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EDITORS NOTE 

Although ORNL has a policy of reporting its work in SI metric units, this report uses 
English units. The justification is that the insulation industry at present operates 
completely with English units, and reporting othenvise 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. 

Pro per tv 

Dimension 

Dirneiision 

Dimension 

Density 

Energy 

Mass 

Mass 

Permeance 

Prcssure 

Pressure 

Prcssure 

Temperature 

Temperaturc 

Temperature difference 

'Thermal conductivity 

Thermal resistancc 

Thermal resistivity 

Unit used 

in. 

ft 

mil 

Ib/ft3 

Btu 

OZ. 

Ib. 

c c h 2  - 24 h . atm 

Btuh  

mrn Hg 

psi 

"F 

"F 

"F 

Btu . in./lh * ft2 - "F 

h ft2 + " F/Btu 

h ft2 - ' F/Btu - in. 

SI eyiiivalent 

25.4 mm 

3.3048 rn 

3.0254 mm 

16.02 kg/m3 

1055 Joules 

0.02835 kg 

0.4536 kg 

5.097 f mol/m2 ' S  .Pa  

0.2929 W 

133.3 Pascal 

133.3 Pascal 

6894.8 Pascal 

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

K = (S/9)("F-32) 4- 273.2 

"C = (5/9)"F 

0.1442 W/m - K 

0.1762 K m2/W 

6.933 m - KIW 

x i i i  





A REVIEW OF VACUUM INSULATION RESEARCH AND DEVELOPMENT 
IN THE BUILDING MATERIALS GROUP OF W E  

OAK RIDGE NATIONAL LABORATORY* 

T. G. K o k ,  D. L. McElroy, H. A. Finet, 
K W. Childsf, R. S. Graves, and E J. Weaver 

This report is a summary of the development work on flat-vacuum insulation 

perforrncd by the Building Materials Group (BMG) in the Metals and Ceramics Division 

of the Oak Ridgc National Laboratory (ORNL) during the last two years. A historical 

rcview o f  the technology of vacuum insulation is presented, and the role that ORNI, 

played in this development is documented. 

The ORNL work in vacuiim insulalion has been concentrated in Powder-filled 

Evacuated Panels (PEPS) that have a thermal resistivity over 2.5 times that of insulating 

foams and seven times that of many batt-type insulations, such as fiberglass. 

Expcrirncntal results o f  substituting PEEPS for c ~ ~ o r ~ ~ f l ~ ~ ~ r o c a r ~ n  (CFC) foam insulation 

ration ice m l c r s  are summarized. This work d e ~ ~ ~ ~ ~ s t r a ~ e d  that onc- 

dimensional (ID) heat flow modcls overestimated thc increase in tknernial insulation of a 

foamPEB-compmite insulati~n, but t h ~ ~ e - ~ ~ m ~ * ~ ~ ~ ~ ~ i ~ ~  (3D) modcls provided by a hi tc-  

difkrence, ~ ~ ~ ~ t - ~ r ~ y i s ~ ~ ~  code ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ )  accurately predicted rihc rcsis lance o f   he 

eompositcs. Edges and corners of thc iec coders were shown to C ~ U S C  the errors in the 

and around thc PEPS, Plic 1u models as well as shunting ol- the heat through the fua 

area of coverage of a PEP in a fCpaniPEP corn site is established as an impr tan t  

paraxnetcr in ~ a x ~ ~ ~ z i ~ g  the resistance of such composl tes. 

*Research sponsored by the US. Department of Ener , Assistant Secretary for 
Conservation and Renewable Energy, Office of Buildings Energy Rescarch, ~ ~ i ~ ~ i n ~  
Systems and Materials Division, under contract DE-ACOS-WOR214~N with 
Martin Marietta Eiiergy Systems, Inc. 

+Consultant to the Oak Ridge National Laboratory. 

*K-25 Site, Computing and Telecommunications Division. 
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The HEA’IIING-7 code was employed in a detailcd thermal analysis of Compact 

Vacuum Insulation (CVI) produced by the Solar Energy Research Institutc (SEWP). The 

large reduction in the thermal resistance of the @VI by the 8-rnil stainless steel cladding, 

used to contain the vacuum, is illustrated by direct measurements of the resistance of 

two CVTs and models of their use in composites with foam. The relatively high thermal 

conductivity of the stainless steel causes the decreased resistance of the CVI. Effects of 

area of coverage of the CVI in a composite insulation and the effects of the size of the 

CVI are documented by models. 

Polymer-clad vacuum insulation, such as the PEPS under study at ORNL, does 

not experience a decrease in resistance due to its cladding (barrier) material, but its 

thermal resistance docs decrease with time due to permeation of ambient gases through 

the polymer. This aging phenomenon is caused by the reduction of thermal resistance of 

the powder as the gas pressure insidc the PEP increases. The results of a literature 

survey to locate low-permeability polymcrs are presented, The state of the art for 

measurement of thc permeability of barriers is reviewed, and interlaboratoiy comparisons 

using a standard reference material (SRM) 1470 from the National Institute of Standards 

and ‘Fechnology (NIST) and a typical PEP barrier are discussed. A newly developed 

rncihod of non-dcstructive measurement of the internal pressure of a PEP was employed 

in aging tests that used He to accelerate the gas permeation rate through barriers by 

several orders of magnitude. Measurements of the thermal resistance of PEPS, as a 

function of internal pressures of air and He, were made as well as measurements of the 

pressure dependence of the powder used in the PEP. These resistance measurements 

are employed, along with the permeability measurements of the barrier, to predict the 

liEetimes of PEPS. 
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For pressures of 1 x IO4 torr or less, heat is transferred by thermal radiation as the 

mechanisms of thermal conduction and thermal convection are negligible. Thus, near or 

below room ternpcrature, a vacuum is onc of thc bcst insulators available. ?his fact has 

been recognized as far back as thc nineteenth century, when Sir Jatncs Dewar uscd the 

unique insulating capability or a vacuum in his calorimetry experirnen 1s'. Today, one of thc 

most common uses of Dewar's conccpt is the Thermos@* bottle, which is usually coristructed 

of a highly reflective, double-walled, glass container ia the shape of a cylinder or sphere. 

For example, the thcrmal raistdncc (R) providcd by two, infinite, parailel, brightly Imlishcci, 

a l ~ ~ ~ n u m  surfaces of emittance 0.035 that are separated by a v a ~ u u n i  is 54 h-ft'-"F/Btu at 

a 75°F' average temperature of the two surfaces. This value is independeilt of the 

scparation distance of the two surfaces and is typical of that achieved in alnermos bottles.+ 

Often, however, the cylindrical or spherical geometry of a Dcwar flask is not elc+x-xi, 

such as when designs call for flat plates. For flat plates there is a significant tcchnical 

roblem: how to hold two flat plates apdrt under the load of the atinosphcrc without 

ailowing thcm to touch e x c q t  at the edges where the vacuum seal is made, Melak. a i d  

lastics could he used as the plates, but the total u-inductarncc of the plates must be small 

so that heat is East shunted around thc vac~iu ~ ~ r ~ ~ ~ ~ ~ h  the vaciiaim seal of the plates. This 

requirement mandates that the plates be very e l a h  because the tlicrmal ~ ~ d L ~ c ~ ~ ~ ~ l ~ ~ s  (k) 

of metals and plastics are high. Unfortunately, t in sections c 9 f  these rnaterjals cnnnuh 

support the atmospheric Isad; thcrcforc, in practice, thc lates are supported by il. sulxtaprce 

placed within the vacuum spam betwecn the plates. 

have been used to provide this support. For cxampk, the Solar Energy Research Institute's 

(SERI) Compact Vacuum Insulation (WI) employs glass spheres spaced in a fsced- 

centered-cubic (kc)  array. The majority oE othcr dcsigns use powders, foanis, or fibers as 

f i k r  materials to support tbc load. The advantage of the latter dcsign is that thin sheets 

of plastic can provide the vacuum containment and the powder/foam/i?ber completely 

*Registered Trademark fo the Household Industries, Inc., Frecport, Ill. 

+In this report the units used for Wm. are h-ft2-"F/3tu-in. and for R are 
h-ft*-"F/Btu. The Wm. is the thermal resistivity of an insulation and is the reciprocal of the 
thermal conductivity (k) of the insulation. 
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supports the load; the thermal conductance of the plastic in these designs is negligible, On 

the other hand, the SEN-type design requires slieets of stainless steel or SQW other metal 

to contain the vacuum and to help support the atmospheric load. Only for CVh greater 

than 20 x 20 ft is the conductance of the steel sheets small enough so that thermal shunting 

of the steel is  negligible. 

This report is  a summary of the developmncnt work on flat-vacuum insulation in the 

Building Materials Group QBMG) of the Metals and Ceramics Division of the Oak Ridge 

National Laboratory (ORNE) during the last 2% years. 'ke principal work of thc BMG in 

vacuum insulation has been development of Powder-filled Evacuated Panels (PEPS). In 

addition, significant efforts have bccn devoted to measurements of R of CVIs. Discussion 

of this . iv~rk is included in this report. 

2.1 HISTORY 

During the early twentieth century, numerous attempts were made to fabricate flat 

insulation using Dewar's vacuum concept. However, none achieved the high aS of the 

bottle.' In fact, only the very fine silica aerogels of Kistler2 achieved the thermal 

resistance of still air. 

In the early 195Os, scientists at the General Electric (GE) Corporate Research 

Laboratory experimented with evacuated materials that were capable of supporting the high 

stress levels encountered in evacuated panels. Their work was not successful because the 

powder and granular filler materials they used had low when compacted by atmospheric 

pressure. They werc somewhat successfubll with vcpy fine diameter (8 to 550 p in.) glass 

fibers that were compacted to a density of 16 to 22 pounds per cubic foot.' This technology 

was abandoned by GE after many unsuccessful attempts to apply it to refrigerators. The 

major problems with this technology were: high material and fabrication costs, low 

reliability, and increascd heat leakage caused by a stainless steel vacuum container. Further, 

about this time, other insulating materials @e ,  polystyrene and polyurethane foam) that 

wcre less costly and more adaptable to conventional anufacturing processcs became 

available and were used instead of the flat vacuum insulation.* 

*Tlris paragraph is based on information excerpted from Ref. 3. 



5 

Between 1979 and 1987, filler materials were discovered that could support the 

atmospheric load and still retain a high R Many of these filler materials attained 20 

Mu. or higher near-room temperature. During this time period, numerous patents were 

issued that described thc materials, construction, and fabrication processes for flat, 

evacuated, insulated panek4-11 In gcncral, these panels consisted of a tiller material, an 

outer barrier envelope, and in some designs, an inncr porous pouch to retain the tiller 

material during cvacuation. The filler materials descrikd in thc patents ranged from 

finely divided particulates to open-celled foam, all having very low solid densities. %he 

outer envelopes or barrier material were either plastic; laminates or metallic claddings. 

Tbc first PEP patcnt appcars to  be that of L'Airc Liyuide,6 which dcscribcd a panel 

consisting of very small diameter, fumed, silica filler material in a metallized-plastic 

envelope. 

flat evacuatcd panels in a commercial proc~uct.~ These pancls were foamed into the 

refrigerators so that the insulation was a composite of the panels and thc foam. The 

panels were constructed of' perlite as the filler n~aterial arid were contained in a 

~ ~ ~ ~ a ~ ~ ~ ~ ~ ~ - p l a s t ~ c  errvilcape. The su 

mmipositc allowed this J apanesc ~ ~ a ~ ~ ~ ~ a c t ~ ~ r e r  to market ~ e ~ r ~ ~ ~ r a t ~ ~  with thinner walls. 

This construction sesdted in increased fmd stcdrage capacity without an increase in the 

In the early 198c)s, Japanese refrigerator ~ a ~ u ~ a c t w r c r s  wcrc the first to employ 

imcnsions of the refrigerator, a distinct co 

conseiera I ious Japancsc society. refrigerators was 

composite insulatiola in the refrigeratm. 

Since 1983, ~~~~~~~&~~~~~~~ efforts in flat-vacuuima insulation h a v ~  been ~ ~ ~ t ~ ~ ~ ~ f ~ e d  

by two picces of ~ e ~ i ~ ~ ~ ~ j ~ ~ n ~ ~ ~  Montreal Protocol, 12 which will eventually eliminate thc 

use of chlorrafluorocarbons (CFCs) due ~ 4 )  thei 

stratosphere, and the recent energy efficienq 

r q u i r c  thc use of higher thermal rcsistance per inch ( 

thc thickness of lower R/m insulation, with the conscqucnt loss in usable space within 

the appliance. The following is a summary of the recent efforts in vacuum insulation 

technology (other than the ORNL effort) of which the authors are aware: 

trimental effect a n  the ozom in thc 

iremerits far applianc~s, '~ which may 

-> insulation or an increase in 
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1. A substantial program or the development of the CVI exists at SERI. As discussed 

later, the results of two tests of the CVI in refrigerators wefe disappointing due to 

the thermal. shunting caused by the C W  design, per se, and the fact that the walls of 

the refrigerators were only partially covered by the CWS." 

2. Work performed at Messerschmidt-Bolko~-Blohm (MBB) developed a vacuum 

insulation that is called Vscuurn Super Insulation (VST). 'This product consists of 

diatomaceous earth as the filler material and steel as the barrier material. The 

thermal shunting of the steel is  minimized in some applications for the VST, such as 

20-ft-long hollow cylhdcrs used to insulate steam pipes," 

3. The staff of the Physikalisches Institut der Universitat WUraburg measured the k of 

cvacuated materials under compressive loads to simulate those generated by 

atmospheric pressure on an evacuated ~n earlier work, they aiid ~ r o w n ,  

BoverE & Cie AG developed a high-vacuum insulation to operate near 4QO"C to 

insulate NaJS batteries. The filler material was either a powder'7 such as opacified 

fumed silica or a 

served as the barrier material. 

4. Rcsearchers at Lawrence Berkeley Laboratory (LBL), working in conjunction with 

Theimalux, Xnc-, are developing cvacuated insulation panels containing silica aerogels 

in tile or granular form." The thermal properties of these panels are very sensitive 

to the thickness and the boundary temperatures and emittances as these materiais arc 

transparent to thermal radiation at certain wavelengths. Lu et  alern have described 

efforts to opacify aerogels to reduce thermal radiation transport. 

