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ABSTRACT 

KEYWORDS super insulation, general-purpose insulation, polyurethane, reflective layer, xenon, 
krypton 

The object of this workwas to develop a lowconductivity, economical, environmentally benign 
insulation. Specific objectives were to develop the following: 1) avery low conductivity insulation for 
use as “super insulation” in refiigerators, and 2) a general-purpose insulation for buildings and other 
applications. 

The technical goals of this work were to m i n i i e  gas phase, solid phase, and radiative conductivity. 
The novel approach pursued to achieve low gas phase conductivitywas to blow foam with a removable 
gas or vapor, encapsulate the foam panel in a pouch made with a barrier film, and introduce a very low 
conductivity gas as the insulating gas phase. For super insulation and general-purpose insulation, the 
gases of choice were xenon and krypton, respectively. To control cost, the gases were present at low 
pressure, and the insulating panel was encapsulated with an impermeable polymeric film. Solid-phase 
conductivity was minimized by using lowdensity, opencell, polyurethane foam. For super insulation, 
radiative heat transfer was impeded by placing aluminized Mylar* films between relatively transparent 
70-mil foam slabs. For general-purpose insulation, it was projected to impede radiative heat transfer by 
achieving the same very small cell size with opencell CO2-blown foam as is now achieved with closed- 
cell COFblown foam. 

In this work it was not possible to make opencell polyurethane foam that was blown entirely with 
environmentally benign Con. The necessary compromise was to blow foam with a mixture of R-141 b, a 
material that will be banned in 2003, and Cor. There is no doubt that foam chemical producers such 
as Dow Chemical, USA (Dow), Bayer, Polymer Division (Bayer), and IC1 Americas, Inc. (ICI) would be 
able to make opencell CO2-blown foam if there were a market for i t  

The conductivity of the xenon-based “super insulation” foam developed in this work was measured at 
0.076 Btu, in./(hr, ftn,’F)-these units are used throughout this report--compared with 0.050 for 
aged state-of-the-art powder vacuum super insulation. While CO2-blown opencell polyurethane foam 
was not available for this effort, the projected conductivity of the krypton-based general-purpose 
insulation was 0.1 15, compared with 0.162 for polyisocyanurate board stock. Economic and perfor- 
mance comparisons yielding a figure of merit (lower is better) were made between foams developed in 
this program and state-of-the-art competition. For the super insulations, the figures of merit were 
calculated to be equal, thus making the powder vacuum panel preferred over the xenon-based 
insulation because of its much lower conductivity. For the general-purpose insulation, polyisocyanu- 
rate panel is preferred over the krypton-based insulation because of its substantially lower figure of 
merit However, this cost probably can be greatly reduced, and the resulting figure of merit would be 
lower than state-of-the-art insulation. 

*Mylar is a registered trademark of E.I. du Pont de Nemours & Co., Inc 
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SUMMARY 

The object of this work was to develop a lowconductivity, economical, environmentally benign 
insulation. The latter feature required the insulation to be fi-ee of chlorofluorocarbons (CFCs) and 
hydrochlorofluorocarbons (HCFCs) , both of which have been implicated in stratospheric ozone 
destruction. Specific objectives were to develop the following: 1) a very low conductivity insulation for 
use as “super insulation” in refiigerators-super insulation refers to an insulation that is 3 to 5 times 
less conductive than conventional reiiigerator foam insulation-and 2) a general-purpose insulation 
with a conductivity less than R-11-blown polyurethane, for use in buildings and other applications. 

Heat transfer through foam is the sum of gas phase, solid phase, and radiative conductivity. The goal 
of this work was to minimize each pathway for heat transfer. Because of environmental constraints, 
there is no material that will expand foam and that has as low a conductivity as R-11 , the CFC used 
until recently to blow polyurethane refrigerator insulation. The novel approach adopted in this work 
to expand foam and insulate the gas phase was to use different materials for each function. Carbon 
dioxide (C02) is an effective blowing gas for many foams, and can be removed because it is chemically 
reactive to caustics. An alternative, and the method finally used in this work, was to create an opencell 
foam from which the blowing gas could be removed and insulating gas added by pumping. The gases 
of choice for insulation are krypton for general-purpose insulation and xenon for super insulation. To 
minimize cost., krypton and xenon would be present at 100-200 mm Hg and 20 mm Hg, respectively. 

. 

Itwas not possible in this work to make opencell foam thatwas blown entirelywith CO2, although 
foam chemical manuhcturers such as Dow Chemical, USA (Dow), Bayer, Polymer Division (Bayer), 
and IC1 Americas, Inc. (ICI) could do it if there were a market for it. The compromise in this workwas 
that it was only possible to make opencell foam blown with R-141b (an HCFC) and CO2. While most 
HCFCs are scheduled to be banned in 2030, R-141b is scheduled to be banned in 2003. 

Minimization of radiative conductivity was explored using microcellular thermoplastic foams and by 
placing thin reflecting films between thin foam slabs. Conmry to projections in the literature, micro- 
cellular foams were found to be highly transparent to the 2- to 2O-p radiation of interest. Reflective 
films between relatively transparent foam slabs substantially impeded radiative heat transfer, and this 
was the approach adopted for super insulation. For the general-purpose insulation, itwas projected to 
impede radiative heat transfer by achieving the same small cell size with opencell Copblown foam as 
is now achieved with closedcell Copblown foam. 

Solid-phase conduction is proportional to foam density. The minimum density for structural integrity 
was found. Both thermoplastic and polyurethane foams were extensively investigated, and ultimately 
the opencell polyurethane foam developed in this program was selected as optimum for super 
insulation. 

It was necessv to maintain the integrity of the environment within the insulating panel. Air and water 
vapor had to be kept out; krypton or xenon had to be kept in. A commercially available polymeric 
barrier film known as Vecat* was suEcient for this purpose when very thin aluminum foil was also 
used on the two large faces of the insulating panel. 

*VecatTM multilayer material is supplied by FresCo System, USA, Inc. 
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The conductivity of the optimum stack of foam slabs containing xenon and reflecting films was 
measured to be 0.076 Btu, in./ (hr, ft*, “F)-these units are used throughout this report. This com- 
pares with aged state-of-the-art powder vacuum super insulation conductivity of approximately 0.050. 
Comparison of insulations was done with a “figure of merit,” which is the product of conductivity and 
cost per unit volume times 100 (a low figure of merit is preferred). Projected material and investment 
costs for the present foam insulation were developed and compared with published costs of powder 
vacuum insulation. The figures of merit were 8.89 and 8.75, respectively. Given th is  result, the powder 
vacuum panel is preferred over the xenon-based insulation because of its much lower conductivity. 

General-purpose insulation based on technology developed in this program would be COpblown 
opencell polyurethane foam. Since such a foam material is not currently available, it was not possible 
to fhbricate and measure the conductivity of the proposed general-purpose insulation. However, we 
believe that foain manufacturers could easily modify their foam formulations and processing tech- 
niques to make such panels. If such panels were available and insulatedwith 200 mm Hg of krypton, as 
conceptualized for the genera-purpose insulation, its conductivity would be projected to be 0.115. 
This projection is based on the solid and radiative conductivity of CO2blown closed-cell polyurethane 
foam. 

The state-of-theart general-purpose insulation was considered to be HCFGblown polyisocyanurate 
having a conductivity of 0.162. The figure of merit for the krypton-based and the state-of-the-art 
insulation were 8.40 and 5.51, respectively. This significant difference in figures of merit makes the 
statedtheart the much preferred choice over the krypton-based insulation. The high value for the 
krypton-based insulation was due primarily to the high cost of encapsulation of this insulation. With 
fiuther development, this cost can probably be reduced 5 to 10 times, and the resulting figure of 
merit, as well as the conductivity, would be superior to state-of-the-art insulation. 
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Section 1 
INTRODUCTION 

Lowdensity (2-5% solids) polyurethane foam blown with trichlorofluoromethane (R-11) is an effec- 
tive and inexpensive insulation. Polyurethane foam is made by quickly mixing a polyol (containing the 
blowing agent such as R-11 and other additives) and an isocyanate. The poly01 and isocyanate undergo 
a series of reactions that result in the production of polyurethane and heat. The heat generated boils 
the blowing agent out of solution, causing foaming. Typically, the poly01 also contains water, and the 
water/isocyanate reaction generates Cor, which also expands the foam. Until recently, applications for 
polyurethane foam ranged from insulating flat roofs of commercial buildings to insulating virtually a l l  
refrigerators, domestic and foreign. 

In the 1980s it was discovered that CFCs cause destruction of stratospheric ozone. Thus, CFCs such as 
R-1 1 have been banned in most of the world, and the current substitute for it in the US. is dichloroflu- 
oroethane (R-141b). Unfortunately, the conductivity of foam blown with R-141b is 5 1 0 %  less than 
that for R-11-blown foam. R-141b also destroys ozone, although not as aggressively as R-11, and R-141b 
will be banned in 2003. The known substitutes for R-141b will be even less effective insulators. 

While the prospect is for increasingly less-effective polyurethane foam, there is a continuing need for 
greater energy efficiency. For example, the energy efficiency of refrigerators is regulated, and in 1998 
it is expected that refrigerators must be 30% more efficient than 1993 regulations require. 

The object of this work was to develop a low-conductivity, economical, non-CFC/HCFC insulation. 
Specific objectives were to develop the following: 1) a very low conductivity insulation for use as “super 
insulation’’ in refrigerators, and 2) a general-purpose insulation with a conductivity less than that of R- 
11-blown polyurethane for use in buildings and other applications. Super insulation refers to an 
insulation that is 3 to 5 times less conductive than R-14lb-blown foam. Super insulation may be 
needed to meet future energy standards for refrigerators, but is probably too expensive for general 
use. 

THERMAL CONDUCTIVITY IN FOAM AND APPROACHES TO THE D m O P M E N T  OF LOW- 
CONDUCTIVITY FOAM INSULATION 

Heat transfer through lowdensity (-2-5% solids) polyurethane foam is well represented as the sum of 
conduction in the gas phase, conduction in the solid phase, and radiative heat transfer.’ 

