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EDITOR'S NOTE 

Although Oak Ridge National Laboratory has a policy of reporting its work in SI 

metric units, this report uses English units. The justification is that thc insulation industry 

at present operates completely with English units, and reporting othettvisc would lose 

meaning to the intended readership. To assist the reader in obtaining the SI equivalents, 

these are listed below for the units occurring in this report. 

Property 

Dimension 

Dimension 

Density 

Power 

Thermal conductivity 

Thermal resistance 

Temperature 

Temperature 

difference 

Unit used 

in. 

ft 

lb/ft3 

Btuh  

Btu+in./h-ft2*OF 

h -ft2 so F/B t u 

"F 

"F 

SI equivalent 

25.4 mm 
0.3048 m 

16.02 kg/m3 

0.2929 W 
0.1441 W/mX 

0.1762 K.m2/W 

"C zz (5/9)("F - 32) 

"C = (S/Y)"F 





LABORATORY TEST RESULTS ON THE 
THERMAL RESISTANCE OF POLYISOCYANURATE FOAMBOARD 

A COOPERATIVE INDUS"RY/GOWRNMENT PROJECT 
INSULATION BLOWN WITH -11 SuBSTJTUTEs = * 

D. L. McElroy, R. S. Craves, D. W. Yarbrough, and F. J. Weaver 

The fully halogenated chlorofluorocarbon gases (CFC-11 and CFC-12) 
are uscd as blowing agents for foam insulations for building and appliance 
applications. The thermal resistance per unit thickness of these insulations 
is grcater than that of other commcrcially available insulations. Mandated 
reductions in the production of these chemicals may lead to less efficicnt 
substitutcs and increase US. energy consumption by one quad 
more. 

industry-produccd, cxperimental polyisocyanuratc (PIR) laminate boardstock 
to evaluate the viability of hydr~~chlorofluorocarbons (HCFCs) as alternative 
blowing agents to chlorofluorocarbon-1 1 (CFC-11). All boardstock was 
produced from the same formulation and was not optimized for thermal 
performanec. The PIR boards wcrc blown with five gascs: CFC-11, HCFC-123, 
HCFC-141b7 and S0/50 and 65/35 blends of HCFC-123/HCFC-l41b. These 
HCFC gases have a lower ozone depletion potential than CFC-11 or CFC-12- 

Apparent thermal conductivity (k) was dcterrnined from 0 to 50°C (30 to 
120°F) using techniques that meet ASTM C 1114 (Thin Heater Apparatus) and 
ASTM C 518 (Heat Elow Meter Apparatus). Results on the laminate boards 
provide an independent laboratory check on thc increase in k observed for 
field exposure in the Oak Ridge National Laboratory (ORNL) Roof Thermal 
Research Apparatus (RTRA). The measured laboratory increase in k was 
bctween 8 and 11% after a 240-d field exposure in the RTRA 

Results are reported on a thin-specimen, aging procedure to establish the 
long-term thermal resistance of gas-tilled foams. These thin specimcns were 
planed from the industry-produccd boardstock foams and aged at 75 and 150°F 
for up to 300 d, 'The resulting k-valucs were correlated with an exponential 
depcndcncy on (diffusion coefficient x time)%/thickness and provided diffusion 
coefficients for air components into, and blowing agent out of, the foam. This 
aging procedure was used to prcdict the five-year thermal resistivity of the 
foams. Aging at 75 and at 150°F showed that the foams blown with alternative 
blowing agents had a thermal resistivity 3 to 16% (average 9.4%) less than that 
obtained by CFC-11 under similar conditions. 

computer model for aging of foams. 

Btu) or 

This report describes laboratory thermal and aging tests on a set of 

The thin-specimen aging procedure is supported with calcdations by a 

*A Cooperative IndustryDovernrnent Research Prnjcct sponsored by the Socicty of the 
Plastics Industry, Polyisocyanurate Insulation Manufacturcrs Association, National Roofing 
Contractors Association, Dcpartnent of Energy, and Environmental Protection Agency. This 
research was sponsored by the U.S. Dcpartrnent of Energy, Assistant Secretary for Conservation 
and Renewable Energy, Officc of Buildings Energy Research, Building Systems and Materials 
Division, under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 
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This report describes apparent thermal conductivity (k) results obtained during 

I T  1989 and FY 19% on a set of prototypical, experimental, polyisocyanurate (PIR) 
laminate boardstock produced to evaluate the viability of alternative hydrochloro- 

fluorocarbons (MCFCs) as blowing agents. All boardstock was produced from similar 

formulations that were not optimized for thermal performance. Boardstock made in the 

future may differ in performance from this set. Thermal resistance values are reported for 

PIR boards prepared with CFC-11, HCFC-123, HCFC-14lb, and two blends of HCFC-123 

and HCFC-14db. The primary purpose of the laboratory tests is to answer a key question: 

will foams produced with alternative blowing agents yield thermal properties that differ from 

those obtained with CFC-ll? 

1.1 BACKGROUND 

In the rnid-I980s, it was recognized that further increases in chlorofluorocarbon (CFC) 

conceritrations in the upper atmosphere would lead to long-term damage to the ozone layer. 

International recognition of this culminated in the signing of the Montreal Protocol in 1987 

by 23 industrialized and developing countries.' Currently, there are over 63 nations 

committed to phasing out CFCs by the year 2000. Domestic 

Protocol address the global impact of CFCs and outline a timetable for reduction of CFC 

consumption. Table 1 lists the Group I and Croup I1 substances controlled by the Montreal 

Protocol and the timetable for production decreases. The Montreal Protocol requires 

periodic assessments to determine whether changes in control provisions are ~ a r r a n t e d . ~  

The U.S. Environmental Protection Agency (EPA) Regulatory Impact Analysis395 

and the Montreal 

treats seven specific use arcas for CFCs: 

1. commercial and residential refrigeration and air conditioning, 

2. mobilc air conditioning, 

3. production of plastic foam and foam insulation products, 

4. sterilization of medical equipment and instruments, 

5. solvent cleaning of metal and elcctronic parts, 

6. aerosol propellants and other miscellaneous uses, and 

7. firc extinguishing. 
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Table 1. Montreal Protocol controlled substances and timetable 

k Controlled substances 

Compound Formula Ozone depletion Relative greenhouse 
potential (ODP)” warming potentialb 

Group I 

CFC-11 CFCI, 
m c - 1 2  CF2CI2 
CFC-113 c2F3c13 

CFC-114 C2F4CI2 
CFC-115 C,F,CI 

1 .o 0.4 
1.0 1 .0 
0.8 0.3 - 0.8 
1 .o 0.5 - 1.5 
0.6 1 - 3  

Group LI 

Halon-1211 CF23rC1 3.0 

Halon-2402 GFJ3r2 6.0 
Halon- 1301 CF,Br 10.0 

B. Timetable (original Montreal Protocol) 

Date Reauirement 

July 1, 1989 
July 1, 1993 
July 1, 1998 
July 1, 2000 

Freeze CFC production at 1986 levels 
Limit CFC production to 80% of 1986 levels 
Limit CFC production to 50% of 1986 levels 
Eliminate CFC production 

C. Timetable (London, June 1990) 

Date Requirement 

January 1, 1993 Limit CFC production to 80% of 1986 levels 
(Clean Air Act requires 75%) 

January 1, 1995 Limit CFC production to 50% of 1986 levels 

January 1, 1997 Limit CFC Production to 15% of 1985 levels 

January 1,2000 Eliminate CFC production 

2040 (possibly 2020) Eliminate HCFC production 

“Relative to CFC-11 which is assigned the value of 1.00. 
bRelative to CFC-12 which is assigned the value of 1.00. 
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The CFCs include most of the best refrigerant fluids available as well. as the foaming agents in 

lo~v-da3nsity insulating materials that have improved the: energy efficiency of both buildings and 

appliances. CFG, are used in more than 150 million home appliances, sotne 90 million vehicular 

air conditioners, and hundreds of thousands of  commercial and industrial cooling and refrigeration 

systems. Others are solvents and cleaners, described as almost indispensable in the production of 

energy-consewing ekctronics and precision mechanical p a r k 6  

Area 3 @e, production of plastic foam and foam-insulation products) is  dividcd into four 

subaleas: 

3. I molded flexible polyurethane f o a q  

3.2 slabstock flexible polyurethane foam, 

3.3 rigid polyulethane faam, and 

3.4 rigid extruded polystyrene foam. 

‘l’his rcport focuses on rigid fom Insulation. 

The CFC issue is enormous. Industry prodilces over 481),000 metric tons of rigid 

foamboard insulation annually and, therein, consumes over 60,080 metric tons of CFC-11 and 

CFC-12. This consumption is equivalent to 6 b i k m  hoard fect of foam and represents tbc most 

effective thermal insulation that is commercially available. If environmentally accep8dAe 

altcrnative gases and foams are not available, thc Oak Ridge National Laboratory (ORNT.) has 

cstimated an cncrgy impact for building applications to be bctwcen 0.65 and 1 3  q ~ a d / y e a r . ~  

Industry i s  pursuing a variety of a!terrnative blowing agents to CFC-11 and CFC-12 f o ~  

prodancing rigid-foam-board insulations. Chemicals with low ozone-depletion potential being 

developed as CFC substitutes are shown in Table 2. In addition, industry is testing blends of 

Group I chemicals with other chemicals, as a means to reduce CFC usage, but with loss of 

thermal efficiency of insulations. One goal of the irmdustiy search is to obtain a “near deop-in” 

chemical that requires only a small change in the production process and meets the Montreal 

Protocol requirements. l’he other chemicals incliide 33,O - CO,, butanes and pentanes, methyl 

chloiide, and ethyl chloride. 

Devcloprnent risks to foam-insulation producers include the commercial availability of thc 

alterriative blowing agents and their subsequent acceptance by regulatory agencies. The new 

products will be less hazardous to the environment but more expensive and less effective as 

thermal insulations ( i c ,  lower Winch values) because the alternative blowing agents have k-values 

greater than CFC-11 or CFC-12 (see Table 2). 



Table 2. Foam-insulation-blowing gas alternatives to chlorofluorocarbons 11 and 12 

Ozone Greenhouse Gas thermal 
Chemical Potential use depletion warming conductivity' 

potential" potentialb Btu h,h €t2eoF 

HCFC-22 Alone and in blends, for food packaging, fast 0.05 0.07 0.073 
food freezing, leak-testing of fire extinguisher, 
refrigeration and air conditioning, and polystyrene 
foam insulation 

Undergoing toxicity testing for possible use in 
foam manufacturing, chillers, and solvent cleaning 

Undergoing toxicity testing for possible future 
use in refrigeration, chillers, and mobile air 
conditioners; and foam manuhcturing 

Undergoing toxicity testing for possible use in so. 1 0.05 0.070 
certain foam, refrigeration, and air-conditioning 
applications 

For possible use in certain foam, refrigeration, 0.06 < 0.2 0.077 
and air-conditioning applications 

HCFC-123 

HFC-134a 

HCFC-14 1 b 

HCFC-142b 

~0.03 

0.0 

0.0 1 

so.0 1 

0.072 

0.094 

"Relative to CFC-11 which is assigned a value of 1.00. 
bRelative to CFC-12 which is assigned a value of 1.00. 
T h e  thermal conductivity, Btuin./hft2*0F, at 75°F of CFC-11 is 0.057, and CFC-12 is 0.067. 
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A new rigid, extruded, polystyrenc hamboard product Eoamcd with HCIFC-142h 

was announccd and became available for buildings application in mid-1989. ‘I he new 

product will reduce the CFC problem because the polystyrene industry provides about 

20% of the total rigid-foam tonnage. However, the rigid-polyurethane industry is still 

developing CFC alternatives. 

19rior to the Montreal Protocol agreements to pliasc out the use of CFCs, two 

factors influenced loam insulation technology and applications: foam aging and energy 

regulations. Figure 1 shows that the structure of a typical rigid foam i s  composed of 

closed cells that contain blowing agent. Foam aging occurs because the thiri plastic cell 

walls (nominally less than 1 pm thick) are permeable to gas SiTTusioma. The composition 

of thc gas in tlnc cell cliairgcs with time after manufacture as air diffuses into the cell and 

CFC diffuses out of the cel!. ‘The gas composition controls the gas thermal conductivity, 

so thc k of foam increases with time after manufacture. Aging decreases the R-value 

per unit thickness and, hence, the thermal effickncj of the foam. 

Many factors affect Winch values inchding insulation board facer, foam dcnsity, 

cell siic and distribution, cell wal! thickness, polymer composition, mariufacturing 

process, foadfacer interface, and expom e environment. ‘I’here is no srich thing as one 

polyurethane (Le., polystyrme, polyisocyanurate, or phenolic); they are chemical families 

with millions of relatives. All such foams teiid to show R.valuc loss with time after 

manufacture, and this phcnomenon appcars to bc a linear function of log time. Lifetime 

prcdictions are often made from data collected 100 to 180 d after maimfacture. Field 

pcrfcPrrrnance rarely equals laboratory values for  inch.^ 
Models that predict the gas composition of the closed cells as a function of 

exposure have becn developed. These rrrodcls provide a theoretical basis for prcdicting 

aged R-value.89 Laboratory testing of thin sections of f o a m  as a function of time may 

provide results to validate models that predict R-values for boards as a function of 

exposure. 

A second factor that affected foam insulation techology prior to the Montreal 

Protocol was the pending enqgy performance standards for appliances including 

residential refrigeratorlrreezers (RE). Tiiesc standards affect building equiprncnt 

applications, but any resulting insulation improvements could change insulations for 

buildings. In 1987, a typical 16 to 18 f t 3  R/F with automatic defrost and a topmounted 
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freezer used about 1100 kWh/year." California regulations require that a similar unit 

sold in California after January 1, 1987, iise ~ i d y  978 kWh/year and by 1992 use only 

677 kWh/year." Federal regulatioiis require that similar units produced after Januaiy 1, 

1990, consume only 950 kWh/year.'2 ' I l~ese regulations prompted appliance 

manufacturers to study improved insulations as a means to achieve energy rcduction. At 

least one R E  manufacturer obtained patents on powder-filled evacuatcd panels with an 

R-value per inch of over 20. Current foamed-in-place R E  insulations have an R-value 

of about 8/inch, and a shift to 20/inch could save as much as 550 kWh/year per R E  

unit.I3 

Although the initial application for such panels is in RES, numcrous other 

insulation applications currently niet by €oam insulations could benefit from such panels 

if they proved to be economically feasiblc and were commercially available. Tn addition, 

these energy regulations prompted studies on ways to improve existing foam ins~lations.'~ 

Thew studies included (1) decreasing the cell size to the 0.1- to 0.2-1nm-diarn range to 

iiicrcase the cell strut density and decrease the radiative heat transport and 

(2) increasing the amount of solid in the cell walls and decreasing the amount in the cell 

struts to increase the wall resistance to gas diffusion. 

