4903 1239.79 0.3877 
1324.80 0.3369 1193.77 0.2384 
1315.20 0.3101 1187.70 0.2187 
1291.27 0.2434 1161.25 0.1328 
1233.72 0.0829 1142.24 0.0711 

1153.59 

Box AL8 
M' X 

1533.27 0.9373 

1219.51 0.0999 
1182.08 

Box AL6 
M X 

1408.16 0.7453 
1392.28 0.6990 
1372.48 0.6412 
1352.83 0.5839 
1286.73 0.3910 
1271.54 0.3467 
1238.81 0.2512 
1231.03 0.2286 
1208.40 0.1625 
1178.53 0.0754 
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Table 25 . (continued) 

Time 

148.77 
192.28 
239.45 

Box AL2 
M X 

1154.18 0.0726 
1154.07 0.0723 
1153.67 0.0710 
1131.94 

Box AL3 
M X 

1230.58 0.0742 
1229.17 0.0702 
1229.19 0.0703 
1203.99 

Box AL5 
M X 

1141.78 0.0696 
1141.42 0.0685 
1141.36 0.0683 
1120.32 

Table 26. Data for Isothermal Drying Experiment Number 24 

Time Box ALl Box AlA Box AL7 
M X M X M X 

0.00 1551.45 1.0209 1542.30 1.1476 1586.99 1.0788 
2.70 1518.61 0.9263 1506.45 1.0403 1550.77 0.9819 

22.12 1391.74 0.5608 1391.15 0.6952 1444.68 0.6979 
45.45 1311.34 0.3291 1296.60 0.4122 1340.97 0.4202 
69.60 1252.38 0.1593 1234.20 0.2254 1286.44 0.2743 
92.40 1228.60 0.0907 1195.98 0.1110 1238.30 0.1454 

123.17 1218.91 0.0628 1180.92 0.0659 1214.85 0.0826 
127.12 1219.35 0.0641 1180.90 0.0658 1210.15 0.0700 
145.38 1218.39 0.0613 1180.25 0.0639 1207.85 0.0639 
164.37 1218.55 0.0618 1179.82 0.0626 1206.30 0.0597 
188.03 1217.32 0.0583 1179.12 0.0605 1206.03 0.0590 
260.18 1215.33 0.052S 1176.75 0.0534 1202.59 0.0498 
388.57 1208.57 0.0330 1170.32 0.0342 1196.54 0.0336 

1197.10 1158.90 . 1183.99. 

Table 27. Data for Isothermal Drying Experiment Number 2S 

Time Box AU Box AL3 
M X M X 

0.00 1389.10 0.6072 1437.11 0.7417 
1.12 1382.89 0.5895 1431.69 0.7257 
4.70 1372.59 0.5601 1421.64 0.6961 
6.35 1369.18 0.5503 1417.52 0.6840 

70.22 1295.66 0.3406 1344.04 0.4677 
94.63 1275.33 0.2826 1323.04 0.4059 

118.50 12S9.77 0.2381 1306.39 0.3569 
143.00 1250.43 0.2115 1289.45 0.3070 
166.18 1242.46 0.1888 1279.10 0.2766 
190.75 1237.13 0.1736 1265.85 0.2375 
238.17 1232.00 0.1589 1253.50 0.2012 
262.23 1230.35 0.1542 1245.02 0.1762 

Box ALS 
M X 

1475.85 0.7356 
1469.81 0.7198 
1460.50 0.6955 
1455.98 0.6837 
1373.98 0.4649 
12S7.16 0.4252 
1342.74 0.3875 
1328.27 0.3497 
1315.15 0.3154 
1303~93 0.2860 
1287.66 0.2434 
1279.93 0.2232 

Box AL6 
M X 

1177.81 0.0733 
1177.20 0.0715 
1176.75 0.0702 
1152.69 

BoxAL8 
M X 

1488.85 0.9987 
1448.89 0.8815 
1333.95 0.5444 
1260.74 0.3296 
1213.58 0.1913 
1185.52 0.1090 
1169.69 0.0626 
1169.36 0.0616 
1168.50 0.0591 
1168.00 0.0576 
1167.46 0.0560 
1165.30 0.0497 
1159.34 0.0322 
1148.36 