A representative value for kTfor R-14lb-blown foam is 0.130 Btu, in./(hr, ft2,OF)-these units are used 
throughout this report. A list of selected gas and vapor conductivities at 25 OC is presented in Ta- 
ble 1-1. The conductivity of R-141b is 0.074, or roughly half the total conductivity. Solid-phase conduc- 
tion and radiation are approximately equal, and make up the balance. 
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I'able 1-1. Selected Thermal Conductivities (-25 "C) 
(Bold type indicates blowing gas 

for polyurethane foam) 

. Gasorvapor k (Btu, in./@, '4 hr) 
Xenon 0.039 

R-1 1 0.057 

Krypton 0.065 

R-356 0.066 

R-12 0.067 

R-2 2 0.074 

R-141b 0.074 

CP12 0.08 

Cyclopentane 0.083 

SF6 0.093 

R-134a 0.094 

Neopentane 

n-pentane 

n-butane 

Isobutane 

co2 

Argon 

N2 

0 2  

0.1 

0.105 

0.111 

0.112 

0.115 

0.123 

0.179 

0.184 

The object of this work was to minimize each pathway for heat transfer. As described below, the 
minimization was done in different ways for the general-purpose insulation and the super insulation. 

The most successful methods of minimizing heat transfer that were developed in this work are de- 
scribed in the main body of this report. Other, lesssuccessful approaches were explored, some in 
considerable detail. These are described in the appendixes. 

\ 

Mmmuzation of Gas-Phase Conductivity . .  . 

The functions of the primary foam-blowing gas, for example R-11 or R-141b, are to expand the 
polyurethane to create a lowdensity foam and to provide a lowconductivity gas phase. Table 1-1 
presents the conductivity of various gases and vapors, including those suitable for blowing polyure- 
thane foam (indicated in bold type). As shown, R-11 is the best insulator by a wide margin of those 



materials suitable for blowing polyurethane foam, making it especially regrettable that it destroys 
stratospheric ozone. No practical alternative to R-11 is known that will expand foam and that has a 
conductivity equal to or less than that of R-11. 

The approach adopted in this workwas to use different gases for expanding and insulating the foam. 
For example, carbon dioxide, which has a relatively high thermal conductivity, would be used to 
expand the foam. The carbon dioxide would then be removed from the foam and replaced with a low- 
conductivity gas to lower the gas phase conduction in the foam. An alternative approach to using a 
reactive gas such as carbon dioxide would be to create an open-cell foam from which any gas could be 
replaced with an insulating gas with an appropriate pressuredifFerence driving force. 

Two potential insulating gases with low conductivities identified for this purpose were xenon and 
krypton (see Table 1-1). Both are noble gases and entirely benign to the environment. However, the 
disadvantage of using these gases is that they are both expensive if used at 1 atmosphere pressure. It 
was therefore proposed that the gases be used at reduced pressures in the panel. Xenon, which is the 
more expensive and least conducting of the two, would be used at 20 mm Hg for super insulation 
applications. Krypton, with a conductivity slightly higher than that of R-11, would be used at 200 mm 
Hg for general-purpose insulating applications. 

To maintain the low-pressure, noble gas environment in the foam, the foam must be encapsulated 
with a very low-permeability polymeric barrier film. A suitable barrier film has been identified for both 
application areas. The film is discussed below, and the calculations of aging by air and water vapor 
permeation into the insulation are presented in Appendix A. 

Mmmuation of Radiative Conductivity 

Glicksman2 has presented an understandable and useful discussion of radiative heat transfer in 
polyurethane foam. Glicksman notes that most of the solid polyurethane is present in the intersections 
of cell walls, such intersections being known as Plateau borders or simply struts. The number of struts 
in typical polyurethane foam is such that photons (radiant energy) on the warm side of the foam are 
absorbed and radiation is re-emitted many times in crossing to the cool side of the foam. The more 
times this absorption and reemission occur, the less radiative heat transfer there is. Thus, smaller cell- 
size foam minimizes radiative heat transfer because such foam has more struts per unit volume than 
larger cell-size foam. 

. .  . 

The effect of cell size on radiative heat transfer is well known, and for years work has been directed 
toward making smallcell, lowdensity foam. In this project, no additional work was done to reduce the 
cell size of polyurethane foam, but as described below, Copblown foam has sufficiently small cell size 
to be of interest for a general-purpose krypton-filled insulation. 

For the super insulation application, it was necessary to reduce radiative heat transfer more than is 
possible in Copblown polyurethane foam, which has the smallest cell size of commercially available 
foams. An essentially brute-force approach was adopted to reduce hby placing highly reflecting, 
aluminized Mylar films in the foam. The practical way to accomplish this was to blow polyurethane 
foam of arbitrary thickness, such as 2 inches. The foam was then sliced, and a stack of foam slices with 
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aluminized Mylar between the slices was assembled. Glicksman, who suggested this approach to us, 
described why this is highly effective in reducing radiative heat transfer? Ironically, in this case one 
wants foam as transparent to radiation as possible in order to maximize the efficiency of the alumi- 
nized Mylar in impeding radiative heat transfer. 

Solid-Phase Conductivity 

Glicksman has shown1 that solid-phase conductivity is proportional to the foam density. In a more 
sophisticated treatment of solid-phase and radiative conductivity, Smits4 shows that the relationship 
between solid-phase conductivity and foam density is not linear. However, both agree with the intuitive 
notion that the lower the foam density, the lower the solid-phase conductivity. 

The lower limit.of foam density in this workwas determined by the resistance of the foam to creep and 
ultimate collapse. Recall that the insulating gas will be present in the foam at low pressure, and a 
continuous load on the foam of 1 atmosphere was assumed. All plastics creep, and the lower foam 
density limit was established by finding the foam density at which the foam was projected not to 
collapse in 20 years. 
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Section 2 
EXPERIMENTAL 

This section describes the procedures developed and used to make and test insulation. This section is 
limited to work done on polyurethane foam because that was the best foamed material for use in this 
work. Many other foams and other media were considered, and the work done on them is described in 
Appendixes B through D. 

OPEN-CELL POLYURETHANE FOAM 

Opencell polyurethane foam was the optimum support structure either purchased or developed in 
this work. Many opencell foams are on the market, particularly flexible foam, but none was known 
which met the requirements for super insulation or general-purpose insulation. Thus foam \vas 
developed specifically for these applications, with emphasis on super insulation. 

MATERIALS FOR MAKING FOAM 

The following materials were used to make opencell polyurethane foam: 

1. Polyol-A proprietary “prepolymer” designated as E-9242, purchased from Bayer. 
2. Isocyanate-Toluene diisocyanate designated as Mondur E437, purchased from Bayer. 
3. Surfactant-A proprietary silicone-based surfactant purchased from Union Carbide Company and 

4. Catalysts-Two commonly used catalysts used in this work were purchased from Air Products and 

5. Zinc Stearate-Reagent zinc stearate from Aldrich Chemical Co., Inc., ground to a very fine 

6. R-141b-The principal blowing agent, was purchased from Allied Signal Corp. 

designated as L5340. 

Chemicals, and are designated as Polycat@ 8, and DABCO@ T-12.* 

powder as described below. 

PROCEDURES FOR MAKING 0PEN-CEI.L FOAM 

An all COrblown foam was preferred because it would be environmentally acceptable. However, all 
attempts to make opencell COrblown foam failed. It was necessv to use a mixture of CO2 and 
R-141b. Thus, the following materials and procedures were used for super insulation. A mixture, 
known as the “master batch,”was prepared. The composition (by grams) was as follows: 

Poly01 37.55 
Surfactant 0.50 
Polycat 8 0.74 

H20 0.63 
DABCO T-12 0.08 

*Polycat@ 8 and DABCOO T-12 catalysts are registered trademarks ofAir Products. 
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Zinc stearate, the material that caused cell opening, was ground for 20 hours as a 10% solution in 
R-141b. The grinding was done with tungsten rods. The rods plus solution were added to a tightly 
sealed &ounce jar and rolled on a roller mill. 

R-141b and ground zinc stearate were added to the isocyanate. Typically, the zinc stearate concentra- 
tion was 0.020%-0.025% relative to the total weight of the foam. Typical R-141b and isocyanate 
amounts (by grams) to match the above master batch composition were the following: 

Isocyanate 52.55 
R-141b 9.50 

Just prior to making foam, the master batch was weighed into a 250 cc plastic beaker. Epoxy, if used, 
was added to the master batch. The master batch was whipped with an  1800-rpm, turbine-blade mixer 
to add bubbles that served as nucleation sites. The turbine blade was driven by a 17-inch, 1.lihorsepow- 
er Sears drill press. Isocyanate solution that had been cooled in ice for a few hours was weighed into a 
125 cc beaker. The isocyanate solution was quickly poured into the whipped master batch. The 
mixture was whipped for about 5 seconds, then poured into an aluminum mold preheated to 50 "C. 
The mold was 9 x 8.5 x 1.5 inches, and was lined on the inside with overhead transparencies, which 
served for mold release. The aluminum mold was moved to a large vise, and a lid was held firmly on 
the top of the mold until the foam no longer expanded. Typically, this time was 3-5 minutes. This step 
in foam-making is called packing, because if the foam were allowed to expand unrestrained, it would 
occupy more volume than the mold. Typically, foams were 1540% packed. The foam density was 
determined by careful measurement of the amount of reactive ingredients not poured into the mold. 

After approximately 2 hours, the foam and mold had cooled to ambient temperature. The foam and 
mold were then placed in an oven at 80 "C for approximately 15 hours. This step accelerated the 
reactions that result in polyurethane and the reaction between epoxy and isocyanate. Without the 
heating step, these reactions require approximately one month for completion. 

After the heating, foam panels were removed fi-om the molds and the surfice layers were removed 
with a band saw. The panel was then placed in a vacuum oven at approximately 35 "C for one hour to 
remove any remaining blowing agent. After this, a 10-microliter (fl) gas sample was withdrawn from 
the foam with a syringe and was shot into a gas chromatograph equipped with a thermal conductivity 
detector. If less than approximately 1% C02 and R-141b were detected, the foam was considered to be 
open cell. The zinc stearate concentration was carefully optimized such that the minimum amount was 
used thatwas necessary to achieve 100% open-cell foam. A substantial excess of zinc stearate resulted 
in very coarse foam that Eaied in compression. 