1.2 C O O P E R A r n  PROGRAM 

The current effort is a cooperative industry/government program to establish the 

viability of alternative blowing agents. The research project for CFC alternatives 

resulted from two workshops that involved participants from industry, government, and 

acadcnnia," At the initial workshop the participants prioritized 29 research projects on a 

CFC research menu. The second workshop focused on a single coopcrative project: the 

long-term pcrforrnance of substitute insulations containing HCFC-123 and HCFC-14lb 

for roofing applications. The project is sponsored by the Society of the Plastics Industry 

(SPI) - Polyurethane Division, the Polyisocyanulratc Insulation Manufacturers 

Association, the National Roofing Contractors Association (NRCA), the US. 

Department of Energy? and the E P h  The project is  under the direction of a steering 

committee with representatives from each of the sponsors and ORNL. '1"he purpose of 

the project is to determine if the performance of polyisocyanurate roof insulation foam 

hoards blown wit11 alternate agents differs from boards blown with CFC-11. 
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2 oI3.JEcllvEs 

The cooperative project has two field tasks that arc supported by two laboratory 

tasks. One field task is to  monitor the tield thermal perforinancc of roof test panels of 

the boardstock installed in the ORNL Roof Thermal Research Apparatus (RTRA) and 

exposed to  seasonal weather cycles. A second field task is to examine the behavior of 

roof panels €or a range of installation conditions used in the ORNL Roof Mechanical 

Properties and Foundations Research Apparatus (RMPFRA). The objective of thc first 

laboratory task (Le., Task A) is to establish the thermal conductivity (k) of specimens of 

boardstock foams produced by industry as a function of temperature from 30 to 120°F 

prior to installation and as a function of exposure time to field conditions in both thc 

WTRA and the KMPFRA.16 The objective or the second laboratory task (Le., Task B) is 

to establish k at 75°F as a function of aging time at 75 and 150°F for specimens of  

thrcc thicknesses sliced from the original boardstock. These aging teniperaturcs bound 

expected exposure conditions. 

Task A used two apparatuses that meet American Society for Testing and 

Materials (ASTM) standards: the ORNL Unguarded Thin-Heater Apparatus (UTI%%) 

C 1114117 and the Advanced R-Matic Apparatus (ASTM C 5E9.l' The tests 

were conducted on rigid boardstock foam spcimens that form the test panels to be 

exposed in the RTRk The central measurement section of each R 

nominally 3 in. thick and consisted of two boards (24 x 24 in.), each nominally 1.5 in. 

thick, with an embedded heat flux transducer (HIT) at tbc h a r d  interface. The 

ernbcdded H R s  were calibrated in the panels to allow analysis of RTKA data. The 

tests are in progrcss, and R W  results will be reported separately. 

For Task B, specimen aging at 75°F was conducted under normal laboratory 

conditions, and the 150°F aging treatment was conducted by exposing the specimens in 

an environmental chamber held at 150°F. The Advanced R-Matic Apparatus was uscd 

to determine k (75"E) of the specimens as a function of aging time. The goals of Task 

B are to establish the value of thin-specimen testing as an accelerated aging procedure 

and to provide a data base to compare to RTRA and RMPFKA results with predictions 

of an aging model, Specimen characterization tests" were an integral part of Task 8. 

Characterizations included cell sizc, preferred rise dimensions, cell-wall thickness, 
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fraction solid in the cell wall, and foam permeability to O,, N,, and the blowing agent. 

These piopertiss are needed foi a model to piedict the increase of k over the life of the 

rigid fa an^.'^ 

3.1 UPJGUAAJWED TI'IIN-hl4EAEW MPAlL4WS 

The thermal conductivity of the RTXA panels and the calibrations of tlie 

embedded IIFl-s (T3sk A) were dctcrrnineri S K Q ~  75 to 120°F in the ORNL UI1gtaded 

'I'hin-Heater A p p a r a t u ~ . ' ~ ~ ~ ~ ~ '  Initial tests were performed in a one-sided, heat-flow 

mode on specimens with GAF Slack facers (0.025 in. thick) in place, as recsmmefided in 

AS734 (2 10Ez2. The UTXA tests were perhi-med in a two-sidcd, heat-flow-modr: 

opcration for the WMPFRP. panels. 

The LJ'l'HA (Fig. 2) meets the reqairenients of AS1M C 1114-83.'7 The 

appar atrxs is an absolute, !ongitudinal h 

electrically heated, flat, large-arm nichromc sr~ecn-wire heat solcrce sandwiched between 

two horimptal layers of insidation with flat isothermal bounding surfaces. The scrcen- 

wirc hcat sourcc has a low thermal conductance that reduces m w m t e d  lateral heat flow 

and minimizes the ileed for activi: edge guarding. 'I'hc he21 soimx. provides vertical heat 

flow in its central region across the subject insulation to two teriiyeraturc controlled, 

watcr-cooled, copper plates. The scseen area (4) is large (3 x 5 ft) and is  instrumentcd 

with 11 theiinocnuples for temperature measuieinent and voltage taps for power 

measurements. A ncanarcd direct c~lrrent passes through the SCKCCIP, and the heat 

generated passes through the two layers of insulation of thickisess (e). When steady 

state is reachcd, commercially available potentiometric equipmcnt i s  used to measure the 

thermocouple outpaits, the currznt (I), and the voltage (AV). For two-sided heat flow, k 

is calculatcd from 

-f!o-w method an3 coinsists of an ungmrded, 

whcre A is the screen meter area defincd by its width and the voltage drop lead 

separation, m2, and AT is the temperature difference between. the screen and the plates. 
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COmponent lllUStr$tKM 

Braun Water Bath 6 
contm#sr C 
Booster Pump P 
Bdanang valves V 
Them==@ X (4 

Fig. 2. Scliematic drawing of (a )  the instrunicnted nichrome 
screen-wire heater and (h)  the teniperature control and plumbing 
systems for each cold plate of the Unguarded Thin-Heater Apparatus. 
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For one-sided mode of operation, one plate is controlled to the temperature of the 

screcn-wire heater, and the thermal conductivity of the insulating specimen with an 

imposed temperature difference (AT) is calculated from 

The B-terms provide a heat-flow correction for the small temperature mismatch between 

the screen and the guard plate.23 By changing the screen power and plate temperatures, 

mean temperaturcs from 75 to 120°F can be achieved. The measurement errors of the 

thin-heater apparatus have been assessed. A determinate error analysis of the quanlities 

in a two-sized heat-flow mode of operation predicts a maximum uncertainty of 1.7% if 

AT is 9°F and 0.7% if AT is 54°F. The most probable uncertainty is 1.2 and 0.4%, 

respectively, for these AT values. The reproducibility and repeatability oE the k 

mcasurements have been determincd to be *0.2%.21 Figure 2 contains a schematic 

drawing of the instrumented nichrome screen-wire heater and the temperature control 

and plumbing for the cold plates. Figure 3 shows the assembled UTIIA without 

perimeter insulation. 

In 1983, tests were conducted on two standards from the National Institute of 

Standards and Technology (NIST);** with the results shown in Table 3a. The ORNL 

results on the NIST Certified Transfer Standard were within 0.6% of NIST values at 303 

and 313 K (86 and 104°F). ORNL measurenicnts from 72 to 140°F on Standard 

liefcrence Material (SRM) 1450b yielded a maximum difference of 0.9% between 

measurements by the two laboratories at 297.13 K (75°F). Thcsc SRMs were retested 

in the UTHA in 1990 (see Table 3b), and agreement with the N E T  values was 0.3% for 

SRM 1451 and 1.1% for SRM 1450b. The UTHA k-values for the SRMs were fitted to 

better than 0.3% by a linear function of temperature. Since all of Lhese comparisoiis are 

within the most probahle uncertainty of l.Z%, the UTHA k-values reported in this paper 

provide an accurate description of the tenipcrature dependency of k. 
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x 

Fig. 3. Assembled Unguarded Thin-Heater Apparatus without perimeter insulation. 



14 

Table 3a. A comparison of ORNL UTHA and NIST results (1983) 

- 

Mean 
sample Sample 

temperature densi 7 k-ORNL k-NIST Difference” 

SpilTNX (K> ( k g h  ) (W/m -K) ( W h  *K) (%I 
Certified Transfer 
Standard 

T w o - s ~ ~ ~  

One-sided 

303.14 9.255 0.04813 0.04827 -0.29 
313.14 9.270 0.05 164 0=05166 -0.04 

303.23 9.350 0.0481 1 0.04809 0.04 
303.23 9.340 0.04808 0.04835 -0.56 

SRM 1450b 

Two-sided (14 points) 297.13 127.0 0.03454 0.03485 -0.89 
(13 points) 0.03.666 0.03485 -0.55 

”lOO.[( k-0RNL)-( k-MST)]/(k-NIST). 

Table 3b. A comparison of ORNL UTHA and NIST results (1990) 

Mean 
sample Sample 

temperature density k-ORNL k-NIST Difference” 
Specimen (K) ( kg/m3) (W/m .K) ( W/m K) (%I 

Certified Transfer 
Standard, SRM 1455 

TWQ-Sid 

SRM 145% 

303.14 9.255 0.04829 0.04827 0.04 
313.14 9.270 0.05180 0.05166 0.27 

‘rwo-sided (4 points) 29% 13 127.0 0.03445 0.03485 -1.14 

“100 .[(k-oRNL)-(k-NlST>]/(k-NIST). 
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3.2 ADVANCED R-MATIC APPARATUS 

The thermal conductivity of the RTRA panels (Task A) was determined from 30 

to 120°F in the Advanced R-Matic Apparat~s.’~ This apparatus was also used to 

determine k (75°F) of thc sliced, aging specimcns (Task B). Figurc 4 is a photograph of 

the Advanced R-Matic Apparatus, a comparative heat-flow meter techniquel8 dcsigned 

to  meet ASTM C 518, Configuration B: two transducers, both faces. The apparatus is 

the first commercial unit in a new series of heat-flowmeter apparatuscs and iricludes a 

dedicatcd computer for test control, data acquisition, and data analysis. The apparatus 

has: 

1. top and bottom plates (24 x 24 in.) with 10 x 10 in. HFTs in each and indcpendent 

plate temperature control lo allow heat flow up or down; 

2. specimen mean temperatures from 20 lo 120” F obtained by controlling thc hot face 

between 40 and 140°F and the cold face between 0 and 100°F; 

3. a tcst spccimen chamber surrounded on five sides by temI)erature-conditio~e~ air that 

accommodates 24 x 24 in. spccimens with thicknesses between 0.5 and 7 in.; 

4. a dedicated computer allowing test conditions to bc programmed to obtain k as a 

function o f  temperature for up Lo five temperatures (the programming features 

compare the sequential data sets with selected critcria, such as change in k, to decide 

when thermal e ~ u i ~ ~ b r i u ~ i  has been o ~ t ~ ~ ~ c d ~ ;  and 

5. circuitry to calibrate I-IFTs ~ r n ~ ~ d d ~ ~  in test specimcns. 

The current operational mode of tRc Advanced R-Malic Apparatus uses the 

output of the 10 x 10 in. HFT on the bottom plate to rneasurc the heat flux (4) [Le., the 

time rate of heat flow (Q) through the metering area (A) normal to the heat flow] to 

obtain the apparent thermal conductivity (k) from Eq. 3: 

A AT 

The specimen thickness (L) is obtained by bringing the bottom plate into coriracl with 

the specimen; this contacts the fixed top plate with a motor-driven gear train that has a 

slip clutch to limit the applied force on the systcm. The thickness is measured by a 

linear voltage differential transformer that was calibrated with sets of micarta tubc 
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Fig. 4. The Advanced R-Matic Apparatus. 
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spacers of known thickness. Each plate temperaturc i s  rneasurcd with a Chromel-Alumel 

thermocouple with an electronic reference junction. Independent checks of  the measured 

ternperaturcs using calibrated Chromel-Constantan thermocouples attached to the plates show 

agreement to better than *O.l"F in the range 50 to 100°F. 

As specified by ASI'M C 518, the 10 x 10 in. HIT is calibrated with speciinens of 

SRM 1450b and SRM 1451 to establish calibration factors as a function of hpccimen thickness 

and tcmperature prior to a measurement campaign. The apparatus uncertainty has been 

cstablished to bc less than 15% by tests on identical specimens in the UTHA and in other C 

518 apparatuses. Table 4 shows rcsults obtained at 75°F for several materials. Since the 

UTHA is an absolute apparatus, the percent diffcrcnce establishes the bias or inaccuracy to be 

less than 3.7% for 6-in.-thick Cibcrglass batts. The two standard deviation valucs (2n) for the 

comparison to other C 518 apparatuses shows the imprecision to bc between k2.1 and +3.4% 

for polyisocyanurate boards. This apparatus was used to tcst the RTRA panels as a two-board 

sandwich and to test thc top and bottom boards at mean tempcratures of 30, 60, 75, 90, and 

120°F (Task A). All tests of IZI'RA panels were performed on spccimens with the GAF facer 

in place, as recommended in ASI'M C 1013." 

The apparatus was used to tcst the thin specimcns as a function of aging time at 75 a id  

150°F (Task B) by using the programming features to achievc a bottom plate tcmperaturr: of 

95" F and a top plate temperaturc of 55" F; this yielded a specimen mean temperature of 75" F. 

The temperature-conditiosled air was controlled to 75" F, and the thermal cquilibriu 

was set to accept a k-value dctermination when the change in k-valuc was lcss than 0.2% for 

two sequential data outputs of the ten readings that form a data sct. Table Sa is an example of 

parameters for a test configuration, and Table Sb lis an example of the computer printout for 

this criteria. 

4. SPECIMENS 

Thermal performance tests were conducted on two types of test specimens produced 

kcam the prototypical laminate boardstock manufactured by industq? panels Cor the RTRA and 

RMPFRA and thin specimens for aging at 75 and 150°F. The bardstock (blown with CFC-11, 

HCFC-12.3, or HCFC-14lb) was produced in June 1989, and bardstock blown with 50/50 and 

65/35 blends of HCFC-123/HCFC-l41b was produced in December 1989. Conscquently, rnorc 

tests were conducted on the former. 
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Table 5a. Advanced R-Matic Apparatus data sheet 

R-MATIC DATA SHEET (SINGLE SPE CIMEN TEST1 

SPECIMEN: OR-C; Heat Flow Down: Bottom HFT; Test #1 

DATE: 8-20-90 

AMLPM- 1. STARTING TIME: 5 : 0 5  

2. ROOM CONDITIONS: Temperature- 74 F ; Rel. Hum. - 60 % 

3. STARTING DIMENSIONS: THICKNESS - 53.1 rn ; MASS - 640.6 gm 

4 .  DESIRED SETTINGS ( dee. C ) 

- TOP BOTTOM m 
34.3 12.9 23.9 

5. PARAMETERS /LIMI TATIONS 

AVE Eauil  Max Esuil Scan Time Ad1 Delay 

10 min 14 hrs  2 rnin 30 min 

Umer Bath Lower Bath ST Eauil, LT Eauil 

0.1 % 0.1 % 35 OC 35 C 

6 .  ENDING DIMENSI ONS: THICKNESS - . 53.1 MASS: 640.4 gm 

(CHANGES) : 0 mm ( 0 % )  ; -0.2 gm ( -0.03 e )  

7 :05 wT!5. 7. COMPLETION TIME: 

8. CALIBRATION FILE USED: SRM 1451 Curve 8/16/90 - 

CQHMENTSRiISC : 
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‘l’abk 5b. Computer printout from the 0RNE ‘4dvanced W-Matic Apparatus 

Sample is  OR-C; two 1,’~ in. boards cncased in Z P S  foam from Zawrcnee Rerkeley 
Laborztory. H F i ;  H O 7 T  K R ,  (Dsw Extruded Poly. W’1%911$. 