5. Degussa AG (Frankfurt, Germany) recently announced the development of Vacuum 

lsolation Panels (VIP). "Powdered silica i s  pressed into panels and vacuumsealed in 

a special film. VIP panels have an insulation value about twice that of high-grade PU 

(polyurethane) foam."" 

6. Researchers at the  Massachusetts Institute of Technology have worked on glass- 

enclosed compacts of precipitated silica as a component to be distributed in foam 

boards. The thin glass envelopes may result in lower gas permeability rates without 

significant increases in thermal shunting, and use of numerous vacuum conipacts 

avoids the problem of a single penetration destroying thc high I% of the cornpactJfoam 

such as glass wool. The metallic foil of the battery wall 
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The reader is referred to Ref. 23 for a complete review of evacuated panel 

insulation technology as of 1989. 

2.2 ORNL HISTORY 

The ORNL BMGs interest in flat-vacuum panels began in 1981 with the 

completion (for ORNL) of an assessment by Lawrence and Ruccia of A. D. Little, I ~ c . ' ~  

Their analysis indicated that the use of thermal insulation with 20 M n .  in appliances 

could save about one quad* of energy annually. Also, they concluded that the most 

promising systems, k o m  an economic viewpoint, wcrc evacuated, smalt-diamcncr-particlc 

insulation. Onc of the r e c o ~ ~ ~ ~ d a t j ~ ~ n s  of  this analysis was that ~ ~ a s ~ r ~ ~ ~ ~ ~ ~ ~  of the 

of this type insulation were n d e d  to verify their assumptions about tkc 

type of insulation. 

6 followed this recorninendation and subsc uently ~~~~~~~~~ seven 

TS characterizing the IP. UT candidate filler materials fur f l ~ t - ~ a ~ ~ ~ ~ ~  insulation as 

well as theoretical analysis of the mechanism that contributes to heat ~ o ~ ~ ~ ~ t ~ o ~ ~  in these 

~ ~ ~ ~ r ~ ~ ~ s ~ 2 s ~ 3 *  In addition, the R of flat-vacuum pane has heen measured as a ~ ~ ~ c ~ ~ ~ n  

determine the aging of the panels duc to gas permeation of the 

aril0 Associates was euntractcd by ORNI, to assess hlne use of 

sites to help reduce d c p n  ence on CFC insulation as well as to reduce 

energy c ~ ~ s ~ ~ ~ ~ t ~ ~ ~ ~ ,  ue to the postulated highcr osite as compared to 

CFC ~ ~ ~ l a t ~ ~ ~ ~ ~  The second phase of this assessment involved fabrication and ~~~~~~~~~~~~ 

EP ~ ~ s u l ~ ~ t ~ ~ ~ ~  system in portable ice EPs and their a ~ ~ ~ ~ c a t i u n  in a composite-foa 

coolers. Ice coolers were used as a small-scale experiment to dctermine the 

ite imulation as compared with the ~ ~ ? n ~ ~ n t ~ o n a ~ ~ y  used roam. CFC hams wcrc 

used because this project involved "drop-in" replacement in a production environment at 

the Igloo Corporation; they were not able to use a non-CFC foam ion their production 

line at that time. e fixst task 0% this work was the evelopment and verification of a 

*One quad equals 1015 Btu. About 85 quads of energy per year (1990) are presently 
used in the United States. 
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repeatable ice melting test for evaluation of the ice coolers. Using this test, the heat 

transferred into a cooler insulated with the composite system was show to be less than 

the heat transferred into a cooler insulated with CFC foam alone. The thermal 

performance of the COO?CP-S with the corn 

by one-dimensional (1D) heat-transfer modcls but was En exellent agreement with three- 

dimensional (33) models. Temperature profiiscs derived with the 3D lnnodels showed that 

heat shunted around the PEPS through regions Of the G ~ O ~ ~ I - S  not covered by PEPS, such 

as edges and corners. The shunting reduced thc eSfectiveenas of the PEPS as insulators 

by about a factor of two. To be most effective, the PEPS mmt mver thc entire heat- 

transfcr path so that lower R parallel paths do riot exist. In all, the project demc~nstrated 

that drop-in replacemcnt of CFC f o m s  with PEPS is viable in a production setting and 

that the composite insulation has a higher R, which was in cxce?lent agreement with 

prcdictions made with 3D models. ‘This work was completed early in lW.32 

site insulation was not as good as prcdicted 

Thc lifetime nf PEPS depends on the permeability (p) of the PEP’S barrier 

material for the PEP’S ambient gases and the R vs pressure (P) relationship of the PEP5 

filler material for the arnbicfit gases. In 1990, the BMG developed a simple niodel to 

predict useful lifetimes of PEPS using an aceclcrated aging test. Requisite to this model 

and tcst are values of p and R vs P for the PEP’S materials of construction. The BMG‘s 

accelerated testing procedure for p uses Hc as the ambient gas. This test demonstrated 

that ordcrs-of-magnitude errors existed in currently available values for the p of a 

composite-polymcr barrier material and that the industry stansdard for internal P 

measurements of PEPS was in error by up to a factor of three. Presently, interlabmatory 

comparisons using a National Institute of Standards and ‘T’cchnology (NIST) standard 

reference material (SRM) 1470 and several low p materials havc been initiated to check 

the accuracy of techniques available to OWNL. To solve the internal P measurement 

problem, thc BMG developed (and is in the process of obtaining a patent on) a hand- 

held device that has yielded accurate measurements of the internal P of PEPS. 

2.3 OBJEmVES OF ORNL WORK 

The future objective of the ORNL work is to develop technology to produce 

PEPS for less than $O.§O/board ft, having a greater than 20, with a useful lifetime of 
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greater than 20 years for applications such as refrigerators and 100 years for applications such 

as buildings. The major emphasis of this task is materials: 

1. Developmcnt of filler materials that have high Wi at high pressure, such as fumed silica 

(20 Rlin at 10-mm Hg prcssure), and are relatively incxpensive, like silica dust ($O.lO/board 

ft) ; 

2. Development of gas barrier materials that are poor thermal conductors, that have low 

permcabilitics and can be sealed at a reasonablc cost (e.g., polymers), and that are 

essentially impermeablc to ambient gascs as are metals. 

Four types of filler materials are to be studied rous insulatioxj, aerogels, 

and foams. Powder materials that have the desired properties except for cost will be blended 

with lower cost matcrials; new powders will be studied. Fiber i ~ s ~ ~ a ~ i ~ ~ n ~  will be improved 

(e-g., by rcducing thcir extinction coeffkicnt by coating thcm with mctals). ~ ~ ( ~ ~ ~ s ~ ~ ~  opcn-cell 

foams and aerogels will be studied. ']The W vs of candidate matcrials will be rneasmxl before 

fabrication ol test PEPS. 

Individual polymer and metal barrier materials alone do not appear 60 offer Xiope of 

meeting the objectives of this work. Most ~ ~ ~ ~ ~ e r i c  arrier naater~a~s have too high a 

Pow strength, are solublc in water, or have other undesirable properties. NB metals havc ann 

high a Be Polymer/mctal and/or ~ ~ ) ~ ~ m ~ r / ~ ( ~ ~ ~ ~ ~ r  c ~ ~ ~ [ ~ s i ~ ~ ~  that have the desired 

Permeability lcsks will be used to screen candidate barrier materials befsrc 

o d d s  will be employed to pa.tdict the useful lifctimes of the PEPS hihricatcd with thtr: 

barrier and filler matcrials identified by this project. ~ ~ ~ ~ l ~ y ,  PEPS will 

vs internal P will lx measured. 

3.1 ICE NELTING TEST 
A standardized, ice cooler test procedure developed in this program i s  shown in thc 

flowchart in Fig. 1. This procedure enaploys a chamber* in which the temperature (IUO'F) 

"Standard Environmental Systems, Jnc., Model No. LHH/64S, Totowa, NJ; temperature 
range 32 to 200" F, control d.5"  E;; relative humi ity range 20 to 95% from 37 to 185°F; 
Honcywell Model 452X21BE-000-00-2274, Rdative Humidity and Temperature Recorder. 
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and relative humidity (40% RH) are regulated precisely; the volume of the chamber i s  

64 ft3 (4 x 4 x 4 ft). When a cooler is being tested, it is placed on a screen mesh about 

6 in. off the Roor of the chamber, thereby assuring a uniform flow of 1 

sides of the cooler. The first step in the procedure is to load "cheese cloth" socks wit 

ice cubes that are approximately 0.7 x 0.6 x .3 in. Each sock contains about 4.4 1b of 

ice. The socks are placed in the crx>Iers; the coolers are filled wilh water to a 

predetermined level and placed ia the chamber. After 2 h, the ice-tilled socks arc 

replaced with a sccond set of ire-filled socks, prepared as described above; suffkienk 

watcr is removed to return thc water to the initia 1:r 2 h, the ice-fillcd swh 

Igloo 24 cmlers, the weight sf the ice is deterrnia1ed to 

Ib, and the ice-filled socks, are returned tc, the co&!rs. 

ensure that the caoler has rcachcd stmdy state and that t. e ice i s  ah 32°F. Aftex 20 h, 

the ice-filled sock itre re weighed again as described above, the icc USC sate is 

from the rcductiori in weight of  icc during the 20-h period. 
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IXV P k= ~ x- . 
2 AoAT 

By changing the screen power and the plate temperatures, mean specimen temperatures 

from 50 to 122°F can be achieved. The independent temperature control for each 

copper plate allows one-sided heat flow tests. If one plate is controlled to the 

temperature of the screen heater, the k of the insulating specimen with an imposed 

temperature difference is calculated from: 

The 13 terms provide a heat flow correction for a small temperature mismatch.36 

The mcasurcment errors of the thin-heater apparatus have been assessed. A 
determinate error analysis of the quantities in Eq. (1) predicts a maximum uncertainty of 

1.7% if A T  is 9°F and 0.7% i1 A T  is 54°F- The most probable uncertainty is 1.2 and 

0.4%, respectively, for thesc A T   value^.^^,^^ 

3.3 THE ORNL HEAT-FLOW-METER APPARATUS 

Figurc 3 is a photograph of thc ORNL Heat-Flow-Meter Apparatus (HFMA), 

which is a comparative heat-tlow-meter technique designed to meet ASlM C 518, 

ConGguration B (is. ,  two transducers, both faces).37 The apparatus is the first 

commercial unit in a new series of HFMAs and includes a computer for test control, 

data acquisition, and data analysis. Tlhc ORNL HFMA was produced by Holometrix, 

Inc. (Cambridge, MA) and delivcred to ORNL in March 1989. The features of the 

apparatus include: 

1. the 24 x 24 in. top and bottom plates with 10 x 10 in. heat-flow transducers (HFTs) 

in each and independent plate tcmpcrature control to obtain one-sided heat flow, up 

or down; 

2. mean specimcn temperatures (T) from 20 to 120°F can be obtained by controlling 

the hot face between 40 and 140°F and the cold face between 0 and 100°F; 
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3. the tcst specimen chamber is surrnurided by temperature-conditioned air and 

accommodates 24 x 24 in. specimens wikh thicknesses between 0.5 and 7 in.; 

4. a dedicated computer allows test con itions to he programmed to obtain up tcj five 

k(T) detcrminations. The programming features compare the sequential data sets to 

selected criteria, such as change in k, to decide when steady state has been obtained. 

Thus, multiple determinations of k('F) can bc measured automatically; 

5. the apparatus includes circuitry to calibrate enibedded It3 

6. as spccifkd by AS?M e 518, the twca 10 x 1 0  in, I3 arc calibrated with SRM 

or SRM 1451 to establish their calibration factors as a f u ~ ~ c ~ ~ ~ j ~  o f  specimen 

thickness prior t o  a measuretnent campaign. 

Becausc ehc ORWL H A is a comparative aratus, its. accuracy cal~not be 

establishcd by a ~ ~ t ~ ~ ~ i ~ ~ a ~ ~  r m r  analysis. Rather, 

BB-om ~ ~ ~ ~ s ~ ~ ~ ~ ~ ~ ~ ~ s  on snalcrials of knowm k, 

uncertainties of less than &% hy tests on idmti 

The 20 value for a set o f  C 5118 measurements in an ~ ~ t ~ ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~  ~ o ~ ~ a ~ i s ~ ~  was 

uncertainties ineast be inferred 

2.2% for ~ 9 ~ ~ ~ y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  bmKds.39 
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a switching systcm and a digital voltmeter for measuring all 

flanges connect to the gas pressure system, vacuum pumps, 

pressure or vacuum in the ccll. 

thermal ernfs. 'me end 

and gages to read the 

Steady-state k determinations are based on the temperature difference, AT, 

across the specimen in the radial direction (AT = TH - TJ; thc clcctrieal power 

dissipated in thc stainless steel core healer (V IDd); and the radial dimensions of thc 

annular space (r, and r,): 

4. SPE NS 
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Because of production problems at J. M. Muber and Igloo Corporations, PEPS 

were only successfully foamed into the walls of Igloo 32 and 44 cmolers. Attempts to 

foam the others were abandoned after attempts to foam into sirnulatcd panels failed. 

5.1 ICE COOLER EXPEIPPMENTS 

inary Experiments 

Tkc initial goals of tile work were to dc-ve:op a repeatable ice melting test and to 

determine the effects of coolev agc and manufactiaring variability on thc ice melting mte. 

Preliminary experiments were paformed in which Igloo 48 coolers were filled witla an 

iceiwater mktmrc: to a levcl 10 in. below thc top and placed in a room at 72°F- These 

simple experimeiits showed that: 

1. be!cw the ice and water mixture, the temperature sf the c ~ o l e r  walls increases from 

32°F near the top of thc cscplcr to about 4O"'r; at the bottom of the cooler. (The 

maximum density of water occurs at about 40°F;); 

2- the tenqmatore distributbn in the icehater mixture is ever.changing, that is, the 

temperatures of the cooler walls cbangc with time as denser watcr settles to the 

bottort rsf the cooler, 

3. removing the ice to make weighings significantly affects the temperature distribution 

in the cooler bccause the denser 40°F water 011 the bottom of thc cooler is 

disturbed; 

4. the Ice melting rate increased if the ice in the cooler was forccd ti, the brrttom 

because the denser svatcr at 40°F did not seltlc PO the bottom of the cooler. Thus, a 

higher ternpcrature diffcrence across the walls of the cooler was maintained 

throughout the test; and 

5. the ice melting ratc i s  a function of the starting weight of ice used. 