RADIATION CONTROL 

For super insulation, the foam was sliced with a band saw into sheets 35 to 160 m i l s  thick. Polyester 
films with a thickness of 0.25 mil and a ve'ery thin aluminum coating on one side were placed between 
foam slices. The aluminized Mylar was a standard product of Metalliied Products, Inc., of Winchester, 
MA. For general-purpose insulation, it was assumed that open-cell COrblown foam having the same 
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cell size as the present closedcell COrblown foam  vas available. Given a market, it is highly likely that 
a foam chemical supplier such as Dow, Bayer, or IC1 could make such a foam. 

MEASUREMENT OF RADIATIVE AND SOW-PHASE CONDUfX'IWIY 

The sum of radiative (It ,)  and solid-phase (k,) conductivity was determined by measuring the conduc- 
tivity of a foam sample and subtracting the conductivity of the gas in the foam. The conductivity  vas 
measured with a k-Matic instrument manufactured by Holemetrix, Inc., of Bedford, MA. The gas 
phases used were air, CO2, krypton, and xenon. 

ENCAPSULATION AND GAS EXCHANGE 

It was necessary to encapsulate the insulation in a very high-barrier polymeric film. The barrier film 
used was made by Fresco System, USA, Inc., and is designated Vecat. This is a multilayer structure 
containing water vapor and air-barrier films and a polyethylene heat-seal layer. It \vas also necessary to 
put approximately 0.5-mil aluminum foil under the Vecat on the two large faces of the panel in order 
to minimize water vapor permeation into the package. It \vas still possible for water vapor to permeate 
through the edges of the panel, but this could be removed with approximately 50 grams of CaC12 for a 
panel size of 14 x 20 x 0.75 inches. Details of the projected performance of this barrier film are 
described in Appendis A. 

The foam stack consisting of alternate layers of sliced foam and aluminized Mylar was assembled. For 
this work, the aluminum foil and desiccant were not included in the package. AVecat bag was made by 
heat-sealing nvo Vecat films along three edges. The heat sealer rvas a model 20 MG manufactured by 
Vertrod Corp. The foam stack \vas placed in the bag, and the fourth edge of the bag  vas sealed. A 
fitting, shown in Figure 2-1, ivas attached very near an edge of the bag. The fitting ivas used to with- 
draw air fi-om the cell gas of foam and to introduce the insulating gas. After the gas exchange !vas 
completed, another heat seal \vas applied between the valve and the foam stack as shown in Figure 2-2. 
The valve was then cut out, and the stack  vas ready for use. 

CREEPMEASUREMENTS 

Two types of creep measurements were made. One, for screening purposes, \vas done by placing open- 
cell foam in a sealed polyethylene bag, and evacuating the bag using the same fitting as \vas used for 
gas exchange. The thickness of the foam was measured periodically at four locations using a caliper. 
The second creep measurement was an accelerated test, the purpose of which \vas to predict the time 
to failure by collapse at a load of 1 atmosphere. The test \vas performed with an Instron with a constant 
applied load on the faces of the panel. Strain was measured over time. The test foam was an %inch- 
diameter disc, of approximately 1-inch thickness. The foam  vas in a polyethylene bag and \vas continu- 
ously evacuated to approximate the isostatic pressure that the panel would experience in use. (Evacua- 
tion would cause the panel to experience at least atmospheric load along the sides, which could not be 
loaded in the Instron.) This test was done at 19,21, and 23 psi loads in order to accelerate creep. The 
time to 4% and 5% strain was noted at each stress, and the time for the same strains to occur at 1 
atmosphere load was determined by extrapolation. 
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Figure 2-1. Leak-Tight Fitting to Enable Gas Exchange in Open Cell Foam 
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F i e  2-2. VecatTM Package Containing Foam Stack 
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Section 3 
RESULTS AND DISCUSSION 

In the case of super insulation, it was required that the foam stack withstand a continuously applied 
load of almost 1 atmosphere pressure over the entire life of the insulation. AU plastics move or creep 
under load, and in general, foam creep occurs up to a certain point, after which the foam collapses. 
Clearly, the foam developed in this program had to be sufficiently creepresistant so that collapse 
would not occur during the projected lifetime of the insulation. Thus in the following section, the first 
discussion is about the foam properties that were found necessary for suEcient creep resistance, 
followed by a discussion of conductivity. 

DETERMINING THE IMPORTANCE OF FOAM VARIABLES 

The effect of the following variables on creep resistance \vas determined 

Foam density 

Index (ratio of isocyanate to polyol) 
Added epoxy 
Zinc stearate concentration 

Ratio of C02 to R-141b 

There were other foam variables that could influence creep resistance, such as the type of poly01 used 
and the crosslink density of the polymer. These variables were not investigated in this work, primarily 
because the foam chemistry had already been optimized by others for many properties, including 
creep resistance. The effect of these variables on creep was determined using the 1-atmosphere creep 
test described above. First, the reproducibility of this test \vas briefly explored using two identical 
foams. Results are shown in Figure 3-1. After 1000 hours, the strain was approximately 5%, with a 

14% c02 
6% EPOXY 

0.1 1 10 100 1000 10000 
TIME (HOURS) 

Figure 3-1. Reproducibility of Creep Tests 



spread of 20%. Obviously this was not an exhaustive analysis of reproducibility, but itwas suaticient for 
this work. 

Of the five variables listed above, zinc stearate concentration and density were significant. A minimum 
zinc stearate concentration of 0.02O-O.025% was necessary to achieve virtually 100% cell opening. The 
effect of density on creep at 1 atmosphere load on three otherwise identical foams is shown in Figure 
3-2. The density difference among the foams was achieved by adding more material to the foam mold, 
not by reducing the amount of blowing gas. Clearly in Figure 3-2 there is a break in creep performance 
between densities of 2.3 and 2.6 lb/ft3. 

3.50 

3.00 

2.50 
z a E 2.00 
5 
$ 1.50 
a 
n. w 

1 .oo 

0.50 

0.00 

30% C02 
I12 INDEX 
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F i e  3-2. Effect of Foam Density on Creep 

Based upon other work done in this laboratory, it was expected that the addition of epoxy to the foam 
would stiffen it. In fact it was confirmed that at a density of 2.3 lb/ft3 epoxy did stiffen the foam 
somewhat. However, a density of 2.6 lb/ft3 was still required to achieve sufficient creep resistance, and 
epoxy had little or no effect at this density. 

The 2.6 Ib/ft3 densitywas assumed to be the approximate minimum for acceptable creep resistance, 
and accelerated creep testing was done with the Instron to estimate the life of the foam at Iong times. 
A plot of stress vs the time to reach 4% strain is shown in Figure 3-3. The extrapolated time to 4% 
stra in  at 1 atmosphere is approximately 15 years. There is considerable scatter in the data, so that this 
time is approximate. However, more than 10% strain is required before collapse will occur; therefore, 
it is safe to assume that the 2.6 lb/ft3 foam will survive for over a decade. 
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Figure 3-3. Time for Foam to Reach 4% Strain as a Function of Stress 

SOLID-PHASE PLUS RADIATIVE HEAT TRANSFER AND FOAM SLTCE THICKNESS 

For super insulation, k,-+ $was measured by placing a 0.75inch-thick stack of foam slices (with air in 
the cell gas) and alternating reflective films in the conductivity tester. The conductivity of air at 
ambient temperature is 0.181. This value was subtracted from the measured value to obtain IC,-+ ks. A 
plot of k,.+ ksvs slice thickness is shown in Figure 34 .  The practical lower limit in slice thickness is 
approximately 70 mils, and thus the minimum k,-+ ks is 0.040. This measurement was made on many 
foam stacks, and the range ofvalues for k,-+ kswas 0.036 to 0.040. 
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F i e  3-4. Effect of Foam Slice Thickness on Solid Phase Plus Radiative Heat Transfer 



To test the validity of determining k,.+ ks in this way, CO2 was sometimes used in the cell gas of the 
foam rather than air. The conductivity of C02 at ambient temperature is 0.115, and using this value 
the same I++ k,value was found as with air in the cell gas. 

For super insulation, stacks of approximately 70-mil foam slices and alternate layers of reflecting films 
were encapsulated in Vecat. Air was removed ii-om the cell gas, and 20 mm xenon was introduced. The 
conductivitywas 0.075 to 0.080. This is an entirely predictable result based on the known conductivity 
of xenon and the previously measured value of k,-+ k,. 

Short-life tests of the above foam stack were performed to determine the stability of the panel's 
conductivity. Itwas found that when the foam slices were heated to 80 OC for 4 days to remove all 
volatiles, the conductivity was stable for a period of weeks. It is therefore reasonable to expect that the 
conductivity would be constant for years (see Appendix A). 

For general-purpose insulation, the conductivity with krypton present in an all COrblown, opencell 
foamwas projected to be 0.115. This value is the sum of the conductivity of krypton (0.065), and the k,. 
+ Asvalue of 0.050 for COrblown closedcell polyurethane foam. 
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Section 4 
ECONOMIC ANALYSJS 

INSULATION PANELMANUFACTURING PROCESS 

In order to do a cost analysis of the proposed insulation concept, it is necessary to understand the 
process. Therefore, a proposed process for the manufacture of the layered insulation panel is briefly 
outlined. Based on this, approximate material costs for the insulation are calculated and compared 
with the cost of a vacuum panel insulation fiom the report on U.S. EPA Project No. X81874941@ 
prepared for the EPA by the Center for Robotics and Manufacturing Systems at the University of 
Kentucky. 

The starting material is opencell polyurethane board stock. While most of the board stock manufac- 
tured today is poly-isocyanurate foam with either aluminum foil or other patented reinforced paper 
facing material, it is assumed here that a foam with the formulation developed within this program can 
be manufactured by the same manufacturers and at a comparable price. This board stockwill be the 
feed material into the “Insulation Panel Assembly Plant.” 

It is also feasible that opencell thermoplastic foams are used as the starting material. Currently such 
materials are not available, but it is our understanding that Dow Chemical Company is undertaking a 
pilot project to produce a lowdensity opencell thermoplastic polystyrene foam. If commercially 
available, this material could be substituted for the polyurethane foam. 

