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SUMMARY

The purpose of this blanket stu dy was to inves tigate
heat transfer within insulations , concentrating on the

effec t of ref lect ing layers , to survey and select
sui table materials , and then to develop blanket designs
with reflecting elements. It was anticipated that some

of these would prove to be superior to the blanket used

formerly in the Genera tor Exhaus t Signa ture Suppression
(GESS) system (a polypropl yene closed cell foam in a
ripstop nylon jacket). In particular ~.mproved flame

resistance was desired . Other important considerations

in blanket design were R—factor (resistance to heat

trans fer ), flexibility , bulk and weight.

Twelve designs for blankets wi th ref lecting layers were
developed combining various componen t layers so tha t
the overall R—factor for the sandwich would meet or

- 
‘
; exceed that for the baseline GESS blanket with

polyproplene foam insulation. Component layer

R—factors were calculated using mathematical models for

heat trans fer developed in the beginning of the study.

Blanket swatches were prepared for  selected blanket
designs at the end of the study wi th  the dual cri teria
of blanket performance and material availability .
These were supplied to MERADCOM for their  evaluat ion.

This study concluded tha t reflect ive elements should
improve blanket insulating effectiveness. In fact,

totally reflective blanke t sys tems appear to provide
the best insulation (highest R—factor for the

thickness) although the ir ruggedness is uncertain.
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Design number 11. in the blanket designs matrix (Figure

11), with all reflective insulation appears at this

time to be the optimum design of the candidates

considered. It would best be formed with metalized

Kapton film inside a chioroprene coated Keviar fabric

jacket.

It should be noted that this study deals with only the

above mentioned performance criteria and does not

address the problem of day solar loading effects which

were not within the scope of this contract.
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1.0 INTRODUCTION

I t  was the intent of this  work to examine heat
trans fer in insulations , especially so that the
effect of reflective layers could be evaluated

• regarding resistance to thermal transference , and
crea te combina tions of insulat ing layers includ ing
reflectors, to form cand idate thermal blanke t

- -
- designs. A parallel effort was to find materials

suitable for use in these designs. Candidate blanket
• designs were generated by adding R—factors for

various componen t layers trying to attain a total
• R—factor as good as or better than that for a

-
~ baseline blanket formed of three layers of nominally

1/4 inch thick polypropylene closed cell foam.
Its thermal resistance was taken to be the standard

• level to meet or exceed.

• The final step in performance of work on this

con trac t was cons truction of sample blankets of
selected designs. The selection process for designs

was based on flammability , weight, thickness ,
f l ex ibility and thermal trans ference resistance
(R—factor), and on material availability.

The scope of work can be summarized as theoretical

analysis looking into the heat transfer processes
between reflecting layers, a material survey for
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- materials (discrete insulation, reflector layer f i lm
and separator , jacket fabr ic  and jacket elastomer
coating), blanket designing , and f ina l ly  actual
construction of sample blankets from selected

available materials.
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2.0 INVESTIGATION

2.1 Material Survey
I

2.1.1 Method

Potential blanket materials were surveyed as part of the

con tract ef for t  trying to find materials for opt imum
performance. Generally factors which were given greatest

weigh t were flame resistance , operation at temperatures up
-

• to 250F, and flexibility . For component materials aimed

• at specific functions in the blanket structure more

tailored performance facto rs were considered . For
example , the coated fa bric needs to be most resistan t to
flame and weather ing exposure. Internal parts do not need
to meet weather ing c r i te r ia .

The method of a t tack ing  the evaluat ion of materials  was to
classif y them accord ing to one of f ive  groupings rela ted
to performance within the blanket. These groupings were

each cons idered wi th the factors which a f f ec t  performance
of tha t group function , ass igning values from
manufac turers ’ data and references in matrix form.

Thus , there are five matrices which lay out the
performance of each material candidate according to its

intended use. They are:

Discrete Insula t ion  (foam , fel t , special
formulations), Figure 1

.1 Jacke t Fibers , Figure 2

I;

8



4.
I-

Elastomer Coatings (to apply to jacket cloth),

Figure 3

• Films for Metalizing , Figure 4

Separator Materials, Figure 5

The metalized films and separator material s are examined

looking for materials suited to the type of reflective
-

• 
- barrier which is the special consideration of this report

— two parallel reflector films with a separator material

between.

2.1.2 Discrete Insulation

In Figure 1, the insulation candidates are presented . It

- - may be seen that the two candidates which show best

performance regarding flammability and resistance to heat

are Johns Manville Mm —K and Lockheed LI 900. Mm —K in

particular also has the lowest thermal cond uctivity of

all candidates considered . Both have , however , flaws in
other areas which make them unacceptable for the blanket

application.

Mm —K is destroyed by a water soak. Since that was

regarded as a l ikely occurrence (precipi tation entering
through a tear in the jacket), and it is a very expensive

material , Mm —K was not pursued. The LI—900 material has

the fatal flaw of being brittle. It is a rig id ceramic

which is unsuited for the flexible application of the

blanket.

9/ 10 blank
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“PYRELL” POLYESTER! “MICROFOAM” CLO$
POLYURETHANE CELL POLYPROPY LE~

CONTINUOUS USE 220F 250F
TEMPERATURE

• 101 17,5 UL94-HF-P’ F
UL94-HF•1” RESISTANCE GREATLY I -

FLAMMABILITY UL94 SE-i’ WITH INTUMESCENT PAI NT
____________________________ 

BOTH SIDES. UL94-HF-1 UNC
GOOD •320F T0 250F

FLEXIBILITY -40F REMAINS FLEXIBLE
a 

ELONGATION 50- 100%
BTU in BTU.25 2 .27 

~THERMAL CONDUCTIVITY hrft F hrft
(.036 —~~) (.039 -4~

)

• DENSITY 2 4 lb/ft3 0.7 lb/ft 3

COMPRESSION SET %
(LOSS IN THICKNESS AFTER 8(2pcf) 12(4pcf) 10

COMPRESSION)

YES-NATURAL
AVAILABLE IN CHARCOAL (ALSO W WHITE ONLY

ARK C I FOIL FACE ~4 mu PLASTIC)

RESISTANCE TO WATER GOOD ’2 GOOD

WATER ABSORPTION VERY HIGH LOW

RESISTANCE TO OILS-GREASES G % ~~~~~~ GOOD

$20/ft9 $3 $4/ft3 -

COST ($35/ft 3 with REFI FILM) 0 PAINT)(.29/ft 2 %THICK)