Set points 

IJppel’ 12.9 rawer. 342  Air: 23 9 

R-Matic of ‘1 hemal Condcctivity 
now acquiring data at Setpoiili 1 

‘l’imc Tt n Tc n - T C  u Ratio 

15:37- 5 1 
1552.51 
16.1257 
16.3253 
16: 53-511 
1 7: 1255 
1 /:3?.55 
17:52:5 I 
18: 12-58 
18:3%:59 
18:53.W 
19: 1 3 .o 1 
19:33:02 
19:53:03 
20: 13:03 
20:33:94 
20:53:05 
2 I : 1 3.06 
21 :33:07 
21 :53:08 
22:13:c3 
22:33:10 
2253: 11 
23: 13: 12 
2333:  13 
23-53: 14 
00: 13 : 15 
00:33:16 
00 53.17 
01 :13: 18 
01 133: 19 
01:57:20 

11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
13.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 

13.03% 
12.9855 
12.982~9 

12.9859 
17.99 1’2 
12.98C9 
12.98 i:, 
12.8803 

12.9798 
12.9830 
12.9816 
12.9828 
12.9821 
12.9842 
12.0767 
12 9774 
12.9’759 
12.9756 
12.9860 
12.9843 
12.9767 
12.9770 
12.9352 
12.9758 
12.9 7 16 
12.975% 
12.9744 
12 9702 
12.9804 
12.9720 

12.9917 

12.97 71 

34.7880 
312.8918 
34..921 1 
34.9380 
34-32? 1 
34.93 I O  
34.91 75 
34.9251 
34.3237 
3 4.9246 
34.9223 
34.9358 
31.9368 
34.9198 
34.9236 
34.9224 
34.9343 
34.9286 
34.9296 
34.9285 
3 1 -9286 
34.9296 
34.9285 
34.9276 
34.9232 
34.9225 
34.9201 
34.9242 
34.9262 
34.9278 
34.9326 
34.9239 

34.3 

34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
343 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
343 
34.3 
34.3 
34.3 
31.3 
34.3 
34.3 
34.3 
34.3 
34.3 

-, ‘ i A  h . - ,  2 
-21.7 
-21.9 
-21.9 
-21.3 
-21.9 
-21.3 
-21 9 
-21 .r3 
-21 9 
-L  1.9 
-2 1.9 
-21 9 
-2 I .? 
-21.9 
-22.i) 
-22.0 
-21 0 
-21.9 
-21.9 
-22.0 
-21.9 
-21 -9 
-22.0 
-22.0 
-2 1.9 
-21.9 
-21 -9 
-21.9 
-22.0 
-22.0 
-22.0 
-22.0 

_ _ I  

-?45.1 
-866.8 
-564.9 
-862.5 
-862 9 
-862.6 
-862’1 
-863.1 
-863.2 
-863.5 
-863.3 
-864.5 
-862.8 
-864.5 
-865.4 
-863.3 
-864.5 
-855.3 
-864.7 
-864.9 
-863.7 
-863.4 
-864.6 
-853.8 
-864 .$ 
-865.2 
-865.0 
-855.1 
-864.7 
-865.3 
-864.8 
-864.5 

3.1449 
7 8‘763 
2.8639 
2.8557 
3 85(12 
2.855% 
2 8511 
2 8572 
3 5568 
2 8574 
2.8569 
z 8613 
2.8556 
2 8616 
z 8626 
2.8557 
z 8521 
2.8634 
2.8614 
2 8605 
2.8585 
2 8578 
2.8602 
2.8578 
2.8605 
2.8636 
2.8421 
2 862Z 
2 8605 
2.8628 
2.861 1 
2.8598 
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Table 5b. (continued) 

Time Tt  Th Tc Tb T h - T C  Q Ratio 

02: 13:21 
02: 33 :22 
0 2 5 3 2 3  
03:13:24 
03:33:24 
03:53:25 
04: 13:26 
04:33:27 
04:53:28 
051329 
053350 
05:53:31 
06:13:32 

11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
11.1 
13.1 
11.1 
11.1 
11.1 
11.1 
11.1 

12.9720 
12.9758 
12.9741 
12.9707 
12.9766 
12.9842 
22.9828 
12.9752 
12.9750 
12.9802 
12.9812 
12.9790 
12.9804 

34.9242 
35.9236 
34.923 1 
34.9324 
34.9330 
34.93 14 
34.9290 
34.93 19 
34.9341 
34.9390 
34.9281 
34.9336 
34.9379 

34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 

-21.9 
-21.9 
-22.0 
-22.0 
-21.9 
-21.9 
-22.0 
-22.0 
-22.0 
-21.9 
-21 -9 
-22.0 
-22.0 

-864.4 
-865.0 
-865.7 
-864.8 
-865.2 
-865.3 
-864.4 
-865.3 
-864.6 
-864.3 
-866.3 
-865.9 
-864.2 

2.8601 
2.861 9 
2.8637 
2.8606 
2.8628 
2.8632 
2.8595 
2.8619 
2.5601 
2.8597 
2.8663 
2.8645 
2.8587 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Timeout has occurred on Setpoint 1. 
The time has exceeded 15 hours. 
The following data may be incorrect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

at a temperature of 
with an upper plate temperature of 
and a lower plate temperature of 
and an air temperature of 
the calibration constant was 
and the sample thickness was 

23.9612 C 
12.9845 C 
34,9279 C 
23.4 C 
.0133B W/m2/mmV 
5.32 cm (0.532 m); 2.0945 in. 
A t  = 21.9534 deg 
k = 0.02804 W/mK at 23.9612”C (297.11 12K) 

R = 5.1442 h-ft2-OF/Btu.in. 
RT = 10.7742 hft2-”F/Btu-in. 

0.1944 B t ~ . i n . / h f t ~ . ~ F  at 751302°F 
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4.1 PANETS FOR THE KIR4 AND RMBFRA (TASK A) 
Ihe Task A test specimens wcrc nrminally 24 x 2% x 1.5 in. with GAF black faccrs 

(0.025 in. thick) cln each face for each type of PlR board-bbving agent. Two of thesc 

specimens formed thc central area of each 4 x 4 ft pat for the RTRA tests and were 

picturc-framed in similar boards for the U'L'RR tests. A 2 x 2 x 1/8 in. slot was routed into 

thc lower board to psit ion the embedded TIFI' at the imtcrface of the two boards. 

'lhermal perhimarice t a t s  arid H I T  calibrations were per€ormcd in a one-sided 

modc of operation in the !JTHA on pancls at mean tcmpcratures of 80, 100, and 120OF. 

i31erriaal pafmmance ici:s :vat performed in thc Advancd K-Mstic Apparatus on ttic 

panels (consiskig of two boards), thc top b ~ x d ~  arid thc hottorn board at m m n  tempe--' , rllurcs 

of 38, (4. 75, 90, and 126°F. Table 6 silmmaibes chaidcteristics of ijarlcls picbused from the 

boards to bc. testcd 1 ~ i i o 1  to M m A  

spccifie board stock llseci i o  prepare the spccimciis with facers, thc calcuiatcd density of the 

,mure I'ahle 6 idcatifies tlii- blnsving agcats, the 

core, and thc t imr dapsed shcc  ! I C  boaidh :...SIC maiiilfactilrcd The GAF black faccr 
- 

had d r c p  Led weight ol9.05625 MI2. 

emlscddcd IET,  a d  this f ~ b r  is thc tci;li to multiply the millivolt s i p j l  from thi: RTRA 

tcst t o  obtain 'rile heat flux thiougki tlne spccimen. 'The calibration coilstzai?,t was obtaincd 

from threc levcls of heat llow through ihc specimen that sp;ii-incd the rmge  0.25 to 

2.4 U t i ~ k  4i2. 

1 he callbratioil Coil;bqt, '4, is izpsrlrd for each 

Table 6. Ckiracteristics of 14 IRA pancls tested in the UTIiA and Advanced 
R-Matic Apparatus prior to installation in the RTR.4 

Calibration 
MBowing gas Panel Pand Corea Agc ConstPni P, 

numbers (days) (Btu/h .ft2-MV) 

CFC-11 T3B9-I, 2 2.78 2.02 65 0.3826 
IICFC-123 'l-2B7-1, 4 2.78 2.02 71 0.3859 

HCFC-lLaLb (\NhitC) TlB8-3, 7 2.7% 1.97 82 0.3786 

B k ~ d  63/35 1231141b 72BS-I, 2 2.48 2.10 19 0.3682 

HCFC-llalb (black) TlB8-5, 6 2.72 2.00 76 0.3749 

Blend 50f50 123/141b T1B6 3, 4 2.89 2.15 14 0.3849 

Tore  density corrected for GAT; facer wcight 0.05625 lb/ft2 and air buoyancy e€€ect 
(0.0740 lbift'). 
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Thermal conductivity tests and embedded heat flux transducer calibrations for the 

first four rigid foamboards (listed in Table 6 )  prior to RTRA installation were completed 

on August 25, 1989. The tests on the last two panels were completed in January 1990. 

4.2 THIN SPECIMENS FOR AGING AT 75 AND 150°F (TASK B) 

Task B required 24 x 24 in. specimens of three thicknesses for each type of 

blowing agent. Three thicknesses (i.e., nominally 1.3, 0.7, and 0.4 in.) were produced by 

planing the facer and foam from boardstock to produce one, two, and four specimens, 

respectively, for aging at 75 and 150°F and for Advanced R-Matic Apparatus tests. The 

1.3- and 0.7-h-thick specimens contained the boardstock centcrline, and the 0.4-in.-thick 

specimen had the boardstock centerline as one face for the CFC-11, I-ICFC-123, and 

HCFC-14lb boardstock. All of the blend specimens contain the boardstock centcrline. 

Each specimen showed evidence of the production process in that thcy include planes 

where the individual foam streams met. Tablc 7 shows the average specimen thickness 

produced. The 150°F specimens were aged at 150°F in a 64-ft3 environmental chamber. 

The specimcn sets were produced by planing at three times: (1) August 29, 1989 - the 

75°F specimens blown with CFC-11, HCFC-123 and WCFC-14lb; (2) Noveniber 16, 

1989 - the 150°F specimcns blown with CFC-11, HCFC-123, and EICFC-141b; and 

(3)  February 6? 1990 - the 75°F; and February 20, 1990 - 150°F specimens blown with 

the 50/50 and 65/35 blends. These data were assigned zero time for the subsequent 

Table 7. Average specimen thickness (mm) for aging at 75 and 150°F 

CFC-11 HCFC-123 HCFC-14lb 50/50 blend 65/35 blend 

75°F s w i m e n s  

Full thickness (1)" 33.0 33.4 33.0 31.7 30.1 
Half thickness (2) 19.2 18.8 19.1 17.25 17.1 
Quarter thickness (4) 10.1 10.1 10.0 9.6 9.6 

150" F specimens 

Full thickness (1) 32.2 32.2 32.1 31.7 32.2 
Half thickness (2) 16.5 16.4 16.35 17.35 17.45 
Quarter thickness (4) 8.7 8.5 8.7 10.7 10.75 

"Number of boards tested. 
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aging treatments becaue  the planing operation ~cmnoved original beardstock material 

that had undergone sonic aging. It is believed that the iesulting cart spccimrns had not 

aged due to gas diffmion. 

Tablc 8 contains structural ieBt:ltS nhtained on tile three boardstock foams 

produced i;n .lune 1989. The c 

production, crll wz!l thickrtesses ale br tmxn 3.3 and 0.5 pm, and the fraction sol? d-i 

the ccll wall is grczter foi ihz ITCFC gases T'rcvlcus studies on foams blown with 

I-ECFC-121 2nd IIChC-141b show 2 similar incieasc in the fraction solid ill Ihc 1. 

Tkterrninations of th:: strucitiral fcatureq of bo~dstock blown with the 50/50 and 6-7/35 

blends arc, in progiess 

. le elongated i s  thhc dl-xtioaa of boardstock 

Table 8. Structural features of boardstock blown 
with CFC-11, WWC-123, or WCFC-1415 

CFC- 1 1 HCFC-123 HCFC- 241b 

Average distaxc be'rwcen 
ccU walls, mm 
Parallel to facer 0.24 
Ycipcmdicular to facer 0.16 

Cell wail thickness, pm 0.30 

Percent solid in ccll wall 17 

0.20 
0.15 

0.41 

30 

0.27 
0.16 

0.53 

38 

5.1 RTRA ?ANELS ME) RMPFfLA PANELS 

Table 9 contains the k results obtained as a fuiiction of temperature in the 

UTHA for six panels prior to installation in the RITWA Duplicate R'l'RA panels of 

IICFC-14lb were tested €or field exposure under black and white EPDM membranes. 

All of the k-valucs increasc with temperature, and the linear equations given in Table 9 

describe the results with an aveiags percent deviation of less than nQ.23%. 

Appendix A, Table A1 contains the k results obtained on the Rl'RA panels as a 

function of temperature from 30 to 120°F in the Advanced Ha-Matic Apparatus. 'This 

table contains equations that describe the UTI-IA and Advanced M-Matic Apparatus data 
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Specimen: age I Mean temperature (" F) 

Tablc 9. UTHA k results on panels prior to RTI2A installation 

k (Btu-in./h-ft2eoF) 

76.99 
100.13 
121 "60 

PIR HCFC-14lb: 71 d T1B8-5, 6 (Black) 

0.1288 
0.1 422 
0.1533 

80.03 
99.91 
121.44 

PIR HCFC-14lb: 77 d TlB8-3, 7 (White) 

0.1385 
0.1 480 
0.1GO9 

80.00 
100.03 
121.16 

80.39 
99-91 
122.17 

0.1472 
0.1579 
0.1703 

0.1475 
0.1570 
0.1683 -- 

k = 0.1022 + 5.6133 x T, A).15%" 

79.75 
99.34 
121.34 

PIR 50/50 blend: 15 d 

0.1371 
0.1454 
0.1564 

PIR 65/35 blend: 19 d 

79.92 
100.14 
121.49 

0.1378 
0.1474 
0.1566 

k = 0.10183 f 4.5205 x T, *0.14%" 

'Average percciit deviation. 
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as a function ~f tempcratuee. E'igures A1 through A6 show the temperature deFcmkacy 

of k (panels) as mcasuied ia the U'I'RA arid the Pdva~rced R-Matic Apparatus. 