The board stock (or bun-stock as it is often-referred to-approximately the dimension of the h a l  
panel) is fed to a slicer/sorter. The board is sliced into 70-mil-thick layers. This can be accomplished 
by the Fleck-Kerfell or the Burt-Porter horizontal band saws.6 If done with one of these pieces of 
equipment, the slicing is expected to be serial, i.e., one slice at a time. Hot-wire cutting of the foam 
panels is also possible. This can be done as a parallel operation, where the panel is sliced in one pass 
into the necessary layers. Because hot-wire cutting to such small thicknesses is not commercially 
practiced currently, these processes will need to be optimized. It is possible, for instance, that hot-wire 
cutting of polyurethane foam boards might result in some curving of the thin slices. It is also possible 
to use fine-toothed saws or rotary saws used in the meat-slicing industry. From our discussions with 
researchers at Dow Chemical, we have determined that thin slices can be made with such equipment 
without significant loss of material as powder. 

Below the slicer, reflective layers-two outer aluminum foil layers and two layers of Vecat film to form 
the bag-are held in readiness. The stock is assembled with a Vecat fiIm on the bottom, followed by an 
aluminum foil film, alternate layers of foam slices and reflective layer, and an  aluminum foil film and 
Vecat on top. The stack is sent to the gas exchange and sealing chamber where air is removed and 
xenon introduced, and the Vecat films are heat-sealed at the edges. 

Equipment required 
(a) Board stock conveyor 
(b) Slicer 
(c) Holder for rolls of Mylar, aluminum foil, and Vecat 
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(d) Mechanism to thread layers to panel assembly station and cut at right length and seal 
(e) Conveyor to vacuum/xenon filling station 
( f )  Form, fill, and seal line 

LAYERED VS VACUUMINSULAmON PANELS-BASIS FOR COMPARISON 

Figure 41 shows a schematic of the Layered Insulation Panel (UP), and Figure 4 2  shows the vacuum 
insulation panel (VIP) that it is being compared to. Details of the manufacture of the VIP are in the 
report on U.S. EPAProject No. X818749-01-0.5 

The vacuum insulation panel has a precipitated silica filler material enclosed and sealed in a porous 
Tyvek* bag. The Tyvek bag is covered with layers of aluminum foil on each face and enclosed in a 
Vecat bag, which is evacuated and sealed. 

Vecat @ Barrier Film 3 
Xenon Gas 

Aluminized @ Mylar Film 

losed Cell Foam 

Figure 41. Layered Insulation Panel 

Vecat @ Barrier Film Tyvek @ Porous Pouch 
1 I 

Aluminum Foil ’ Precipitated Silica 

Figure 42. Vacuum Insulation Panel 

Tyvek is a registered mdemark of E.I. du Pont de Nemours & Co., Inc. 
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The layered insulation panel comprises several layers of open-cell foam slices (polyurethane in the 
case of this study, but it could potentially be thermoplastic foam) with reflective layers of aluminized 
Mylar in between, and duminum foil layers on the outside. This stack is enclosed in a Vecat bag and 
sealed, evacuated, and back-filled with xenon. 

In order to have a uniform basis for comparison, the production rate and refrigerator sizes as well as 
the panels sizes for the refrigerators are taken to be the same as for the vacuum panel study described 
in the report on U.S. EPA Project No. X818749-01-0.5 That study assumed that panels were to be made 
for 21- and 24ft3 refigerators manufactured on a generic line. The total annual volume was assumed 
to be 300,000 refrigerators. The cabinet sizes of both reiiigerators were assumed to use the Same size 
panels, giving slightly less coverage for the 24ft3 refrigerator. Ideal sizes and locations have been 
developed and outlined in the report. Each refrigerator  vas to have 10 panels-the panel dimensions, 
as well as the dimensions for the Tjvek and Vecat layers from the report are shown in Table 41. 

7 

8 

9,lO 

Table 4-1. Insulation Panel Size and Location 

Size 
(in. ) 

1 x 2 1 ~ 2 8  

1 x 2 1 ~ 1 9  

1 x 2 1 ~ 3 0  

1 x 2 1 x 2 8  

0.5x28xIO 

0.5 x 28 x 19 

0.5 x 28 x 19 

Porous Pouch 
Location Size (+1.5 in. )* 

Freezer top 22.5 x 29.5 

Freezer sides 22.5 x 20.5 

Fresh food sides 22.5 x 31.5 

Fresh food back 22.5 x 29.5 

(+1.0 in.)* 
Fresh food bottom 2 9 x 1 1  

Freezer door 29 x 20 

Fresh food door 29 x 20 

Barrier Film 
Size (+2.0 in. )* 

23 x 30 

23 x 21 

23 x 32 

23 x 30 

(+1.5 in.)* 
29.5 x 11.5 

29.5 x 20.5 

29.5 x 20.5 

Total sq. inches 5726.5 5971.5 

Total sq. ft. x 2 (top and bottom) 79.5 82.9 
* Panels 1 through 6 are 1 inch thick. Panels 7 through 10 are 0.5 inch thick. The porous 
pouch is made with two layers, one on top and one on the bottom, sealed along the edges. 
In order to cover the 1-inch-thick panels, both layers have a total overhang of 1.5 inch, or 
0.75 inch on all sides. The barrier film layer, which is outside the porous pouch, has an 
overhang of 2 inches, or 1 inch on all sides. The overhang is reduced by 0.5 inch for the 
0.5-inch-thick panels. 

In Table 42, material costs of LIPS are identified and compared to the material cost of VIPs. individual 
components have been listed and marked as “common” (present in both the LIP and the VIP sys- 
tems), VIP (present only in VIPs) or LIP ( present only in LIP). The sizes for the Vecat for the LIP 
have been adjusted to account for the fact the LIPS do not have a Tyvek layer and need less Vecat 
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Table 42.  Cornmrkon of Raw Material Cost of LIP and VIP 

9mk: Board Foot 

Cost of barrier Common 
The barrier is VecatTM, and costs about $O.lll/sq. ft. VIP needs 83 
sq. f t  for 29 bf => 0.3177 $/bf. Layered foam needs 79.5 sq. ft. for 
29 bf => 0.3043 $/bf. (See Table 41 for sizes) 

Cost of silica VIP 
Silica entering the plant has moisture content of 4% and costs 
$0.75/lb. It must be dried to <1%, i.e., a 3% loss in weight. This 
makes the cost of the dried silica at 0.75/0.97 = $0.77/lb. The 
final dried silica has a density of 12 pcf. One board foot, therefore 
is 1 Ib Ad costs $0.77. 

Cost of Tyvek@ VIP 
29 bf foam needs 79.5 sq. ft. of Tyvek (see Table 41). One bf foam 
needs 2.76 sq. ft. Tyvek. At a cost of 3.6C/sq. ft., Tyvek is therefore 
about $.0993/bf. 

Cost of Mylar@ LIP 
One board foot will have 14 70-mil layers of foam, needing 13 
layers of Mylar (the top and bottom will have aluminum facers) 
or 13 sq. ft./bf; at $O.O075/sq. ft. for Mylar, this is 0.0975. 

Cost of aluminum foil Common 
AI foil is available in many thicknesses. 1-mil foil costs $1.40/lb 
and vields 10250 sq. in./lb. 0.5-mil foil costs $1.60/lb. and yields 
21,500 sq. in./lb. 1 bf has 2 sq. ft. (one foil sheet on each side). Al 
cost is $0.04/bf for 1 mil or $0.022/bf for 0.5 mil. 

Cost of xenon LIP 
One board foot is 2360 cc approx. At 20 torr pressure, this is 
about 62 std cc of xenon. At $1.50 per liter, this works out to 
about $0.093/bf. The price of xenon is from a Russian source. 
Local (American) costs for xenon are significantly higher; 
however, several Russian suppliers have entered the global market 
with significant stocks and nameplate capacities for xenon 
production. We have contacted several such companies and have 
quotes for a steady supply at this price. 

cost of foam LIP 
Assuming 50% recovery of R-l41b, foam ingredients cost is 
$0.75/lb or $0.156/bf for the 2.5-pcfdensity foam. We are 
assuming a conservative price of $0.25/bf, since the market price 
for board stock that is faced on both sides with foil is about 
$0.30/bf. Also, closed- or open-cell non-CFC foam is available for 
$0.28-$0.35/bf. 

- m 
$0.3177 

0.77 

0.0993 

0.00 

0.022 

0.00 

0.00 

- U P  

$0.3043 

0.00 

0.00 

0.0975 

0.022 

0.093 

0.25 

Totals, $/bf (approximate) $1.21 $0.77 
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overhang. The reflective layers and aluminum are assumed to be 0.5 inch less in length and width than 
the foam slice size for the area calculation. 

It will be shown that while the cost of the layered panel is significantly lower, the performance penal- 
ties that have been revealed through this research make it less attractive, based on the material cost- 
based figure of merit (cost per board foot times k times 100). 

The section following the section on material costs deals with investment costs. The investment cost is 
expected to be much lower for the layered insulation panel; however, it will be shown by means of a 
sensitivity analysis (assuming that the investment cost for the LIP is a fraction of the investment cost of 
the VIP) that a reasonable decrease in the investment cost is not enough to make this system economi- 
cally attractive for super insulation purposes. 

Finally, an analysis is done for the case of krypton-filled LIP for general-purpose insulation. It is shown 
that such a system can be attractive only if the barrier film cost can be reduced by an order of magni- 
tude. 

COST COMPARISON OF LIP AND VIP 

Raw Material Costs 

The raw material costs of LIP and VIP are compared in Table 42. The cost of the desiccant and a 
manner of introduction have not been included in the panel manufacturing process sections or in the 
costing. However, the cost of the desiccant is expected to be negligible even if it were included. 
Furthermore, it is possible that the polyurethane insulation (which must be foamed around the panel 
when used in a refrigerator) would be a significant barrier and would obviate the need for the desic- 
cant. 

The best LIP made to date has had a kvalue of 0.076. VIPs, after allowing for moisture equilibration, 
have a It value of 0.05. Based on these numbers, the cost comparison is shown in Table 43. 

Table 43 .  Cost comparison (raw material) 

Cost $bf k Figure of M a i t  
VIP 1.21 0.05 6.05 

LIP 0.77 0.026 5.85 

Based on Table 43, it is apparent thatwhile the raw material costs on a board foot basis for the LIP are 
about 40% lower than the costs for the VIP, the comparison is only slightly in Eavor of the LIP on the 
more appropriate cost-timesconductivity basis. The 60% performance penalty for the LIP offsets the 
lower raw material cost. 
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Investment Costs 

The basis for the investment cost analysis is developed above (in the section ‘’Layered vs Vacuum 
Insulation Panels-Basis for Comparison”) for a plant capable of making 8.7 million board feet per 
year (300,000 refrigerators times 29 board feet per refigerator). For a very preliminary look at the 
investment cost estimate, the equipment list from the EPA Project Report was used? All the equip 
ment thatwas specific for a silica process was removed. The major piece of equipment in the rest of 
the plantwas the form, fill, and seal machine, which is needed for this process as well, and was re- 
tained. Additional pieces of equipment needed for this process were the slicers, which were added. 
The plant size was also reduced by a fictor of 10 because the new process needs very few steps. The 
resulting equipment list and the costs are listed in Table 4A (from the EPA report). Amounts are in 
1991 dollars to allow comparison. Real costs would need to be escalated to allow for inflation. 