‘IT IS POSSIBLE IN SOME CASES FOR AN ION EXCHANGE “ GUIDE TO PLASTICS ‘78
- • TO TAKE PLACE WHEN PYRELL IS IMMERSED IN PROPERTY & SPECIFICATION CHART$ ’

WA TER CONTAINING CERTAIN SOLUBLE MATERIALS. McGRAW HILL, NY. 1977
THIS EXCHANGE COULD CAUSE A REDUCTION IN FIRE -
RETARDANT PROPERTIE S. *2 PO LYESTER/URETHANE FOAM OEQ~COMBINED HIGH TEMPERATURES AN~ .HUMIDITY. ESTIMATE D LIFE AT 2ISF

70% HUMIDITY IS 3~6 MONTHS
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‘
~~- ~~~

.- 
/ 

______  __________- — --- - ___ .- _,_.-- .~~W~~~~~~~~~~~~~~~
_

- 
_
‘.-•.Jt - -

________________________ ___________________________ -



r~~ 
•

- — -- __ •____ • ._ •___ *_ ,j___,•_ __-.__-•r,- - ~~~~~~~~~~~~~~~ - - -

KEVLAR FELT FLEXIBLE MIN-K LOCKHEED LI-BOO
p.

400F 500F 2000 -2500F

r INHERENTLY FLAME
RESISTANT -SELF NON - FLAMMABLE NON-FLAMMABLE

~0 EXTINGUISHING

-

— 

6000 MADE IN BLANKET 
—

-50F FORM.FAIR RIGID CERAMIC-MAY SUFFER
DAMAGED BY CREASING VIBRATION DAMAGE

________________________________ 
FOLDS 

________________________________

ABOUT SAME AS FIBERGLASS BTU
INSAME BULK .016-~-~~ (1 EAN

.035 —~~— (.028 —~—)
mC )  m C  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3~5 up to 8 lb/ft 3 8 lb/ft3 (LIGHT- 9 lb/ft3.6 x FIBERGLASS DENSITY WEIGHT)

10 PROBABLY POO R CRUSHES (100%) -

YELLOW ONLY - 
_____

CANNOT BE DYED

GOOD WATER SOAK DEST ROYS

VERY HIGH VERY HIGH

GOOD-CONDUCTIVIT Y NOT-ATTACK ED BUT GOOD-CONDUCTIVITY
AFFECT IF WET WILL AFFECT THERMAL A FFECTED IF WET

CONDUCTIVITY

$10.25/FT2 (3/8”)
$93/ft3 (%“ felt) $715/ft3 (1/8) $500 - 600/ft 3

$330 to $700/ft 3

THERE MAY BE BLUNT BALLISTIC EXCLUDE D -WATER EXCLUDED-BRITTLE
PROTECTION AFFORDED WITH KELVAR
FELT

- AT

Figure 1. Discrete Insulation
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Of the remaining three material s Kevlar felt may be the

most promising insulation candidate because of its

temperature resistance , non—flammability and the side

benefit of possible blunt ballistic protection which it

may afford. It is said by the f iber  manufacturer  to have
about the same thermal conductivi ty as fiberglass

A 
insulat ion in the same bulk , but since Keviar is less
dense , the Kevlar fel t shoul d weigh only abou t 60% of a
fiberglass batt of the same bulk .

2.1.3 Jacket Fibers

Figure 2 depicts jacket fiber candidates and their

performance accord ing to the fac tors in the lef t  han d
column. Glass has excellent qualities except in one

important area — flexibility . Since this factor is so

importan t, glass fabrics are excluded on this basis.
Polyester and nylon are good with the exception of

flammability. If it were not for the potential of

rectifying that with the elastomer coating , that would be

su f f i c i ent to remove these cand ida tes from fu rther
consideration. In the discussion of elastomer coatings,

further reference will be made to the combined performance

of the coating/fabric system.

• 
Nomex and Kevlar fibers are very similar in performance

and in fac t, in makeup. Both are aramids. Keviar is

f - perhaps the better choice based on strength and the

-. 
-

‘ 
- potential for some ballistic protection. Consequently,

- 
Kevlar fabric would appear to be the optimum choice apart

a from cost considerations .

13/14 blank



“NOMEX”— OUPONT “KEVLAR ’ 29 DUPONT
ARAMIO ARAMID

RESISTANCE TO HEAT 350F
(3000HRS —’ 90% STRENGTH ) 400F

SELF-EXTIN GUISHING
FLAMMABILITY 101 29-30 NO MELTING-SIMILAR 10

NO MELT. SELF EXTINGUISHING NOMEX

RESISTANCE TO COLD CRYOGENIC -50F ”

ELONGATION,% MEDIUM ” - 4’ I

FLEXIBILITY FIREMEN’S COATS MADE OF USE IN GLOVES VESTS

TENSILE STRENGTH HIGH 4PSI 27000 FIBER 00,000

DENSITY 9/cm3 (L81rn3) 1.25 t045) 1.44 (.052)

• 

RESISTANCE TO 

- 

GOOD EXCELLENT

OIL/GREASE GOOD EXCELLENT

- 
1 

MILDEW GOO D

COST ’~ HIGH HIGH

“ KEVLAR 29 BROCHURE BLUNT BALL IST ICPROTECT ION
*2 UNIMPREGNATED IWISTED YARN TEST— IN SOM E SYSTEMS

- I - ASTM 02256
•

~ IMPREGANTED STRAND TEST 02343

T 
- “MATERIALS ENGINEERING , Je ‘79. “COATED FABRICS

_ _ _  —--- -- . - - -_ _  
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GLASS POLYESTER NYLON