Tables I, 2, and 3 show the results of ice melting rates obtained on Igloo 24, 32, 

and 48 coolers testcd by the standard procedure described in the Sect, of this report. 

Even though the thermal resistance of the foam insulation used in the walls of the 

coolers decreases with tirncB aftcr foaming, a correlation betwecan the ice melting rate 

and the date of cooler manufacture (cooler age) was not found for the Igloo 21 and 48 
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Table 1. Ice melting rates of smen Igloo 24 coolers 
as measured by a standard procedure 

Cooler Usage rate 

1 6/25/88 0,282 
2 6/25/88 0.278 
3 0.280 
4 0.2537 
5 
6 
7 1 /cS 1 J89 0,287 

(number) Manufacture date (lbfw 

Average 

Standard Deviation 

Inside ~ ~ ~ ~ n ~ i ( ~ ~ ~ :  length x width x height (in.] 
12.5 7.8 11.5 

Water level: 9 in.; ice load: 7 Ib in 2 socks 

Table 2 Ice melting rates of four Igloo 32 cmAers 
as measured by a standard procedure 

cooler 
(number) 

0.315 
0.3 85 
0.328 
0.340 

Avcraght 

anufacture date: l/WW 
Inside ~ ~ ~ ~ n ~ ~ ~ ~ ~ :  Length x width K height (in.) 

Water level: 10 in,; ice load: 13.7 Ib in 3 socks 
16.7 11 16,3 
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Table 3. Ice melting rates of ten Iglso 48 coolers 
as measured by B standard procedure 

.- __I____. 

Cook. Usage rate 

1 11/25/87 0.635 
2 Oslo 1/88 0.529 
3 1 l/OS/Ss 0.498 
4 12/01/88 0.518 
5 M/Q!M 0.5% 
5 1 o/o 1/89 0.498 
7 11/01/88 0.492 
A l0/OM38 0.560 
B 09/Q 1 /88 0.481 
c: 09/20/88 0.553 

Manufacture dale (1bW 
___... _- (number) 

'4vePag" 

Standard Deviatioin 

0.535 

0.046 

Inside dimensions. !cRgth x width x hcight (in.) 
21 5 11.8 12.8 

Water le~c1: 10 in., Ice !oad: 18.1 It:, in 4 socks 

ccdcrs; the b u r  Igloo 32s were all rnanuftxtured on the same day. Later measurements 

on the Igloo 3 b  showed aging, however, as ~ ~ S C I R S S C ~ ,  later. L,ack of corrdation between 

ice melting rate and cooling age i s  attributed to several factors: 

1. For the Igloo the standard deviation of 0.046 lbih (or about 9%j €or the ice 

melting rate masked much of thc effect; the large standard dcviation is  attributed to 

variations in the foaming process For exaniplc, cooler 1 had the highest ice usage 

rate and was six months older than all. the other coolcrs. Thus, this high usage ratc 

could be attributed to aging of the foam; however, about one-thd of one side of the 

cooler had no foam, which probably was the cause for most of the increased ice 

consumption. Inspection of the coolers using radiography and high power lights (the 

cooler walls are semitransparent in the visible) demonstrated that air pockets cxisted 

in the foam of all the coolers, 

2. For the Igloo 2 4 ,  the top is hollow and is not insulated; thus, a large part of the heat 

gain occurs through the top. 'This lack of insulation masked the aging effect, as is 

demonstratcd later when the data for PEPS foamed into Igloo 44 coolers with 

uninsulated tops is presented. 
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3. The plastic inner and outer liners of the coolers muld have served to reduce the 

diffusion of air into the foam and the CIFC out of the foam, the processes that cause 

aging of the foam. 

5.1.2 Tests on Coolcrs with Taped-In PEIJs 

Because of a delay in the delivery of large PEPS, smaller %-in.-thkk PEFs were 

taped to the inner liners of production coolers that had already bcen tested, and the 

coders were retested. Table 4 shows the results of those experiments as wcll as thc area 

of coveragc by the PEPS s f  tiic inside surfaces of the coolers. 

beat-transfer analysis was ycrkmie on the three types of coolers with and 

without taped-in PEPs. Hcat transfer was treated as art analog t o  electrical rcsistors, 

whereby the thermal resistanccs wcrc weighted (based on the total inside surface area of 

the cooler covered by thc PEPS) and summed as though they wcre clcctrical rcsistors in 

series and parallel. (The thermal resistancc of the area containing the PEPS was 

calculated by ~ ~ ~ ~ j p ~ y i ~ g  the thermal resistivity of the fm 

thicknesses and thicknesses and s ~ i ~ ~ ~ ~ ~ .  "Ihc thermal resistance: of the arm ~~~~~~~~ 

calculated by ~ u ~ ~ i ~ ~ ~ ~ ~ ~  the thickness of the foam by i t s  thermal resistivity; 

m4stivities were weighted by the arcas and summed as resistors in  parallel, 

and PEPS by their 

resulting in the thermal resistants of the composite ~ ~ s ~ ~ ~ t ~ o ~ ~ " )  T h i s  analysis 

heat transfcr rcductisns that were a ~ ~ r o ~ ~ ~ ~ ~ ~ l ~  a factor o f  two too high for all three 

coolers, as shown in Table 4. As ~~~~~~r~~~~~ later, a ID analysis is ~~~~r~~~~ too 

to treat the v c q  complex 3 ~~~~r~~~~~~~ in the heat transfer caused by the 

insertion of the alls of the cooler as well as the ef'lects trf the. corners and 

cdgcs of thc co casmenients are correct, and the sim 

inarrect. 

5.1.3 Tests on Coolers with Foamcd-In PEPS 

Table 5 shows the data obta ind  on the lgloo 32 coolers that were insulated with 

tRc ~ ~ ~ / ~ ~ a ~  camposite. PEPS could only be used in three sidcs and thc bottom of the 

moler @ea, one 1 x 15 x ?4 in. PEP in the two larger sides and the bottom, and one 

10 x 10 x 5% in. PEP in the smaller side). The top and the sidc mnldcd for the 

thermoelectric device wcrc too narrow for insertion of PEPs. The average ice melting 

rate €or these coolers was 0.295 lbh. The avcrage ice melking rate for the control 

coolers (Table 2) was 0.325 lbh. This difference translates to an improvement of only 
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Table 4. Ice melting rates for coolcrs with tapcd-in PEPS" 

Me%lamer: IT) calculated 
Coolcr As-:ece,ived With PEPS change cl?angc 

-._ ~ (Ibrn) (%I (%) 
24 O . B ?  0.220 22 43 
32 0.325 0.283 13 29 
48 0.535 0.445 1% 3% 

"Perecwt of inside surface area covered by PEPS: 64, 59, and 74% for 24, 32, 
and 48 coolers, respectively. 

Tablc 5. Ice meltlng rates of Igloo 32 coolcrs with foamed-in PEPS" 

1 
2b 
2b 
2b 
4 
5 
6 
7 
8 
9 

0.276 
0.306 
0.306 
0.300 
0.271 
0.335 
0.271 
0.293 
0.304 
0.287 

Averagc 
Standard Deviation 

0.295 
0.019 

aL4verage melting rate of these coolers is 9.2% lower than standard production 
CGQ~CTS listcd in Table 2, Electrical-analog model predicts an 18% decrease. Total of 
55% oE surface area of coolci covered by tlic PEPS. 

Qepeat runs. 

9.2% in the cooler performance due to the addition of the PEPS. h electrical-analog, 1I) 

model predicted that insertion of the four PEPS into the foamed wall should have reduccd 

the mclting rate 18%. 

To provide a better cornparison between the coolers with m d  without the PEPS, 

two additional ice melting tcsts were run on production cooler 1 and cooler 2 with the 
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foamed-in PEPS. Also, a third run was made after the four PEPS in cooler 2 were 

punctured. Table 6 lists the measurements obtained on the two types of coolers. 

Undoubtedly, the most significant result in these data is the large difference between the 

measurements on cooler 1 in Table 2 and the average presented €or cooler 1 in Table 6 

(Le., melting rates of 0.315 and 0.354) Ibh ,  respectively). This 14% increase in ice 

melting rate is believed due primarily to the aging of the foam, 'Fhe first measurements 

were made on February 6, 1989, and the semnd measurements were made on June 27, 

1989 (34 and 175 d, respectively, after foaming this cc-x,ler). In view of this result, direct 

arisonr of the coalcrs wit EPs is not justified unless wrrections are 

adc for the aging of the foam, bccaetse the date of manufacture o f  the two types of 

coolers is different. h o t h c r  interesting result shown i1-r Table 6 is that alter puncturing 

EPs, the: ice melting rate of the cooler was essentially the same as the production 

unit, indicating that the a f  a punctured PEP is about equal to that of the foam. 

Table 6, Ice melting rates of Igloo 32 Gaolers with and without foamed-in PEPS 

Foamed-in cooler 2 

1 
2 
3 

0.368 
362 
"348 

0.306 
0.3 

.. 0,362 

Average 0.303 ,362 

e differences between the experimental snd calculated ~nlues csf the ice melting 

rates led to ~ e a ~ ~ r e m ~ n t s  of the thermal wnaductivity of the EPs and roam and 

computer modeling of the heat transfer in the coolers. 

51.4 Thermal 

The k of typical PEPS used in this project was measured on July 7, 19W, in the. 

u 
A value of 0.051 13tu-in/h-€t2-oF (19.6 Wm.) at 75 OF: was determined; the Ps in the 

PEPS at the time of this id; measurement were not known because the J. M. 
pressure-test device was no longer available to the project. At the time of manufacture 

Fifteen PEPS were taped together to for a montage ~F~~~~~~ 3 x 5 ft in area, 
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(May 11, 1389), the PEP Ps measured by J. M. Muber averaged abod 2.9 torr, and the k 

was 0.038 Stu-in./li-ft2-"F (26 R/im.> at 75°F. This 1: measuremmt was made at J. M. 

Hiaber using Rapid K-Matic (Molornetrk, Inc.). The difference in these two sets of 

measurements i s  due to the agirng of the PEPS and to experimental errors, which 3 i ~  

kiiown to be high for materials of such low k In any event, the k measured at ORNL 

should be represefitative of that of the PEPS duriiig their use in the cooler experiments 

bcsausr the time span b c t ~ c e ~  measurcments and use was approximate!y the same. 

The k of foam specimens cui rrom the walls of Igloo 32 and 48 ccrnlcrs was 

measured at ORFu'E using the ORNL HFMA A 2 x 2 ft montage specimen was formed 

horn precisely mashined pieees of the: foam c u i  from the walls of the coolers. Values of 

0.137 and 0.144 Btu-inh-ft*-" F (5.:30 and 6.94 Rhm), respectively, were determined at 

/3 F. These measurements were per€ormed approximately 3 d after final rnachinirig of 

thc s p e c i r a ~ ~ s ,  which were machined from the centers of the foam extracted from the 

walls of the cooler. Tlnus, these values of k arc believed to be representative of n c d y  

blown foams. 

- -0 

5.1.5 Heat Transfcr Modcling of the Igloo 32 Coolers 

The finitedifference, kat-transfer code, HEATING-7, was used tt9 model the 

32 coolers using a Cray c~mpi i t e i  for computation. HEATING-7 is a public- 

domain code that is more conveniently run on a super cornpinter such as a Cray becausc 

of the memory requirements and esgcc;ally because of the large number of computations 

iequired by the method. USC of less powerful computers is comidcrcd impractical for 

extensive mcdeling as was performed on the csokcrs., To reduce the computation time, 

thc heat flow was assumed to be symmetric about the centerline of thc caolers, as 

depictcd in Fig. 5. 

Modeling was per€ormed for Igloo 32 coolers with foam only, and Igloo 32s having 

foamcd-in PEPS and tapcd-in PEPS. Analyses were performed for 1D and 3D heat flow 

using IIEATIWG-7. In each case, the k of the foam was computed from a model. 

dcaived by Graves et a i  that corrects for the aging of the foam from time of 

manufacture. The k of the: PEP meas~red by the UTIM was used. 

Thcs results nf the 1D and 3D HEATING-7 models are listed in Table 7. The 

validity of the 3r) models is  demonstrated by thcir excellent agreement with the 

experimental results, differing by less than a5% from the measurcd values. In addition, 



25 

P
 

Pa 

3
 

a
 

E 



26 

Table 7. Results of HEATING7 models of Igloo 32 coolers with and without PEPS 

Ice melting rates (Ibh) Comparison 
-I II 

3D“ 
__ 

Calculated Calculated 1D“ ._- 
1D 3D MeaSlKed (diff 5%) (cliff 5%) 

.I_._ 

Case - 
Foam” 0.291 0.340 0.324 -10 +5 
Fmmb 0.3 13 0.364 0.359 -13 +1 
Foamed-PEP 0.1% 0.289 0.295 -34 -2 

+5 Taped-PEP” 
~ ._.....- 0.165 0.298 0.283 -41 -- 

“R = 6.93 for 34-d-olcZ foam. 
b~ = 6.30 for 75-d-rdd foam. 
‘R = 6.93 for 34-d-old foam; R 2 20 for PEPS; 59% of surface area covcrecl by PEPS. 
dR = 6.73 for 55-J-old foam; R = 20 for PEPS; 55% of suiface area covered by PEPS. 
‘Et = dif€ % = 1QO x ( c a l c u l a t e d - P n e a s e n ~ ~ d ~ / ~ ~ ~ ~ ~ ~ r ~ ~ ~  

the effect of aging of the foam was accurately predicted by the model as evidei;ced by 

the two f o a m - d y  results in Table 7. 

The 1D IIEA’HNG-7 modcl always underestimated the ice melting rate. In oihcr 

8.0osds, the 1D modcls overstate thc effectiveness of the PEPS. In particular, the 

calculated icc melting rate: for t,hc I D  WEATING-7 model. of the tapcd-in ease is 41% 

bclow the mcasured late- Similarly, the calculatcd ice meking rate for the foamed-in 

cast is 34% too low for the ID HEATING7 rnl-del. ‘I’Ine :D results for the foam-snly 

case? overestimate the effectiveness of the foam by hetzvecn 10 and 13%, which is a 

relatively small exor and Is due to tbe inabilities of the 1D case to inciude the effects of 

edges and corners of coolers as described in the next section. 