Figure 5 chows the  hcmuperature dependency of k as measured in the IJTFIA and 

the ,4dvanced W-Matic Apparatiis for the Tack A speiimeo blown with CT'C-11. 'l'hc 

panels fer the other blowing agcnis showed a similar ternpcrature dependency for k (i.e., 

a riiinirnu~~~ k bdow mo F, a n e d y  linenr temperahre deprndsacy dbove 86" F, but a 

displaCeEeni in k thdt 

k-valucs determined with the I J  THA are lower tlian thc k-values dcte'imi71ned with thc 

Advance6 R-Matic '4pparaius in the tempcratui-e rangr of overlap but are within thc 

experimental tincertainties expected for the two apparatusc3 Because thc IITHA is 

more accurst?, our data analysis is weighted tox%raid the UTHA k-values. A least squares 

fit was produced for both data sets 'I'he curve fit  to thc Advanced R-Matic Apparatus 

data shcwcd a miiiixim. and a constant was subtracted from this fit to psoducs, 

agrcerncnt with thc IJTXA data from 80 to 120°F and io maintain ihc  minimum. ' lhe  

resulting cpl i -~~ is shown in Fig. 5. 'Zable 10 contains the equaticn arid the equation k- 

valiics (including ihe faccac) as a funeilon sf temperature. 

punk3 011 blowing agent and age at thz time o f  tccting). Thr 

Xie results s h o w  in Table 10 dewibe the ihcrma: performance of the panels 

bloesn with CFC-11, HCFC-123, and IICFC-141b. lhe panels blown with the blends 

were ifistalkdl in thc XB'IRA in February 1990. Results on RTRA panels S ~ G W  that for 

an aye of 14 to 19 d, the panels blown with the blends bad nearly equal b (75°F) values. 

Results for the other panels at an age of about 75 d show: 

k(CFC-11) < k (MCFC-123) < k (MCFC-14lb) . 

'l'he first set of RT%SA panels was removed in March 19% after an R'L'RA exposure of 

241 d and tested in the UTHA and tht: Advanced R-Matic Apparatus. Table 11 

contains the results and shows that the k (R-Matic) was 5 to 8% larger than k (UWA) 

noted earlier. The k (75OF) aEter 241 d is  given in Table 10. The HXE'JI'  calibration 

constants changed less than 0.75%. 
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Fig. 5. The temperature dependency of the thermal conductivity of boardstock 
blown with CFC-11. 
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Table 10. Ip-ric thermal wndaciiviv of R'lXA and KMPFRA pancis blown with 
CFC-11, HCFC-123, MCFC-lLbdb, and two blends 

(5WQ and 65/35) of EdCB;C-123/rlCFC-l41b 

1. Before W T R A  exposure 

Tempera tuse 

"F CFC- 1 I 

65 

0.128 
0.119 
0.121 
0.1% 
0. I36 
0.153 

HCFC-123 

71 

0.12% 
0.125 
0.129 
0.135 
0.143 
0.161 

--.-.-____ 

HCFC-14lb 

78 

0.148 
0.134 
0.137 
0.143 
0.151 
0.169 

a-_ll_____ 

k = A +- I3 T + C T', 38 to 120°F 

5 m o  

14 

- 

0.135 
0.142 
0.156 

_... 

65/35 

19 
~ 

0.136 
0.142 
0.156 

2. After 241 d of RTRA exposure 

3. RMBFRA panels after being stored at ORNL for 1 year 

Increase, % 

4. After 438 d of R T M  Exposure 
After: 295 d of 

KPlRA Exposure 

Days' 

75" 

Increase, 9% 

523 

0.156 

21.9 

533 527 

0.163 0.170 

20.7 18.9 

309 3i4  

0.163 0.164 

20.7 20.6 

"Inciucles GAF facer. 
bTime since production when tested prior to installation in the WTRA. 
"Includes 241 d of exposure in RTRA undcr black EPDM membranes. 
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HCFC- 123" 

Table 11. The k of RTRA panels after 241 d of exposure in the RTKA 

79.18 0.1527 0.3840 
120.38 0.1746 (0.3849) 

k = 0.0929 -i- 6.1849 x lo4 T 
k (75): 0.1393 

R-Matic 3, 7 
342 d, 3 

7 

R-Matic 1, 2 
334 a, 2 

1 

75.52 
75.52 
75.52 

75.57 
75.67 
75.53 

0.1524 
0.1505, 
0.1 502 

k = 0.1136 -4- 5.918 x IOm4 T 
k (75): 0,1580 

0.1654 
0.165 1 
0.1638 

"UTHA results. 
'Pre RTRA calibration factor A. 



30 

-.I._..yy--^- .........- - 

MCFC-123 83.86 
119.75 - 

In June 1990, tests were: conducted on panels to be installed in thc RMPFRA. 
- 
lhese panels were prodriccd from boardstock that had becw stored at ORNT, since Junc 

1989 and were just over 1 year old at the time of the tests. Table 12 contains thc results 

of two-sided heat-flow IJTTIA tests on thcsc panels that contained embedded heat flux 

transducers. The k ( '15" F) values are given in Table 10 and 'Table 12. I h c  k-values 

after one year of storage arc greater than those of the prior set by 12 to 20%. 

.- ....... 

( 3 ,  2) o . 3 m  
(1, 4) 0.4110 

0.1561 
0.1741 - I_-.- .......... 

Table 12, The thermal conductivity of RMPFaA panels produced from 
boardstack stored since June 1989 

-.._I._..-- _.._. .......... ~ 

HCFC- 14 1 b 83.58 
110.05 

(1, 2) 0.4147 0.1707 
0.1934 

k = 0.1172 + 6.400 x 
k (75) = 0.1652 

T 

In Novembcr 1990, the set of six RTRA panels was rernnved for testing in the 

UTHA and the Advanced R-Malic Apparatus. The results of these tests are givcn in 

Appendix A and are summarizcd in Table 16). The k (75) values given in Table 10 after 

430 d nT exposure show that the k of each panel has increased about 20% arid that the 

order (Le-, ranking) of k is 

k (CFC-11) < k (I-ICFC-123) < k (FICFC-14lb) . 



The k-values Cor the panels blown with two blends are very similar to the panel blown 

with HCFC-123. Data in Appendix A show that the k-values for the HCFC-141b blown 

panels exposed under black-and-white EPDM are similar to each other. Appendix A 

provides data for the W F T  calibration constant (this has changed less than 1% during thc 

RTRA tests for the six HITS). 

5.2 THIN SPECIMENS AGING AT 75 AND 150°F 

The Advanced R-Matic Apparatus w a s  used to obtain k (75°F) values for planed 

specimens of three thickncsses being aged at 75 and 150°F. Table 13 indicates the time 

when the tests were conducted on stacks of one, two, or four specimens and when the 

specimens were planed (is., zero time). 

Table 13. Time at temperature when k (75"x;) tests were conducted 
on plancd spccimens (days measured from time of planing) 

Task B specimens 75°F aging test times 150" F aging test times 

CFC-11, HCFC-123, and 1.5, 13.5, 43, 114.5, 185 
NCFC-14lb (0: August 29, 1989) (0: November 16, 1989) 

Blends if 50/50 and 65/35 
HCFC-123/141 b (0: February 6, 1990) (0: Fsebruary 20, 1990) 

3, 17, 515, 106.5, 190, 2';>0 

2, 42.5, 74.5, 127 1.5, 29.5, 62.5, 115.5 

Tables 14 and 15 contain the k (753 values obtained at these test times. The 

intent of this test procedure is to establish the value of thin-specimen aging as a means 

to measure the diffusion process that causes foams with pcrmeable facers or no facing to 

slowly lose their insulating power as a function of time. Without a barrier, air 

components diffuse into the foam cells, and the blowing agent diffuses out  of the foam 

cells. This process changes the cell gas composition, which changes the cell gas thermal 

conductivity, and this changes the product thermal resistance. The thinner specimcns 

show a more rapid change in thermal conductivity because oC the shorter diflusion 

distance to the specimen centerline. 
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Tablc l4a. k (75) values for planed specimcas aging at '75°F 

Tnermal conductivity (Btu -in.,% .ft2-0 F) _......... ___~- -_-  . . ......... ~ ____.I _-. 
A&, d Boards CFC-I1 IICFC- 123 HCFC-14lb 

3 

17 

51.5 

106.5 

190 

290 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

0.1268 
0.1206 
0.1322 

0.1239 
0.12% 
0.1390 

0.1315 
0.1396 
0.1502 

0.1322 
0.1476 
0.1560 

0.1418 
0.1540 
0.1592 

0.1440 
0.1602 
0.1628 

0.1371 
0.1342 
0.1411 

0.1374 
0.1437 
0.1515 

0.1423 
0.1536 
0.1623, 

0.1464 
0.1644 
0.1631 

0.1522 
0.1721 
0.170'6 

0.1556 
0.1713 
0.1762 

0.1423 
0.1406 
0.1509 

0.1452 
0.1534 
0.1580 

0.1512 
0.1641 
0.16% 

0.1548 
0.1697 
0.1734 

0.1606 
0.1429 
0.1767 

0.1625 
0.1788 
0.1818 

Table 14b. k (75) values for planed specimens aging at 75°F 

Age, d Boards 50/50 65/35 

2 

42.5 

74.5 

127 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

0.1370 
0.1360 
0.1468 

0.1454 
0.1596 
0.1758 

0.1522 
0.1712 
0.1812 

0.1 so7 
0.1750 
0.1848 

0.1381 
0.1352 
0.1152 

0.1486 
0.1579 
0.1755 

0.1578 
0.1708 
0.1804 

0.1569 
0.1707 
0.1811 
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Table 15a. k (75) values for planed specinicns aging at lso°F 

?%ermal conductivity (Btuin./h.ft2-."F) 

Age, d Board CFC- 1 1 HCFC- 123 HCFC-141b 

1.5 

13.5 

43 

114.5 

185 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

1 
2 
4 

0.1333 
0.1305 
0.1473 

0.1409 
0.1574 
0.1616 

0.1511 
0.163 1 
0.1641 

0.1579 
0.1680 
0.1698 

0.1556 
0.1688 
0.1784 

0.1442 
0.1398 
0.15.56 

0.1520 
0.1630 
0.1707 

0.1598 
0.1701 
0.1737 

0.1665 
0.1737 
0.1813 

0.1606 
0.1755 
0.1859 

0.1527 
0.1532 
0.1630 

0.1586 
0.1793 
0.1743 

0.1682 
0.1836 
0.1789 

0.1 769 
0.1913 
0.1850 

0.1696 
0.1850 
0.1 958 

Table 15b. k (75) values for planed specimens aging at 150°F 

Thermal conductivity (Btu -inJ~+ft'.." F> I__ 

Age, d Boards 50/50 65/35 

I .5 1 0.1360 .1417 
2 0.1397 8.1388 
4 0.14.58 0.1499 

29.5 

62.5 

118.5 

0.3533 
0.1723 
0.1 870 

0.1 632 
0.1850 
0. 1952 

0.1591 
0.1732 
0.1904 

0.1577 
0.1717 
0.1862 

0.1690 
0.1833 
o,z986 

0.1590 
0.1721 
0.1893 
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'l%c results given in Tables 14 and 15 confirm thc premise of thc test procedure. 

For example7 the 54 k-valrrcs for the 75°F agiag study (thrcc materials, threc 

thicknesses, acd six test times) show that for each thicksicss a d  time the ordcr of the 

matc;ial k-values is 

k (CFC-11) < k (MCFC-123) < k (HCFC-14lb) , 

and for each material aind time it i s  

k (33 rnm) < k (19 mm) < k <lo mni) . 

' lhc matcrial ordcr is the same as that observcd for the tests on the RTRA panels. 

'These 54 k-values arc srrrooth, inomtonic functions of time divided by thickness s q i ~ r c d  

(i .e? tk2), and this fact is shown in Fig. 6 for the specimens with the blowing agents, 

CFC-11, HCFC-123, and HCFC-1410. .fippcnda'x B contains the specific values for the 

quantity t h 2  in d/nim2 and $t/h in d"'/nim for the test results given in Ta lks  14 and 15. 

'l'he k-values for three materials plotted in Fig. 6 show 2 nonlinear dependencc on 

t/h2 for valucs of t/h' up to 2.7 d/mm2 at 75°F. Figure 7 is a similar plot for the 50/50 

and 65/35 blends and includes the resdts for the CFC-11 specimens. The 24 k-values for 

the two blends show the same trends noted for the sthcr material, but the aged k is 

greater than that for the specimens blown with HCFC-141b. 'The k-values for the two 

blends arc vcry similar in value. Figures 8 and 9 show the nonliriear dcpendence on t/h2 

for aging at 150°F. 

6.1 EFFECTIVE DIFFIJSXON COEFFICIENTS 

'l'he nonlinear behavior of the increase in k with time/(thickness)2 can be 

described by two linear regions if one plots Qn k vs (time)'A/thickness. If one cmpirically 

asslimes that k can be described by an exponential dependence on diffusion coefficient 

(U), time (t), and thickness (h): 

k ::= k, cxp{(Dt)'hih} , (4) 
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where k, is the initial thermal conductivity, then one observes 

where 

Pn k = Bn k, + (Dt)'E"/h, 

Y = A + B X ,  

A = @ n k , ,  

X = t'% , and 

B = D". 

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

time (t), then a plot of Y versus X should yield a straight line with slope B. A least- 

squares fitting of the data to the straight line represented by Eq. G yields an intercept of 

On k, and a slope of D". 

Figure 10 shows the increase of k (75°F) (plotted as @n 100 k for convenience) as 

a function of time"/thickness, (d%/mm) for specimens of  three thicknesses of foam blown 

with CFC-11 and aged at 75°F. The test data for the specimens of three thicknesses 

describc two distinct linear regions of behavior with an intermediate transition zone. 

The thin specimen has reached larger values of t"% than the thick specimen. The first 

linear region should be associated with the increase in k due to the influx of air 

componcnts; the second, lower slope, linear region should be associated with the loss of 

CFC-11 from the foam. The results of five tests up to 290 d after planing are similar to 

assachusetts Institute of Technologgr (MIV model for 50.8-mm-thick 

specimens aged for 5400 d (t'% of 1.45) and 5.08-mm-thick specimens aged for 15 d 

(t"h of 0.76) at 75°F (see Table BS). The predictions are higher in k owing to the 

model assumptions (see Sect. 7), but the behavior of k with t%/h is supportive oE the test 

results. Figure 11 includes the model predictions and the test data on three thicknesses 

of foam blown with CFC-11 aged at 150°F. The two-linear-region behavior occurs for 

aging at 150°F with larger values of k (75°F) that are closer to the model predictions. 

For example, at 150°F the linear-region extrapolations intersect near a value of t"/h of 

0.25 d ?mm, but at 75°F this intersection is near 0.55 d'?mm. This result shows that, 
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Fig. 11. Increase in k (75°F) for thin specimens of rigid board foamed with CFC-11 aging 
at 150°F compared with Massachusetts Institute of Technology model predictions. 



as cxpected, the diEusion of air components into the foam i s  faster at 150°F (339 K) 

than at 75°F (297 IC). 