— 

POLYAMID

-
~~~~~ 400- 500F 

— 

350 ~ 250 - 350F ‘~

-

- NON-FLAMMAB LE 101 20.6 (FABRIC) 101 20.1 (FABRIC)

CLASSV2

-100F ” -100F -100F

VERY LOW 14.5” 250 - 550

POOR C

350,OO0 ’~SUSCEPTIBLE TO CREEP RUPTURE” HiGH , 162,500 ~ p~ (YARN) 900 - 18000 psi

2.55 (.092) 138 - 1.41
(.050 - .051) 1.13 (.041)

EXCELLENT EXCELLENT GOOD

EXCELLENT GOOD GOOD

EXCELLENT GOO D GOOD

LOW MODER ATE MOD ERATE

N

Figure 2. Jacket Fibei-s
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2.1.4 Coating Elastomers

Figure 3 gives the matrix for coating elastomers. Cost

apart , the fluorocarbon elas tomers look the bes t, having
excellent flame resistance and high temperature operation.

But chloroprenes can be formulated to have good
properties for mos t requirements at a much lower cost
according to Reference 4. The possibility exists that

flammable materials such as nylon and polyester can be
coa ted with a flame retardant elas tomer which will
overcome the flame susceptibility of the substrate

fabric. That appears to be improbable , however , unless
the weight of coat ing material is significantly more than
that of the fabric. Then the coated fabric is likely to

become too heavy. Therefore, it appears tha t nylon and
- 

- 
polyester fabrics are less likely to serve acceptably in a
jacket system than Kevlar  or Nomex fabrics which are
inherently flame retardant. The latter fabrics can ,

therefore , carry a lighter coating designed only to g ive
the desired color and weatherability .

2.1.5 Films for Metalizing

Candidates for metalizing to crea te a highly reflective
film to use in the reflec t ive layers are shown in
Figure 4.

Because of its flame resistance and high temperature

I . performance , Kapton polyimide film is a good choice. It

is also already available as a metalized film in thin
- f . gages (1/3 mil , 1/2 mil and 1 mil) as well as thicker

films. If they are metalizible , fluorocarbon films
appear otherwise to have good qualities and may avoid a

/
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ETHYLENE /ACRyLIC EPICHLOROHYDRIN FLUOROCARBON

400F 325F >550F

LOI 48’~ 101 25 - 33 101 50 - 100

-30F -15F to -80F -50F

450 200 - 800 150 - 450

1.08 - 1.12 127 - 1.49 1.4-  1.95

E X C E L L E N T  VERY GOOD GOOD

EXCELLENT FAIR GOOD GOOD

E X C E L L E N T  EXCELLENT EXCELLENT

EXCELLENT GOOD G OOD

GOOD E X C E L L E N T  E X C E L L E N T

GOOD. VERY GOOD EXCELLENT

GOOD GOOD G OOD

F A I R  - 
GOOD FAIR GOOD

I 

GOOD VER Y GOOD

, MI N ER I AL F I L L E D  COMPOUND S ~. DESIGN NEWS 11-19-79 pg62
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POLYESTER “ACLAW ’-ALL IED HALAR -ALLIED rEFZEL’~OUPONT

CTFE

RESISTANCE
TO HEAT 300F 400F 300F - 360F 300F - 360F
ASTM 759

FLAMMABILITY 101 20.6 (FABRIC) UI > 95 LOI 60 LOI 30
ULB4 — UL HB to V O V - O ( 1/8 ” x l /2”) UL94 VO UL94 VO

RESISTANCE
TO COLD -100F -400F -80F ‘CRYOGEN lC~’ (P15)

- ASTM 1S9

ELONGATION 60 - 165 125 150 - 250 300

DENSITY gm/cm3 1.38 - 141 2.13 1.66 - 1.68 13

RESISTANCE
TO WATER G G G G

RESISTANCE
- 

. TO OIL-GREASE 6 6 6 6

COST $9 - 25/LB $8 - 10/LB $8 - 10/LB $
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ONT “TEFLON”-DUPONT “TEDLAR”-DUPONT Pa LYIMIDE
FEP PTFE TFE PVF ~~~ POLYPROPYLENE “KAPT ON”-

DUPONT

— _ _ _ _ __ _ _ _ __ _ _ _ __ _ _ _ _

440 - 52SF 500F 220 - 250F 260F 270 - 300F 750F 2

10195 101 95 LOl 487 101 17.5
vo vo LOI 22.8 VU HB V O

POOR (QC F) FOR
P15) -425F -100F -100F 

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~50F

ORIENTED FILM

— 
300 100-350 115-250 300 - 500 550-1000 70*2

2 15 2.1 - 2.2 1.38 - 1.57 176 .902 - .907 1.42*2

G 6 G 6 6 6

G G G 6 6 6

— _________________ 
__________________ — 1 .85/LB’ - 30,000

TELCON D OWCHEM$10.15/LB PER JUSTIN PHIL LIP
~ .5O - 8/LB 53.75 - 5.25/LB DUPONT PRICE G RANVILLE OH

LIST FOR TEDLAR POOR ADH ESION OF
METALIZED LAYER
—WITH TIME (‘PER—
PONCON HERCU LES

11/13/79)

‘Figure 4. Films fot Metalizing
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potential noise problem produced by movement of stiffer

films like polyimide. The elongation property in the

matrix gives some assessment of that. Polyester
f i lm ’s flammability is a prob)’ Dwever , due to the

small mass of material per unit area which may be present
in a given blanket design, it is possible that a flammable
film will not adversely affect resistance to flame for the

whole blanket composite. If so, then polyester film may
be quite suitable and is read ily available and relatively
inexpensive. It is also available in a wide variety of

thicknesses from 1/4 mu upward .

2.1.6 Separator Materials

Separator materials are evaluated in the Figure 5 matrix.

What is desired is a very open material which holds apart

the two reflective layers yet offers little solid cond uc—

tion paths. Metal meshes are eliminated on the basis of

solid conduction since thermal conductivities for metals
are from 10 to 900 times greater than plastics. The

spunbonded scrim polypropy lene and the nylon netting
do not offer potential for separation distance selection.

Separation would have to be only t.he thickness of

available products which are on the order of 3 to 6 mils
(O.08— .l6 mm). Since convection analysis showed that the

separation can be up to 6 or 7 millimeters without onset

of convec tion, other candidates were given consideration.
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RETICULATED RETICULATED
POLYETHER FOAM POLYETHER/URETHAN~

RESISTANCE TO HEAT 225F ” 220F’2- MAXIMUM CONTINUOUS USE TEMP. 
_________________________ _____________________

NO F A G R A D E
FLAMMABI L ITY AVAILABLE F LAME RETARDANT 

-

1J194- HF-2’4

RESISTANCE TO COLD
- 

- MINIMUM CONTINUOUS USE TEMP. -60F -50F

COMPRESSION SET
RECOVERY EST 100% EST 100%

DENSITY 1.5 lb/ft 3 2 lb/ft3

RESISTANCE GOOD
WATER (BETTER THAN POLYESTE R GOOD’~

OPENNESS—TRANSM ISSION
or III 1/16” @ 2Oppi 40% 1/8” P lOppi ~- 40%

LOW ABRASIVENESS (TO
REFLECTIV E FILM, LEAST BEST EST GOOD EST GOOD

“ POLYESTER FOAM “POLYESTER URETHANE FOAM
- DEGRADES AT COMBINED DEGRADES AT COMBINED HIGH

ii HIGH TEMPERATURE S AND TEMPERATURES AND HIGH
HIGH HUMIDITY (EST LIFE HUMIDITY (EST LIFE P 21SF 70%
P 21SF 6-12 MONTHS) RH.  ii 3-6 MONTHS)

p - A

~ IMPORTED FROM KARL “GUIDE TO PLASTIC ‘78
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PELLON NO. 5010
SPUN -BOND ED EXPANDED

~ED POLYPROPYLENE NYLON NE TT ING METAL MESH REFLECTIVE
~THANE WEB ‘3 POLYESTER SHEET

250F 200-400F EST1500 F — 240F (116C)

DANT 101 17 LOl 20.1 NONE POOR

-100F -400F -100F

MAY CRUSH
NOT COMPRESSIBLE NOT COMPRESSIBLE NOT COMPRESSIBLE RECOV ERS — 80%