‘IRe concl~.isiomm to be drawn from the results of the HEAIING-7 and electrical- 

analog models is that 1D models do not work well for composite ii-nsulation when 3D 

heat transfer is occurring iil an anisotropic manner. The 1P) models do not work 

because Fhcy assume that heat trow is normal to the surfaces of the cooler, k . ,  the 

temperature isotherms arc parallel to the surfaces of the cooler, which is definitely a 

poor assumption for composite insulation. This fact is illustrated in Figs. 6 through 11, 

which give the temperature profiles obtained from the 3pP HEATING-7 models; the 

temperatures are shown as iscthcrmai contours. 
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TIME= 0.00 

TEMP (F) 

9.05*10: 
8.33*10, 
7 . 6  1 * 10, 
6 . 9 0 *  I O ,  
6.18.10, 
5.47*10, 
4,75* 10, 
4 . 0 4 * 1 0  

Fig. 10. Isothemai temperature crsntours at 7°F intervals for the cross section of the center of an Igloo 32 cooler 
with taped-in PEPS. 
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Figures ti, 8, and 10 map the isothermal temperature contours at 7°F intervals for 

the cross section of the center of an Igloo 32 cooler (Fig. 6 without PEPs, Fig. 8 for 

foamed-in PEPS, and Fig. 10 for taped-in PEPS). Isothermal contours at 13°F intervals 

of the back sur fxc  plus half of the side surfax of the cooler are shown in Figs. 7, 9, and 

11 (Fig. 7 without PEPs, Fig. 9 €or foamed-in PEPS, and Fig. 11 for taped-in PEPs). 

Figure 6 depicls the temperature isothcrms for the center cross section of the 

l g h  32 without PEPS. The isotherms are parallel. t o  the surfaccs of the cooler except 

at the corners and at the interface between the door and the storage part of the coolcr. 

Figure 10 is the same view as Fig. 6, except it represents taped-in PEPS. The: isotherms 

in this case are exfrc ely distos ked, [hey definitely are not parallel to the surfarcs of the 

amler, p a i ~ ~ ~ ~ ~ a r ~  ncar the edges of each igure 8 shows the samc view for the 

cd-in case for which the ~ ~ ~ s t ~ ~ r ~ ~ ~ ~ s  of Lhc isc;atherms, whilc prcscnr, arc not 3s large 

as far the taped-in case; thus, thc ~ ~ v ~ r ~ ~ ~ ~ ~ a ~ ~  o f  the 1 Galculalilarl is smaller for this 

, therefore, heat flows around the PEPS and through the foa 

PEPS, thereby rcbucing the effectiveness of the PEPS- To prevent this "'thmnal 

c, m t k e  surface o f  the wmI have to be insulated witb PEPS, not just 

acnts. Percent ccs%re-ragc of the s u r k e  

wing the Ileal now irlllo thC cooles. 

past rsf the s11rfaccs, as was done in the 

by PEPS, therefilre, is ak, ~~~~~~~~ pa 

in Fig. 7, the cenler 0 of the: back crT tht: cocnlcr avitlnou8 

EPS is ktkarrfin 89.4 and ah PEP, foamed in (Fig. ">, t 

Thus, ~~~~~~i~~~~~~ 9% less heat could be transferred into the cl-roler with ~~~~~~-~~ 

PEPS because the ~ ~ ~ ~ ~ r a ~ ~ ~ ~  gradicnt to F air wirs less. In Fig. 11, 

the location of  the small and large 

ohvious from the t ~ ~ ~ ~ e ~ ~ t ~ r ~  cfintoua on the back susF~.cc of thc cooler. Again, the 

large area in thc center of the back surface is bctween 

to the inside surface of tbc 13(90X@1. is 

Figures 7, 9, and 11 illustrate the large heat loss that Q C C U ~ S  in the area of the 

opening of the cooler. Tn this area, the temperature of  the surface drops below ,%.8"F, 

which provides a significantly larger tcrnperature gradient that increases heat input into 

the cooler by aboul 35% in this area. 
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5,lh Effects of Edges and Corners 

As shown in Table 7, the 1D HEATING-7 calculations for the foarm-only case of 

the lIgloo 32 coolers overestimated the effectiveness of the foam insulation by 10 to 13%. 

'Ilk overestimatt: is due to the inability of the 1D csmputations i o  include the effccts of 

edges and corners in the cmlcn. To illustrate this fact, the heat flow through three 

walls that form one  wrner of a 2-A cube was nnodeled using HEATING-'7. 1 % ~  inside 

wall temperature was set at 50°F and the outside wall temperature at 100°F. 'IThe walls 

were taken as 1.5 in. thicknesses of 7 Win, foam. 

For 8 I D  electrical-analog model, the walls have a W of 10.5. The 3D FI'EA'I'ING- 

7 model for this case yields a W for the walls of 9.32, which is  13% below that connplated 

with the ID model. (The R of thc wall was mmputed by dividing the temperature 

difference across the wall by the total heat flux through the wall computed by 

HEATING-7.) 

5.1-7 Effect of the Area of Coverage of PEPs 

The effect of the percent area of coverage by PEPS of the inside surface of the 

cube described in the last section was obtained using a HEATING-7 modell. For this 

model, I,% in. PEPS of 23 were positioned at the center of the IS-in.-thick wall with 

in. of foam on each side. '1%~ lrcsults are listed in Table 8. To further show the 

effects of comers, the PEPs were allowed to extend 112 in. past the inside surface so that 

Table 8. The R of a composite wall as affected by 
the area of coverage of the PEP 

Area of coverage 
o f  inside wall 

(%I 
HEATING-7 1D Electric-halog 

117 
109 
100 
€34 
69 
0 

15.7 
15.5 
150 
14.2 
13.0 
9.3% 

19.0 
17.0 
19.0 
16.0 
15.0 
10.5 

"One inch of 7 foam; PEPS are VZ in. thick and 20 Wi ;  walls form a 2-Et cube. 
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the three PEPs forming the c a r e r  just touched, and in a second case were allowed to 

extend beyond thc inside surface to overlap completely and to form a solid PEP wall 

within the foam, that is, 109 and 117% covcrage of the inside surfacc, respectively. 

Figure 12 shows the R of the wall vs the area of coverage by the PEPs for the 3D 

HEATING-7 model and the 1D electrical-analog model. The functional dependence of 

thc two models is approximately the same. 

Figure 1.3 shows that thc 11u model overestirnatc of the ~ ~ r ~ ~ ~ ~ ~ ~ e  changc in 

the wall increascs as the area of covccrage decreases. Again, !his effect is  d w  to tlac 

j ~ a ~ ~ ~ ~ 6 y  of the 1D model to account for 3D heat 

foam and is larger for Bowcr arcas of coverage. 

w around tRc PEPs and tfzrough the 

In all, this example emphasizes the need €or the PEPS to fmm a ~~~~~~~~~~s layer 

to achievc ~ a a ~ ~ ~ ~ ~ ~  effectiveness o f  the PEPS the PEP ~~~~~~d 

cover the entire inside surface area or the wall and extcnd into h e  corners, if pnssTole). 

cnts on  the Igloo 44 Csolers 

e ~ ~ ~ ~ ~ ~ w ~ ~ g  data are included in this report for ccmi lctcmess.. For several. 

reasons, some of which are, ~ ~ t ~ i ~ ~ ~  helaw, the data were not analyzed. 'I%ese 

measurements do iilluslrate several points rnadc grcviously, such as el'kcts cf area of 

coveragc of PEPS- 

Because of foaming problems with the Igloo 24 and 48 ctxjlers, the Igho 44 cooler 

was choscn Cor installation of thc foam/PEP-composite insulation. The Igloo 44 cooler 

was not an ideal choice because the wall sections were not thick enough to allow 
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Fig. 13. Percent over estimate of the change in Hi as computed by the 1D electrical-analog model for the foaII-S/PEP 

component wall versus the percent of the inside wall covered by the PEP. 
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adequate filling of the wall cavity with foam when the PEPs were in place; however, 

since time was running out on the project, it was decided to go ahead with the paneling 

and foaming of this model. 

Igloo 44 coolers were insulated with three PEPS (one in thc bottom and one in 

cach side of the cooler) that were 10 x 10 x 112 in. Tablc 9 sets forth the data obtained 

on Igloo 44 coo!crs, both production coolers, and those with PEPS foamed in placc. 

Because the PEPS did not fit very well in the walls of the cooler, voids and under- 

packing of the foam nccuived in certain areas of the walls as was demonstrated by 

sectionirig one of the coolers on which measuremenh viere made. This inzdcquate foam 

fill would account for part of the poor pcrfori-nance of these coolers 4gain, the small 

2.1% acduction in the ice nieltii-rg rate d ~ i e  to the 

saasfacc area was, undoubtedly, a result of "thermal shillnting" around the PEPS. 

&on of PEPs covering 24% of the 

Table 9. Ice melting rates of Igioo 44 coslcrs with and without foamed-in PEPS 

Icc melting rates (Gh)  

Cooler Production Foamed-iil PEPs Pmdinction" Foamed-in PEPS" 

lb 0.628 0.615 
0.617 0.613 2 5  

3b 0.635 0.615 - 
bb 0.624 0.606 0.514 0.493 

Average 0.626 0.612 0.514 0.493 

"Insulated with K-11 fiberglass. 
bManufactured 9/27/89. 
Inside dirnerisions: length x width x height (in.). 

Water level: 10 in.; icc load: 17.2 lb in 4 sockss. 
18.5 15.5 13.5 

Another point is the 18% reduction in ice melting rate rcsulting from insulating 

the top of the cooler with 11-11 fiberglass batting; the lid of the Igloo 44 is hollow. The 

surface area of the ?id is 18% of the inside surface area of the Igloo 44. When the easy 

thermal shunting path through the top was blocked by the fiberglass, the effectiveness of 

the PEPs doubled ( L e 7  a 2.1 vs a 4.1% decrease in the ice melting rate). 
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5.2 INTERNAL PRESSURE MEASUREMENT OF A PEP 

The R of a PEP decreases with increasing internal pressure (P) within the PEP. 

Typically, P is about 1 to 2 torr after fabrication, and the Wm. is about 20. With timc, 

ambient gases penetrate the plastic-barrier laycr, and R of the PEP decreases. Thus, 

knowledge of the PEP’S P is critical to its thermal performance. 

A nondcstructivc method of measuring P was developed by Rabcock and Wilcox 

(BSLW) in 1987 under a contract with GE. This device consists of a vacuum chamber 

into which the PEP is placed. An infrared, triangulation, optical-displacement sensor is 

used to detect motion of the barrier material of the PEP as thc vacuum chamber 

pressure is rapidly reduced. When the pressure insidc the chamber is less than P, the 

barricr oE the PEP deflects as a diaphragm would under a differential pressure. The 

outputs of the optical sensor and of a vacuum gauge, which measures the pressure in the 

chamber, are monitored by a computer. An algorithm is used by the computer to 

determine P from these two output signals. 

J. M. Huber Corporation purchased one oE the B&W devices, and it was used to 

determine P of the panels fabricated for the cooler project. This dcvice was 

subscquently purchased from J. M, Hubcr by R. W. Barito and Associates in 1989. 

Through an agreemcnt with K. W. Barito, ORNL contracted with Global Thermionics, 

Inc., (Glubal) fur P measurements on PEPS subjected to accclerated aging tests in Hc 

gas. These measurements of P as a ruunclion of aging time were used to determine the 

pcrmeability (p) of thp: barrier material and the effect of pressure on the R of the PEP. 

The measurements of p and R did not correlate well with othcr measurements of these 

properties. This disagreement Icd to an eflort by the BMG to develop a handheld 

gauge for measurements of P. 

At the present timc, the hand-held P gauge is in Lhe proccss of being patented. 

Tlhus, the details of the development of the gauge cannot bc described in this report. 

Numerous tests have been conducted with this device, however, to give thc authors 

confidence in its accuracy. They include: 

1. The vacuum gauge of the hand-hcld device was calibrated vs a mercury manometer; a 

mercury barometer was used to measure the absolute prcssure in these tests. (The 

B&W device does not perform this type of calibration. The original calibration by 

thc vacuum gauge manufacturer is used by GE and Global.) 
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2. A piece of barrier inaterial was used as a diaphragm in a device (also being patented) 

that allows measurement of P on om side of the diaphragm by a mercury manometer 

and on the other by the hand-held P gauge. Tests were conducted over the range 4) 

to 100 torr, and the tws pressure readings were witlrnirn the readability of the 

instruments, about 11.5 torr. This test demonstrated that the hand-held B gauge 

could rneasurc the internal pressurc of a PEP. 

To establish the magnitude of the prcssure measurement errors by the B&W 

device, ihc ,vb of eight PEPS was measured with the OILNE hand-held P gauge and with 

the GE vcrs-sion of the B&W dcvice; the Globall (Baritro) version s f  the B&.W device was 

used to lnerasure P on four of thesc PEPS. Table 10 lists these measurement% 

‘lhe differences noted in Table 10 were d i s c ~ s s c d ~ ~  wl!!a the B&W eiigiiieer w h ~  

developed the device for GE. 7&e device was developed for quality assurance testing. 

with emphasis on the lower pressure range and spced of measurement. ‘l’he gauge used 

is necomrr,ended for use in the 1 x 

used in the measuremcnts on the OWNL PEPS. B&W uscd the manufacturer’s 

calihration of the gauge; it was not calibrated on an absolute basis. A “look-up table“ is 

employed by the computer software to determine the prcssure from the voltage output 

of the pressure gauge; linear interpolation is used, but the voltage is an exponential 

function of pressure and i s  very insensitive in the range of prcssures of some of the 

PEPS listed in Table 10. Also, the B&W engineer believes that the dynamic mode of 

operation of the B&W devicc leads to pressure measurements that are too low. Slow 

evacuation would be better. 

torr to 1 torr range, which is much below ;hat 

PEPS A, B, E, and F had been aged in He, so the P of these PEPS should 

decrease with time during storage in air. Note, however, that the Global measurements 

were as much as a factor of three less than the GE measurements, even though the GE 

measurements were made aftcr thc Global measurements. ‘Ihe ORNL measurements on 

these PEPS are in better agreement with the GE measurements, but some are higher (by 

up to 50%)’ even though the ORNL measurements were made after the GE 

measurements. The GE measurements on panels A and F were probably adversely 

affected by the errors in the look-up table for the conversion of gauge voltage to 

pressurc in the computer software’s algorithm. 