BoxAL6 
M X 

1419.61 0.6672 
1414.13 0.6522 
1405.01 0.6272 
1401.65 ·0.6181 
1316.13 0.3842 
1299.02 0.3374 
1284.94 0.2989 
1273.67 0.2681 
1260.60 0.2323 
1253.26 0.2123 
1239.87 0.1757 
1236.33 0.1660 
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Table 27. (continued) 

Time Box AL2 Box AL3 Box AL5 Box AL6 
M X M X M X M X 

266.50 1229.15 0.1508 1241.34 0.1654 1272.20 0.2030 1232.37 0.1551 
335.45 1228.30 0.1484 1235.97 0.1496 1261.31 0.1745 1230.51 0.1501 
414.53 1227.29 0.1455 1234.96 0.1466 1250.86 0.1472 1228.21 0.1438 
453.87 1227.33 0.1456 1234.49 0.1452 1249.50 0.1436 1228.43 0.1444 
507.00 1228.94 0.1502 1236.39 0.1508 1250.62 0.1466 1229.73 0.1479 
622.22 1228.79 0.1498 1235.91 0.1494 1250.34 0.1458 1230.08 0.1489 

1176.31 1185.14 1194.58 1175.63 

Table 28. Data for Drying with a Temperature Gradient Experiment Number 26 

Time Box ABI0 Box ABll 
M X T M X T 

0.00 1684.38 0.5298 132.0 1421. 74 0.4825 1~2.9 
0.25 1681.25 0.5198 132.0 1417.73 0.4694 132.9 
1.12 1672.82 0.4928 134.1 1408.51 0.4393 131.6 
6.37 1634.50 0.3702 134.7 1370.04 0.3136 132.6 

17.82 1583.04 0.2054 135.6 1320.48 0.1516 133.1 r' 

24.97 1561.95 0.1379 135.4 1302.17 0.0918 132.6 
30.15 1550.98 0.1028 136.1 1295.51 0.0700 133.5 
42.67 1540.34 0.0687 135.8 1292.41 0.0598 133.1 
64.07 1538.69 0.0635 135.6 1291.74 0.0576 . 133.3 

. 143.90 1538.46 0.0627 135.1 1291.54 0.0570 132.0 
500.00 1536.06 0.0550 136.2 1288.99 0.0487 134.3 

1518.93 1273.94 

Table 29. ' Data for Drying with a Temperature Gradient Experiment Number 27 

Time BoxABlO Box ABll 
M X T M X T 

O.()() 1897.56 0.7453 89.9' 1551.11 0.6477 89.5 
1.72 1878.69 0.6976 110.9 1533.11 0.5968 116.5 

19.92 1785.20 0.4615 111.9 1438.44 0.3292 116.4 
24.07 1770.16 0.4235 113.1 1423.66 0.2874 116.9 
26.88 1760.35 0.3988 112.1 1414.56 0.2617 117.0 
42.85 1712.37 0.2776 111.6 1374.57 0.1487 117.7 
48.03 1699.60 0.2453 112.3 1365.74 0.1237 118.0 
52.92 1689.72 0.2204 110.3 1360.17 0.1080 116.6 
71.35 1659.50 0.1441 112.8 1348.42 0.0748 118.7 

170.()() 1632.32 0.0754 112.4 1345.04 0.0652 120.5 
1602.52 1321.79 
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Table 30. Data for Drying with a Temperature Gradient Experiment Number 28 I 
Time Box ABI0 Box ADII I M X T M X T 

0.00 2217.92 1.0726 140.0 1932.87 0.9249 148.1 

I 2.05 2193.22 1.0220 140.0 1902.24 0.8638 148.1 
3.50 2177.18 0.9891 136.1 1884.62 0.8286 133.4 
9.68 2122.07 0.8762 137.7 1825.68 0.7110 134.4 I 21.50 2036.55 0.7010 138.9 1740.38 0.5408 135.5 