DEPENDS ON EXPANSION ABOUT
- — .014 g/cm3

2 GOOD GOOD EXCELLENT GOOD
- 

— 100% (DUE TO REFLECTIVE40% EST 8O - 90% EST BO% EST 6O% SURFACES)

EST G000 EST G000 EST FAIR EST FAIR

CON DIJCTIVIT IES
OF SOLID METAL

OAM AREABOUT 1O
O H TO 900 TIMES

THAT OF PLASTIC

Figure 5. Separator Materials
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The reticulated foams in columns 1 and 2 may be a suitable
choice although probably one with a flame retardant would
be necessary. Manufacturers ’ literature states that a 10

pore per inch foam is the coarsest one available , so that

would be the choice in the attempt to minimize material
• in the separator to reduce solid conduction. An addi—

tional fe ature of these foams is that they can be
compressed and recover fully.

Yet another separator is the expanded polyester sheet in
the last col umn of Figure 5. This is a designed separator
made from metalized plast ic sheet which is slit  and
expanded to create separation. Liabilities for this

separator are poor flame resistance properties (if
polyester is used) and potential damage in compression
(creasing of the film). However , it is probably the

lightest , most efficient separator from the thermal
resistance s tandpoint  of all those considered .

2 .2  Theoretical Study

k 2.2 .1  Method , R—fac to r

There are jus t  four  modes of heat trans fer available for
heat to move through an insu la t ion :  convection , gaseous
conduction , solid conduction , and radiation. Theoretical

anal ysis of insu la t ion  is for the purpose of unders tanding
how heat is trans ferred so that  these modes can be reduced
— i . e . ,  thermal resistance increased. In layered blanket
constructions such as are the subject of this study , it is
necessary to break down the possible layer components into
segments to which a resistance (R—factor) can be assigned .

S
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Then these R—factors can be added in the proper way to

arrive at an overall R—factor for the composite blanket.
R—factor is a convenient means to deal with

insulation effectiveness by analogy to electrical
-
~~ resistance.

A 
The Fourier equation for heat conduction in one dimension

I S  just

-

- 
— q/A = k~T/t (1)

where: q/A = heat transfer per unit area, w/m2
k = thermal conductivity, w/ (m°C)

= tempera ture difference through a
material , °C

- 
- t = mater ia l  th ickness, m

Thermal resistance, R , is def ined in the equation

q/A =~T/R (2)

so that

[ R = t/k (3)

For construct ions for which a thermal conductivity has

I already been measured it is not necessary to examine the

thermal processes in detail. It is sufficient to simply

use the ratio t/k for R—factor.

F 28
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Where thi s  is not the case , such as for an air layer
between two planes separated with a medium , thermal
transfer processes must be considered in detail. It will

be shown that convection can be eliminated by using air

layers about 1/4 inch thick or less in blanket design.

Then gaseous conduction, solid conduct ion, and radiation
are considered to be parallel processes of trans fe r so
that their corresponding thermal resistances (R—factors)

- i  
- may be added in parallel as in F igure  6.

2 . 2 . 2  Convection

Convection was antic ipated to be a problem since it could
be a significant source of thermal transference if the

cond itions were such that convection is set up. It turns

out that  convect ion currents  are el iminated when a
characterizing parameter falls below a critical value.

This parameter is g iven the name Rayleigh number (Ra) as
defined by

Ra = Gr• Pr, (4)

the product of Grasho f and Prandt l  numbers . Grashof
number is o rd ina r i ly  used to character ize  na tu ra l

— - convection. Reference 1 gives an expression for Grashof

number as
• 1  

3

Gr = g~ (T 1 — T2 ) 6 ( 5 )

V
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Figure 6. Thermal Resistances in an Air Layer with Plane Boundaries and a Separating Medium
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where

g = acceleration of gravity, 9.806 rn/s
= temperature coefficient of thermal

:~ cond uct ivity, 1/°K
Ti = hot surface temperature , °C

= cold surface tempera ture, °C
= plate separat ion, m

- 

V = kinematic viscosity , m /s

Figure 7 shows the physical arrangement to which the
definit ion of Gr applies , an enclosed vertical space.

-
~~ 

- Horizontal enclosed spaces with the hotter surface on the
bottom experience convection if the Rayleigh number

exceeds about 1700 as indicated in Reference 1 (p. 256)

and Reference 2 (p. 313). Reference 2 on page 316

suggests the limiting value 1700 for Raleigh number at

which convect ion beg ins for vertical layers as well as

~~ horizontal layers heated from below. This work ,

the re fore , assumes the value  Ra = 1700 for all
~- orientat ions of the insulat ing blanket as the limiting

value for onset of convection.

Prandtl number is just the ratio of kinematic viscosity to

thermal d i f f u s i v i t y

P r =  “ ( 6 )

It has the value for air of .71 at 300°K. For air , the
P

temperature coefficient of thermal expansion , ~, is simply
- expressible as reciprocal absolute temperature of the air ,

T , 

= l/T ( 7 )  

- - - 
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Comb ining these last equations (5 , 6, and 7) with (4 ), the
expression for Rayleigh number becomes

3
R a = g ( T 1 — T 2 ) 6 ( 8 )

T V ~~~

I n  order to get an idea of  the cri tical spacin g at which
- • convect ion wil l  begin , it is necessary to make an

- - assumpt ion about the thermal gradient across a layer. The
- 

I value 25°C per cm was selected (2500°C/rn ) as probably the

maximum which is anticipated across a layer. The critical

spacing & c can then be f o u nd with this  assump t ion and
the value of 1700 for Rayle igh number observing that
(T 1— T 2 )  = (25 00 0 C/m )~

S
C 

as

&

c 4 1700 T V ’~ ( 9 )
g 2500°C/rn

0.5131 
_____

Equat ion  ( 9 )  has been evaluated and graphed as a
func t ion  of air  temperature  in Figure  8. It can be seen
that  the  lower the tempera ture of  the air layer , the
t h i n n e r  the cr i t ica l  thickness  becomes f o r  onse t of
convect ion . Wha t must be selected then is the expected
minimum average temperature for an insulating air layer in

a b lanke t .  If a value of about —10°F is picked (250°K),

the graph shows tha t air layers  thinner than 7 mm shoul d
not experience convection at th i s  tempera ture  and h igher
t emperatures.