4 1  

Table 10. Summary of internal pressure measurements by Global, 
GE, and ORNL on ORNL PEPS 

Pressure (torr) 

Global GE ORNL 

PEP 5/10/90 6/6/90 611 5190 4/18/90 7/31/90 8/9/90 

A" 64.7 60.1 199.0 173.0 149.0 168 

€3" 34.6 35.0 47.3 47.4 44.2 51 

E" 36-4 35.4 49.6 49.2 45.2 59 

E" 74.1 70.1) 191.7 188.5 155.9 172 

GE ORNL 

4.7 to 22 8.5 8.5 

3.7 8.0 -- 

49" 1 83 -- 

85.5 82.5 

"Fabricated by a. N, Hubes. 
"Fabricated by GE. 

7 were also aged in should decrease with time during storage 

in air. PEPS 6EA-7 and GEA-21 were aged in a ~ b i e n t  air so their s will increase with 

e during storage in air. In general, the CE measurements are about B laactor of two 

lower on these four panels than the ORNL ~ e a s ~ ~ ~ ~ e n ~ ~ .  Again, look-up Eable errors 

e of operation QE the &W dePrice must be the cause of t h a e  

ifferenm. 

Figure 14 is a plot ~f the difference (or error if the ORNL data are considered 

correct) between the ORNL and GE and ORNL and Global measurements for these 

PEPS, Corrections for changes in pressure due to differences in the date of 

measurement were made. These results show that the error in the Global measurements 

is almost a linear €unction of the PEP pressure, with errors of almost 70% at 220 torr. 





43 

On the other hand, the errors in the GE gauge show a maximum near about $0 torr, 

where the error is about 40%. These large errors in Global’s P measurements readily 

explain the lack of correlation between measurements of p and R of the PEPS based on 

the Global measurements and those measurements oE p and K made by other 

techniques. All Ps reported herein were measured with the ORNL hand-held gauge, 

unless othcrwise noted. 

5.3 BARRIER MATERIAL SELECTION 

5.3.1 Selection Criteria 

Many factors effect the selection o f  a material for use as the barrier of a PEP. 

Somc of the key issues iiiclude its strength, toughness, formability, and scalability. 

Because the goal of this program is the development of PEPS that will last for 20 or 100 

years, the most important property of the barrier material is its permeability (p) LO its 

ambient gases. 

Permeability is an intensive property of a material, just as are the thermal 

resistivity and emissivity. A barrier of a PEP has a finite thickness (6) and i ts  pcrrneance 

(F) is equal to thc quotient p/i3 and is an  extensive property of a particular piece of 

barrier material. By definitim,42 the transmission rate (G) for a gas at STP (standard 

temperature and pressurc) is the volunic of gas passing through a barrier of area A in a 

unit of time and is given hy: 

G = I ‘ ( P , - B ) A ,  

where Pa is  the pressure olmtsidc the barrier’s enclosure and Y is the prcssenre inside the 

harrier’s enclosure. Also, the number of inoles dn of gas (assumed to be ids:al) that will 

permcate the barrier of a rectangular PEP with total surfacc area A and total volume V 

in unit time dt is: 

where Ri is the ideal gas constant. Multiplying both sides of Q. (5) by the ratio of the 
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molecular weight (M) to density (p,) at standard temperature (To) and pressure (Po) 

yields the volume of gas at STP that flows into the PEP in a unit of time", which is the 

gas transmission rate into the PEP so that: 

Thus, setting the right-hand sides of Eqs. (4) and (6) equal yields: 

Rearranging Eq. (7) and integrating from time zero when the internal pressure in the 

PEP is Pi to time t when the pressure is P,yields 

which simplifies to 

rA Po t = q  P, - Pi ] 1 

vl., - '"r (9) 

Assuming that Pi=O and Pr must be less than a specified final pressure limit, Prt, 

when the PEP is exposed to a selected pressure Pa= 

maximum allowable permeance, I?=, that a barrier can have is: 

for time period t=t+, the 

*The quantity Mlp, equals VJn which equals Rip, for an ideal gas. 
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The results of using Eq. (10) for three P:’s of 1, 10, or 100 mm of Wg and three Pa*% of 

760, 380, or 76 mm of Hg for t+’s of 20 and 100 years are shown in Table 11 for 12 x 

12 x %-in.- and 12 x 12 x 1-in.-thick PEPS. 

Table 11. Calculated permeance to achieve 20- and 100-year lifetime PEPS“ 

P,+ ?a+ rm (cm3/m2-24 h-atm) 

(mm Hg) (mm %-in. panel 1-in. panel 

20-Year Lifetime 

1 
10 

1 

1 
10 

108 

1 
10 

1 
16) 

1 

1 
10 

1 

1 
10 

760 

380 

76 

7 

380 

76 

0.001 
0.01 
0.1 

0.002 
0.02 
0.24 

0.01. 
0.11 

0.002 
0.02 

Q.ooo4 
0.004 
0.Q4.8 

0.002 
0.02 
8.2 

0.004 
0.84 
0.48 

0.02 
0.23, 

0.024 

‘12 x 12 inn. square PEPS. 

ows that a r e a s o ~ ~ ~ l ~  criterion for 2 -year lifetime for 

B W-in.-thick PE 

pressure limit of 

V s e d  to an ~~~~~~t pressure of 76 mm Hg with an internal PEP 

mm of Hg is a Tlg of .1z cm3/n&24 h-atm. m e  ~ ~ r ~ ~ s ~ n ~ ~ n ~  value 

years lifetime at 76 mm Hg years at an. ambient pressure of 760 mm of Hg or 1 

would be a of Q.01 and 0.022 cm3/m2-24 h-atm, respectively. A literature search was 

conducted to locate potential barrier materials that would meet these criteria. 
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5.3.2 Literature Search Methodology 

A large collection of information exists for materials employed in the packaging 

and converting industries. A broad review of this information is given in the Packaging 

~ficyckopedia,~~ The initial attempts to search this information for data on laminate 

materials were performed by computer literature searching of the Packaging Science and 

Technology Absimcfs and the Food Sciefice Abstracts. The key words for both searches 

were "permeability" or "diffusivvity," "barrier" and "films," and "polymers" or "laminates." 

A large number of telephone contacts were also made to identify manufacturers and 

products that might be of interest. 

5.3.3 Literature Search Kcsults 

Approxiniately 100 citations were obtained from each of the literature searches. 

Abstracts were also obtained for each of the citations and sorted by hand. The result 

was a set of approximately 30 papers that described possible candidate matcrials, Some 

of the papers of interest were located in the University of Kentucky's libraries, where the 

search was performed. Others were ordered by interlibrary loan. Contacts were then 

made by telephone to thc manufacturers of sevetal of the identifie 

Because inany of the ideintified materials were no longer manufactured and because 

obtaining many of the papers was a very time consuming processg direct contact with the 

various manufacturers proved tu be thc most time-efficient process. Over 50 contacts 

were made. A list of the most important contacts i s  given in Table 12. 

The data on some of the potential barrier materials obtained from these contacts 

are listed in Table 13 and show that the order of permeance at 1 mil thickness is: I? 

(Me) > I? (0,) > I' (0,) > (N,). The data are also very sensitive to the RH and 

temperature at which the tcst i s  performed (see Figs. 15 and 16, respectively). Ihe vast 

majority of the data which was obtained from the manufactaarers was for oxygen 

transmission rate (Om) only. Because the temperature of a PEP will normally be about 

73"F, the QlX at 73°F and 0% RH is  a helpful parameter to use as the sclection 

criterion for a barrier material. 

Although not given in Table 13, water vapor I"s are very high €or many films. In 

fact, some films, such as polyvinyl alcohol (IPVOH and/or PVA), are soluble in water. 

Thus, water vapor can be expected in PEPS exposed to high humidity. (Many filler 

materials have high surface areas and adsorb large amounts of water that permeates the 

barrier.) Coatings made of Saran polyvinyldene chloride (PVDC) may be employed on 

the outer surface of a laminated barrier to reduce moisture pernneaiion. 
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Table 12. Important contacts made during the barrier materials suwev 

Company Contact Telephone number 

Fres-Co 
Merubeni 

Unitika 
Mano-Sol 

(Nippon Gohsei) 

(Chris Craft) 

EVQH 

Evalca 
Printpack 

A1 Films 

Am. Nat. Can. 
Fres-Cu 
James River 
DuPont 
Ultravac 

Measurement Technology 

Mocon 
University of ‘Taledo 
Michigan State University 

Converters 

Cadillac Prod. 

Mr. Larry Rastivo 
Mr. Harry Stone 

Mr. M. Kagcyarna 
Mr. Dennis Canley 
Mi. Kathy Auksill 

Mr. Frank Kitchell 
Mr. Tony Alvarez 
Mr. Nelson Hood 

Mr. Bill Bowen 
Mr. Larry Restivo 
Mr. Ted Frey 
Mr. Roger Richmond 
Mr. Frank Nagnami 

Mr. Mike Babiraki 
Dr. Wendell K d i n  
Dr. Jack Giacin 

Mr. Bill Havercroft 
Mr. Louis Boughner 

2.15-721 -4600 
212-599-3961 

2 1 2- 765 -3760 
2 1 9-762 - 3 165 
219-762-3165 

513-860-4806 
404-67 1-5830 
800-241-9984 

4 14-7276975 
21 5-72 1 - 
513-792-6700 

6 12-569-3222 
4 19-5 3 7-5m3 
517-355-4556 

-463-1 
-267-5 

Table 83. Permeance of selected materials at 26 p in. thickness at 73°F and 0% 

N2 Q* co, We 

0.015 0.2 8.496 144.1 
0.395 1-04 257.3 

Evalca E - EVQH 0.124 0.935 3.32 368.9 

Oriented Nylon 6 10.88 58.15 102.6 17% 

Oriented polyethylene (PET) 7.1 79 304 2798 



48 

0 20 40 60 a0 100 
Relative Humidity (%)  

Fig. 15. Oxygen transmission rate versus relative humidity. 
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Fig. 16. Oxygen transmission rate versus tcmperature. 
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Because of its high l? for most films, CO, is normally present in PEPS at very Iow 

concentrations, depending on the m,ncea,tration of CO, in the ambient atmosphere. For 

example, high levels of CO, are cxpected to permeate a PEP after foamirng in place with 

certain blowing agents; however, the 630, vd1 leave the PEP rapidly as the CO, content 

in the foam decreases. Foams that contirzeaoaasly producc CO, could degrade the 

performance of a PEP. 

'l'hree groups of materials emerged as candidatc materials from the many inquiries 

that wcrc made. 'These: included PVOII (or BVA) films and laminates, ethylene vinyl 

alccrhol films (EVOH) and laminates, and aluminized films and foil laminates, 

PVA - PVA fiims have thc best barrier properties of any polymer material. 

'f'hcy are, hswcver, water solublc, and the properties are very sensitive to the 

relative humidity. PYA is milable in biaxially oriciatcd film, BOVLON; Saran- 

coated (PVDC) film, EMBEAR-OV; and in multi-layer larniilates, VECAT and 

BC)VL40N. A fully hydrolyzed BVA, lvhich is soluhlle in k s t  water, i s  available 

from Chris Ciaftt, and they claimed that it has a very IQW OTR. J3he authors 

believe that their value for T €or this material (0.001 eni3/m2-2d %I-atm for a 1.5- 

mil-thick film) was derived horn a structural model and not a mcasurement. Chris 

Craft does, however, believe that this number is "conservative," 'Ilk xaterial i s  

available in 20 x 34 in. Y 3 mil bags and 20 in. diarn x 2 mil tubes. The bags are 

PVOH to PYOII heat sealed. 

EVOII - EVOM is a copolymer consisting of ethylene and vinyl alcohol 

molecules. The r decreases as the percentage of ethylene decreases. In the limit 

of zero ethylene, EVOH would be PVA Like PVA, EVOH i s  available as 

biaxially oriented film, E a l c a  EF-XE; non-oriented film, Evalca EF-F; laminates 

from various converters including Cadillac Products and Printpack; and resins 

which can be made into sheets with thicknesses of ten or morc mils, Evalca I, 
series. EVOH can be sealed to itsell; high-frequency sealing is recommended by 

Evalca. 

AI Films - Aluminum i s  employed in packaging in the form of foil and 

films. Many of the early laminates used €or PEPS contained aluminum and were 

developed by American National Can. Delamination of the aluminum was a 

problem with thcsc films. Several contacts indicated that the only way to make a 
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100-ycar lifetime material was with aluminum foil laminates. The 

recommendations wcrc cither 0.7-mil foil, which would be the thinnest pin-hole- 

free foil, or two layers of 0.25-mil foil separated by a bonding layer. The thinner 

foil would have pin holes, but the two layers would make diffusion paths long. A 

third approach would involve sputtered angstroms-thick layers of aluminum on 

Saran-coated Mylar (for example, 50- or 100- gauge MMG from DuPont). 

Barrier matcrials for use for 20 years at reduced pressure, 20 years at one 

atmospherc pressure, or 100 years at reduced pressure were found from each of these 

three groups. These candidate materials are listed below in Tables 14 and 15. The cost 

Table 14. Laminate barrier candidates for 20-year lifetime PEPS at 76 mm of Wg” 

Barrier laminate Thickness om Cost 

material (structure) (mils) Manufacturer cm3/m2-W h-atm ($/lo00 in2) 

PVA BOVLON 0.55 Nippon- 

(13-0. PVA) 1 Gohsei 

0.3 

-0.1 

-0.11 

-0.20 

EVOH 

ehmrm-ovb 0.6 IJnitika 

EF-F film 0.5 Evalca 

1 

EF-XL film 0.5 Cvalca 

1 

Mer. PET 50 MMC: 0.55 IIuYonit 

(SaranlNPE?‘lSaran) 

4 . 5  

0.2 

0.1 

0.2 

0.1 

< 0.2 

0.08 

0.08 

0.16 

0.09 

0.18 

0.13 

“Ol’R between 0.01 and 0.1 cc/m2-24 h-atm @ 0% KI-I and 73’1:. 

bSaran/PVlaaran. 
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Table 15. Laminate barrier candidates for PI7Ps wth  lifetimes of 20 years at 760 mm of 
IIg pressure or 100 years at 76 mm Hg" pressure 

I.-- .- 
Barrier l l l l c k n e ~  OTR Cost 

material Iaminate (mils) Manufacturer cm3/fl'/ml'-2$ h-atm ($/lo00 m.') -_ _-- -- 
PVA Series 1000 1 .s Chris Craft 0.001 0.30 

8 0.0002 1.70 

VECATb 5 Fres-Cb 0.014 0.85 

EVOH I. sheet 10 Evalca 0.01 1.04 

A foil 0.7 Fres-Co 0 0.85 

"OIIC equals 0.01 to 0.001 cm3/m2-24 h-atm @ 0% RH and 230C. 
bPE llSaraniPVAISaran/I~~PE. 

data were supplied by the manufacturcn for large-lnt purchases, 'I'he data for film are 

basically the cost for the resin, gcnerally $3 to $4 p a  pound, divided by the yield. 'I'hc 

cost figures, therefore, do  not include manufacturing costs for using the films as a barrim 

in a PEP. The data for the laminates, which are generally higher tharn that for films, do 

iiaclxlc the m;anI;factixing cost for the film as well as converting it into a laminate. 