24.60 2017.45 0.6618 137.6 1723.01 0.5062 134.6 
27.58 1999.95 0.6260 137.3 1707.25 0.4747 135.6 I 32.73 1971.49 0.5676 138.0 1681.81 0.4240 136.3 
46.77 1904.97 0.4313 136.2 1623.75 0.3081 134.9 
49.60 1893.27 0.4073 136.2 1613.72 0.2881 135.0 I 97.05 1755.68 0.1254 136.2 1512.51 0.0862 135.6 

127.10 1729.51 0.0718 136.3 1501.66 0.0645· 136.9 

I 163.60 1727.05 0.0667 136.3 1500.04 0.0613 137.9 
188.43 1726.87 0.0664 136.2 1499.85 0.0509 137.1 

1694.55 1469.55 I 
Table 31. Data for Drying with a Temperature Gradient Experiment Number 29 

Time BoxABI0 Box ABll I 
M X T M X T 

0.00 2202.14 1.2116 130.0 2044.22 1.1156 129.4 I 1.72 2177.49 1.1568 130.4 2022.44 1.0728 129.4 
4.37 2145.35 1.0855 130.9 1993.93 1.0168 125.6 

I 7.53 2111.93 1.0112 130.5 1963.61 0.9572 125.8 
26.17 1963.07 0.6806 130.3 1821.67 0.6781 126.7 
29.00 1945.14 0.6407 130.4 1804.17 0.6437 127.0 I 49.15 1844.45 0.4171 130.2 1700.18 0.4392 126.6 
79.13 1749.41 0.2059 138.6 1595.15 0.2327 129.4 
97.55 1717.31 0.1346 131.1 1555.55 0.1549 130.3 I 125.20 1694.60 0.0842 131.0 1525.99 0.0968 129.4 

144.80 1692.23 0.0789 132.5 1519.38 0.0838 128.2 
172.28 1689.72 0.0734 133~9 1515.47 0.0761 i30.1 I 268.72 1689.25 0.0723 132.8 1514.41 0.0740 128.4 

1656.75 1476.61 

I 
I 
I 
I 
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Appendix C 

Computer Program for Predicting Drying Curves 
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A Fortran program, DRY.FOR, was written to describe the transport of water out of 

cellulosic insulation installed in a wall cavity with the interior face exposed. The program is 

based on the idea of an "Arnold diffusion cell" (Reference a) corrected for the solid fraction 

present in a layer of cellulosic insulation. The concept is to idealize the drying process as 

occurring one layer at a time, ~ach layer being parallel to the surface of the insulation. As this 

"layered" drying proceeds, the distance to the surface increases and the rate of drying decreases. 

An accounting at any time of the number of layers that have not dried provides a measure of 

overall water content of the insulation. The insulation is assumed to have a water content that is 

independent of position at time zero. 

The input information to the program is listed below. 

a. wet bulb temperature adjacent to the open cavity 
b. dry bulb temperature adjacent to the open cavity 
c. the temperature at the maximum depth in the cavity 
d. the initial water content 
e. the density of the insulation at equilibrium 
f. the thickness of the specimen 

The program details are di~cussed by Fraley (Reference b) along with the physical property data 

for water that are used in the program. A listing of the program is provided in this appendix and 

disks containing the executable program have been provided to CIMA members. 

The program DRY.FOR will provide the time required to reach a water content of 0.25 lb 
• 

waternb cellulose from a specified initial condition and specified boundary conditions. The 

water content 0.25 can be easily changed, but recompilation of the program would be required. 

The program was executed to generate sets of curves that demonstrate the trends in drying 

time with key factors such as temperature and relative humidity of the air in contact with the 

insulation. Figures C 1 to C6 contain drying time predictions for insulation installed in nominal 

2x4-inch cavities. The first four figures are for insulation with an initial water content of 0.75 lb 

waternb cellulose. This·initial condition (75% water) is higher than that recommended by 

manufacturers. The high initial water content specimens were studied in order to develop drying 

rate correlations that are valid over a wide range of conditions. A specimen starting at 75% water 

passes through all compositions between 75% and the eqUilibrium percentage. Figures C5 and 
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C6 show how drying time varies with initial water content. The important observation in these 

two figures is that for an initial water content of 0.3 lb waterllb cellulose drying is rapid under a 

variety of conditions. These calculations highlight the importance of providing installation 

equipment and instructions that result in initial water contents in the range 0.15 to 0.30 lb 

waterllb cellulose. 