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ASSUMING :
d - 2500°C/rn GRADIENT
R.c,jt = 1700 for convsction on..t
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\ 

gd / ~~~~~~Z TEMP DEPENDENT
- T - abs TEMPERATURE, °K

V KINEMATIC VISCOSITY, rn2/a.c -

0~..THERMAL DIFFUSIVITV , rn2/.sc
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Figure 8. Critical Air Layer Thickness as a Function of Air Layer Mean Temperature
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A 1/4 inch layer (6.35 mm), t he ref o re , seems to be a
suitable design maximum air layer thickness to avoid the

e f f ec t s  of convect ion in a blanket .

Without convect ion as a s i g n if i c a n t mode of  heat t r a n sf e r
w i t h i n  an insula t ion , there  remains  gaseous conduction ,
rad iation , and solid conduction.

2 . 2 . 3  Gaseous Conduct ion Resistance

The gaseous cond uct ion component of thermal resistance
Rgc in an air layer is jus t the thickness to
conductivity ratio as in (2) taking thermal cond uct iv i ty

- 
- f r o m  tables f o r  air  (Ref e rence  1, p. 503 for example),

Rgc t/ k air (10)

where

t = air layer th ickness , m
kair = therma l cond uct ivi ty of  air , w/ (m°c)

2 . 2 . 4  Radia t ion Resistance

Although rad ia t ion  t r ans fe r  is not a simple f u n ct ion of
temperature difference ~T, it has been trea ted s imilar  to
conduct ion using a resistance analog y as indicated by

qr/A = AEb/Re ( 11)

A.?
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where :

q~/A = radiation transfer per unit area

Eb= radiation potential , a T
Re radia t ion resistance base d on radia tion

- potential
a = Stefan  Boltzman constant , 5.67 x 10—8

w/ (m
2 

°K~~)
T = surface temperature , °K

It is possible to relate Re for radiat ion resistance
(wi th  ~ Eb as the curren t analog ) to a radiation
resistance or R— factor , R ,. ( w it h  t~T as the current analo g)

- since

qr/A = 1~Eb/R e = E~T/R (12)

as

Rr= (L~T/~ Eb )  Re (13)

This permits the direct use of work resulting in a

rad ia t ion  t r a n sf e r  resistance , Re, f rom the ref e rences
based on radia t ion potential as the curren t analog
converting it to a compatible R—factor by multiplying by

•

Now since 1~T/ ~Eb is not constant with temperature the
value of  this ratio should be determined at the average
temperature in the insulating layer being considered . To

s i m p l if y  this calcula tion , a graph was prepared showing
the variation of AT/~Eb with average temperature. It is
shown in Figure 9.
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(U) This factor does not vary significantly with the range of

~T values anticipated (from 5 to 30°C) so only variation
with average temperature is depicted .

• (U) A model available to simulate the layer structure in a

blanket between two surfaces is two infinite parallel
planes. That situation is dealt with in Reference 1 on
p. 299. Equat ion (8—42) there may be written as

qr/A = ~Eb (14)
1/c 1 + l/c~ 

— 1

where: ~~~i and £2  are the plane surface emissivities

from which one may identify the radiation resistance
Re from (11) as

Re l/c j+l/~~ — l  (15)

(U) Radiation resistance Re for the infinite parallel plane
model with parallel reflectors interposed (radiation

shields) has been shown to be simply representable
(Reference 1, p. 301) as

Re = (n  + 1) (2/c — 1) (16)

where: n = the number of shields
c = the emissivity for all surfaces (the same)

- 

~~1
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2.3  Blanket Design

2.3.1 Goals

As indicated in Attachment 1 to the contract , a basic goal
of the study was to design blanket construct ions which
have an overall R-factor at least equal to that for a
baseline blanket construction of three polypropylene foam
layers (1/4 inch each ) in a jacket. It was determined
from mater ia l  a v a i l a b i l i t y  that making the R—factor just

— 
- the same as the baseline blanket would not be possible for

all designs.  Therefore , it was decided to try for designs
with  the same or bet ter  R-fac tor .  Flammabili ty and
flexibility were prime considerations. A matrix was used

to place all designs side by side against the evaluating
factors to help in the  select ion of designs for
fabr ica t ion .

2 . 3 . 2  Layer Types

For the design analysis potential blanket construct ions
were assumed to be made up of combinat ions of three layer
types:

1. Discrete insu la t ion

2. An air layer with reflect ing boundaries and a

separating med ium

3. A thin air layer

39



Discrete insulation refers  to fo ams , f e l ts and f i berglass
for which ther~..al conductivities are given. The second

layer type is the one requiring most analysis because

there are no conductivities already on hand for them. It
- 

- is the special area of attention of this report. The thin

air laye rs are those which occur as layered cons truc tions
are put together in a loose assembly (such as between a

- - - foam layer and the jacket).

2.3 .3  Factors for Layers
I

Table 1 presents a listing of R—factors for selected layer A

systems to use in blanket design. Material choices in it

r 

reflect conclusions from the material survey. As

developed in Section 2.2, R— factor for discrete

insula tions is jus t the thickness d ivided by thermal
- - 

conductivity for the insulating material , t/k. Values for
- 

- 

k to determine R—factor are available in Figure 1, the

material matrix for insulation. For Kevlar felt, however ,
the felt manufacturer has no k values yet. The fiber

manuf ac turer s tates that Kevlar f e l t has about the same
conduc tivity as f i ber glass in the same bulk but will be
just 60% as heavy due to the d if f e r e n c e  in dens ities
between Keviar and glass. Using this assumption , it was
possi ble to genera te the curve in Fi gure 10 f o r  vari ation
in Kevlar thermal conductivity with density. This curve

suggests that the best weights of Keviar to seek are less

than 3 lb/ft and probably about 1 to 2 lb/ft to get low

conductivity and lightest weight. Flexibility will also

be improved with lighter felts. Values from the curve for

d i f f e r e n t  fe l t  densities were used in computing R— factor s
for design wi th  Kevlar f e l t .

t ,i

a 
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KEVLAR FELT DENSITY (60% OF CORRESPONDING FIBERGLASS DENSITY) LB/FT3
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/ Figure 10. Estimated Thermal Conductivity for Keviar Kelt vs Density

41

- _i 
--  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

- — — 

- -~~ 
- .

~ .
- .