1. 

2. 

3.  

Several observations on candidate barrier materials are: 

Films oriented in one direction may have even better barrier properties than 

isotropic materials- At least one contact for PVA, Clrris Craft, is working on this 

type of concept. Laminates which have "directional" barrier properties may bc 

useful and should be explored, especially when the nature of the environment that 

the PEP will sec is known. 

Sealing may be a problcm. Some of the low-r barrier materials may be sealed to 

themselves, brit integrity of thc sea! layer may be suspect for erite~ded lifetimes 

and hostile conditions such as thermal cycling and vibration. Usc of wide seals is 

possible. High technology scaling, such as using microwaves, may be worth 

pursuing. 

The design of the bag, including special aluminum foil configurations only on the 

large flat sides of the PEP and not along the edges, should be studied. Computer 

heat-flow modeling of this type design should be performed first- 
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4. Several companies have expressed interest in joint development projects. The 

authors plan to pursue this avenue by visiting these companies and discussing 

methods of proceeding for prototype development. 

NASA has done a great deal of work on barrier materials for balloons. The 

authors plan to contact them to make sure nothing has been missed. 

5. 

5.4 MEASUREMENT OF PERMEANCE (r) OF BARRIER MATERLALS 

5.4.1 Early Attempts to Measure I' in this Program 

Two methods of measuring I' of potential barrier films were employed in 1989 and 

early 1990. The first was a technique developed at the Oak Ridge K-25 Site, formerly 

the Oak Ridge Gaseous Diffusion Plant, for measurements of I? of uranium gases 

through semipermeable membranes used in the gaseous diffusion process for separation 

of uranium isotopes. In their method, a gas at a preselected pressure is placed on one 

side of a barrier, and thc change in pressure is measured in a calibrated volume on the 

other side of the barrier. This method is very similar to Procedure M of ASTM D- 

1434.42 Unfortunately, these measurements were plagued by several experimental errors, 

including a leak in the pressure transducer and leaks between the layers of the laminates. 

The latter problem was solved by sealing the cdges of laminate specimens with epoxy. 

This work, therefore, 

provided a learning experience for the K-25 Site staff as well as the BMG. For example, 

effects of water vapor on the measured I' were experienced when water vapor 

permeation tests preceded those of other gases. Thus, the need for thorough 

conditioning of the specimen prior to testing was learned the hard way. In general, all 

their reported values are believed to be too high for I? of the materials measured. 

The second technique involved indirect measurcments of I? for the barrier material 

of PEPs used in an accelerated aging test. This procedure consisted of placing PEPS in a 

chamber that was evacuated several times and backflled with He gas at about 860 mm of 

Hg. The PEPs were allowed to soak in this atmosphcre for extended time periods 

followed by measurements of the internal pressure in the PEPS by Global. As discussed 

in a preceding section of this report, these pressure measurements were too low. The 

erroneous pressure measurements yielded values of F that were too low for the barrier 

material. Consequently, the too-high IC-25 I' measuremenk and the too-low I? values of 
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this procedure differed by factois of 20 or more. After a brief review of the technology, 

the appioach being pursucd now by the BMG is  presented. 

5.4.2 Measurezmt Technokqy f a  T 

Several standards z i s t  far i t c  measuieunenb of gas tsa lssion rates foi thin 

laminate maieriak nSTM T9 143442 and DIN 53388’’ x-c based on measuring a 

prcssure or volume change with time, and ASTM D BW i s  hascd oil an uxygen ,s*Trsor r- 

I R C ~ ~ Q ~  Tine former two standards may be u e d  for any gas; t k  litter stanilard Is only 

for oxygen (Le., Om). Thc major, and perhaps ady,  cxmmerckl testing laboratory in 

this Field is Modern Controls, Inc. (MOCON). Ail questions of the authors rcgardirng 

tcstirng for P were refeired to MOCON by thc mac;afaactrircrs rJf bsrricr materi;rk Rich 

ncwcst device car1 mcasenre 

sensitivities €01 the othcr gases are 1 em3/m2-24 11-atm. Trsts at MC‘CON cart he 

perfoolmed at a cost of approximately $21M/gcas per material. rests rmmally take three to 

four veeks K m h  icsts caii be done in two weeh for a surcharge of 50%; ihowevei , 
sample conditioning of 

moisturc equilibr inm 

for 8, to a serisitivity of 0.01 c1n3/m2-~4 h-atin; 

a we& is  rcqi;ired by MCCON to bring thc hatlie1 to 

A stailddixd referencc material, SRM 1470, is  available: from N E T  for $209. 

Pccause this i s  a polyester, it has permeability much higher than that desiied So1 a 

barrier material. Tiie SRM, ~ O W G V ~ T ,  is useful to chzck the methods employcd in this 

work. Nitrogen has thc lowest T of the gases for the SRM but has thc highest 

temperaiurc coefficient. Fqerinentally, therefore, N, will be the: most difficch gas to 

use for measwcments on this SRM. 

5.4.3 Prescnt Efforts to Measure F of Barrier Material 

A three-prsngcd appoach is being pursixd by the RMG. First, MOCON was 

contracted to measure l? of three films at ambient temperature and 0% RH: 0, and He, 

1’s for SWM 1470 and a laminate, and the: Om for the Chris Cralt hydrolyzed PVA 

without plastizer. Second, the BMG has asked the M-25 Site staff to measure the O,, 

N,, and Ilc W of these same theec films. Third, the BMC has repeated our Me aging 

tests on PEPS for which the laminate is the barrier material. 



5.4.3.1 Measurements by MOCON 

The I? measurements made by MOCON are listed in Table 16. The difference 

between their I' measurement for 0, on SRM 1470 and the NIST value is -1.5%; NIST 

reports a standard deviation of 1.4%. The MOCON OX-TRAN@* measurements for 

oxygen have a sensitivity of 0.001 cm3/m2-24 h-atm and use a coulometric method for 

detecting the OTR, providing part-per-billion resolution for oxygen even in the presence 

of water vapor and other common gases. Thus, the excellent agreement with the NIST 

data is as expected. 

The MOCON measurements of the I? of He for SRM 1470 were performed using 

a MULTI-TRAWt, which uscs a sensing system based on detection of differences in 

thc k of gases, with a sensitivity of 1.0 cm3/m2-24 h-atm. The difference between their I? 

measurement for He and the NIST value is +7.7%; NIST reports a standard deviation 

of 1.2%. Thus, the difference is more than six times the NIST standard deviation and 

over 200 times the sensitivity of the MULTI-TRAN, indicating a possiblc positive 

absolute bias for thc MULTI-TRAN for He. 

The I' (0,) value of 0.0541 cm3/m2-24 h-atm for the Chris Craft PVA specimen is 

54 times higher than that quotcd to the authors by Chris Craft as discussed earlier. 

Obviously, the structural model that Chris Craft employed to obtain this value gave a 

result almost two orders of magnitude too low. 

The I? for 0, €or the laminate barrier material is essentially the same as that €or 

thc Chris Craft PVA specimen. 

5.4.3.2 Measurements by K-25 site 

The I' measurements made at the K-25 site are listed in Table 17. The difference 

between their I' measurements €or SRM 1470 and the N E T  value is +17% €or He, 

+49% for N, and between -57 and +4% for oxygen. These rcsults were quite 

discouraging. Further improvements in the K-25 site equipment arc being made, 

including an analysis of tcrnperature measurments and the use of better pressure sensors. 

The measurements of r for 0, and N, for the laminate represent only upper limits for 

"OX-TRAN is a registered trademark of Modern Controls, Inc., Minneapolis, Minn. 
'MULTI-TRAN is a registered trademark of Modern Controls, Inc., 

Minneapolis, Minn. 
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Material Gas NISP  MOCOW Diff (%) 

SKM 1470 0 2  
He 

69.1 
2706 

68.1" 
2914' 

-1.5 
+ 7.7 

Chris Craft PVA 0.0% 12@ 

8 2  
He 

-- 
_I  

'Average of two specimens. 
b~~~~ s t a t 4  W!W. 

Material K-25 Site NISP Diff (%) Gas Tcmperatuac (" F) 

SRM 3610 3085 +17 Mc 81.7 

34.8 
73.8 
84.5 

-5 7 
-9 
+4 

81.1 0 2  81.0 

15.5 

29.2 

10.4 349 N2 

W@ 
81.3 

83.1 Laminate 

0 . W  83.1 

0.19 N, 83.1 

'Flow about equal to leak rate-mt reliable nurnbes. 
bNdST stated value, 

this quantity as the flow rates measured were ncar the leak rates (k., the 13  of the 

lamiriate for 0, and N, are about the same as the sensitivity of the M-25 equipncnt). 

The r for He for the laminate is 3% below that measeased by MOCON, but the 

temperature of the M-25 data i s  9.7"F higher. While the temperature coefficients of the 

of the laminate are not known, activation-type phenomenon sfttcn increase by a factor 
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of two for every 18°F rise in temperature. For example, for SRM 1470, thc rS for N,, 

O,, and He increase by a factor of 1.7, 1.5, and 1.3, respectively, for an 18°F 

temperature change. Thus, the K-25 datum would be expected to be above that of the 

MOCON datum rather than bclow it. The authors note that the for He o f  the 

laminate lies between the I's for 0, and N, of SRM 1470 for which the K-25 Site 

measurements were erratic and erroneous. 

5.4.3.3 Aging studies 

Six 9 x 9 x 1/2 in. PEPS that were fabricated on 3/9/89 were chosen for aging tests. 

"he pressure in each PEP was measured using the ORNL hand-held gauge, and then 

the PEPs were placed in a chamber which was evacuated to about 250 torr and 

backfilled five times with N gas at a pressure of about 895 torr. The PEPS were 

conditioned in N for 8 d foliowed by remeasurement of the pressure in the PEPS. The 

PEPs were returned to the chamber which was evacuated to 250 torr and backfilled five 

times with He gas at about 895 torr pressure. After 32 d, the PEPS were removed from 

the chamber and the pressure remeasured. These measurements are shown in Table 18. 

From the pressure measurements listed in Tablc 18 and Q. (9), the I' for the 

barrier material was calculated. The r values of He for the six panels are given in Table 

18. The mean of the six measurements was 14.9 cm3/m2-24 h-atm with a standard 

deviation rtl.0 cm3/m2-atm-24 hr. The mean temperature during thesc mea,, wremenb 

was that of the ambient, about 70°F. Using the pressure measurements made by the 

fabricator on 3/9/89 and the pressures measured on 8/16/90 listed in Table 18, a value of 

0.40 cm3/m2-24 h-atm was computed assuming the diffusing gas was 0, at a prcssure of 

150 torr. These PEPs were stored in the ambient of about 70°F and 50 to 60% RH. 

5.4.3.4 Comparison of I? measurements for He through laminate barrier 

The specimens of the larninatc used in the I' measurements were from a set of 

PEPS fabricated in 1989. The specimen sent to MOCON was from one side of a PEP 

and thespecimen sent to the K-25 Site was from the other side of the same YEP. The 

six PEPs used by ORNL in its aging studies were from the same lot oE PEPS. Thus, 

differences due to specimens would not be expected to bc more than that represented by 

the six PEPs of Table 18, having a standard deviation ( 0 )  of 1.0 cm3/m2-24 h-atm, or 7%. 

Yet, both the MOCON and K-25 site data are a factor of two (100%) higher than the 



Table 18. Results of accelerated aging tats on PEPS in I-Ic 

PEP press-xe (mm I-IIg) Permeance 

si25m 
,~.. (cm3/ni2--24 k-atm) --..-.--- ... I 

--_I_. 

. _I-̂ _.- ... ---- 8/ 16/9V 8/24l9@ 
..-I. Îx__ .....I.. I. _r__- 

?EP 

1 7.8 9.5 99.1 15.4 
2 8.0 9.4 92.5 16.4 
3 8.7 9.5 100.8 14.8 
4 10.3 9.6 86.7 13.5 
5 9.2 9.2 91.5 14.4 
6 7.5 10.4 92.0 14.4 

Mean 14.3 
Std d w  +a.o 

"PEPS fabiicated on 3/9/89 and stored at  about 70°F artd 50 to 60% 113 (average of at  
!cat tiircc measunenicnts). 

%iglit days irl 895 mm CJE Plg pressure of N, at about 70°F (nucrage of at least thicc 
measurcnents). 

'Thiiiy-two days in 89s mm of Mg pressurc of Mc at about 70°F; (averagc of a t  least 
five measuremen'is). 

than thtz ORNL measuremmts (made at an average tempesaizire of 70°F), which is 

3.4"F bclow the MOCOW expei-ii-iiefital te3i;eiature and 13.I"F beelow the fc-2.5 Site 

mpximenial tcmperaturc. Onc possibic explanation for tiic ORNL data beiiig low is 

adsorption of the Me by the powder in the PEP. 'Il-iis effect will be studied in the 

future. The inilucnce of adsorbed water oil the I k  adsorption will also be studied. 

5.5 EXAMPLE OF USE OF 13 MEASURFD AT ORWL 

Use ~f thc 1-3 measured during the ORNL, aging tests is illustrated by the 

calculations shown in Table 19. In this table, the internal pressuies of the PEPS used in 

the conprison study of the hand-held gauge and the B&W gauge (Table 10) wcic 

corrected for the diffusion out of/into these PEPS of air or He. The comparison on 

PEPS -4, E, and F with the OkNL measurements listed in Table 10 is quite impressive; 

the pressure in PEP B is only about 5 torr off, Increasing the F of the barrier material 

for He by one standard deviation would decrease the differcrice for PEP B to 3 torr. 