Wc treated the I I I Q ~ ~  predictioiis for 75°F aging and the available test data for 

the foams blown with five gdses aging at 75 and 150°F', as suggested by Eqs. 5 and 6. 

Tlne specific equations used were 

Pn k (Region 1, air) = tn R, -i- (D, t)'"/h , 
and 

~n k. ( ~ c g i o n  2, Blowing agent) = tn k, +- (D, t)lhh , 

where k, is the projected initial k of the foam (Region l), k, is the interccpt for 

Region 2, D, is the effective di€fmion coefficient for air componernts into the foam, 

cm2/s, and D, is ihe effective diffusion coefficient of the blowing agent out of 

the foami cm2/s. 

Thc k-value residts given in Tahlcs 14 and 15 are plotted as en 100 k vs the 

square root of time divided by thiekness in s"/cm In Figs. 12 through 16 for thin 

spceimcris nging at '75"F, aiid in Figs. 17 tl-rrougk 21 for thin specimens aging at 150°F. 

Each of these fig~ires includes the: k results for three specimens and indicates two 

straight lincs that were fitted by a least-squares method to the k-values. 

Table 16 is a summary of the data fits obtained by a least-squares method. The 

average percent deviation is less than 1% for all of the results, but is 2% for that of the 

blends in Region 2 aiid aging at 150°F. This scatter is  evident in Figs. 20 and 21. The 

low average percent deviation is shown in Figs. 12 through 21 for Region 1 and 

Rcgion 2. 

The square root of the B coefficients for the data fits provides the effective 

diffusion coefficients for Region 1 and Region 2. The resulting values for D,, D,, and 

the ratio, D,/D,, are given in Table 67. The cffcctive diffusion coefficients dcrived from 

the aging tests are of the expected order of magnitude and appear to be reasonable 

values. ?'he results for aging at 75°F show D, values near 1.5 x lo-* cm*/s for the foams 

blown with individual gases and near 2.5 x 10 * cm2/s for the foams blown with the 

blends. ' fhc D, values for aging at 158°F are 3 to 7 times larger than the D, (75°F 

aging) as would be expectcd for temperaturc-dependznt diffusion processes. 'The results 
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Fig. 15. Increase in k (75°F) for thin specimens of rigid board foamed with a 65/35 blend aging at 75°F. 
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Table 16. Summary of data fits by a least-squares method 

Average 
BIowing agent Region A B x 10' Number of deviation Intercept k 

data points (%I (Btuin./hft'."F) 

Specimens aging at 75°F 

CFC- 1 I 1 2.4897 1.230 12 0.65 0.1206 
2 2.6892 0.2063 6 0.39 0.1472 

HCFC- 123 1 2.5808 1.218 12 0.41 0.1321 
2 2.7820 0.1643 6 0.57 0.1615 

HCFC- 14 1 b 1 2.6386 1.1437 12 0.52 0.1399 
2 2.8266 0.1329 6 0.54 0.1689 

50150 Blend 1 2.5905 1.5692 8 0.63 0.1344 
2 2.796 0.3582 4 0.1 1 0.1638 

65/35 Blend 1 2.5936 1.6070 8 0.56 0.1338 
2 2.791 1 0.3462 4 0.60 0.1630 

Specimens aging at 150°F 

CFC- 1 1 1 
2 

HCFC-123 1 
2 

HCFC- 141 b 1 
2 

50/50 Blend 1 
2 

65/35 Blend I 
2 

2.5334 
2.7394 

2.6205 
2.7829 

2.6789 
2.8449 

2.5784 
2.7680 

2.6067 
2.7696 

3.2829 
0.3015 

2.6102 
0.3087 

2.7556 
0.2641 

2.9327 
0.723 1 

2.7907 
0.7013 

6 
9 

6 
6 

6 
6 

0.64 
0.5 1 

0.57 
0.40 

0.49 
0.83 

0.08 
1.75 

0.64 
1.88 

0.1260 
0.1547 

0.1374 
0.1616 

0.1457 
0.1720 

0.1317 
0.1593 

0.1355 
0.1595 
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for aging at 75°F show D, values significantly lower than the D, values. Thc D, values rangc 

from 1.8 to 4.3 x lo-'' cm2/s for the individual gases and are abovc 12 x lO-'' cm2/s for the 

blends. The D, values for aging at 150°F are 2 to 4 times larger than the D, values for 

aging at 75" F. Some evidence exists that the D, values for the foams aging at 75" F are 

Iowcr for the more complex alternative blowing agents [Le., D, (HCFC-123 and HCFC-14lb) 

< D, (CFC-11)J. The ratio of the D, to D, values ranges from 20 to 75 at 75°F and from 

15 to 100 at 150°F. The blcnds have the lower D,/D, values at both temperatures. The D, 

values appcar to be relatively firm, and as aging proceeds, more tests will help define D, 

values better. The D values are a clear reflection of the foam structural properties and the 

diffusing species and may be a guide to optimizing boardstock. The D, values at 75°F do 

decrease with increasing cell wall thickness. 

Figure 22 is a plot of the D, and D, values obtained at 75°F (297 K) and 150°F 

(338.6 K) as a function of l/T (K). This is an Arrhenius plot used to obtain the activation 

energy AH for chemical processes such as gaseous diffusion, using 

where Do is a jump frequency, cm2/s, R is the gas constant, 1.987 cal/mol K, AH is the 

activation energy, cal/moI, and T is the absolute temperature, K 

Table 18 gives the activation energy values and Do values for Region 1 and Region 2 

processes. 

Table 18. Activation energies for Region 1 and Region 2 derived from 
effective diffusion coelficients 

~ ~ 

Region 1 Activation energy Jump frequency 
(cal/mol) Cjumps/s x 10 ') 

CFC-11 9434 1321 
HCFC-123 7326 36 
HCFC-141b 8432 210 
50/50 blend 6007 6.5 
65/35 blend 5304 2.0 

Region 2 

CFC- 1 1 
HCFC- 123 
HCFC- 141 b 
50/50 blend 
65/35 blend 

3638 
6054 
65% 
6745 
6777 

0.002 
0.007 
0.12 
1.18 
1.1G 
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The AH values for Region 1 are near 8 k calhol  and €or Region 2 are near 6 k cal/mol. 

The jump frequency for Region 1 is greater than €or Region 2. 

6.2 EFFECTIVE k-VALUES OF FOAMS 

The constants, A, given in Table 16 can be used to obtain the intercept values k, 

and k, for Regions 1 and 2. Thcse values are given in Table 16. Thc values of k,, the 

initial k of the foam, can be used to compare the impact of the blowing agents before any 

aging occurred. The 75°F aging results show that thc order of k, values frmn low to high 

are CFC-11, HCFC-123 (9%), 50/50 (ll%), 65/35 (ll%), and HCFC-14lb (15%), where 

the value in parentheses is the percent increase in k over that oC the foam blown with 

CFC-11. The 150" F aging results suggest a slightly different order (is. ,  the blends 

are lower in k than the HCFC-123). Both data sets suggest that the blends have very 

similar k-values. 

It has bccn s ~ g g e s t e d ' ~ , ~ ~  that the k of a 2-lb/€t3 fresh (unaged) foam can be 

calculated by adding the blowing gas k and a constant term, 0.073 Btu.in./h.ft2.OF, to 

represent the solid and radiation conduction contribution to k. Table 19 shows that this 

calculation overestimates k,, but the percent difrerence between k (calculated) and k, is 

less than 10%. An altcrnativc calculation is to subtract k(gas) from k, and associate thc 

difference with k(so1id) + k(radiation). Table 19 shows that thc result of doing so yiclds 

an average value of 0.064 for the prototypical foams being tested in this project. 

Table 19. Calculated k (75) for unaged foams Cor various gases 

- 

k Difference" E 
Gas Gas k calculatcd (W k,-k(g) (ft-l) 

CFC- 1 1 0.057 0.130 -7.8 0.064 523 
HCFC-123 0.072 0.145 -9.8 0.060 558 
HCFC-14lb 0.070 0.143 -2.2 0.076) 480 
50/50 0.071 0.144 -7.9 0.062 540 
6513 5 0.0713 0.144 -6.9 0.M.3 - 532 

0.064 527 

"100 x [k, - k (calculated)]/k,. 
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If half of this contribution is assigned to the radiation ~ n t r i b u t i o n , ' ~  and if this is 

described by the ~osseland approximation,2s,29 

where CJ is the Stefan-Bioltzmann constant, n is the index of refraction and a value of 1 

was used, and E is the extinction coefficieni, ft-', then the E-values in Table 19 can be 

computed horn Eq. 8. The average E-value is 527 ft-'. Theoq predicts a value of about 

9OQ ft-' for a foam density of 1.95 lb/€t3 and a cell size of 0.2 rnm1.26 This E-value k~ould be 

obtsined if 30% of k(i-adiation) + k(so1id) hzd beem associated with k(radiation) instead 

of SO%, as suggested for polystyre~ie.~~ 

The accelerated aging test results from this study can be uscd to predict the thermal 

rcsistivity (r, where r =I: Uk)  at 75°F as a function of aging time at 75 or 15WF for 

1.5-in.-thick unfzced prototypical foamboards. Table 210 shows initial and predicted 

r-values for 1, 2, and 5 years, these correspond to values of t'%, (d>"/mm, of 0.50, 0.71, 

and 1.12, respectively, for a 38.1-mm thickness. 14rc predicted r-values dccrease with time 

at '75°F but exceed 5.7' h.ft2-"F'/Btu.in. for the individual. gas-blowing agents tested. 

This value excceds the minimum stabilized r-value of 5.6 €or unfaeed polyurethane (PUR) 

or PiR foams stated by the SPI Industny The blends reach an r-value of 5.4 

at 5 years. The predicted 75°F r-values decrcase with time at 150°F and reach lower 

r-values than when aged at 75°F. All of the values reported in Table 20 are within the 

existing accelerated aging data set (i.e., these arc interpolated values). As Table 13 shows, 

the longest exposurc time is 290 d for the initially produced boardstock. Additional thin- 

specimen test data will allow Table 20 to be completed for longer times. The results given 

in 'I'ahle 20 show that thin-specimen aging is a promising accelerated aging procedure and 

provides a positive response to the key question of this program: the blowing agents tcsted 

in these prototypical experimental boards exhibit a long-term thermal pcaformance at 

75°F that is within 7 to 15% (average 11.6%) of that obtained by CFC-11 under similar 

conditions. 



59 

Table 20. Predicted thermal resistivity at 75°F for unfaced 
lJ-in.-thick prototypical foamboards aged at 75 and at 150°F 

Initial Aging time (years) 

Blowing agent 1 2 5 
at 75°F k, P Uh r(2) 45) 

At 75°F 

CFC- 1 1 0.121 8.29 6.90 6.51 6.35 
HCFC- 12.3 0.132 7.58 6.31 5-98 5.87 
WCFC-14lb 0.140 7.14 6.02 5-76 5.67 
sol50 0.133 7.52 5.93 5.67 5.43 
65/35 0.134 7.45 5.87 5.71 5.47 

At 150" F 

CFC- 1 1 0.126 7.94 6.18 6.07 5.85 
HCFC-123 0.137 7.30 5.91 5.80 5.55, 
HCFG- 14 1 b 0.146 6.85 5.89 5.50 5.33 
mi50 0.132 7.58 5.63 5.40 4.95 
65/35 0.136 7.35 5.64 5.42 4.98 

%-ft2+" F/Btu-in. 
'Number in parentheses indicates years. 

7,1 BACKGROUND 

The reduction in the thermal resistance with time of foamboard insulations 

roduced with a gas other than air is primarily a result of changes in cell-gas cornpsitian 

mused by the inward diffusion of oxygen and nitrogen and the outward diffusion of the 

low-conductivity gas used to produce the foamboard. 'he gas used to produce foamboard 

insulations i s  selected for low thermai conductivity, favorablc handling characteristics, 

flammability, toxicity, and corrosiveness. The inward and outward diffusion of gases 

changes the cell-gas composition with the result that the gas-phase thermal conductivity 

increases with time. The cell-gas eventually becomes air, and the limiting thermal 

resistance for a foamboard insulation with permeable surfaces is that OC an air-filled foam. 
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During the aging process the celbgas cornposition at any tirnc, t, is a function of position, 

C (xl y, z, t). Since the thermal conductivity of a gas mixture, k,, can be calculated 

from pure component properties, the k, of the cell-gas is a function of spatial coordinates 

(x, y, L )  and time (t). A prirrnary objective, therefore, af thc foam-nmodelling eff0rt is to 

~ b t 2 ~ h  (13 (x, y, z, t) from which k, (xi y, z, t) is  derived. The k, is added to the 

solid-phase conductivity, k,: and a radiative term, k,, to obtain the apparcnt thermal 

coiiductivity of thc foam, %. 'This final quantity can then be compared with exxq.ie,rilmeatal 

mezsurernsnts of k. 

The apparent thermal wndi~t iv i ty  of a fnarnboasd, k7 i s  approximated by the SUI:? 

of the iirajor contributors to thc total heat flux (Le-? gas-phasc conduction, solid-phase 

coi?,duction, and clilfusivc radiation): 

k k, .t- k, -+ k, (9) 

Convective tiansport is  neglected becauw. the cell dimemions are usually of the ordcr of 

fractions of millimeters. "Shine-through" radiative transport is ncglcctc3, sizacc there are 

generally a large numbcr of ecll walls and struts betweel; any two parallel surEacey and 

direct radiation is highly attenuated even thokigh thc cell-wa!! transmission may be high. 

?hc solid-plrass contr ibration to ths  total heat flux depends 011 thc thermal conductivity of 

the solid polymcr, k,, making up the cell walls and struts, the arrangement of walls and 

~ t r i i t ~ ,  and dimensions. The assumption that k, is constant i s  reasonable although a 

possibility exists that k, changes because of cxposuz-e to the environment and that cell 

diniension chaaigcs or material distributinsi changes because of thermal or mechanical 

stresses. 'T'hc solid-phasc thermal conductivity has been related to k, by G f i ~ k s m a n . ~ ~  

The radiative term, k,, is also taken to be constant although it can change for the same 

reasons as kb. The k, depends on the radiative properties of the foam and the 

arrangement of material in the direction oE heat flow. G l i ~ k s n n a n ~ ~  has proposed the 

Rosscland expressionB for k, with an experimentally determined extinction coefficient, E. 

An important input €or the foam modeling effort is  reliable data for k, and E so that 

representative k, and k, can bc calculated. An alternative approach is to take the sum 



ks + k, to be an adjustable paramcter equal to k - k,. Since k can be measured and k, 

can be detcrmined from a model, the approximation k, + k, equal a constant can be 

tested. 