~~~~~~~~~ 

-



-~~~-- ~ 
—

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- --- 

~~~~~~~~
—

~
- 

~~~
—

~~~~~
- -

.

- 
~~~

Table 1 R—factors for Materials and Layer Systems

Number Material or Layer Description R—factor

m2°C
w

1 .64 cm (1/4 in) Pyrell polyester/urethane .18
f oam 2 p c f  (203 grn / m2)

2 .76 cm (.3 in) polypropylene foam .195
a (microfoarn) 84 gm/m2

3 .32 cm (1/8 in) Kevlar felt .09

802/yd2 = 271 gm/ m2

4 .64 cm (1/4 in) Kevlar felt .19

1302/yd 2 = 440 gm/rn 2

5 1.3 cm (1/2 in) Kevlar felt .33

702/yd2 = 237 gm/rn2

- - 6 .32 cm (1/8 in) reticulated foam faced .10

wi th  ref lec t ive  f i lm , 89 gin/rn 2

7 .64 cm (1/4 i n )  re t icula ted  foam faced .20
wi th  ref lec t ive  f i l m , 178 gm/rn 2

8 .32 cm (1/8 in) expanded metalized film .117

(2  m i l )  faced with  metalized f i l m
9 .64 cm (1/4 in) expanded metalized f i l m  .226

(5 mil ) faced with  metalized f i l m
10 1 cm (.39 in) expanded metalized film .35

• (5 mU.) faced with metalized film
11 .08 cm (.03 in) air gap faced with high .026

emissivity materials

12 .08 cm (.03 in) air gap faced one side .029

- with a high emissivity material , other
side low emissivi ty

42
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Thin air gaps which may be expected to occur in a layered

blanket between l ayers ,  also contribute to the overall
thermal resistance. Equations (13) and (15) can be used

for R—factor in this case, together with Figure 9 for the 
—

ratio T/ Eb to determine the radiat ion resistance
provided by the gap. Then gaseous conduction must be

added as a parallel resistance to get the total resistance

(Figure 6). It is estimated that an average gap in a
— layered construct ion would be about 0.03 inch (.8 mm)

H 
- thick. This process was used to calculate the values for

air  layers (nos . 11 and 12) in Table 1.

The case of two reflective films and a reflective

separator was treated by using equation (16)  for r adia t ion
shiel ds , assuming tha t the r ef l e c t i v e  separa tor
const i tu tes  a part ial  shield.  Using the value n = 0.3

- - ( for partial  sh ie ld ing ) in (16) and E = .1 yielded

- - 
results for radiation resistance which were then added to

resistance for air conduction to give the values for

R—fac to r  for expanded meta l ized  f i l m  separating two
r e f l e c t i ve  f i lms  (nos . 8—10 in Table 1) .

A considerably more involved analysis  was necessary to
determine the R—factor for the type of layer formed by two

reflective films separated by a layer of reticulated foam.

This is presented in Appendix A. The development there

accoun ts f o r  solid cond uct ion throu gh the f oam , air
conduction , and ra d iation ef f e c ts f r o m  the presence of  the

I - foam and for the reflective film surfaces.

• 

- 
- - Wherever necessary to determine temperatures for

evaluating R—factors (the radiation resistance part), a

thermal gradient of 25°C/cm was assumed.

-- - - 
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2 .3 .4  Mater ia ls  Used in Blanket Design

It may be not ed that the R—factor  for conduct ion through
thin material such as the jacket cloth is negligibly small

(like .005 m °C/w) so that the choice of jacket will have

negligible influence on the R—factor for candidate

designs. Therefore, in the design work on R—factor , no
accounting of jacket material was made. Any choice of

jacket wi-tb ordinary surface emissivities should produce

the same blanket R—factor. What might be considered to

improve R— f a c t o r  s l igh t ly  is use of a jacket fabric with
-~~ - the inside reflect ion.

Although it appears from the material survey that a Keviar

- 

- 

fabric coated with chioroprene would be an optimum jacket,

it was necessary to use material on han d because
chloroprene coated Kevlar is not a standard item with

coaters making it and would be a developmental task. The

cloth which was selected f o r  service in the samples
cons truc ted under the contrac t is “Camouflage Cloth ,
Forest Green/Brown , Radar Sca ttering ” . This formulation

is a woven nylon coated on both si des with f l a m e  retar dan t
vinyl . It would be suitable for the blanket except for

the temperature exposure anticipated (up to 250°F). Vinyl

is probably not good over 17SF (Reference 5, p. 786f).

For discrete insulation , three materials were used in

designs: Kevlar felt, Pyrell polyester/urethane foam, and
polypropylene foam. Metalized films used were mylar and

poly imide par t ia l ly  because both of these are rout inely
metalized and available in thin gages. Separator

materials used in designs were reticulated

polyester/urethane foam and the designed expanded

• J polyester film system described in Section 2.1.6.
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2.3 .5  Blanket Designs Ma t r ix

Front the bui ld ing blocks provided by the l i s t ing in Table
1, different constructions of blankets were assembled .