• 
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Figure C.l Outside Wall Temperature as a Function of Time 
Required for a Nominal 2x4 Cavity to Dry to 25% water 
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Figure <: 'L Outside Wall Temperature as a Function of Time 
Required for a Nominal 2x4 Cavity to dry to 25% water 
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Figure. C"3 Outside Wall Temperature as a Function of Time 
Required for a Nominal 2x4 Cavity to Dry to 25% water 

(dry basis) at a Relative Humidiyt of 70% 
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Figure Cr- Outside Wall Temperature as a Function of Time 
Required for a Nominal 2x4 Cavity to Dry to 25% water 

(dry basis) at a Relative Humidity of 49.9 % 
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for a Nominal 2x4 Cavity to Dry to 25% water (dry basis) 

at a Constant Room and Outside Temperature 
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C PROGRAM NAME: DRY.FOR 

I" C DATE: SEPTEMBER 26, 1994 
C 

I 
C ******MAIN PROGRAM DOCUMENTATION****** 
C 
C PURPOSE: THIS PROGRAM PREDlcrS THE DRYING TIME FOR A 

I C SPECIMEN OF SPRAY-APPLIED CELLULOSIC INSULATION. 
C 
C VARIABLE NAME MEANING OF V ARlABLE, UNITS 

I C , 
C TWF WET BULB TEMPERATURE, deg F 
C TIN TEMPERATURE ON INSIDE OF WALL, deg F 

I C TOUT TEMPERATURE ON OUTSIDE OF WALL, deg F 
C XI INITIAL MASS FRACTION, Ib water/lb cellulose 

I 
C DLFCI DENSITY OF SAC! (bone dry), pcf 
C X LENGTH OF SPECIMEN IN X-dir, em 
C Y LENGTH OF SPECIMEN IN Y-dir, em 

I C Z LENGTH OF SPECIMEN IN Z-dir, em 
C NUM NUMBER OF SUBDMSIONS OF SPECIMEN 
C I CONTROL VARIABLE 

I C J CONTROL VARIABLE 
C DELZ FINITE TIDCKNESS "delta", em 
C TF POINT TEMPERATURE, deg F 

I C COR CORRECTION FACI'OR FOR CAPll.LARY ACTION 
C R GAS CONSTANT (82.06 em**3 atmIK mol) 

I 
C PT TOTAL PRESSURE, atm 
C V VOLUME OF SPECIMEN, cm**3 
C MLFC! MASS OF SAC! (bone dry), grams 

I C MAl . INITIAL MASS OF WATER t grams 
C MA MOLECULAR WEIGHT OF WATER (18.0153), gig-mol 
C MB MOLECULAR WEIGHT OF AIR (29.), gig-mol 

I C YAI MOLE FRACTION OF WATER AT INTERFACE 
C YBI MOLE FRACTION OF AIR AT INTERFACE 
C TWC WET BULB TEMPERATURE, deg C 

I C DA DENSITY OF WATER AT WET BULB TEMP., glcm**3 
C HSAT SATURATION HUMIDITY, Ib waterlIb air 

I 
C HVAP HEAT OF VAPORIZATION OF WATER, Btullb 
C CPA HEAT CAPACITY OF WATER, BtuIlbF 
e CPB HEAT CAPACITY OF AIR, BtullbF 

I e H ABSOLUTE HUMIDITY, Ib waterlIb air 
C PA PARTIAL PRESSURE OF WATER AT TF 
e RH RELATIVE HUMIDITY, % 

I C ·YA2 MOLE FRACTION OF WATER AT ROOM CONDo 
e YB2 MOLE FRACTION OF AIR AT ROOM eOND. 