There arc at least two approaches to obtaining C (x, y, z, t). The first is t o  treat the 

foamboard as a continuum and solve Eq. (IO) subject to appropriate initial and boundary 

conditions for each of the diffusing species: 

The prcssurcs and temperatures generally cncountered in foams are 

dl01 

such that ideal gas 

bchavior can be assumcd. If, in addition, the tempcrature variation is small and 

directional cffects arc absent, then Eq. (10) is reduced to Eq. (ll), and concentration can 

be replaced by partial prcssure: 

a pi ac. 

at at 
- D i P P i  2 = D ~ P c ~  or - - 

Equation (11) forms the basis for thc "DOW 

Destephen.% 

and a model programmed by 

A solution of Eq. (1 I) is obtained for each gas species present in the Loamboard o n  

the assumption that the diffusing species do iiot interact in the solid phase. The P, art: 

used to calculatc mole fractions that, in turn, are used to calculate k, (x, y, z, t>. 'I'he use 

of a continuum model is justified if the largest ccll dinicnsion is much smallcr than the 

least foamboard dimension. Whcn this is thc casc, the discrete diFfusions across ccll wails 

can be "smeared" to il continuum much like the diffusive approximation €or radiativc 

transport. Irnportant practical stcps in this process involve obtaining 

data, Pci, and obtaining k, from pure component data. 

from pcrmeabiliiy 

Equation (If) can be solved by separation of variables and a Fourier series 

description of the spacial part of the solution. The treatise by Carslaw and JaegerJ5 

contains numerous solutions for the onc-dimensional form of Cq. (11) that can be used 

to obtain solutions for thc three-dimensional Ibrm of the equation using the principle 

of superposition. TIiis approach has bccn used by Sheffield3' and Destcphen.'4 
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Equation (11) can also I9e solved by finite difference r n e t h ~ d s , ~  but this method seems to 

be mnecessary for the geometries and boursdaq conditions being considered. 7 he 

evaluation of thc infinite series cxpressions that are part of the analytical solutions can be 

performed more economically than the finite difference calculations in many cases. 

Thc second a p p m x h  to cbtaiiihg C (x, y, z, t) is  to tnodcl gas transport bctween 

ccBIs in series. This appioach tends to retain t k  discrete naiurc: of the diffusion process. 

C?str3goi-sky9 has used this approach io dcve!cp a so!ution in oi-ie-dimens;;ln, C (x, e ) .  The 

use ef the one-iiImcnsiona1 model is applicd :a relativcly thin foambsards that do not have 

diffusicn barrieis on the surEace, 'i'he diffusion of p s e s  from the edgcs of the foamboard 

aie: aeglectcd in this model. In this czsc the gas-phase partial prcssuu'~s can be described 

by an  i i i lpki t  nuiiieiical ncthod that results in a tridiagonal matrix that ea11 bje invertcd 

using the ~ h o m a s  ~Uga i i th i rn~~  to cbtain Pi (x, t). ' ~ h c  numeiical solutions €01 P, are 

combined to calculate C, and k,. This approach has becn programmed' in Fortran and 

adagted for use at ORNB,. The piograxi i s  not generally cxemted to obtain gas 

compositions in iacilvGhm1 cells but rather divides thc harnbaard into a specified niarnher 

of regions that are treatcd as cells (pseudo-cells). rhe numriiical salaitiorlls for C (x, t) are 

used to calculate k (x? t> by use of mixture e q u a t i o r n a ~ . ~ ~ ~ ~  The Lindsey-Bromley equation 

is r c ~ o r n i n e n d c d . ~ ~ ~ ~  %Re Lifidsey-Sroidcy eqiaakion requires viscosity data for the 

compofienis in thc mktcare as well as thermal conductivities, and them data arc not always 

available. The minimum input required for a k, calculation is pure coinpsnent thermal 

condbectivitics and chemical composition. 

Appcndix C contains a Fortran code, m 1 X .  FOIP, for calculating the thermal 

conductivity of gaseous mixtures from the thermal conductivity of the components, the 

molecular weight of the coml3onents, and thc ~ o r n p o s i t i o n . ~ ~  KMIX gives the iesult that 

the thermal condirctivity of a gas mixtiarc falls below a value that would be predicted from 

a "rule of mixtures" type calculation. This is shown in Fig. 23, in which the thermal 

conductivities at 75°F of air 4- CFC-11, air -k CFC-12, air i- HCFC-l41B, and air + 
HCFC-123 are shown as functions of the mole fraction of air. The curves wcre calculated 

for mixtures of N,, 0,. and the indicated gas. Table 21 contains the numerical output 

used to establish the curvcs in Fig. 23. At present, the program KMIX is 
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configured for the calculation of thermal conductivities for gas mixtures containing any 

combination of the gases: He, Ar, Kr, Xc, H, N,, O,, OO,, CFC-11, RCFC-123, 

EICFC-I41B, CFC-12, and R-22. 

A Fortran program for calculating the thermal conductivity of gas mixtures using 

the Lindsay-Bromley correlation, LB.FOR, is listed in Appendix D. The program as 

listed in Appcndix D is for the calculation oE mixtures of CO,, O,, N ,  and HCFG-22 at 

tcmpcratures from 40 to  200°F. Input property data for LRFOR consists of purc 

component thcrmal conductivities, normal boiling points, viscosity coefricierrts, and 

gas-mixture composition. Table 22 contains calculated k at 75" F for a three-cornponcnt 

gas mixture containing N,, O,, and HGFC-22. Thermal conductivities calculated using 

KMIX.FOR are shown in the table lor- comparison. ?lie differenccs between the 

calculated values for k,,, arc greatest for air and air-rich mixtures. The thcrmal 

conductivity for air at 75°F calculated with LB.FOR is 0.02583 W/mK, while that 

obtained with KMIX.FOR is 0.02691. In both cases air was taken to be an 0, - W, 
mixture with mole fraction 0, of 0.21. The ASHRAE handbook4' lists 0.02588 W/mK 

for the thermal conductivity of air at 75°F- The Lindscy-Bromley expression provides a 

slightly better rcsult than the KMTX correlation for the thcrmal. conductivity of air at 

75°F (297.04 K>. 

Ixt us assume that k, (x, y, z, t> or k, (x, t) is available. The subscqucnt 

requirement is  to obtain an averagc k, that characterizes the gas-phase hcat transport 

and can be substituted into Eq. (9) for k. At least three approaches can bc uscd. Thc 

first is to integrate the expression for C (x, t> over the spalial coordinate to obtain an 

avcrage composition from which k, can be calculated. Tbc second is t o  integxate k (x, t) 

over the spatial coordinate t o  obtain an average k,, and thc last is Lo consider individual 

cells o r  pseudo-cells as rcsistanccs in serics. Sheffield33 and Dcstephcnj4 have used 

averagc C values, while Ostrogorsky9 has used cell resistances in series t o  cdculate the 

foamboard k. The adoption of methods for calculating k, combined with expressions for 

k, and k, yields k (t) and thermal rcsistancc R (tj. 

The programs generated by Destcphcn and Qstrogorsky have been configured to 

run on the QRNL computing system. Appendix E contains the program for Destephen's 

model, while Appendix F contains the Ostrogorsky model. Initial steps to implement the 

Dow model on the ORNL computer havc been taken, and a copy of the Dow code has 



66 

Table 22. Calculated thermal conductivities at 29’7.04 M for gas 
mixtures containing N,, O,, and HCFC-22 

(a) k (W/mk) using (Is) k (W/mM) using 
KMIX.FOM M o l ~  fraction air LB.FCdR ( W a )  . . . .. ... . . . . . . . . . . . - . ~~~ - ~ ..-~-.--”--. 

0 0.01082 0.01086 1.0037 
0.1 0.01 199 0.01 191 0.3933 
0.2 0.81322 0.01307 0.9884 
0.3 0.01452 0.01435 0.9883 
0.4 0.01588 0.01574 0.9912 
0.5 0.01‘732 0.01726 0.9965 
0.6 0.01883 0.0189Q 1.0037 
0.7 0.02044- 0.02068 1.0117 
0.8 0.0221 3 0.0226 1 1.0217 
0.9 0.02393 0.024@3 1.9313 
1 .o 0.02583 0.0269 1 1.0418 

been requested. Destephcn’s code has bccn used to calculate k for a foamboard 

containing HCFC-22 3042 ‘lhe “MIT niodel’ has been used to calculate k (t) foi a 

number of cascs. Results obtained with these two modcis will be discussed in the 

following paragraphs. The, MI‘T model as modified for use et OMML has been I’M as 

MITE3.EOR. ‘Thc code MlTB can he used to study the effect 011 k (t) of changing 

propelties or conditions. The code has been used to simulate expeiincntal rcsulis t o  

test data treatrncnt strategies. Siinulatcd k (t) caii be used to examine ways of labeling 

thermal pcrfoimance, tcsting foamboard products, or changing tha manufacturing 

process. 

One important objective of the modeling ehrt  is to provide meaiiingfui thermal 

performance criteria for the consumer. nae ci~rrcnt practice22 iiivolves a thcrmal 

resistancc evaluation 180 d aftcr production. T h i s  approach may not be adequate 

because thc product will normally be in use for many years. The use of a time-average 

k, or time-average r-value is  one alternate to the 180-d value that is in use at present. 

The time-average values can be determined from simulated k (t) or an empirically 

derived k (t): 



7 

The t* in Eq. (12) is thc lifetime of thc insulation that must be assigned t o  Iix kd- 

The result for k, depends on the value selectcd for t*. An empirical expression for k (t), 

Eq. (131, for a foamboard produced with EiCFC-22 was used to calculate k, (t*)/k (?4) as 

a function of t*.30 The term k (3/2) is the apparent thermal conductivity obtained from 

the correlation at 180 d: 

Table 23 contains a few values for the ratio k, (t")k ( Y 2 )  for the developmental 

product containing HCFC-22. The ratios in Table 23 indicate that the r-value of the 

foamboard is overstatcd by thc 180-d values by as much as 10%. 

Table 23. k (t*}/k (Ih) for an unfaced foamboard product initially 
containing HCFC-22 

l.__l 
t* (years9 k, (t*)/k (lh) 

5 1.074 
10 1.088 
20 1.095 
m 1.103 

Ratios were computed using k" = 0.2521, k" = 0.1694, p = 2.557 year-', and k (%) = 

0.2286. The constant, p, is related to the timc required for 50% of  the product aging to  

take place (tw9 by the expression t (Vi} = * ~n 2 (ref. 30). 

Variation of the parameters in Eq. (13) shows that the ratio k, (t")/k (3h) can 

exceed the value 1.10, as shown in Table 23. Calculated ratios as high as 1.219 indicate 

r-value overstalements as high as 21.9% in Table 24. 
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Table 24. Calculated values for the overstatemcrnt of a-vaiuc 
by the 180-6 criteria 

{[k,(t*)k(%)] - I )  x low 
-... ...... - ... ..._..-.. .......... ___ 

t* = 5 t* = 50 (years) 
_.,- ...... 

0 (years-') k" 

0.15 0.10 2.0 10.2% 13.0% 
_I 

k" ---_ 

5.0 1.4 2"7 

0.20 0.10 2.0 
5.0 

0.20 0.14 2.0 
5.0 

16.4 21.9 
2.2 4.1 

9.1 12.1 
1.3 2.4 

"The calculation assumes Eq. (13). 

Figure 24 S ~ Q W S  R result obtained with Destcphen's model using kr as an 

adjustable 

a procedure suggcsted by Ratty et 

solid curves in Fig. 24 were computed on the assumption that the diffusion coefficient 

for HCFC-22 equals that of CFC-12. Tne point.. in Fig. 24 represent measurements over 

tinre on foamboard specimens that were stored and repeatedly measured. 

l%e solid-phase contribution, kb, was calculated in this case using 

'IXe calculated theriral resistivities indicated by 

7.2 CALCULATIONS WITH THE MITB PROGRAM 
'l'he program MITE3 has been run €or a variety of conditions to show the effect 

of specific properties on k (t). In all of the cases to be discussed, Ir, and k, were 

fkcd at 0.019204 Btu *irn./ft2-hr so F and Q.044371 Btu -in./ft'-hr-" F, respectively. The 

pcrrneability data were taken from Ostrogorsky,' and a uniform temperature of 76.7"F 

was assumed. The permeabilities from Ostrogorskgr will be referred to as the "standard" 

values." Figures 25 and 26 show calculated values for Pn [IO0 k (t)] as a function of 

Jtk. This particular representation is shown because of the data analysis discussed 

*D (0,) = 46.79 x cm2/s; D (N2) = 7.60 x cm2/s; and D (CFC-11) = 

19.8 x lo-'' cm2/s. 
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Fig. 26. The thermal conductivity as a function of time calculated with MITB for a 5.08-cm-thick foamboard 
produced with CFC-11. The long-term aging period is shown. 
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elsewhere in this rcpoie. ' 1 % ~  curves shown In Figs. 25 and 24 were computed using 

MITT? with standard permeability data, CFC-11 as the foam gas, and 5.08 cm (2.0 in.) as 

the foanaboard thickness. Figure 25 shows Pn [lo0 k, (t)] for dtlx up to about 408 d. 

The 188 d value for s t /x  is 2.64, and k i s  0.144. Thc calculated curve clearly shows that 

k (t) or tii El00 k (t)] has not attained a steady value at 180 d. Figurc 2b extends the 

curve for k to J t / x  of 100. This calculatiori indicates a changing thermal resistance over 

h g  time periods. The hcrizoiital scales in Figs. 25 and 26 differ by a factor of 10. The 

calculated rcsults, however, show that the aging process extends over a long period of 

time m e n  for the relatively thin specimen being modeled. 

The calculated k shown I n  Figs. 25 and 26 was used to calculate dilfurion 

coefficients by assuming that d [h 103 k (t)]/ddt/x cquals D. 'Ihc calculated valucs for 

Pn [loS k (t)] for dthc for 1.078 (approximately 30 d) to 2.641 (approximately 180 d) 

were fit  to a linear expression in $t/x by the method of least squares. The slope of the 

line that was obtained was used to calculate a D df 14.17 x crn2/s, aind this value was 

taken to be an average value for air. 'Thc diffusion coefficient data used to generate the 

cuwc were 46.79 x 10.' cm2/s for 0, and 7.60 x cm2/s for N,. If the composition of 

air is takcn to be 0.21 mol fraction O2 and 0.79 mol fraction N,, then the average value 

for air based on mol fractions was 15.83 x 10' cm2/s, a number that is about 12% 

greater than the value obtained by analysis of thc calculated results. An apl9lIcation 

of the same procedure to calculate D2 from k, for qt/x from 6.469 (about 3 ycars) to 

25-06 d"/cm (about 44 years) was not as successful. Thc irqrut value €or the diffusion 

coefficient of CFC-11 was 19.83 x lo-'' cm2/s, whiie the analysis of the calculated results 

gave 7.65 x 10 *' cm2/s. Unfortunately, the D obtained from analyses of thc calculated 

results i s  sensitive to the data set input to the least-squares calculation. A positive 

observation, however, is that the order-of-magnitude predicted for the D's is correct and 

that agreement may be si-ifficient for many purposes. 