The basel ine value for  R—fac to r  for the three 1/4 inch
layers of polypropylene foam and jacket adds to 0.69 in

°C/w. It was arrived at in a manner typical of all

designs by adding val ues from Table 1: three layers of

polypropylene f oam (#2) and f o u r  air layers  (#11) or
(3 x .195 + 4 x 0 . 0 2 6 )  m °C/ w = 0.69 m °C/w. Twelve

candidate blanket designs are presented in Figure 11 with

V 
- 

R— factors  derived as above.

The va lue  “k apparent ’ in the blanket  m a t r i x  is the
th ickness  divided by the blanket R—fac to r .  That gives an
idea of the  bulk e f f i c i ency  of each design in r e s t r i c t ing
heat t r ans f e r .  The lower the apparent conduct iv i ty, the
better the bulk e f f i c i e n c y .  A step fur ther  in eva lua t ing
designs is afforded roughly by the values of the number
1/ (kapparen t p), for p as the area dens i ty  f o r  each
design.  That br ings  weight  into the assessment . It

-
~~~ should be observed that flammability and flexibility are

not assessed w i t h  th i s  factor  and those character is t ics
must  also be considered to select an opt imum pe r f o rming
blanket . Cost considerations were not attempted at this

t ime due to the experimental nature of  the blanke t
- 

-
• ma t e r i a l s .  U l t ima te ly  tha t  would also become a major

H I 
factor.

45/46 blank

____________________ -A-----— -- - - --- 

~

- —

~ 

~~~ A.l J_ 

- 

- .~~ ~~~~~~A~~~~~- - -  ~ - —



‘
~

- -
~ , _

- _____ ‘__
~—_-------.- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .A-~~~ - — —

1 2 3

Py .64cm Py .64 cm • ~~~~~ 54cm
X .64cm Y2r niI ~E 64cm MUII 

X 64cm

~~ 64cm Py .64cm t~/() X .64cm

EST F A I R - DEPEND ENT
EST GOOD-BETTER EST GOOD BETTER ON

F L A M M A B I L I T Y  WI TH Kn inX WITH Kn inX JACKET UNLESSI
MADE O F Kn —

F L E X I B I L I T Y  G G G

R FACT OR 1!!~!
APPARENT CONDUCTIVITY .032 .033 .028
Kapp, ~

- 
- AREA DENSITY p (gm/rn2 I

without jacket 531 620 338
with 150Z /y d2 jacket 1038 1126 844
(253 gm/rn2 )

UNCO MPRESSED
THICKNESS , cm 2.23 2.23 2.06

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _  _ _ _ _

MERIT FACT OR
1 m3 0 C  30 27 42

• 
Kappp, wkg

TEMPERATURE LIMITS 116° C (X MYLAR) 104 C (RF) 116 CC (X MYLAR )

~

-

— 
_________________________________________ ____________________________________ ____________________________________ 

__________________________________

SCALE: P = poor , F = fair G = good
SYMBOLS: REFLECTING FILM (Yl mil and ~ mu)

‘ 
I 

Ku = KAPTON FILM, METALIZED
Kv KEVLAR FELT

• 
- 

Py PYRELL POLYESTER /URETHANE
PP = POLYPROPYLENE FOAM
X= EXPANDED FILM SEPARATOR
RF= RETICULATED FOAM ,lOpp i “ POLYCOUSTIC”

/
- — -  - - - - -~~ ~~~~~~~~ .~~.
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4 5 
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6 7 8

Xv .32cm Xv .32cm
~4m iI T 1cm XV .64cm Xv 1.3cm T .64cm . i~~ .64cm
typ ~~ icm if. .64cm i4mil 

L 1cm Y2m11 
~i 64cm 

S4m11 
~~~~ .64cm— Ky .64cm Xv .32cm Xv .32cm

lENT EST FAIR-OEPENOENT
ON JACKET UN LESS~~ EST V E R Y  GOOD EST VERY GOOD EST VERY GOOD EST VE RY GOOD

O F K A P T O N  -

6 
F - 6 G F - G (DEPENDENT F - G (OEPENDENT
(DEPENDENT ON Ky ON Ky DENSITY) Ky DENSiTY)
DENSITY)

.75 .69 .74 .74 .69

.029 .032 .033 030 
- .032

231 io~ 
362 713 933

737 1600 868 7279 1439

216 2.22 2.45 2.22 2.22

47 20 35 26 22

R) 116°C (X MYLAR) 104°C (RF) 116°C (X MYLAR ) 116°C (X MYLAR ) 104°C (RF)

H

m u )

___________  
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2~ 1~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- - ~~~~~ 



F 
- T

~~~~~T _ ~ 
-

_ 

- -

8 9 10 11 12 
_________________

Ky 
— 

BASELINE BLAN ~

- 
.32cm PP .76 cm 1

~nj~ ~~ 
.~~~~~ cm ~miI 

~f .32cmty p %miI 
L .32cmty p %milty p 

~~L 
.32cmtyp pp .64 cmty~

.32cm PP - cm +
_________ ___________________ 

Ky —

— 

WITH INTUMESCENT 

- 

EST FAIR-DEPENDENT EST FAIR-DEPENDENT
PAINT EST GOOD ON JACKET ON JACKE T

‘6000 PAINT ADHES ION EST VERYG 000 UNLESST UNLESS X
IS QUESTIONABLE MADE OF Kn MAD E OF Kn

ENDENTON 6 F- G ( DEPENDEN T 6 6 G
IV) ON Ky DENSITY)

- .14 .69 .76 .64 .69
.034 .032 .027 .028 .038

293 942 278 233 252
799 1448 784 739 758

2.48 2.23 2.07 1.16 2.60

31 22 47 48 35

116 C (X MYLAR) 104°C (RF) 116° C (X MYLAR) 116°C (X MYLAR )

47/48 blank Figure 11 . Blanket i
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2.3.6 Sample Blanket Construction

Front the set of candidate blanket designs some were 
-

selected to build up in sample f o r m  f o r  evaluation by
MERADCOM . They do not represent the exact construct ions

recommended because it was not possible to procure all the
desirable materials within the scope of this contract

effort. The jacket supplied , f o r  example , is not the
opt imum selection but is representat ive except for
strength and resistance to heat of the recommended

Kevlar/chloroprene jacket . It was used because it was

avai lable .