Thus, the comparison between the calculated and measured values validates the 



Table 19. Comparison of measured values of internal PEP pressures with 
those calculated from permeance measurements“ 

Pressure (torr) Time period (d) 

Calculation PEP A PEB B PEP A PEP B 

As fabricated 
%€ore He aging 
During He aging 

Total after aging 

Storage in air 
(Reverse Aging) 

AP of He  
AP of Air 

Total calculated 

Measured (Table 10) 

+ 3.0 
+3.4 

+213.9 

+220.3 

-53.5 
+ 1.3 

168.1 

168 

+2.6 -- -- 
+3.4 25 7 257 

+ 76.9 94 3 1 

-29.3 94 157 
- 4-21  94 157 

Pressure (torr) Time period (d) 

PEP E PEP F PEP E PEP F 

+ 1.5 + 1.5 -- -- 
+4.3 +4.3 320 320 

4-81.8 + 226.9 31 94 

+ 87.6 +232.7 

-32.7 60.2 157 94 - +2.1 +1.3 157 94 

57.0 173.8 

59 172 

“Permeance measurements used in these calculations were those made at ORNL. 
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OMNI, calculated values of 1- of ths: barrier, especially when one considers that time 

periods of 3'1 and 94 d were involved in the He aging and 94 to 320 d in air. 

5.6. Mt;,,4SUREMENT OF 1P OF PEPS 

Most methods of :lIcasiirement of W require experimcultal apparati IFSS that caiise 

heat to flow in one direction. This expcri ntal arr;xilgemeni aBlows analytic solutions of 

the heat transkt equations in a simple, closed form Tn some incthods, guard heaters arc 

used to create adiabatic surfaxs i:~ all but ofic direction, whcreas in others, the 

dimenslens are increased to reduce the heat flow to negligible lcvcls in two directions, 

thc latter aic called ungmrdcd techniques. Both thc BIFMA 2nd the X.J'IIIA 

apparatuses, described in an earlier section. are unguarded, although iiie ILEWA does 

opcrate in a tenperatlire controlled cabimt. 

MeasuiemeniT of R of the PEFs weie pe ;hmcd  in thc ORNL MP'MA apparztm. 

1732 PEYs wzre placed in tiic I-IFMA4 in the center of a riominally 24 x 2d x 4 in.-thick 

batt of fibeiglass with a nominal Win. of 4.2. The PEPS are nom;rmally 12 x 12 in. 

squares. TPie IIFT of the IRMA is 10 x 10 in. %ids, the MFT of the apparatus is 

directly above the center 100 of the PEP, (an area of -144 in.*). The HFY, 

howzver, has some pcripherd sensing of the csther 44% of the area of the PEP. 

Bccatise the PEPiZsatt-composite specimen is anisotropic and inhornogcneous, the heat 

flw is not normal to the S C B I ~ T ' S  surface (Le., heat flow is not lU). Consequently, 

modeling of thc heat flow to determinr the R of  the PEP i s  required to avoid large 

errors. 

l3gnr-c 17 shows the calculated area-averaged heat fluxes for the PEPhatt- 

cornpositc specimen as a function of thc distance from the centel of the MT;Y for scvcral 

values of the &%x of the 1'EP. These data WGK calculated using IlBAI'lNG-7 for a A ' I  

Of 39.6"F. For PEP Its near that oE the batting, the heat fluxes mcasured by the I T F T  

arc unaffected by the anisotropy sf the PEY~atting-composite specimen. . i t  fsnigkcr PEP 

Rs, the measured heat flux would be too high, thereby giving too low a R measurement 

for the PEP if ID heat flow is assumed and the W of the batt is subtracted from the 

mcasured M of the composite to compiilc R of the PEP. 

Figure 18 is a plot of the R h -  of the composite specimen as nneawred by the 

H I T  vs the Wm. oE the PEP as computed by the 31) IIIEAI'ING-7 model and as 
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computed by subtracting the resistancc of the batt from the measured composite R 

(ID model). Again, when the batting and PEP Rs arc comparable, the difference is 

small. At about a PEP R/m of 20, the two modcls differ by about 10%. 

Figurc 19 shows the k of the compositc as mcasured by the HFT as a function of 

the Wm. of the PEP. A least-squares fit of these data was used to compute the Wi. of 

a PEP from the HFT output. Table 20 shows the values measured on seven PEPS at an 

average temperature of 75°F. Three of  the PEPS had only k e n  exposed to air; the one 

at 47 torr internal pressure of air had a small leak in the seal. Four of the PEPS had 

bccn aged in Hc. All the internal air pressures (P) were computed from the initial 

measurements made at J. M. Huber at the timc of manufacture plus the increase in P 

that rcsulted from air or Hc pcrmeation of the barrier rnatcrial as computed with the 

measured Ts of air and He; thc P of the PEP with the seal leak was estimated Irom the 

error curve of Fig. 14 and the measurement made at Global. 

5.6.1 Cmiprison of Rs Measured in the UTT-IA and the HFMA 

The WIL for thc first PEP listcd in Table 20 was the ccnter PEP in the montage 

specirncn used in the IJ'TWA, as discussed previously. 'rhc U'EL4 

difference must be attributed to experirnenlaB ermrs because the ~ g a ~ u r ~ ~ ~ n ~  were 

valuc for the 

PEPS was 19.6, which is to 196 compared with the 11 value of 21.8. This 10% 

made a few days apart, so the  pressure change in the PEP was negligible. 

A is an absolute technique, assuming it ts3 give the correct 

value is the ~ ~ ~ s ~ ~ a t ~ ~ ~  ~~~~~~c~~ Sevcral ~ ~ ~ - ~ ~ - b ~ - c ~ ~ ~ ~ ~ t ~ ~  experirncntal crrors, 

however, coiild have caused the UTHA to give low values of 

were taped tsgcthcr to form the U'I'HA specimen; heat leakage at the joints coul 

rc~lured the measured n. Secondly, for such a high 

the unguarded edges of thc montage specimen may have caused too low an 

be measured. These experimental uncertaintics in the UTIIA will be evaluated in the future. 

" For exampie, 15 PEPS 

specimcn, beat losses through 
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Table 20. HFMA measured Wn. of PEPS at 75°F 

Win. (€t2-h-"F/13tu-in.) 
~~~~ ~ 

Pressure air" Pressure He" 
(torr) (tom) 1D 3D 

3.6 
6.5 

47.0 
7.0 
5-7 
6.0 
6.4 

18.4 
36.7 
76.9 

213.9 

19.4 
16.3 
10.7 
12.8 
9.73 
6.30 
3-30 

21.8 
17.9 
11.5 
14.0 

6.53 
3.32 

"1491 pressures computed from J. M. Wuber or  Global measurements and corrected by 
~ ~ m ~ u t a ~ ~ o n s  for errors in their measurements. 

5.6.2 Resistivity Measurements of SiO, Powder 

Table 21 lists the . OF Degussa F'K-500-IS powder measured in ORIIJL-7 at an 

verage ~ ~ ~ ~ e r ~ ~ ~ r ~  sf 80°F as a function of both N and He pressure. Tfie density of 

this p w d e r  was 7-05 lb/ft3, which was achieved by tamping the powder during filling 

E-7. Tie density of t ib/ft3, which is a ~ ~ r o ~ ~ ~ ~ ~ l y  9.1% 01 the 

~~~~~~~~~a~ density of Si02. For wmparison, the data of Tabk 20 far the PEPS and 

Table 21 for the powders are plotte in Fig. 20; the pressure of Me is used to plot the 

in& for the ~ O M B  PEPS aged in He. 

af ~ w ~ ~ r s  can be expressed as a sum of three cantributions 

with the terms being the contributions due to conduction through the powder, duc to 

thermal radiation, and ue  to gaseous conduction, respectively, The 

is, of course, the reciprocal QE k. As shown in Table 21, the RTn. of tamped powder at 

0.03 torr pressure is 43.7, which is approximately the contribution due to the k, -t k, 

of the powder 

, (11). Thus at 75°F and pressures higher than 0.03 torr, the major 

contribution to k is that due to gaseous conduction. 



Table 21. Measured Ha$ars, of Degussa K-500-LS powder at 88°F and 7.05 lb/ft3 

Rhn. (ft2-h-" FBtw-in.) 
I_ 

Pressure (torr) In I-Ie In N 

0.03 -- 43.7 
2.8 -- 19.2 

10.3 -- 12.4 
23.4 -- 9.46 

140.3 -- 5.82 
812.1 _ _  4.52 

2.3 20.3 -- 
9.6 10.5 -- 

26.0 5.38 -- 
48.0 3.98 _ _  

136.6 2.34 -- 
811.1 1.43 -- 

1. 

2. 

3. 

4. 

5. 

4. 

5.7. 

'Tne following observations are derived from Fig. 20: 

At low prcssme (< 3 torr), the Rh-a o€ the powder is asentially independent a€ 

the type gas present. 

'l'hc I th i  of the PEPS i s  higher than that of the powder, which has a lower 

density, indicating that the smaller size pores of the filler powder of the PEPS are 

more effective in limiting the gaseous conduction. 

Near one atmosphere pressure, the Win. of the powder approaches that of the 

gases, that is, -5 for N and -1 for He. 

?he Will, of the PEPS approaches the same value at low pressures of Me or air. 

'I'ke Win. versus pressure curve o f  the PEPS with air is approximately parallel i o  

that of the tamped powder in N. (The k of air and N only di€fers by a few 

percent.) 

Although the effects of mixing He with 7 torr of air were not evaluated, it appears 

that the presence of air reduced the k of the &/air mixture in the PEPS. 

THERMAL ANALYSIS OF SERI CVI PANEIS 

The R of SEW1 CVI panels could not be measured directly in the ORNL ZpT;Rz4 

because the CWs are not homogenous and isotropic specimens as required by ASTM 
C 518 procedures for the HXMA Consequently, the effective R averaged over the 
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surface area of each CVI was computed horn thz EWMA mcasurements using the 

HEATING-7, heat-transfer code. In addition, a detailed thcrmal analysis of the heat 

transport within the CW was performed to allow calculations of the effective R of a CVI 

in two applications. This model of heat transfer in a CW is presented first. 

5.7.1 Thermal Model of CVI 

First, consider two parallel, infinitely large plates of stainless steel with a vacuum 

between them. The heat fludunit area is:47 

where Q is the Stefan-Boltzmanrt constant and the q s  and T,s are the total hemispherical 

emittances and absolutc temperatures of thc two plates, respectively. Assuming no 

L I  gaseous convection or conduction (which is true if the pressfire between the plates is 

-1 x torr or less), the "ideel" resistance R, of these two plates for a temperature 

difference A T  is: 

A A 

Combining Eqs. (12) and (13) yields 

where the approximate expression to the right is true for small ATs and average 

properties e, and T,. 

Equation (14) represents the maximum W that can be achieved between two 

pzrallel plates. For example, Eq. (14) yields Pa = 1'7.6 h-ft*-"F/Btu for F, = 0.1 and 
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T, = 300 K (80°F'). From a design standpoint, high Rs are achieved at low 

temperatures (being eight times higher at 80°F than 620"E), and for low emittance 

(being slightly more than twice as high for an e of 0.1 than 0.2). Because the R is not 

dependent on the thickness of the CVI, the R per unit thickness can be increased by 

stacking several thin assemblies rather than having one thick assembly for a given 

application. 

The significant technical problem is holding two plates (separated by a vacuum) 

apart, with an atmospheric load of 14.7 psi trying to push the plates together. Such 

loads are most easily supported by rnctaf plates with spaccrs placed judiciously between 

the plates. T'hc spacers will transmit heat by conduction, thereby reducing the R of the 

pancl. The metal also reduces the R of the panel by shunting heat along the surfaces of 

the assembly. Thus, the spacers should be as few and as small as possible, the metal as 

thin and as brightly polished as possible, and the plates must not touch each other. For 

the ideal case, the plates are assumcd to be infinitely large so that the heat transferred 

through the vacuum seal where the plates are in contact can be ignored. 

Figure 21 is a representation of the CVI support system that was used to model 

the SERI CW; the representation is based on the ORNL understanding of the dcsigai, 

Glass spheres (I/$ in. diam) were assumed to separate 8-mil-thick stainlcss steel plates, 

yielding a maximum panel thickness of 141 mils. 'Thicknesses up to 138 mils were 

measured on the two Wls. Some thinning of ths: metal is to be expccted due to 

ow in the area of contact. l ' he  "vai1ey-s" were as thin as 75 mils in places. Panel SI had 

a total of 2 4  spheres (9 rows of 1 

getmetric structure, having -0.98 

8 rows of 15 spheres arranged in a fcc 

hercs/inB2 and a measured diameter o~ contact ~etx 

mils). Panel M had a total of 304 spheres (16 rows of 9 spheres and 15 FOWS of 

res on a kx structure, having -1.16 spheres/in.2 and a measured diameter of 

contact less than 62 mils). The area of contact between the platc and sphere of Fig. 21 

is: 

(151 area = 2 x r2 (I - cos e) , 

where r is the radius of the sphere and 0 is the contact angle shown in Fig. 22. The 

diameter of the contact area shown in Fig. 22 is: 



\ 

Ob 



7 1  

ISOTHERMAL SURFACE 
( T  = 100'F ) 

Fig. 22. Model o f  spheres in CVI showing boundary corditions used in the 
HEATING-7 calculations. 
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d, = 2 r sin 8 . 

Thus, the area of contact of the sphere of panel S1 is less than: 

Thc ratio of thc areas of contact for the spheres and plates for the two panels is: 

Because of the larger number of spheres for panel M, the ratio of the total area of 

con tact is: 

'llus, because the radiant cacrgy transfer is tbe same for the two panels and 

bccause the conduction through the spheres was thought to be the dominant heat 

transfer mechanism, patid M was expected to be of higher W by about a factor of 1.26. 

The actual measured R ratio was 1.23. 