The output from MITB includes cell-gas pressures as a function of time. In the 

case of the "standard" data set and an unfaced loamboard thickness of 5.08 cm, the 0, 

diffusion is essentially complete at about 200 d, whilc the N, diffusion coiitinues for at 

least 350 d" This timing would suggest that the previous result for t < 180 d be 

interpetcd as an air result. As with any such model, the program MITB can be used to 

study the effect on calculated quantitics of changing input parameters. Figurc 27 shows 



73 

Q
l 

N
 I 

0
 

6, 
C

I 
LT 
m

 

P B 8 J
 

z
 

... 0
 

X
 

0- 



7 4 

early-time values for In [IO k (t)] for three values of the permeability of 0, and N,. 

The permeability for thc foaming gas, CFC-11, i s  the same for the three cui-ves in 

Fig. 27> while the air component difftision coefficients were increased and decreased by a 

factor of 10, P x 10 and P x 0.1. 'The three curves show the ielativcly large change that 

would occur in k measured at 180 d after manufacture ( s t k  = 2.64) and, more 

importantly, they show that for a fast diffuscr (P x 10) the 180-d value would be a more 

appropriate measure of thcmmal performance than €or a slow difluser (P x 0.1). 

Figure 28 shows calculated k for relatively long times for a range of values for the 

permeability of the foaming gas. Air properties were held constant for the four cuivcs 

shown in Fig 28. The curve extends to J t /x  = 20, which is  about 28 years for x = 5.08. 

The cu~vcs are labeled to indicate the multiplier for the foam-gas persncability, P. A 

definite break in the slope of the curves indicates a change in the primary diffusing 

species. pall four curves would eventually reach the same limiting value but, as shown by 

thc figure, thc time required is different. The average k foi a finite age such as 20 years 

is significantly different, although the 1804 values for k are not significantly different. 

The CILI-VCS converge at sm time values bccausc the dominant diffusing spccies is air, 

and the air permcabi!ity was thc same for all four calculations. 

Am interesting observation results from running MITI3 for a sequence of 

thicknesses ranging from 2.54 cm (1  in.) to 30.48 cm (12 in.). Figure 29 shows k as a 

function of t for five foamboard thicknesses obtained using standard paranicters. These 

results were used to calculate k(20) and k(2B)/k(1/2). Table 25 shows calculated results 

for the five thicknesses. The second entry in the table for 30.48 cm shows the effect o f  

increasing the number of pseudo-cells used in the calculation from 11 to 21. 

The ratios k(20)/k(1/2) shown in Table 25 exceed 1.21 and indicate a relative 

maximum for thicknesscs near 30.48 cm. 'Ihis maximum can be rationalieed by 

examining the curves in Fig. 30. The lower curve, k(1/2), approaches a low-constant 

value for large thicknesses, since the fraction of a large specimen that is penctrated 

by air at 180 d is small. The upper curve, representing k(20), decreases for all 

thicknesses, as shown in Fig. 30. The two curves have the same value at thickness zero 

and thickness 00, so a relative extrema in the difference between the two curves follows 

from Rolle's Theorem. 
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Fig. 32. Calculated foamboard thermal conductivities with standard CFC-11 diffusion coefficient and the CFC-11 
diffusion coefficient set equal to  zero. 
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Table 25. The ratio k(20)/k(1/2) from simulator results at five thicknesses 

Thickness k( 112)~ k(20jb 
[cm (in-)] (Btu?n./ft2.hreaF) (Btu .in./ft2-hr-aF') k(20)/k( 1/2) 

2.54 (1.0) 0.1813 0.2306 1.272 
5.08 (2.0) 0.1628 0.2018 1.240 

10.16 (4.0) 0.1418 0.1891 3 334  
30.48 (12.0) 0.1230 0.1647 1.339 
30.48 (12.0) 0.1245 0.1660 1.333 

7.62 (3.0) 0.1503 0.1934 1.287 

"1/2 = 180 d. 
'20 years. 

The apparent thermal conductivity of a foamboard has a strong dcpcndcnce on the 

ccll-gas composition. The cell-gas composition is, in turn, dependent o n  the initial pressure 

of the blowing gas. Figure 31 shows calculated apparent thermal conductivities for foams 

with initial cell-gas pressures from 0.6 to 1.4 atmospheres. The four curves in the figure show 

k at 200 d, 1000 d, 5000 d, and 10,ooO d. These curves prcdict that the effect of the initial 

pressure persists for the fife of thc foam. 

The curves in Fig. 32 were obtained with MITB executed with "standard" diffusion 

coefficient data, Curve A, and with the diffusion coefficient for the blowing gas, CFC-11, set 

equal to zero, Curve B. Curves A and B are nearly identical for the first 4013 d, but diverge 

for larger times as CFC-11 is lost from the foamboard. Curve B becomes constant at 

k = 0.1822 Btu-in./ft2-hr-oF for t > 2500 d (6.8 years), while Curve A continues to 

increase slowly at t = 10,000 d (27.4 ycars). The k on Curve A is 13.4% grcatcer than the k 

on Curve B at t = 10,OOO d. Figure 33 shows calculated k for four foamboard thicknesses 

obtained with standard diffusion cocfficients for N,, O,, and CFG-11. Curve E in Fig. 33 was 

generated with the diffusion coefficient for GFC-11 set equal to zero. 

7.3 A PENETRATION MODEL 

The prcviously discussed observation that d [On 100 k (t)]/d(ft/x) is approximately 

linear in certain time intervals is supported by a "penetration" model that will be described. 

The basic idea is that gas diflusing into a foam creates a region in which the gas composition 

has changed, a penetrated region, and a region that has not been disturbed. The depth of 
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the penetration region increases with -ft until the center of the foamboard is disturbed. 

The penetrated region arid the undisturbed region are taken as rcsistances in scries to 

obtain an expressim for Pn [k(t)] that is approximately linear with respect to J t  with a 

slope :hat is pioportional to $a>. 

The starting assumptions for the "penetration" model are additivity of the heat 

transfer modes k,, kg, and k, and treatment of the foarnboard as a semi-infinite medium 

for limited time periods. A step-change in the concentration occurs at the surface of the 

foamhoard at t 

thc corresponding heat conduction problem:35 

0 and persists for t > 0. A solution for C (x, t> can be adapted from 

( C / Q i  = Ci(Xi , t)/Ci(0J) = 1 -- ePf ( X / 2 / q  ) . (14) 

Equation (14) can be used to definc a depth, xp, where (C/Co) equals 0.01. This depth is 

referred to as the penetration depth and forms a region in which the ccll-gas 

composition has been changed: 

The penetration concept provides the following representation for C (x, t)i: 

The average concentration of species i at time t = Z and x between 0 arid X, is given by 

A change in the variable of integration yields the result that Ci is a constant that is 

independent of x or  time. 'The penetration depth, however, is proportional to rt. If the 

penetrated region is idcntified as having k, - k; + Ak,, then, 



and 

.= k, + K; + k," 

The quantities k, and k, are constants, but the sizes of the regions for which they are  

valid vary as J t .  Region 1 with apparcnt thermal conductivity k, is valid for x in 

[0, 3.6 (Dt)"], while Region 2 with apparent thermal conductivity k, is valid foi- x in 

13.6 (Dt)", L/21, where L is the thickness of the fbarnboard. 

The apparent thermal conductivity for the foamboard, k (t), with diffusing spccies 

"one" is 

Differentiation of Eq. (18) yields 

or 

The term in brackets on the right-hand side of Eq. (20) is expected to be in the range 

0.15 to 0.25, arid this suggests that D predicted from the square of the derivative in 

Eq. (20) should be multiplied by a factor in the range 0.85 to 0.31 to get I),. 
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A derivation similar to the one sumrnarixd a b v e  leads to an expression for k (t) 

after the specimen is  saturated with air and the outward diffusing gas has created a 

regioii of changing cell-gas mmpositim near the surfaa. T%.c appaxmt thermal 

conductivity for this secmd diffusion period is labelcd R’((e) and 

where TI, is the diffusion coefficient for the slow diffusing species and kg* is the gas 

phasc conductivity aftel the air diffinsien is complete. As in the case of thc fast di€fming 

species, the bracketed term on the sight side of Eq- (21) is  exqxcted to be in the range 

0.15 to 0.25, and D, is  0.31 to 0.85 times the squarc of 64 Bka [IO0 k(t)]/d(.s$./L). 

The need and ~isefulness of foam-aging models has been demonstrated. f i s t i n s  

models show that the 180-d criteria €or characterieing the thermal perbormance of 

foambaard insulations containing a gas other than air substantially overstates the lifetime 

performance of t k  product. The existing models can be used to study factors such as 

thickness and initial gas pressures on lifetime thermal pcrformancc. &4 two-region 

penetratinn mode‘s has been proposed and used to partially justify- the identification of 

diffusion coefficients with the square of the experimentally determined dcri-vative 

d (En [IO0 ka (t)]/d (JtJL). 

A continued effort is needed to extend the existing models to thrce dimensions 

and to incorporate a variety of surface conditions into the calculations. Thc existing 

code, M I m ,  should be extended to three dimensions and used to justi€y ncw criteria for 

labeling foamboard products. Improved models can be tnsed to guide the development of 

new foamboard products since k (t) can be predicted from property data. Mefincment of 

the penetration mode\ could be useful in providing alternate ways to analyze transient 

heat flow data. 



8. CONCLUSIONS 

This report presents k-valucs on a set of industry-produced, prototypical, 

experimental PIR laminated boardstock foams blown with fivc gases: CFC-1 I, 

XXCFC-123, HCFC-141 b, and 50/50 and 65/35 blends of HCFC-123fi-ECFC-141b. The 

k-values were determined from 30 to 120°F using the ORNI, UTHA and the ORNL 

Advanced R-Matic Apparatus. The test results on panels with hcers provide an 

independent laboratory check on the increase in k observed for a 241-d field exposure in 

the RTRA. The observed laboratory increase in k for a 241-d field exposure was 

between 8 and 11%: CFC-11 (8.6%), HCFC-123 (ll.l%), and HCFC-14lh (9%). 

The laboratory tests show that, prior to the RI'RA exposure, thc k of the loam 

blown with the alternate gases were greater than that of the foam blown with CFC-11: 

HCFC-127 (5.5%) and HCFC-14lb (11.7%). After the 2 4 1 4  RTRA exposure these 

values werc HCFC-123 (7.9%) and HCFC-14lb (12.9%); after the 430-d RI'RA 

exposure these valucs were HCFC-123 (4.5%) and XICFC-141b (9%). The k of foams 

blown with the blends was about 5.8% greater than that of the CFC-11 blc,,wn foam prior 

to the R'P'RA exposurc. Foanis blown with blends after 300 d of RTRA exposure 

showed an increase in k of about 20% as a result of the RTRA exposure. 

Tht: k-values of a set of thin-specimen foam cores planed Crom these expcrimcntal 

boardstock insulation increase with time after production. The thin specimens were aged 

at 75 and 150°F for up to 290 d to establish the long-term thermal resistance of each o f  

the gas-filled cellular foams. For cach of the foams, the increase in k-values for 

specinmcns of three thicknesses can be described as an cxponcntial function trf k with 

tirne"/thickness. 'This dcpcndcncy shows two distinct lincar regions of behavior with m 

intermcdiate zone when the results are plotted as a function of tirnc"/thickncss, 

(dih/mm). The thinncst specimen reached larger values of tirne'%hickness sooner than 

the thicker spet;imen for the same time of aging (k, aging is acceleratcd). 

The first linear region was associated with the increase in k because of the influx 

of air components {02, N2), and thc second, lower slope, linear region was associaled 

with the loss of blowing agent from the foam. 'Illis yiclded cffcctive diffusion 

coefficients (ID) for air components into the foam and blowing agent out of the foam. 

The D (air) values for aging at 75°F were between 1.5 x c d / s  and 2.5 x ~rn'/s, 
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and D-values for aging at 150°F were three to seveii times larger. 'IRc D (blowing 

agent) values for aging at 95°F were between 1.8 x IO-" cm2/s and 12 x IO-'' cm2/s and 

increased two to four times for aging at 150°F. Activation energies of 3500 to 9500 

cal/mol were obtaincd for these processes. The accelerated aging test results provided 

an estirxiatc of S-ycar thermal resistivity (1k) of these experimental foams at 75°F that is 

within 12% of that obtained for foams blown with CFC-11 uncles similar conditions. 

The MIT coiiiputer program that models foam aging was programmed in Fortian 

(MIl'B) and used to predict the k of foams for a variety of conditions. These 

simulations using MITB showed that the D valuca from the accelerated aging tests are of 

the correct order of magnitude and q a y  be sufficient for inany purposes. The 

simulations and the aging tests show that the ASTM 180-61-after-.manufacturi: test i s  an 

inadequate description of long-term k-values. The MITB program was used to show the 

effect of changing the permcability of O,, N,, and blowiiag agent; the effect of specimen 

thickness; and the cffect of initial blowing agent gas pressurc on the long-term k-value of 

foams. 

The cooperative industry-government project provided the opportunity for 

manufacturers, uscrs, and measurers to bring their combined talents to focus on  an initial 

solution to the global issue of reducing CFC use in PIR foam insulations. ORNL 

should recommend this type of project to the producers of other types of foams 

(e.ge7 polysiyrene and phenolic). The cooperative project has raised a number of 

interesting questions arid results that deserve further study, and thesc arc given below. 

1. The project test results create a valuable data base for the initial set of industry- 

produccd experimental, prototypical PIR laminated boardstock foams. ORNL 

should recoinmend close examination of these by industry to produce and start 

tests on a cooperative project on the next generation of improved foams blown 

with altetmative agents. 

2. A thin-specimen accelerated-aging test procedure was validated by laboratory tests 

of specimens aging at 75 and 150°F. ORNL should use these results to help 

draft an ,4STM C 15 standard procedure for the determination of the long-term 



thermal resistance of gas-tillcd cellular plastic foams. A scape has been drafted 

and balloted by ASTM C 16.30, August 31, 1990. 

3. The thin-specimen accelcrated-aging test has yielded order-or-magnitude effective 

diffusion coefticients (D) for 0,, N,, and blowing agents and process activation 

energics. Since these are intluenced by the foam structural properties (Le., eel1 

size, wall thickness, and Eraction of  solid in walls), determination of D could guide 

product evaluation and devclopment. ORNL should work with industry on a 

cooperative project to  obtain D values by this techniquc on products with 

significantly different structural characteristics (Le., thicker walls, smaller cells, and 

larger fractions of solid in walls). 

4. The thin-spccimen acceleratcd-aging procedure should be applied to field tests 

(c.g., RTRA paneb composed of thin specimens) to sec how the procedurc works 

and compares to laboratory aging. 

5. The thin-spccimcn acwlerated-aging procedure requires planing thick specimens 

to a known and unilorm thickness below 0.4 in. (IO mm). ORNL should obtain 

~ ~ ~ n i ~ ~  equipment to produce unidist ~ ~ - ~ ~ ~ c k n ~ s s  specimens and a means to 

measure this. For examplc, NIST has a large flat table with ;1 dial gage to 

tTlUlSilIe SPCiX"C3 thiCkllesS QVCF the board ?Ired. 