Table 4-4. EauiDment and Costs 
Eouibment Vendor 

Form fill and seal Fres-Co 

Hot bar reseal Fres-Co 

Vacuum check Taptone 

Bundle stacking Zellerbach 

Auto pack Zellerbach 

Bar code Zellerbach 

Adjus toveyor S tewart-Glapat 

Tractors Kenworth 

Trailers Dorsey 

QC Lab equipment various 

Maintenance equipment various 

Fork/coil truck Clark 

Office equipment 

Building (10% of VIP plant estimate) 

Land (10% ofVIP plant estimate) 

Slicers (2) 

Contingency 

Total 

Installed cost 
6,150,000 

50,000 

30,250 

56,000 

14,400 

22,500 

54,000 

120,000 

96,000 

100,000 

50,000 

40,000 

25,000 

77,400 

10,000 

500,000 

7,695,550 

3,000,000 

10,695,550 

(Source: EPA Project Report, X818749-01-0 [1992]) 



Opencell board stock will be purchased. Operations include slicing, layering, forming, filling, evacuat- 
ing, and backfilling. The costs for the refrigerator assembly plant, etc., remain the same. 

The equipment and land and building costs for the silica-based VIP are $15 million (Reference 5, p. 
18). The total program cost, which includes nonrecurring costs to plan and implement the project 
(such as investment to purchase and install facilities and equipment, expense for tooling, and rear- 
rangement expenses required in the existing refrigerator plant) is given as $23.66 million (Reference 
5, p. 55). Historic ratios were used to calculate this number, which is 157% of the $15 million. Remov- 
ing the silica-specific equipment, adding on the cost of the slicers, and reducing the land and building 
costs by a factor of 10 (including the same $3 million contingency that was on the initial estimate), and 
adding 57% to cover program costs as in Reference 5, an overall reduction of about $6 million is 
obtained. 

Amortized over 5 years, and at 300,000 refrigerators per year, 29 bf per refrigerator, there is an added 
cost for investment of $0.54/bf for VIP, and $0.40/bf for LIP (see Table 45). The amortization period 
is picked as 5 years to allow comparison to the costs for the VIP. While a different amortization period 
may be more appropriate for land and buildings, these form a minor component of the total invest- 
ment and it is not expected that changing the time over which they are depreciated would cause any 
major difference in the cost picture. 

Table 45. Cost Comparison - (Material + Investment) 
Cost $/bf - k Figure - of Merit 

VIP 1.21 + 0.54 = $1.75/bf 0.05 8.75 

LIP 0.77 + 0.40 = $1.17/bf 0.076 8.892 

Labor Costs 

Labor costs were estimated separately for panel manuEacturing and for panel installation in Refer- 
ence 5. Panel installation costs remain the same for both types of insulation and can be neglected for 
purposes of comparison. The labor and other operating costs for the panel assembly are given (in 
Reference 5) as $5.38 for 29 bf, or about $0.18/bf. This can probably be reduced by 50% for the 
simpler LIP process (since several steps involving silica handling are not needed), which would bring 
the cost figure to $O.O9/bf for the LIP. With this addition, the final numbers are as shown in Table 4-6. 

Table 4-6. Cost Comparison (Material + Investment + Labor) 
Cost $/bf - k Figure of Merit - 

VIP 1.21 + 0.54 + 0.18 = $1.93/bf 0.05 9.65 

LIP 0.77 + 0.40 + 0.09= $1.26/bf 0.076 9.58 
_ _ _ ~  

Given that the figures of merit for the insulations are essentially the same, the insulation of choice is 
powder vacuum because of its substantially lower conductivity. If the amortization is carried out over 
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10 years instead of 5 years, the numbers would be $1.66/bf for the VIP and $1.06/bf for the LIP, 
resulting in figures of merit of 8.3 (VIP) versus a very close 8.06 (LIP). 

I 

It is seen fi-om the above numbers that even if the investment for the layered panel is reduced to 50% 
of the rough eitimate (Le., from $17.6 million to $8.8 million, or to 37% of the VIP plant investment), 
the cost per board foot of the panel would be reduced to $1.06/bf (0.77 + 0.20 + 0.09), resulting in a 
figure of merit of 8.05, or an approximate 15% savings. 

In order to achieve a figure of merit for LIP that is 1/2 that of VIP, the conductivity and cost would 
have to be 0.060 and $0.80/bfY respectively. It is doubtfUl that a conductivity this low can be achieved 
because the foam must support a continuous load of 1 atmosphere. 

ECONOMIC ANALYSE OF G-PURPOSE INSULATION 

A secondary target for this program \vas to invent insulation systems capable of competing with 
general-purpose systems from a cost and environmental standpoint. 

For this comparison, the benchmark selected \vas the widely available faced polyisocyanurate foam 
boards, which are blown with R-141b and have a thermal conductivity value (measured in our &ester) 
of 0.162. These panels, in a 1-inch thickness, cost about $0.34/bf. 

For the general-purpose insulation system, it is proposed to use (a) non-CFGblown open-cell foam; 
(b) krypton gas at 200 mm Hg; (c) aluminum foil facer; and (d) Vecat barrier film. The composite 
structure is expected to have a thermal conductivity of 0.05 (solid phase plus radiation) + 0.065 
(thermal conductivity of krypton). This results in a total conductivity of 0.115. There is no slicing 
operation and no reflective layers. The only operation in addition to foam board production is 
vacuum packing. Capital costs have therefore not been included in this analysis. The vacuum packing 
system is not expected to entail major cost, since it does not have to be the more complex form-fill-seal 
type used in the VIP case, and simpler meat-packing machines can be modified for use. Furthermore, 
owing to the simplicity of the process for the general-purpose insulation, the machine can work at 
lower cycle time, and the cost would be amortized over a larger volume of foam panels, because the 
demand for general-purpose insulation is higher, thus lowering the component of capital cost relative 
to the overall cost. 

Worst-case Scenario 

The non-CFGblown open-cell foam is available for $0.32/bf. The cost of 200 mm Hg of krypton is the 
same as the cost for 20 mm Hg of xenon, as the ratio of xenon to krypton prices is about lO-i.e., the 
cost of krypton is about $0.093/bf. The cost of aluminum foil and Vecat film is the same as for the LIP, 
i.e., $0.022/bf and $0.3043/bf, respectively. The total material cost is therefore (0.32 + 0.093 + 0.022 + 
0.3043) $/bf, or approximately $0.73/bf. 
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Best-Case Scenario 

If a cheaper barrier film can be made to work because of the aluminum foil on two ends, thus reduc- 
ing the barrier film cost to 10% of the Vecat cost, and the opencell foam cost could be reduced to 
$0.25/bf (both perhaps feasible goals), the overall material cost would be reduced to (0.25 + 0.093 + 
0.022 + 0.03) $/bf or $0.395/bf. 

The comparison on a raw material cost basis is shown in Table 4-7. 

Table 47. Raw Material Cost Basis Comparison 
cost $hf - k FirmreofMm't - 

Conventional insulation 0.34 0.162 5.51 

Krypton Insulation (worst case) 0.73 0.115 8.40 

Krypton Insulation (best case) 0.40 0.115 4.60 

In the best-case scenario, the krypton-based general-purpose insulation has a 16% lower figure of merit 
than the conventional general-purpose insulation. However, it should be noted that the krypton-based 
system would not utilize any CFC (it would be based on non-CFGblown opencell foam) and so would 
be environmentally more sound. Also, because it would be better in performance, the thickness 
needed for a required degree of insulation would be less (although it would cost about the Same for 
the lower thickness). Furthermore, the additional steps needed to convert existing manufacturing 
operations that make aluminum-faced CFGblown foam to this system are minimal. The foam ingredi- 
ents would be switched to make C02-blown foam, and a subsequent vacuum-packing station would be 
added to form the Vecat bag around a panel, add krypton, and seal. 





Section 5 
CONCLUDING REMARKS AND RECOMMENDATIONS 

A new concept for high-performance, environmentally acceptable, and cost-effective insulation was 
explored, Two application areas were targeted-super insulation for refiigerators and general-purpose 
insulation. The estimated figures of merit (thermal conductivity times cost per board foot) for the 
insulation developed in this project were not competitive for either application. However, there is a 
reasonable prospect that further development, particularly on the general-purpose insulation, will lead 
to products with a lower figure of merit and a lower conductivity than any insulation now on the 
market. 

GEN-PURPOSE INSULATION 

While COpblown, opencell foam was not available for testing in this effort, the projected conductivity 
of the krypton-based general-purpose insulation was 0.115, compared to 0.162 for the state-of-the-art 
general-purpose insulation. This conductivity advantage of the krypton insulation was more than offset 
by its relatively high cost of $0.73/bf. There is a very real prospect that this cost could be substantially 
reduced. The Vecat barrier film cost is $0.30/bf. Since aluminum foil is placed under the Vecat on the 
two large faces of the insulation, polyethylene could be used on these Eaces instead of Vecat. To 
prevent aging through the edges of the panel, Vecat would be attached to the perimeter of the 
polyethylene. This would reduce the amount of Vecat needed by a Eactor of approximately 10. Polyeth- 
ylene is very low-cost. The result would be a figure of merit and conductivity better than those for state- 
of-the-art insulation. Furthermore, once HCFCs are banned, the krypton-based insulation will still be 
environmentally acceptable, but today’s state-of-the-art foam will not. 

It is also possible that future development by thermoplastic and the polyurethane foam manufacturers 
may result in cheaper opencell foamular structures. If so, the concepts of using low-pressure insulat- 
ing gas and reflective layers which have been shown to be feasible in this work, can be applied to 
modify and enhance the performance of those systems. 