The HEATING-7, finite-difference, heat-transfer code was used to model thc 

"ideal" SERI panels, allowing the contact angle to vary. 'l'he heat flows sh ined  are 

given in Table 22 for the model in rig. 22. Heat transfer by shunting through the 

stainless steel was ignored (k-, the plates were assumed to be infinitely large-the "ideal" 

case). 'The k of the glass spheres was assumed to be 6.24 Btu-in.kr.ft2-"F. AT to the 

total hemispherical emittance for Eq. (14), a computer search of the literature and the 

CIMDAS data base at Purdue were used to select a value for the e of Typc 304 stainless 
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Table 22. HEATING-7 model results for infinitely large, "ideal" (3% 
(no shunting through the stainless steei) 

Angle of Dianictcr 
contact of contact Heat flow by Heat flow by Thermal resistancc 

conduction" radiationb (W 
hr-ft2-" F/Btu 

(dc) 
[in.] [Btuhr] [B tuh r  J 

(9) 
r d 4  

Pancl M Pancl S1 Panels M&S1 Panel M Panel S1 

5 0.0109 0.0326 _ _  0.0186 6.77 -- 
10 0.021 7 0.0556 -_ 0.01M 4.68 -- 
15 0.0324 0.0783 0.0658 0.0186 3.58 4.12 
20 0.0428 0.1012 0.0850 0.01% 2.89 3.35 
25 0.0528 0.1245 0.1046 0.8186 2.43 2.82 
30 0.01625 0.14% 0.1250 0.01 85 2.07 2.42 
35 0.0717 -- 0.1451 Q.0186 2.12 

"Surface heat IIow per in.2 surface area with surfacc temperatures of 50 and 100"~ 

bTotal hemispherical emittance of 0.097. 
for plates. 

steel. The lowest e values found wcrc those of Rogcr c t  al." Theis values werc in 

excellent agreement with the theoretical equal ion of Davissvn and W~cks :~"  

whcre p is the electrical rcsisiivity in ohm-cm and 'r is the absolute temperature in 

~ e ~ v i n .  ~ r o m  ORNL p measureflrcnts on ~ y p e  XM stainless e = 0.094 at XFF 

.OW at 100°F were calculatcd, thus, e = 0.097 was used for the average 

value. 

Thc Table 22 expected values of of the Cvls without thcrrnaf shunting due to 

thc stainless steel cladding 

tnaximum thickness of 141 mils, thc R per unit thickness of the panels could approach 

Solin. As discussed later, such values would only be achieved when the CWs were 

s ~ g n ~ ~ ~ c ~ n t l y  ovcr 5 Ct2. 

the ideal case) ranged from about 'E to '7, 

5.7.2 Measurement and HEATING-7 Models of the W of the CVIs 

Measurements of R of the CVIs were performed by placing them in the BIINL 

HFMA in the center of  a nominally 24 x 24 x 4 in.-thick batt of fiberglass of a Win. of 
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nominally 4.2 hr-ft'-"WBtu-in. TIE CVIS are nominally 17 x 17 in. squares, The IFI' 

of the HT;MA4 is 10 x 10 in. Thus, the SIT is directly above the heat flux to the cxatce 

100 in.' of the CVI, which has an area almost three times as largc (-294 in2). Tihe 

HFT, therefore, ~ d y  has some pcripheral sensing of about two-thirds of the area of the 

panel. Bccause the panclk9satt composite is anisotropic arid inhomogeneous, the heat 

flow is  not normal to the H W s  surface. Modeling of the heat flow to determine the R 

of thc panel is, thciefore, rseccssary to avoid large errors. To simplify the modcling, R 

of the vacu~nm-sphere-plate assembly was represented as being uniform and isotaopir. and 

of values EpetweepI 1 and IO hr-ft'-"F/Btu, thereby sppnning the expected values 

uted for rablc 22. A value of 120 Btu-in./hr-ft2-"F was selected for the thcrmal 

cmde;ctivity of stainjess steel. 'l'hcn, the R measured by the H I T  of the HFMA for thc 

CYI/iiatt composite (as a function s f  the R of the CW) was calculated to obtain the 

effective R of the CVI ovcr i t s  total surface, including the effect of thc shun:ing of the 

staiiikss stcel. Figrarc 23 shows a plot of the mmputeb relationship between the R 

measured by the I I M  for the CVIhatt compasitc vcrsus the la of the pancAs, data 

points for the two CVls arc plotted in this figure, Figure 24 shows the cemputcd 

relationship between the IEMA I T , C ~ S U R C ~ E ~ ~ ~ ~  of W for the panelbatt composite vcrsus 

the ideal (infinite) pane! R; points for the two CWs are plotted in this figure. 

From Fig. 23, the I3.s of pai-nels M and S1 are 2-84 and 2-30, rcspectively. Without 

shunting of the stainkss stccl, Fig. 24 shows that the Ks of panel M and Sf would have 

beern 5.9 and 4.1, respectively. By linear interpzlation oE these values in Table 22, the 

effective diametcr of contact of the spheres in panel M is 15.4 miis and that oE panel SJ 

is 32.5 mils. Thus, the effective diameters of contact are substantially less than those 

obscaved from the outside, which must be due to the effect of the dimple observed in 

the center of the spheres of panel M and on one side of the spheres sf panel S1. 

5.7.3 Uncertainties of the Measurement of R of the CVIs 

The uncertainties in the measured were estimated from measurements on PEPS 

in the UTHA versus those in the HFMA that were performed with the same 

HEATING-7 model and setup as for the CVIs. The two sets of measurements ow the 

PEPS differed by 10.1%. The total error was attributcd to uncertainties in the HFMA 

and modeling, a conservative approximation. The M of the CVIs was much smaller than 

the W of the PEPS (R = 9.52); thus, the same 10.1% uncertainty was proportioned to 



75 

\ 



76 

.-" 
4
 

\ '\ 
r
 



7 7  

the total R of the composite (PEPlbatt or CMbat t )  to arrive at uncertainties of 4 . 7 3  

and 4.77 h-ft*-"F/Btu for panels S1 and M, respectively. These approxiniately 30% 

uncertainties are due to the fact that the Rs of the CVI contributed only about 12% of 

the HFMA-measured Rs of the composite. Accuracy could be improved by decreasing 

the thickness of the batt. There was cc'tncern, however, about the effect of the low 

emittance of the CVI on  radiation through the batt. Measurement on thc as-received 

CVIs and the CVls with a high-emittance coating applied could help to fix the 

magnitude oE this effect. 

5.7-4 The Effective R of Two, Identical, Stacked CVIs 

As discussed above, thin CVI panels should be stacked one upon thc other to 

achieve a higher total R rather than using one thick pancl. When CvTs are stacked, the 

shunting effect o f  the stainless steel further reduces the effective R of each CV 

of two, Type M CVIs stacked with a R of 0.6 between them was computctd using 

HEATING-7. This arrangement reduced the cffectivc 

a further reduction of 5.7% in R of the CVls. hs more are stacked, furthcr rcductions 

~~~~~~ bc expected. Also, the better the panels "ncst" into each other, the lower the 

contact resistance will be and the KKXC the effective R will be reduced. 

of thc GVXs from 2.84 to 2.65, 

5-75 Calculations or of a CVTFoarn Composite 

The HEATING-7 code was used to mmyule the effective R o f  a cc,rnposite 

consisting of a 2 x 3 ft  431 foamed into a typical refrigerator wall section of 1.5 in. 

thickness. The effective width of  the zero-resistance lip of stainless steel ~ ~ a ~ i ~ ~ ~ ~ ~  is  1 

in., and the thickncss of thc CVI is set at -14 in. n e  CVI is assumed to have an 

5 without thermal shunting of the cladding, the k of the stainless steel is assumed to kc 

. of 7. For these conditions, the effective. 

R i s  12-85 vs 10.5 for the foam alane, a 22% increase in for the ornpositc over that 

01 the foam alone. A ID, electrical-analog model (same type of niodel as used for the 

taped-in PEPS in the icc coolers), which consists of area-weighted resistances in parallel 

and series for the direction perpendicular to the CVI of this composite, would predict an 

effective R of 13.8, a 31.4% increase in R for the cornyosite over that of thc foam alone. 

This approximately 50% overestimate of the effectiveness of the CVI is due to the 

inability of a 1D model to account for the significant heal tlow in thc cladding parallel to 

tu-irm./h-ft2-"F, and the. foam has a 
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the surface of the CVI. Such overestimates are typical of attempts to model 3D hcr;t 

flow using a lr) model, as discussed previously. 

The effcct cf the thermal shunting of the cladding of a C W  decreases as the size 

of the: CVI increases. Figure 25 is a plot of the increase in R of the abovc mmposite 

over that of the foam alonc as a €unction of the size of the cnnrapasite. Also shown is 

the thcoretical maximum increase of 4 G 1 ,  which would occur for alii infinitely large 

composite. Tlne size dqendence of the increase in W i s  obvious, that is, fiver a factor of 

threc increase from 0.95 to 3.13 as the c~mpssitc i s  increased fiom a 1 x 1 ft is 5 x 5 ft 

squarc:, k;vcn at a size of 5 x 5 ft, the increase in R of thc coinposite is orily 75% of 

that of 218 infinitely large composite, 

__ 

5.7.6 Effects of High-Conductance Claddings 

From thc  foregoing discussion, the shunting effect of the %mil stainless steel 

cladding decreases with the siee of the CVI (Fig. 25)- Also: the effective R of the CVI 

cafi be increascd by the dcsign of the spacers holding tile sides of the cladding apait 

(e.g., thc difference betwcen the M and Sf designs. Tmprovcment in the design of the 

weld closure (e.g.. by reducing its size from tlne present I-in. lip)> will have only marginal 

effects oii the pcr&cmnai;cc. In thc previous calculations, the stainless steel was assumed 

to be a continuous sheet around the @VI; the effect of the lip was only included in 

calculation of the area of the panel, which increased the area by 11%. Thus, 

expenditures of significant research fiintls to rcda;ee the size of the lip seein ill advised. 

The performance of the SERB CW is 1 ted by the very high thermal conductawe 

of the $-mil stainless steel. cladding employed in the design. This shunting effect reduced 

the R of the Type M C'V1 by a factor of two. It is this shunting cffect that limits the 

usefulness of CVIs for small-sized applicationsj such as refrigerators and freezers. For 

example, thc authors are aware that CVIs have been foamed into refrigerator walls by 

two manufacturers. In owe case, only a 3% reduction in energy usage was noted, and in 

a second case, a 6% reduct i~n; '~  engineers who performed the latter test told the 

authors that the 6% change was not statistically significant. Some of this poor 

performance was due to not achieving high areas of coverage with the CWs, but the 

majority of the lack of effectiveness was due to the shunting by the stainless steel. 

Figure 26 brings home the effect of the stainless stecl. 94ncse are coinputations 

made for the 3 x 3 ft composite panel section as a fuiictioii of the area of coverage of a 
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PEP. The parameters are the same as for the 2 x 3 ft composite in the last section. In 

this figure, the effect of cladding a 20 Rhn. PEP in 8-mil stainless steel was computed 

using the HEATING-7 code. The reduction in the effective R of the wall is a 

compelling reason for not using high-conductance claddings for PEPs. Figure 27 

presents these calculations as the percentage change in R versus the area of coverage. 

Even at 300% coverage, the R of the composite with a stainless steel-clad PEP only 

increases about half as much as €or a polymer-clad PEP. 

Tn summary, in the search to find a solution to the permeation problem of thin 

plastic sheets for PEPs, one must not be lulled into acceptance of high-thermal- 

conductance barrier materials. For example, a plastic barrier rnetaltiized with a 

continuous coating of 0.6-mils-thick aluminum would have the same conductancc as 8 

mils of stainless steel. 

6. CONCLUSIONS 

1. 

2. 

A reproducible ice melting test was developed for portable coolers. 

The portable coolers with PEPs foamed-in-place did not give the thermal 

insulating performance that was predicted by ID models but did yield 

performances in excellent agreement with 3D modcls. 

Two If) models overestimated the effective R of a foamPEP composite; thus, it is 

generalixd and concluded that 1D models should not be used €or these typc 

calculations. 

Two ID models overestimated the effective R of a homogeneous wall of a cube, 

such as in ice coolers, because of the 3D effects of edges and comers- 

The small increment in thermal perfomlance of the coolers with the PEP/foam 

composite is not attributed to any loss of thermal resistance in the PEPs, but 

rather to thermal shunting around the PEPS and, tio a much lesser extent, to the 

inadequate filling of the insulation cavity by the foam when the PEPS were in 

glace. 

PEPs should form a continuous layer in foamREP-composite insulation to achieve 

the highest R J i s s  than 100% area of coverage reduces the effectiveness of the 

PEP. 

3. 

4. 

5. 

6. 
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7. 

8. 

9. 

10. 

a. 

b. 

C. 

d. 

1 1. 

12. 

13. 

14. 

15. 

16. 

A ficd-size PEP provides the highest R composite insulation if it is on the inside 

wall of a hollow cube, such as an ice cooler. 

ORNL has developed a hand-held gauge for accurately and nondestructively 

measuring the internal pressure inside a PEP. 

Three groups of materials wcre identified as possible candidates for harrier films 

for 20- to 100-year lifetimes, depending o n  the environment: PVOH (or PVA), 

EVOH, and AI-coated films. 

An interlaboratory comparison of I' measurements on SRM 1470 and a laminate 

barricr demonstrated: 

MOCON's accuracy for measurement o f  the I' of 0, is excellent. 

MOCON's accuracy for measurements of He and especially N, I3 will prtibahly not 

be good cnough o n  barrier materials needed for 20- and 1OO-year lifetimes. 

The K-25 Site measurement accuracy Cor r still needs further improvement. 

Thc ORNL accelcrated-aging test yielded rS for He that allowed accurate 

calculation of pressures in PEPs exposed to He. 

Thc R/in. of the Dcgussa FK-500-LS powder i s  higher at 12.6 lb/Ct2 than at 7.05 
lb/ft3 for He and N. 

At low pressurcs, the R/in. of the Dcgussa FK-500-LS powder approaches the 

samc value for He or N. This value depends on the density of the powder. 

Near 1 atin pressure, the R/in. of the 7.05 lb/ft3 Dcgussa FK-SoC)-J-.S powder 

approached that of the gas for N and He. 

The Rs of two SERL CVIs were measured. Thcir stainless steel cladding n-cducd 

thc R by about a factor of two for thcsc 17 x 17 in. @VIS. 

Thc shunting effcct of the $-mil stainless steel cladding decreases as the size of the 

CVT increases, For a 5 x 5 Ct PEP, the reduction in R due to thc stainlcss steel 

cladding is still 25%. 

Cladding a PEP with stainless steel instead of a polymer significantly reduces the 

effectiveness of the PEP" Thus, use of high-conductance barrier materials, such as 

0.6 mils of aluminum, would have the same effect on PEPs as it does on CVIs. 
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