6. All means Ita verify and Lo crm6rm she ~ ~ i ~ ~ - ~ ~ c c ~ ~ ~ n  pr~ced~iae should be 

cxplorcd bccause this provides a rapid rn~aiis lo, yrediel thc long-term thermal 

p e r f c ~ m a n ~ c  of foam insulations, and thc prcsent AS 

~~~~~~~~~~~~~~" The ctirrent initial effort on applying modding is one such means to 

justify a description of the process wing the ~ x ~ e ~ ~ ~ g ~ ~ a ~ ~ y  detzrrnined derivative 

L §hOUid extend she 

~ ~ t ~ ~ ~ n ~ ~ ~  Research Council of Canada. 

7. Interesting results obtained by applying the MITE3 program suggcst additional 

tests of cinrrent foams and new foams. For example, calculations show that thc 

27-year, long-tcrm k is reduced from 0.19 to 0.16 Btu-in./hA2~"F (16%) if thc 

initial blowing-agent pressure is increascd from 0.6 to l.4-atm pressure. ORNE 

should work with industry on a cooperative project to demonstrate this dramatic 

improvement in performance. To help support the cxperimental and modeling 
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efforts, ORNL should obtain equipmerit to measure the gas pressure and 

composition as a function of time after nnamu€acture. 
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Table Al. Advanced R-Matic Apparatus k-results on RTRA 
panels prior to installation 

CFC-11, 2.782 1b/ft3 

Hoards 1 f 2 B a r d  1 Board 2 

(66 d) (68 d) (09 d) 

t k t k t k 

30.20 0.1233 30.13 0.1237 29.17 0.1265 
60.98 0.1245 60.71 0.1258 60.71 0.1278 
75.65 0.1312 75.49 0.1317 75.50 0.1342 
90.23 0.1406 90.18 0.1382 90.15 0.1413 
119.84 0 . 1 w  119.73 0.1527 119.73 0.1577 
74.62 0.1322 
121.66 0.1582 

k = 6.9S7 x + 6.371 x lo4 t + 1.0725 t-I, i1.18%” 

HCFC-123, 2.778 lb/ft3 

72 d 73 d 74 d 

30.101 0.130: t 30.176 0.1366 30.173 0.1356 
60.884 0.1396 60.776 0.1280 60.748 0.1371 
75.594 0.1461 7551s 0.1448 75.5 16 0.1450 

0.15 16 90.356 0.1541 90.758 0.1524 
119.892 0.1700 119.842 0.1698 119.749 0.1668 
74.656 0.1432 74.199 0.1414 
121.690 0.1721 

!B. 105 

k = 7.857 x + 6.564 x lo4 t f 1.1616 t.’, il.S6% 

HCFC-l4lb, 2.724 Ib/ft3 
~ ~~- ~ 

78 d 8 0 d  81 d 

29.171 0.1521 30.300 0.1518 30.249 0.1463 
60.955 0.14b3 60.800 0.1472 hO.033 0.1445 
75.714 0.1536 75.383 0.1537 75.440 0.1515 
90.331 0.1613 90.215 0.1622 90.208 0.1596 
119.937 0.1801 1.19.785 0.17% 119.705) 0.1764 
73.813 0.1594 
12 1.758 0.1803 

k = 8.074 x 10’ f 6.936 x lW4, t f 1.4529 t-’, &1.89% 

fICFC-l4lb, 2.724 ib/ft3 

83 d 85 d 8 6 d  
_ _  

30.032 0.1489 30.300 0.1453 30.2Li8 0.1464 
60.158 0.1465 60.800 0.1411 60.62.u 0.1409 
78.474 0.1513 75.290 0.1466 74.3m 0.1447 
90.302 0.1575 90.171 0.1542 90.072 0.1526 
119.893 0.175 1 119.740 0.1723 119.817 0.1674 
77.352 0.1520 
121.706 0.1795 

k = 7.082 x 10.’ + 4.323 x lo4 + 1.6307 C1, il.5% 

“Average percent deviation. 
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Table A2. Advanced R-Matic Apparatus results on K"l panels 
prior to installation 

t k 

m.s4 
75.51 
90.34 
119.9s 

0.1356 
0.1430 
0.1513 
0.1670 

k = 0.1032 b- 5.315 x lo4 t, n0.40% 

65/35 blend, 2.778 1b/ft3 

(21 d) 

Boards 1 .+- 2 

t k 

60.57 
45.42 
90.35 
120.00 

0.1356 
0.1431 
0.14% 
0.1646 

k = 0.1061 f 4.8344 x t, ,t0.40% 
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Fig. AI. The temperature dependency or the thermal conductivity of boardstock 
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Fig. A2. The temperature dependency of the thermal conductivity of boardstock 
blown with HCFC-123. 
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Table A?. Thermal conductivity results on RTRA panels after 4304 exposure 

- .- - 

1. CFC-11, Boards T3B9 (1 and 21 

Advanced R-Ma 

30.37 
37.76 
43.05 
49.26 
56.32 
75.76 
98.70 

120.02 

Apparatus (532 d) 

A = C1.3842 

k = 9.115 x + 6.342 x 10'' t + 1.279,h 

2. HCFC-123, Boards T2B7 (1 and 4) 

(533 d) 

I 1 A = (4.3892 

.1842 
0.1738 
0,1838 

- ~ .- 

k = 1.081 x 10-* + 5.711 x t + 8.872 x 10" 
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Table A3. (continued) 

3.  HCFC-l4lb, Boards TlB8 ( 3  and 7), White 

Advanced R-Matic Apparatus (525 d) 

3PDM 

UEIA (519 d) 

121.02 
99.54 
75.26 

0.1904 
0.1796 
0.1694 

4. H-ICFC-14lb, Boards T1B8 (5 and 61, Black EPDM 

Advanced R-Matic Apparatus (519 d) 

29.26 
37.70 
42.97 
49.30 
56.30 
75.68 
98.61 

119.90 

I 

UTHA (527 d) 

A = 0.3556 

k = 1.0358 x 10-' + 6.532 x t + 1.317/t 
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Table A3. (continued) 

5. 50/50 Blend, Boards T1B6 (3 and 4) 

Advanced R-Matic Apparatus (314 d) 

t k 
(Btu h / h  - f t 2 a 0  F) 

30.26 
37.67 
43.94 
49.26 
56.29 
75.68 
98.83 

119.89 

0.1611 
0.1571 
0.1557 
0.1556 
0.1564 
0.1645 
0.1759 
0.1 865 

UTHA (309 d) 

t k 
1 (B tu in .k  f t2  P F) 

121.09 0.1832 
99.01 0.1735 

I A = 0.3873 

k = 9.910 x + 6.267 x t + 1.2903/t 

6. 65/35 Blend, Boards 'EB5 (I and 2) 

Advanced R-Matic Apparatus (310 d) 

30.25 
43.85 
56.40 
75.62 
98.61 

119.93 

0.1588 
0.1 547 
0.1566 
0.1646 
0.1760 
0.1855 

UTHA (314 d) 

A = 0.3702 

k = 1.068 x 10.' f 5.763 x lo4 t C 1.830/t 
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APPENDIX B. VAL,UIEs OF "FNUE QUANTTI"Y t/h2 FOR 
THE TEST RF3 T A B B  14 A 
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Table B1. Values of t/h2 in d/mm2 for the k-values given in Table 14 
(aging at 75°F) for the thicknesses given in Table 7 

Age Age 
(4 Board CFC-1 3 HCFC-123 HCFC-14lb (d) 50/50 65/35 

3 1 
2 
4 

17 1 
2 
4 

51.5 1 
2 
4 

106.5 1 
2 
4 

190 1 
2 
4 

290 1 
2 
4 

0.0027 
0.0081 
0.0294 

0.0156 
0.046 1 
0.1667 

0.0473 
0.1397 
0.5048 

0.0978 
0.2889 
1.0041 

0.1745 
0.5154 
1.8627 

0.2662 
0.7865 
2.8429 

0.027 
0.0085 
0.0294 

0.0152 
0.048 1 
0.1667 

0.0462 
0.1457 
0.5048 

0.0955 
0.3013 
1.0441 

0.1703 
0.5367 
1.8627 

0.2600 
0.8205 
2.8429 

0.0027 
0.0082 
0.0300 

0.0156 
0.0466 
0.1700 

0.0473 
0.1412 
0.5150 

0.097s 
0.29 19 
1.0650 

0.1745 
0.52013 
1.9oOo 

0.2662 
0.7950 
0.28999 

2 0..0020 
0.0067 
0.0217 

42.5 0.0423 
0.1428 
0.4612 

74.5 0.0741 
0.2503 
0.8082 

127 0.1264 
0.4268 
1.3780 

0.0022 
0.0068 
0.0217 

0.0469 

0.4612 

0.0822 
0.2547 
0.8082 

0.1402 
0.4343 
1.3780 

0.1453 
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Table B2. Values of (t/h2)" in (d/rnrn*)* for the k-values given in Table 14 
(aging at 75°F) for the thicknesses given in Table 7 

Age A F  
(4 Board CFC-11 HCFC-123 HCFC-14lb (d) 50150 65/35 

3 1 
2 
4 

17 1 
2 
4 

51.5 1 
2 
4 

106.5 1 
2 
4 

198 1 
2 
4 

290 1 
2 
4 

0.0519 
0.09Q2 
0.1715 

0.1249 
0.2147 
0.4882 

0.2175 
0.3738 
0.7105 

0.3127 
0.5375 
1.0218 

0.41 77 
0.7179 
1.3648 

O.Sl(i0 
0.8869 
1.6861 

0.0518 
0.0921 
0.1735 

0.1234 
0.2193 
0.4883 

0.2149 
0.3817 
0.7105 

0.3090 
0.5489 
1.0218 

0.4127 
0.7332 
1.3648 

0.5W 
0.9058 
1.6861 

0.0525 
0.0907 
0.1732 

0.124s 
0.2153 
0.4123 

0.2175 
0.3757 
0.71 76 

0.3127 
0.5403 
1.032 

0.4177 
0.7217 
1.3784 

0.5160 
0.8866 
1 .TO29 

2 0.0446 
0.0820 
0.14'93 

42.5 0.2056 
0.3779 
0.6991 

74.5 0.2723 
0.5003 
0.8990 

127 0.3555 
0.6533 
1.1739 

0.04'90 
0.0827 
0.1473 

0.2166 
0.3812 
0.4791 

0.2867 
0.504'7 
0.8990 

0.3744 
0.6590 
1.1739 
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Table B3. Values of t/h’ in d/mrn2 for the k-values given in Table 15 
(aging at 75°F) for the thicknesses given in Table 7 

Age Age 
(d) Board CFC-11 HCFC-123 HCFC-14lb (d) 50150 65/35 

1 .5 1 
2 
4 

13.5 1 
2 
4 

43 1 
2 
4 

114.5 1 
2 
4 

185 1 
2 
4 

0.00 14 
0.0055 
0.0198 

0.0130 
0.0496 
0.1783 

0.0414 
0.1579 
0.5651 

0.1104 
0.4205 
1.5126 

0.1784 
0.6795 
2.4442 

0.0014 
0.0056 
0.0208 

0.0129 
0.0502 
0.1869 

0.0412 
0.1598 
0.5952 

0.1098 
0.4257 
1.5848 

0.1773 
0.6879 
2.5603 

0.0015 
0.0056 
0.0198 

0.0131 
0.0505 
0.1783 

0.0417 
0.1608 
0.5681 

0.1111 
0.4284 
1.5127 

0.1795 
0.6921 
2.4442 

1.5 0.0015 
0.0050 
0.0132 

29.5 0.0293 
0.0989 
0.2577 

62.5 0.0622 
0.2077 
0.5460 

118.5 0.1179 
0.3936 
1,0351 

0.0014 
0.0049 
0.130 

0.0285 
0.0969 
0.2552 

0.0603 
0.2052 
0.5408 

0.1 143 
0.389 1 
1.02S4 
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Table B4. Values of (t/h2)" in (d/mm2)" for the k-values given in Table 15 
(aging at 150°F) for the thicknesses given in Table 7 

Age Age 
(4 Board CFC-11 HCFC-123 NCFC-14lb (d> 50/50 65/35 

1.5 1 
2 
4 

13.5 1 
2 
4 

43 1 
2 
4 

1 14.5 1 
2 
4 

185 1 
2 
4 

0.0380 
0.0742 
0.1408 

0.1141 
0.2227 
0.4223 

0.2036 
0.3974 
0.7537 

0.3323 
0.6485 
1.2299 

0.4224 
0.8243 
1.5634 

0.0379 
0.0747 
0.1441 

0.1 137 
0.224119 
0.4323 

0.2030 
0.3998 
0.49 15 

0.3313 
0.6525 
1.258'6 

0.4211 
0.8294 
1.6001 

0.0382 
0.0749 
0.1488 

0.1145 
0.2247 
0.4223 

0.2043 
0.4810 
0.7537 

0.3333 
0.6545 
1.2299 

0.423 7 
0.83 19 
1.5634 

1.5 0.03% 
0.0706 
0.1147 

29.5 0.1713 
0.3130 
0.5076 

62.5 0.2494 
0-455'7 
0.7389 

118.5 0.3434 
0.6274 
1.0174 

0.0380 
0.0702 
0.1139 

0.1687 
0.3113 
0.5052 

0.2455 
0.4530 
0.7354 

0.3381 
0.6238 
1.0126 
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Table B5. Data excerpted from computer runs by MIT (26) 

Specimen thickness: 5.08 mm 

Days 

0.78 
1.28 
2.78 
5.28 
7.78 

10.53 
14.78 

k (Btu -in. -h +ft2-" F) 

0.1452 
0.1521 
0.1627 
0. I709 
0.1752 
0.1780 
0.1807 

Specimen thickness: 50.8 mm 

Days 

21.0 
40.0 
83.0 

123.0 
163,O 
305.0 
505.0 
705.0 
905.0 

1105 
1305 
2605 
4905 

k (Btu .in. -h .ft2-' F) 

0.1303 
0.1367 
0,1461 
0.1515 
0.1555 
0.1640 
0.1704 
0.1762 
0.1767 
0.1784 
0.1798 
0.1848 
0.1905 





APPENDIX C. FORTRAN CODE KMKFOR 
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Equation for KMIX. 

knlir = c I:, [ ]Y ] 
xi + c 9 ,  xi 

Mi = molecular weight of component i 

xi  = mole fraction of component i 

ki = thermal conductivity of component i ( w m  K )  
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Sample input and output for KMIX for a three-component mixture. 

I. :I. 
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! ,. 



APPENDIX D. FORTRAN PROGRAM TO TMlXEmNT TEE 
CALCULATION OF THE THERNAE CONDUCPIVITY 

EQUATION LB.FOR 
OF GAS MUCITURES USING THUE LINDSAY-BROMLEU 





129 

Lindsay-Bromley 

Si = 1.5 TE 

p, = viscosity for species i 

T, = normal boiling point for component i 
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APPENDIX E. FORTRAN CODE MARIOI'OR WITH 
SAMPLE INPUT 
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