SUPER INSULATION 

The state of development of super insulation achieved in this work is a conductivity of 0.075 and a 
figure of merit comparable to VIPs. The goal for additional work should be a conductivity of no more 
than 0.06, and a figure of merit approximately one half that of vacuum insulation to make the 0.06 
acceptable. In order to achieve the 0.06 conductivity, both solid-phase and radiative heat transfer have 
to be diminished, without sacrificing the structural performance of the panel. 

The best route known to the authors to this goal is to develop a practical synthesis for ultra-high- 
molecular-weight lightly crosslinked polystyrene, perhaps in the form of beads, via an emulsion 
polymerization. The beads could be foamed into a bead board structure using conventional blowing 
agents which would disappear (e.& alcohols; pentane is very difficult to remove) or using carbon 
dioxide (dissolved under pressure and foamed at high temperature) to produce microcellular foam. 
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This material and foaming procedure results in significantly lowerdensity foams with highly improved 
compressive strengths. Furthermore, being microcellular, these foams would be more transparent to 
radiation. Such materials thus have the double advantage of reduced solid-phase conductivity and the 
potential to effectively eliminate radiative heat transfer with aluminized Mylar reflective layers. 

To achieve a figure of merit for super insulation one half that of vacuum panels requires, in addition 
to the 0.06 conductivity, a major cost reduction. The lowcost barrier discussed above, and a 50% 
reduction in investment cost would be sufficient. The barrier cost reduction is probably achievable, 
and fabrication process simplification would be required for the investment reduction. 



Appendix A 
ENCAPSULATION OF INSULA'IING PANEL 

It is necessary to maintain the integrity of the environment within the insulating panel over its project- 
ed lifetime. The most severe requirement is to maintain the 20 mm Hg xenon environment. The 
permeating gases of concern are water vapor and air (going into the foam), and xenon leaving the 
foam. 

It is highly desirable that the barrier film be polymeric. Metallic barriers thick enough not to have pin 
holes create a short circuit for heat transfer at the edges of any reasonablesize panel. -41~0, fabrication 
of a polymeric envelope is preferred because it can be done quickly and easily by heat-sealing the 
edges. 

The most impermeable polymeric barrier film of which the authors are aware is a multilayer film 
referred to as Vecat, made by Fresco System, USA. The performance of Vecat with respect to water 
vapor, air, and xenon is as follows for an insulation panel that is 14 x 20 x 0.75 inches. 

WATERVAPOR 

The permeability of Vecat to water vapor at ambient temperature is 1.5 x 10-5 grams/day, cm2. The 
inside volume of the panel is 

14 x 20 x 0.75 inches = 210 in.3 
= 3440 cm3 

Water vapor at 20 mm Hg in 3440 cm3 weighs approximately 0.07 grams. The rate of flow of water 
vapor into the panel is 1.5 x 10-5 grams/day, cm2 (area). The surface area of the panel is 3900 cm2. 
Thus, the rate of water vapor permeation is 0.06 grams/day, and only approximately 1 day is required 
to accumulate 20 mm Hg of water vapor in the panel. 

Clearly this rate of water vapor permeation is unacceptable. The solution is to place thin (- 0.5-mil) 
aluminum foil under the Vecat on the two large faces of the panel. This will effectively seal these faces, 
even with pin holes in the foil. Pin holes would account for a negligible fraction of the total area, and 
the holes would be plugged by Vecat in contact with the foil. 

The remaining area for water permeation is the edges of the panel. The edge area is 330 cm2 and the 
water permeation through the edges in 10 years is 17 grams. This amount of water could be removed 
by means of a desiccant such as calcium chloride inside the panel. The amount of CaC12 required is 52 
grams, which can easily be contained within the panel. 

It is also possible that the polyurethane insulation that is foamed in place along with the panels, which 
would completely surround and isolate the panel on all exposed sides, would be a significant barrier 
and would prevent moisture absorption. Since such alternative solutions exist, we have not included 
the cost of the desiccant or a manner of introduction in our panel manufacturing process sections or 
in the costing. However, the cost of the desiccant is expected to be negligible, if it were included. 
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AIR 

It is assumed that the panel is surrounded by air at 1 atmosphere pressure. The manuhcturer reported 
an oxygen permeability for Vecat of 0.014 cc/m*, day. If nitrogen is assumed to be 4 times less perme- 
able than oxygen, then in 10 years the air pressure inside the panel would be 0.1 mm Hg, which is 
negligible. 

XENON 

Xenon permeability in Vecat has not been measured, but it must be less than that of oxygen because it 
is a larger molecule and less soluble in Vecat than oxygen. Therefore, the loss of xenon fiom the panel 
is negligible. 
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APPENDIXB 
MICROCELLULARTHERMOPLASTIC FOAM 

INTRODUCTION 

The original approach in this work to minimize solid-phase and radiative conductivity was to develop a 
lowdensity, microporous thermoplastic foam. Microporous thermoplastic foams are a relatively new 
class of materials that are being developed by several groups of workers7~8.9. Applications that are 
targeted for such materials are tough, low-cost structural materials, and thermal insulation. Micro- 
porous foams typically contain at least 109 cells/gram, compared to lowdensity polyurethane foam at 
106 cells/gram. 

The rationale for microcellular foam in this work is that radiative heat transfer is proportional to cell 
size in polyurethane foam having cell sizes of hundreds of microns. Thus, it was projected that micro- 
cell thermoplastic foam with 10- to 40+m cells would allow virtually no radiative heat transfer. 

The original target density was 0.024 gram/cc, which was arrived at in as follows. The goal was to 
achieve with thermoplastic foam the same solid-phase conductivity as polyurethane foam used in 
refrigerators. Polyurethane foam insulation has a density of approximately 0.027 gm/cc, and solid 
polyurethane has a conductivity approximately 30% greater than polystyrene and many other thermo- 
plastics. In polyurethane foam, 80% of the solid is in the struts as discussed in Section 1, and in 
thermoplastic foam all the material is in the cell walls. Glicksmanl has modeled solid-phase conductivi- 
ty of foam and determined that foam with solid only in the struts has one half the solid conductivity of 
the same density foam with solid entirely in cell walls. From this information, one estimates the target 
density to be: 

p required = 0.027 (+1&)(1.3) 

= O.O22gm/cc 

An additional requirement of the foam to be developed in this project was that it be blown with a gas 
or vapor that could be removed after the foam was blown. Carbon dioxide \vas selected as the blowing 
gas because it is chemically reactive and can thus be removed from the foam. Furthermore, C02 is 
highly soluble in thermoplastics, and therefore, in principle can expand a polymer to a low density. 

Within the first year of this three-year program, lowdensity microcellular foams were made and it was 
found that they were highly transparent to radiation. Thus our original approach to m i n i n g  
radiative heat transfer fiiled, and the use of reflective layers and other techniques were subsequently 
explored. Reflective layers turned out to be the best method. 

The work that was done in this program to make and evaluate microcellulaf foams is described below. 
One result of the work is that lowerdensity foams than had previously been reported were developed, 
and the experimental parameters required to make such foams were identified. 



The first thermoplastic sheets to be foamed were 1 inch square, and from 30 to 120 mils thick. C02 
\vas dissolved in the polymer sheets by loading the sheets in Millipore high-pressure stainless steel filter 
holders. C02 at its vapor pressure at room temperature (-900 psi) was introduced to the pressure 
vessel. The sheet was saturated with CO2 in a time of less than a day and up to three days, depending 
on thickness and permeability. After the sheet was saturated with CO2, it \vas removed from the 
pressure vessel. In some cases it \vas degassed for a predetermined time, and then it  vas placed in a 
temperaturecontrolled oven for a measured length of time. The optimum oven temperature and time 
for expansion .was different for each material evaluated. For Noryl*, the temperature and time were 
150 "C and one minute, respectively. 

In most cases, the polymer sheets were hung from a thin wire while they were foamed in the oven. The 
resulting foamed sheets were not flat, but foam density and cell size could be measured. There was a 
concern that results obtained on samples hung 3om wires might not translate to whatever method \vas 
developed to produce flat sheets. Thus a procedure was developed, first to make approximately 4 x 4 
inch flat sheets, and then 9 X 9-inch flat sheets. 

To produce the smaller flat foamed sheet, sheets containing CO2 were placed between preheated, 6 x 
Cinch copper plates set at fixed distances from each other. For 50-mil Noryl sheets, the spacing 
typicall! was I50 mils. The inner surfaces of both plates were coated with a silicone oil lubricant to aid 
expansion. The plates were assembled and then placed in an oven at the desired temperature (typical- 
ly 150 "C) and allowed 30 minutes to come to temperature. Noryl samples were inserted between 
plates, typically for one minute. The plates were then removed from the oven and cooled below the Tg 
of 125 "C. This prevented the foam from curling when the plates were opened. 

Expansion done between the copper plates gave virtually the same density as expansions done on 
sheets hung from wires. The optimum time for expansion was less with the copper plates than with 
hanging wire, presumably because the heat transfer to the sheet \vas more efficient in this case. 

It was somewhat more diflicult to make 9 X 9-inch foamed samples, because typically the COrimpreg- 
nated sheet expanded differently in each lateral direction. The result was a distorted sheet not suitable 
for conductivity measurement. The problem \vas solved by the use of walls built into the plates between 
which expansion occurred. Specificaliy, i 2  x 12-inch aluminum plates were made with four 9 x 0.25 x 
0.125-inch grooves in the bottom plate and three 9 X 0.25 x 0.1875-inch walls attached to the top plate. 
A slot was cut through the top plate in the position of the fourth wall. The plates were bolted together 
with the three waUs in place. The COFimpregnated sheet \vas quickly inserted through the position of 
the fourth \vaU (not yet in place) between the aluminum plates, toward the rear of the box formed by 
the walls. As the sheet foamed, it filled the rear of the box and expanded toward the open wall 
through which the sheet had been inserted. Just before the foaming sheet reached the open wall, a 
glass plate \vas dropped through the slot in the top plate, forming the fourth wall of the box and 
confining the foaming sheet to the 9 x 9-inch dimensions of the box. 

*Noryl is a registered trademark of General Electric Co. 
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The two materials that were most successfully foamed in this work were polystyrene and a miscible 
blend of 75% polystyrene and polyphenylene oxide (the GE tradename is Noryl). There \vas a slight 
advantage to Noryl in that when foamed it had fewer blisters or large holes. 