,I 
\ 
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C YBLM 
C TDK 
C C 

LOG MEAN YB DIFFERENCE 
DRY BULB TEMPERATURE, K 
CONCENTRATION, mollce 
REFERENCE TEMPERATURE 273.15 K, K 
DIFFUSIVITY, cm**2Ih 
DIFFUSIVITY, cm**2Is 

I 
I 
I 
I 

C TOK 
C DAB 
C DABB 
C XEQ 
C MAEQ 
C VAl 

EQUlllBRIUM WATER CONTENT, lb water/lb cellulose 
MASS .OF WATER AT EQUllJBRIUM, grams I 
INITIAL VOLUME OF WATER, cm**3 

C VAEQ 
C HAl 
C HAP 
C DIFF 
C ZTO 
C ZT 
C SUM 
C TIM 
C WTPER 
C TIME 
C NOTHER' 
C PSAT 
C TC 
C TEMP 
C A 
C B 
C C 
C 

VOLUME OF WATER. AT EQUILIBRIUM, em**3 
INITIAL EQUIVALENT HEIGHT OF WATER, em 
FINAL EQUIVALENT HEIGHT OF WATER, em 
WATER LOST IN EACH DELZ, g 
DISTANCE FOR DIFFUSION AT TIME ZERO, em 
DISTANCE FOR DIFFUSION AT TIME t, em 
SUM FOR CALCULATION OF TIME, hr . 
TIME REQUIRED TO DRY DELZ AT EACH POINT, hr 
WATER CONTENT, lb water/lb cellulose 
TIME REQUIRED TO DRY, hr 
CONTROL VARIABLE 
FUNCTION TO CALCULATE VAPOR PRESSURE 
TEMPERATURE, deg C 
TEMPERATURE VARIABLE IN PSAT 
ANTOINE CONSTANT 
ANTOINE CONSTANT 
ANTOINE CONSTANT 

C 
C 
C 
C 
C 
C 

SUBSCRIPT NOTATION 
A = WATER 
B=AIR 
1 =AT INTERFACE 
2=AT ENVIRONMENTAL CONDITIONS 

DIMENSION TIME(lOOO), WTPER(lOOO), XEXP(lOOO), ETIME(lOOO) 
DIMENSION H(lOOO), PA(lOOO), RH(lOOO), YA2(1000), YB2(lOOO) 
DIMENSION YBLM(lOOO), IDK(lOOO), C(lOOO), DAB(lOOO), DABB(lOOO) 
DIMENSION TF(lOOO), XEQ(lOOO), V AEQ(lOOO), HAF(lOOO), V AI(lOOO) 
DIMENSION DIFF(lOOO), ZT(lOOO), ZTO(lOOO), HAI(lOOO) 
REAL MA, MB, MLFCI, MAl, MAEQ(lOOO) 
EXTERNAL PSAT 
OPEN (UNIT = 6, FILE = 'DRY. OUT' ,STATUS = 'NEW') 

C' READ WET BULB TEMP 
1 WRITE(5,lO) 

READ(5,*) TWF 

I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 
I 
1.1 

I 
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C READ TEMPERA TI)RE GRADIENT 

WRITE(S,20) 
READ(S, *) TIN 
WRITE(S,30) 
READ(S, *) TOUT . 

C READ INITIAL MASS FRACTION 
WRITE(S,40) 
READ(S,*) XI 

C READ DENSITY OF SACI 
WRITE(S,SO) 
READ(S, *) DLFCI 

C READ DIMENSIONS OF SPECIMEN 
WRITE(S,60) 
READ(S,*) X 
WRITE(S,70) 
READ(S,*) Y 
WRITE(S,SO) 
READ(S,*) Z 
WRITE(6,*Y DATA INPUT' 
WRITE(6, *)' 

C' WRITE INPUT 
WRITE(6,90) TWF 
WRITE(6,100) TIN 
WRITE(6,llO) TOUT 
WRITE(6,120) XI 
WRITE(6,130) DLFCI 
WRlTE(6,140) X 
WRITE(6,150) Y 
WRITE(6,160) Z 
WRITE(6, *y , 
WRITE(6, *y CALCULATED QUAN'n lIES' 
WRITE(6,*)' , 

C DIVIDE SPECIMEN INTO 1000 PIECES 
NUM=l000 

C CALCULATE DELTA THICKNESS 
DELZ=ZINUM 

C CALCULATE TEMPERATURE AT EACH POINT IN SPECIMEN 
TF(I) = TIN 
DO 1=2,1000 
TF(l)=(TOUT~ TlN)/Z*DELZ*I + TIN 
ENDDO 
TF(lOOO) = TOUT 

C CALCULATE CORREcrION FACTOR DUE TO CAPll..LARY ACTION 
COR=4.S007-.97331 *DLFCI 
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WRITE(6,170) COR 

C GAS CONSTANT 
R=S2.06 

C TOTAL PRESSURE IN atm. 
PT=1. 

C CALCULATE VOLUME OF SPECIMEN, ee 
v=x*y*z 
WRITE(6,180) V 

C CALCULATE MASS OF BONE DRY CEllULOSE, g 
MLFCI = DLFCI*V 128316.8466*453.59237 
WRITE(6,190) MLFCI 

C CALCULATE INITIAL MASS OF WATER, g 
MAI=XI*MLFCI 

C CALCULATE MOLE FRACTIONS AT INTERFACE 
MA=IS.0153 
MB=29. 
YA1=PSAT(TWF) 
YBl=1.-YAI 

C CALCULATE DENSITY OF WATER (glee) AT WET BULB TEMP (deg C) 
C GOOD AT 1 atm FOR TWC FROM 0 TO 100 deg C 
C FROM PERRY'S PAGE 3-75,76 
C STANDARD DEVIATION OF FIT = .307 
C AVERAGE ABS % DEV = .259E-Ol 

TWC=5.19.*(TWF-32.) .. 
DA=(I.ooo8E3-.077452*TWC-.0035287*TWC**2)/l000. 

C CALCULATE SATURATION HUMIDITY AT TOTAL PRESSURE OF 1 atm. 
HSAT=MA*PSAT(TWF)/(MB*(I.-PSAT(TWF)) 

C CALCULATE HEAT OF VAPORIZATION OF WATER AT 1 atm. (Btu/lb) 
C FROM PERRY'S PAGE 3-127 
C STANDARD DEVIATION FOR FIT = .20S 
C AVERAGE ABS % DEV = .0141 

HV AP=.10927E04-.53765*TWF-.18400E-03*TWF**2 
DO 1=1,1000 

C CALCULATE HEAT CAPACITY OF WATER (Btullb F) 
C STANDARD DEVIATION FOR FIT = .00273 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

C AVERAGE ABS % DEV = .175 I 
CPA=1.0107-.0002258*TWF+.89381E-6*TWF**2 

C CALCULATE HEAT CAPACITY OF AIR 
C STANDARD DEVIATION FOR FIT = .000484 I 
C AVERAGE ABS % DEV = .144 

CPB= .23911 + . 11789E-4*TF(I) I 
C CALCULATE HUMIDITY 

H(I)=(HSAT/(TF(I)-TWF)-CPBIHV AP)*«TF(I)-TWF)*HV AP)/(HV AP+CP A * 
$(TF(I)-TWF» I 

I 
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IF(H(I) .LE. O. )THEN 
H(I)=O. . 
TF(I)=TF(I-l) 
WRlTE(5, *),THE OUTSIDE TEMPERATURE WAS ADJUSTED BECAUSE 

$IT WAS OUT OF RANGE' 
ENDIF 

C CALCULATE TIIE PARTIAL PRESSURE OF WATER AT TDF 
PA(I) =H(I)*MB/(MA + H(I)*MB) 

C CALCULATE RELATIVE HUMIDITY 
RH(I)=I00. *PA(I)IPSAT(TF(I) 
IF (RH(I).LE.O.) RH(I)=O. 

C CALCULATE MOLE FRACI'lONS AT ROOM CONDmONS 
Y A2(l) = PA(I) 
YB2(I)= 1.-Y A2(1) 

C CALCULATE LOG MEAN YB DIFFERENCE 
YBLM(I) = (YB 1-YB2(1)ILOG(YBIIYB2(1) 

C DRY BULB TEMPERATURE IN K 
TDK(I)=273.15+(TF(I)-32.)/l.8 

C . CALCULATE CONCENTRATION mollcc 
C(I) =PT/(R*TDK(I) 

C REFERENCE TEMPERATURE ,K 
TOK=273.15 

C DIFFUSIVlTY AT DRY BULB TEMPERATURE sqcmJbr 
DAB(I)=.217*(TDK(I)ITOK)**1.88 * 3600. 
DABB(1)=DAB(l)I3600. 