Two conditions were found which were required for good quality Noryl and polystyrene foam. The 
CO2 concentration had to be 7% or less, and the thickness of the sheet to be foamed had to be less 
than approximately 60 mils. If either of these conditions was exceeded, the resulting foam had large 
voids. At 7% COS loading, and a starting thickness of 50 to 60 mils, the resulting foam had approxi- 
mately 30-pm cells and a density of 0.030 gram/cc. 

It was reported in the literature (see Reference 7) that zinc stearate added to the polystyrene resulted 
in a substantial decrease in cell size. A number of experiments were done with zinc stearate, and 
results were not reproducible. However, in all cases, addition of up to 0.5% zinc stearate resulted in 
reduced cell size. For example, 0.1% zinc stearate in Noryl reduced cell size fi-om 27 to 10 pm. Howev- 
er, the minimum density that could be achieved was 0.040 gram/cc. 

C0NI)UCTIVITYOFMICROCEI;LULARFOAMS 

In order to evaluate the microcell foam approach to minimizing radiative and solid-phase heat 
transfer, the conductivity of a stack of four 8 x 8 x 0.17-inch slabs of Noryl foam having a density of 
0.030 gram/cc and a cell size of 30 pm \vas measured. Prior to the measurement, the foams were 
placed in a C02 environment for several days to assure that they contained only C02. The conductivity 
was 0.187, and subtracting the C02 gas conductivity of 0.115, the solid-phase plus radiative conductivi- 
ty of 0.072 was obtained. This value was much higher than our original goal of 0.02. Based upon 
published models, the solid-phase conductivity was estimated to be 0.025, not much above the original 
goal. However, radiative conductivitywas 0.047 (= 0.072 - 0.025), a huge value which had been 
expected to be close to zero. 

Because the microcellular foam was highly transparent to radiation, radiative conductivity could be 
reduced by placing reflective layers between foam'slabs. This \vas the method that ivas adopted to 
control radiative heat transfer in the preferred foam, which is open-cell polyurethane. However, the 
effectiveness of reflective layers was first demonstrated using microcellular foam slabs. 

Using the four Noryl foams described above, silvercoated Mylar films were placed between the foam 
slabs and at each end of the stack. Radiative conductivity was reduced fi-om 0.047 to 0.022, and solid- 
phase plus radiative conductivity was reduced to 0.047 (= 0.022 + 0.025). 

In order to reduce radiative conductivity further, thinner and thus more transparent Noryl foam slabs 
were made. The first foam slabs were 170 mils and 0.030 gram/cc. The most effective thermoplastic 
foams that were made were 75 to 80 mils thick and had a density of 0.041 gram/cc. With aluminized 
Mylar between foam slabs, solid-phase plus radiative conductivity was 0.040, solid-phase conductivity 
was estimated to be 0.032 (at the 0.041 g/cc density), and radiative conductivitywas therefore 0.008. 



The performance achieved with Noryl foam slabs \vas only slightly worse than that achieved with open- 
cell polyurethane foam. Because production of the foam and gas exchange  vas much easier in the 
case of opencell polyurethane, it \vas the material of choice. 

OTHER MATERIALS TESTED FOR FOAMING 

In addition to commercially available polystyrene and Noryl, a number of other materials were foamed 
with con. 

Very High Molecular Weight, Lightly Cross-Linked Polystyrene 

Rubenslo reported in 1965 that very lowdensity foam could be made by COz blorving of very high- 
molecularweight, lightly crosslinked polystyrene. It \vas decided to first duplicate Rubens's work with 
the synthesis that gave the lowestdensity foam, and then attempt to extend the work to making thin 
foamed sheets. Following Rubens, a polystyrene rod was prepared by combining styrene with 0.04% 
&vinylbenzene containing 0.5% benzoyl peroxide. The solution was pipetted into a 7 x 0.25-inch-ID 
glass tube, which was then sealed and immersed in a 50 OC silicone oil bath. After 3 days, the bath 
temperature  vas increased to 80 "C for 3 days and finally to 125 "C for 4 days. The polystyrene rod was 
removed from the glass tube and a 0.5-inch sample was cut from the rod. This sample was saturated 
with supercritical COn for 2 days and then foamed in a silicone oil bath at 175 "C. Itwas difficult to 
determine when the sample \vas no longer expanding. Therefore, a time of 1 minute and 40 seconds 
\vas used to correspond with Rubens' reported time to reach maximum expansion. The resulting foam 
had a density and cell size of 0.023 gram/cc and 67 pm, respectively. 

Because flat foam panels were needed in this work, a 0.5-inch length of 0.25-inchdiameter rod was 
compression-molded to a disc of 67-mil thickness. This sample expanded to a density which was close 
to 0.023 gram/cc. 

The polystyrene material itself and the resulting extremely lowdensity foam were both very strong 
materials. Significant force had to be exerted on the rod to compress it into a disc-i.e., it did not flow 
well. The foam had a very high compressive strength (determined qualitatively by pressing between 
fingers). This can be attributed to the fact that at the high molecular weight and the low degree of 
crosslinking, there is almost only one or two crosslinks per molecule, so that the entire piece is close to 
being one big molecule. 

A considerable effort was made to develop a practical synthesis of the Rubens polystyrene. The first 
fundamental studies that were done were aimed at uncovering which of the two factors-molecular 
weight or crosslinking-\vas responsible for the unique performance. If this could be determined, we 
aimed to focus efforts on developing a practical synthesis methodology. We made several batches of 
polystyrene of varying molecular weights and cross link densities and determined that neither the very 
high molecular weight nor the very low crosslinking alone would give good foams-both were needed 
together. We had observed that for the samples that foamed well, the density of the foam could be 
correlated well with the swell ratio (by weight) in toluene solvent, which \vas around 30. We found that 



although we could get other combinations of molecular weight and crosslink density that gave well 
ratios of 30 in toluene, the samples did not foam well. We could conclude that while other properties 
might be matched at different combinations of crosslink density and molecular weight, the foaming 
characteristics can not. 

Silicone Polycarbonate Copolymer 

GE makes a family of silicone/polycarbonate copolymers. All efforts to foam it with dissolved C02 
Eailed. C02 is highly permeable in these materials, and probably permeated out of the material as 
opposed to coming out of solution and foaming it. 

Polycarbonate 

Sheets of polycarbonate from 15 to 60 mils in thickness were foamed with CO2. The minimum density 
that could be achieved was 0.1 gram/cc, which was too high for this work. 

High-Impact Polystyrene (HIPS) 

HIPS may be expected to foam well because of the large number of rubber particles, but the result in 
this work was highdensity foam with many blisters. 

Acrylonitrile/Butadiene/Styrene (ABS) 

All attempts to foam 50- to 80-mil ABS with C02 failed. The foamed ABS had a high density and many 
blisters. 

Polyphenylene Oxide (PPO) 

Sixty-mil PPO was foamed with C02 at 220 O C  and 161 "C. The minimum density was 0.46 gram/cc, 
and many blisters formed. 
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Appendix C 
AL,TERNATl3 METHODS TO MINlMEE RADIATIVE CONDU- 

Theore tical work and some experimental work was done on the use of solid additives to thermoplastic 
foams to make them opaque to radiation. This work was not successfd, but is fully reported below with 
the intent that it may be helpful to other researchers in the future. 

GENERAL THEORETICAL ANALYSIS 

The basic idea behind this approach was to use fillers to absorb (or isotropically scatter) radiation. The 
first step in these efforts was to identify the characteristics of the ideal or appropriate filler, and 
calculate the effect of fillers on reduction in radiative heat transfer. Fillers can be divided into two 
categories-those that substitute for struts, and those that are embedded withiin cell walls, making 
every wall more opaque. To clanfy the above classification, a little background is necessary. 

It is known that radiative heat transfer in polyurethane foam is impeded primarily by successive 
absorption and re-emission by the so called plateau borders or struts at the intersection of the cell 
walls. Therefore, the goal was to increase the number of such radiation impeders per unit volume of 
foam. In Edct this was the initial motivation for microcellular foams, which have 103 times more cells 
per volume than polyurethane. 

However, due to the inherent differences between polyurethane foams and thermoplastic foams (in 
foaming procedures and the physical properties of the materials while foaming), no plateau borders 
are formed in thermoplastic foams. All the polymer mass is evenly distributed across the cell walls, with 
no concentration at the junctions. The cell walls are very thin (on the order of 0.1 to 0.3 p) and 
hence very transparent to radiation. In the absence of any radiation impeders, radiative heat transfer 
through a thermoplastic foam is higher than through polyurethane foam, at identical densities. 

Hence, it was necessary to somehow introduce radiation-impeding constituents to the foam structure. 
This can be done by the addition of fillers. Of course, the addition of fillers to foams will increase the 
solid-phase conductivity contribution to foam conductivity. In order to be effective, the reduction in 
radiative heat transfer must more than compensate for this increase. 

The requirements on the filler are therefore as follows: 

(a) The material must be opaque to radiation in the wavelength range of interest (2-20 p). 
(b) The inherent thermal conductivity of filler should be as low as possible. 

There are two ways of using fillers: 

(a) Introducing fillers to mimic the action of struts. 
(b) Introducing fillers that make cell walls more opaque. 



Effect of Fillers on k, and h 

The effect of fillers on the solid-phase conductivity and radiative heat transfer depends significantly on 
the morphology of the foam and the relative sizes of the cells, fillers, struts, etc. There are general 
treatments in the literature for the effect of fillers, which will therefore have to be appropriately 
applied to the case under consideration. 

Solid-Phase Conductbib? (kd 

Several correlations exist for the thermal conductivity of randomly spaced particles dispersed in a 
second medium of dissimilar thermal conductivity, for low particle concentrations, and for thermal 
conductivities of granular materials for high particle concentrations. An accurate empirical correlation 
was developed from data on packed beds of particles by Gelparin and Einsteinll. 

0.18 
m = 0.63( k , /k j )  

Where kmix = thermal conductivity of mixed material 
kf = thermal conductivity of continuous material (fluid) 
ks = thermal conductivity of discrete phase (solid) 
E =volume fraction of continuous material (void hction in packed bed) 

RADIATIVE “coNDucTIvITIT’ (b) 

The transmissivity (2) of radiation through a material is given by Beer’s law: 

Where K = extinction coefficient and has units of inverse length 
x = thickness of material 

By analogy with the kinetic theory of gases, one can imagine the transmission of heat through a foam 
by radiation to be blocked by extinction centers. In other words, when radiation passes through a 
foam, it either gets scattered or absorbed and reemitted by sites within the foam (see Figure Gl). The 
scattering is isotropic if the scattering site is large compared to the wave length of the radiation. The 
more times the radiation is scattered/absorbed/re-emitted, the lesser the fraction of the heat flux due 
to radiation. The extinction of photons can be represented by a “mean free path” (cmf), which is the 
distance radiation travels before getting scattered or absorbed and reemitted. The mean free path will 
then equal the reciprocal of the extinction coefficient3 

The mean free path for extinction should be on the order of the separation between the sites, or in 
the case of foams, on the order of cell diameter. If this is much smaller than the thickness of the foam, 
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F i e  C1. Schematic of Radiative Heat Transfer Through Foams 

the radiation process can be modeled as a diffusion process, with the flux being proportional to the 
gradient of the radiative potential, which is the black body emissive power (&). 

This scenario can be modeled by the Rosseland equation. Detailed discussion of this can be found in 
Glicksman and Torpeyl3. The Rosseland equation gives 

4 d(oT*) 
h d i a t i o n  = -- 3K dx 

- 160T3 dT 
3K dx 

--- 

which then gives 

160T3 
3K 

k, = - 

Btu 
hr ft2 OR4 

where T is Rankine and 0 = 1.73 x lo-’ 

This indicates that as the extinction coefficient (4 increases, the mean free path (&$I between 
successive scatterings/absorption/reemission decreases, which increases impedance to radiative flux, 
which decreases K,, 

This expression is only valid if the mean free path is much smaller than the thickness of the foam. If 
we have an expression for the effect of fillers on extinction coefficients, we can calculate their effect on 
I+. 

Hottel and Sarofimlz give the increase in extinction coefficient due to randomly arrayed concave 
opaque surfaces in a material as: 

AP AK = - 
VT 

G 3  



Where A+ = the s d c e  area of the particles 
VT = the total volume of the system 

From this, expressions can be derived for the extinction coefficient increase in the foams system. 

CALCULATION OF FILLER EFFECTS IN TWO SITUATIONS 

J?iiers As “Struts” 

Calculation of &Increase. Iffillers are used as‘struts, the size of the filler particles must be on the 
order of several microns, as the struts in polyurethane foams are on the order of 15-30 pn. This will 
make the filler several times larger than the cell wall, so effectively, the filler forms a “dispersed” phase 
in the “foam” as a continuous medium. If three volume percent fillers were added (to replace three 
volume percent struts), Gelperin and Einstein’s correlation yields: 

kf = approx. 0.1 Btu, in./(hr, ft2, OF) 
ks = approx. 6-8 Btu, in./ (hr, ft2, OF) 
E =0.97 

{continuous material (foam) conductivity} 
{particle conductivity} 
{volume fi-action of foam is 0.971 

This gives k,i.Jkf as approximately 1.1, i.e., the addition of fillers as struts causes a 10% increase in the 
conductive contribution to heat transfer. For a foam with a thermal conductivity of 0.1 Btu, in./ (hr, 
ft2, OF), the increase is 0.01 Btu, in./ (hr, ft2, OF). 

Calculation of $Decrease. Hottel and Sarofiml2 modeled the increase in extinction coefficient 
caused by the inclusion of additives in a given system. One can apply this equation to model the 
increase in extinction coefficient by the addition of fillers to substitute for struts. In such a case, the 
foam would be analogous to the “continuous phase” in Hottel and Sarofim’s equation, and the fillers 
would be the additive. Therefore, for the increase in extinction coefficient, the surface area of the 
additive per unit volume of foam is needed. At 3 volume percent of 5-pn spheres: 

Afi - 0 . 2 5 ~ 0 . 0 3 ~ 6  =90cm-1 --- Afi - x0.03 A u = - -  
VT dl 4 ~ 7 7  (5e4)cm 

= 228 in.-l 

From experimental measurements, kfor thermoplastic foams was 0.045 Btu, in./(hr, ft2, OF), from 
which the back-calculated extinction coefficient, using the Rosseland equation, was about 32 in.-l. 
The new 
decrease of 0.04 Btu, in./(hr, ft2, OF). 

therefore, is about 250 b-1, which gives a new $of 0.006 Btu, in./(hr, ft2, OF) , i.e., a 

Practical Issues. Based on the above calculations, it is apparent that addition of fillers is worthwhile. 
However, there are some practical considerations with this approach. Foam is about 3% solids by 
volume, of which 80% is in the struts in polyurethane foams. In order to substitute for the lack of struts 
in thermoplastic foams, this amount of filler material has to be supplied to the initial material to be 
foamed, or in other words, the starting material has to be about 50% filler by volume. Incorporating 



such a large amount of filler is diflicult; foaming filled materials also has not been attempted so far 
and poses a challenge. 

Fillers to Make ODaaue Walls 

The other approach to opaque foams relies on making all the cell walls more opaque to radiation, by 
the addition of fillers to the cell walls. Since these fillers will be much finer, their surface area will be 
much larger, and hence their capability to absorb/scatter radiation will be greater. Furthermore, they 
will increase the extinction coefficient of all the cell walls, so that the entire foam is absorbing/ 
scattering radiation as opposed to small constituents thereof. For these reasons, Iess filler may be 
needed. Also, the increase in solid-phase conductivity could be less, as fillers will increase the conduc- 
tivity of the polymer film making up the cell walls, which contributes only partly to the total foam 
conductivity. 

Calculation of kc Increase. Figure G 2  shows the increase in its for various ratios of kfiller to kpolymer at 
loadings of 2,4,6,8, and 10 volume percent filler in polymer. Ifa material with the conductivity of 
glass is used, this ratio would be about 4 or 5. 

Thus at this ratio, even at the 10% loading, the k0l increases from 0.023 to 0.027, an increase of 0.004 
Btu, in./ (hr, ft*, OF). 
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Figure G2. Effect of Fiier Loading on Solid-Phase Thermal Conductivity 

Calculation of %Decrease. Figure G 3  shows the increase in extinction coefficient (from the base case 
of 384 f r l ,  calculated from an experimental hof 0.045) with the addition of varying amounts of fillers 
of 0.25,0.33,0.5, and 0.75 pm. Figure C-4 shows the corresponding decrease in hfrom the base case 
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value of 0.045. Once again, it is seen that the his  reduced to about 0.005, a reduction of 0.04 Btu, in./ 
(hr, ft2, OF). However, this reduction can now be achieved with a much lower volume percent filler. 

Practical Issues. The primary practical issue associated with this approach is that it necessitates very 
fine fillers, with a nominal size several times smaller than cell wall thickness. In current systems, the cell 
wall thickness is on the order of 0.1 p, which will necessitate the use of very fine submicron fillers, 
which may be practically difficult and also a concern fi-om a safety standpoint. If one could increase 
the cell size in thermoplastic foams, and make a small number of cells that are about 100 pm, it would 
increase the cell wall thickness and accommodate larger filler particles. This would almost certainly 
require seeding, which might necessitate the use of another filler to provide the nucleation sites. The 
other issue is that the material of the filler should be well wetted by the polymer, so that it does not 
serve as a nucleation site. The filler should have a low thermal conductivity. 

The above analysis is valid only if each filler particle can be considered a black body, i.e., if it will 
absorb all the radiation incident on it, or if each particle will isotropically scatter radiation. At the 
extremely small sizes (less than the wavelengths of interest) it is not known if the fillers will be "black." 
Carbon black, talc, fumed silica, and titanium dioxide were considered as candidate fillers. 

EXPERIMENTALRESULTS 

Fillers as Struts 

All attempts to impregnate glass-filled plastics with CO2 and subsequently the composite foam Med. 
The conclusion was that voids were left in the glass/polymer matrix, and thus CO2 that dissolved in 
the polymer leaked out before foaming could occur. 

Fillers as Opaque Cell Walls. 

Titanium Dioxide. SEM of this material showed clusters of submicron particles, clumped into 1- to 
10-pm aggregates. Polystyrene was blended together with this material in a Brabender mixing bowl- 
blends at 5 and 10 wt.% filler were made. The filler seemed to plasticize the material and plaques had 
to be molded at a lower temperature. A larger lot of material at 10 wt.% Ti02 was later extruded, and 
plaques molded. These were saturated with C02 overnight at 800 psi in initial experiments. In this 
time period, all the samples took up the necessary amount of C02 (about 7 to 8 wt%). However, the 
materials foamed very little and very non-uniformly. The suhce seemed to foam and peel off, with a 
large gas pocket-the overall increase in volume \vas also very little (about a &tor of 2 compared to 
the usual 30). Also, the material softened significantly due to plasticization by TiO2. 

Fumed Silica. This material is available in treated and untreated forms. The treatment essentially 
makes the fumed silica more hydrophobic, so that it is easily miscible with polymers. Whereas untreat- 
ed fumed silica could not easily be blended with polystyrene and caused increases in torque on the 
Brabender, indicating increased viscosities, the treated fumed silica blended very well. Even at lower 
filler concentrations, the addition of fumed silica made it possible to draw very fine fibers and films 



from polystyrene, indicating possibly enhanced melt strength. Samples of this material were also made 
at varying filler levels. These samples also took up the appropriate amounts of CO2, but did not foam 
well. While the materials did not soften upon foaming like the samples treated with TiO2, they expand- 
ed just as little, and continuously lost C02 through bubbles that broke steadily at the surfke. 

GraDhite. This material was very dif€icult to incorporate into the polymer. Blending all fillers was 
carried out in a Brabender mixing bowl, which did not work well for this system, resulting in non- 
uniform blends. The resulting material was also very brittle and hard to mold. CO2 uptake was once 
again not an issue, but the brittle nature led to bad foaming characteristics. 



Appendix D 
ALTERNATE SUPPORT MATERIALS 

Workwas done on pentane-blown polystyrene bead board, butane-blown polystyrene board stock, and 
diatomaceous earth. The hydrocarbon-blown foams would have been ideal in that they are inexpen- 
sive and commercially available, and with reflecting layers between foam slabs, k,.+ k,was as low as 
0.039. However, both hydrocarbons were sufZciently impermeable as to make gas exchange technical- 
ly and economically infeasible. Diatomaceous earth had much too high a solid-phase conductivity to 
be of interest. 

D-l 
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