C CALCULATE EQUILIBRIUM MOISTURE COl':fI'ENT 
XEQ(l)=.03328-.00020144*RH(I)+.31963E-4*RH(I)**2 

C CALCULATE WATER AT EQ~RIUM, g 
MAEQ(I)=XEQ(I)*MLFOINUM , 

C VOLUME OF WATER INITIAU.. Y IN EACH LAYER, cc 
V AI(1)=MAIlDAINUM 

C VOLUME OF WATER AT EQun.JBRIUM IN EACH LAYER, cc 
V AEQ(l)= MAEQ(I)IDA 

C EQUIVALENT HEIGHT OF WATER INITIAL AND FINAL IN EACH 
C LAYER 

HAI(1)= V AI(l)/(X*Y) 
HAF(1)= V AEQ(l)/(X*y) 

C CALCULATE AMOUNT OF WATER LOST IN EACH SECTION 
DIFF(l)=MAIINUM-MAEQ(I) 

C CALCULATE DISTANCE FOR DIFFUSION AT TIME ZERO AND TIME t 
ZTO(I)=DELZ*I-HAI(I) 
ZT(1)=DELZ*I-HAF(I) 
ENDDO 
WRlTE(6,200) H(l) 
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WRITE(6,210) RH(l) 
WRITE(6,220) DABB(l) 
WRITE(6,230) XEQ(lOOO) 

C SET SUM EQUAL TO ZERO 
SUM =0 •. 

C CALCULATE TIME TO DRY THE AMOUNT ASKED 
DO I=l,NUM 

. TIM = .9/COR*DA *YBLM(I)/(C(I)*DAB(I) *MA *(Y AI-Y A2(I)*2.)* 
S(ZT(I)**2.-ZTO(I)**2.) . 
ALOST=ALOST + DIFF(I) 
WTPER(I) = (MAI-ALOST)/MLFCI 
IF(WTPER(I).GT .• 2498 .AND. WTPER(I).LT .. 2508)I=I 
SUM = SUM + TIM 
TIME(I)=SUM 
ENDDO 
WRITE(6, *)' , 
WRITE(6,240) 
WRITE(6,250) 
WRITE(5,240) 
WRITE(5,250) 
DO 1=1,1000,50 
WRITE(6,260) TIME(I), WTPER(I),ZI"{I), TF{I),RH(I) 
ENDDO 
WRITE(6,260) TIME(lOOO),WTPER(I000),ZT(lOOO),TF(lOOO),RH(lOOO) 
WRlTE(5,270) TIME(1), WTPER(1),ZT(1), TF(1),RH(l) 
WRlTE(*,*) S~ 
WRlTE(6,280) TIME(1) 
WRlTE(6,290) 
WRlTE(5,300) . 
WRlTE(5,310) 
WRlTE(5,320) 
READ(5, *)NOTHER 
NOTHER=2 
IF(NOTHER.EQ.l)GOTO 1 

C OUTPUT FORMAT 
10 FORMAT(SX,'ENTER THE WET BULB TEMPERATURE deg F') 
20 FORMAT(SX, 'ENTER THE TEMPERATIJRE ON THE INSIDE OF THE 

SW ALL deg F') 
30 FORMAT(SX,'ENTER THE TEMPERATIJRE ON THE OUTSIDE OF THE 

SWALLdegF) 
40 FORMAT(SX, 'ENTER THE INITIAL WATER CONTENT Ib 

$Y{aterllb cellulose') 
50 FORMAT(SX,'ENTER THE DENSITY OF THE SACI SPECIMEN pc!') 
60 FORMAT(SX, 'ENTER THE LENGTH OF THE SPECIMEN IN THE X-DIR, 
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$ em') 

70 FORMAT(5X,'ENTER THE LENGTII OF THE SPECIMEN IN THE Y-DIR, 
$ cm') 

SO FORMAT(5X,'ENTER THE LENGTII OF THE SPECIMEN IN THE Z-DIR, 
$ cm') 

90 FORMAT(5X, 'THE WET BULB TEMPERATIJRE IS ',F6.2,· deg F') 
100 FORMAT(5X,'THE TEMPERATURE ON THE INSIDE OF TIlE WAll. IS', 

SF6.2,' deg F') 
110' FORMAT(5X,'THE TEMPERATURE ON THE OUTSIDE OF THE WAll. IS 

$' ~F6.2,' deg F') 
120 FORMAT(5X, 'THE INITIAL WATER CONTENT IS',F7.4, 

$' lb waterlIb cellulose') 
130 FORMAT(5X,'THE DENSITY OF THE SAC! SPECIMEN IS',F7.3,' pcf') 
140 FORMAT(5X, 'THE LENGTH OF THE SPECIMEN IN THE X-DIR IS" ~F8.3, 

$'. em') 
ISO FORMAT(5X,'THE LENGTH OF THE SPECIMEN IN THE Y-DIR IS'~F8.3, 

$' em') 
160 FORMAT(5X, 'THE LENGTH OF THE SPECIMEN IN THE Z-DIR IS' ,F6.3, 

$" em') . 

170 FORMAT(5X, 'THE CORRECI10N FACTOR IS' ,F9 .3) 
ISO FORMAT(sx,'THE VOLUME OF THE SPECIMEN IS" ,F8.2,' cc') 
190 FORMAT(5X,'THE BONE DRY MASS OF SACI IS',FS.2,' g') 
200 FORMAT(sx, 'THE HUMIDITY OF .THE AIR IN THE ROOM IS' ,FS.4, 

$' lb waterllb air' ) 
210 FORMAT{sx,'THE RELATIVE HUMIDITY IN THE ROOM IS',F5.1,' .%") 
220 FORMAT(sx,'THE DIFFUSIVlTY IS' ,FS.3,' sqcmls') " 
230 FORMAT(sx, 'THE EQUll..IBRIUM WATER CONTENT 

$ IS' ,F9.4,' lb waterlIb cellulose') 
240 FORMAT(sx,'TIME (h)' ,3X, 'WATER CONTENT (lb water/lb cellulose)' ,3X, 

$'POSmON (cm)',3X/TEMP (F)',3X/RH (%)') 
250 FORMA T(sx,' , ,3X, , , ,3X, 

$' ',3X,' ',3X,'-') 
260 "FORMAT(4X,F8.3,14X,F6.4,15X,F5.1,9X,F5.1,6X,F3.0) 
270 FORMAT(4X,F8.3,14X,F6.4,15X,F5.1,9X,F5.1,6X,F4.1) 
280 FORMAT(/,sx, 'TIlE TIME REQUIRED FOR WATER CONTENT TO DROP 

$ BELOW 25 % IS' ,F9 .3,' hours') 
290 FORMAT(I ~I) 
300 FORMAT(sx, 'DO YOU WANT TO EXECUTE AGAIN?') 
310 FORMAT(5X,'ENTER 1 FOR YES') 
320 FORMAT(5X, 'ENTER 2 FOR NO') 

STOP 
END 

C FUNCTION TO CALCULATE VAPOR PRESSURE 
FUNCTION PSAT(TEMP) 
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TC=5.19. *(TEMP-32.) 
IF(TC.GE.O .. AND. TC.LE.60.)THEN 
A=8.10765 
B=1750.286 
C=235. 
ENDIF 
IF(TC.GT.60 .. AND. TC.LE.150.)THEN 
A=7.96681 ' 
B=1668.21 
C=228. 
ENDIF 
IF(TC.LT.O .. OR. TC.GT.150.)THEN 

. WRITE(5,330) 
ENDIF 

C VAPOR PRESSURE IN abD. 
PSAT=(lO. **(A-B/(TC+ C»)n60. 

330 FORMA T(5X, '*****TEMPERATURE IS OUT OF RANGE FOR VAPOR 
$ PRESSURE*****') 
RETURN 
END 
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