The se t of  samples sup pl ied are ind ica ted in Fi gure 12
using the same schematic representation as in Figure 11,

the Blanket Des igns  Ma tr ix , to denote different designs.
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symbols: Py — Pyrell Kn — Kapton film , reflective Sample
RF • Reticulated foam, My • Mylar film , reflective Calculated

10 ppi X a Expanded reflective sheet R—Factor,
KV — Kevlar felt — Reflective film OC m2/w

No.(l). Radar camouflage cloth jacket, 2 layers ~~ .64 cm
1/4 inch polyester/urethane foam (Pyrell), X .84 cm .77
2 layers Py .64 cm
1/2 mu metalized Kapton film, 2 layers

H 0.3 inch thick expanded metalized polyester
film (5 mu ), 1 layer

No. 2. Radar camouflage cloth jacket, 2 layers ~~ .64 cm
— 1/4 inch polyester/urethane foam (Pyrell), RF .64 cm .67

2 layers Py .64 cm
10 ppi reticulated foam (Polycoustic ) 1/4 inch
thick , 1 layer
1/2 mu metalized I(apton film , 2 layers

No. 5. Radar camouflage cloth jacket, 2 layers Ky .64 cm
- - 1/4 inch thick Kevlar felt (Globe Albany RF .64 cm .69

XD—250N), 2 layers Ky .64 cm
1/2 mil metalized Kapton film , 2 layers
10 ppi reticulated foam (Polycoustic ) 1/4 inch
thick, 1 layer

No. (7). Radar camouflage cloth jacket, 2 layers Ky .32 cm
Keviar felt (Globe Albany XD—250N) 1/4 inch , X .84 cm .89
2 layers X .84 cm
0.030 inch metalized Kapton film , three layers Ky .32 cm
0.30 inch thick expanded metalized polyester
(5 nil) 2 layers

No. 9. Radar camouflage cloth jacket, 2 layers PP .76 cm
1/4 inch polypropylene foam coated both sides X .84 cm .81

- - - with fire retardant paint , 2 layers PP .76 cm
1/2 nil metalized Kapton film , 2 layers
0.3 inch thick expanded metalized polyester
film (5 mil), 1 layer

No. 10. Radar camouflage cloth jacket, 2 layers Ky
Kevlar felt (Glove Albany 4581) 1/8 inch , RF
2 layers RF .32 cm,typ .69
1/4 nil metalized polyester film , 5 layers RF
10 ppi reticulated foam (Polycoustic) 1/8 inch RF
thick, 4 layers Ky

No.(ll) Radar camouflage cloth jacket, 2 layers X
1/4 mil metalized polyester film , 7 layers X
3/16 inch thick expanded metalized polyester X .47 cm,typ .79

x
x
x

No. 14. Radar camouflage cloth jacket, 2 layers
1/4 mil metalized polyester film , 2 layers 

—
Kevlar felt fluff H. Waterbury & Sons) 3/4 Ky 2.23 cm .64
inch thick uncompressed , 1 layer

No. 15. Radar camouflage cloth jacket, 2 layers 
—

1/4 nil metalized polyester film , 3 layers Ky 2.23 cm
Kevlar felt fluff (H. Waterbury & Sons) 3/4 R~ 2.23 cm 1.23
inch thick uncompressed , 2 layers

Note: Numbers for samples correspond to those in Figure 11 for blanket constructions .
( ) indicates ~similar to~ and underlined numbers are the same construction.

Figure 12. Sample Blanke t Cons truc tions
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3.0 DISCUSSION

Although the R—factor of 0.69 m2°C/w was used as a
baseline value to aim at , it is not known if th is  value
wi l l  be su f f i c i en t  for e f fec t ive  thermal concealment
against new thermal sensors. If the R—factor  were
greater , the effect  woul d be a red uced inf luence upon the
surface  temperature of the blanket  from the target object
underneath and greater influence from the ambient

environment . That is normally all to the good so tha t the
greatest feasible  1k—factor  is what is desired .
Feas ib i l i ty  is controlled by such factors  as weight  and
bulk which are related to the important factor of ease of

use.

There is an instance in which strong inf luence  from the
ambient is de t r imenta l . That is when the solar load
elevates the surface temperature of camouflage material

(such as this blanket ) above natural background levels.

Then the hea ted ma terial becomes an unusual  area of
interes t  to observers using thermal imagers. However ,

that  heat ing does not depend great ly  on 1k—factor for
blanket insulation , but rather on the solar absorptance of
the exposed surfaces of the blanket and conditions of
convec t ion and radia t ion from the blanket which remove the
solar load . Since that  is not an object of this report
and 1k—factor  va r ia t ion  w i l l  not s i g n i f i c a n t l y  a f fec t

I ; surface temperatures due to solar load , no considerat ion
beyond the present discussion has been given to this

* 1 matter in this report. It is pointed out , however , as yet

- 

- 

another factor to bear in mind for blanket design in a
a? f u l l e r  sense.

One mat te r  which should also be considered in blanket
design evaluation is potential  water  absorpt ion by fibrous
material  and open cell foams. It is not known jus t  what
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ef fect water absorpt ion wil l  have on blanket performance ,
but so long as water is present , some increase in thermal
conductivity will occur. That degrades the insulating

function of a blanket. Ref 7 (p. 112) suggests that

insulation with water absorbed may have a conduct ivity

four or more times published k values. A higher

performance would be demanded for the jacket in prevent ing
th is  from happening then for the designs which make use of
materials which can absorb water to significant degree.

In this regard , it is noteable that the reflective layer

design with expanded metalized polyester as separator

would not absorb water and could of fe r  good potential for
dr a in ing off wa ter which might gain entry to the blanket
in whi ch these layers were used . This easy drainage
feat ure is pointed out in Ref 7 (p. 112) as s ign i f ican t
for reflective insula t ion.  However , all the material s
which are presented in Fig. 11 (the blanket design
m a t r i x ) ,  can withstand a water soak and be restored to
original condition by drying . It is jus t  that  dur ing
t imes in which the fe l t s  or foams are wet , blanket
performance will  be degraded .

It is interes t ing to observe in considering the
ret iculated foam separator that  a 1/4 inch thick foam
layer withou t ref lect ive fi lms on ei ther side transmits
about 20 to 25% of the heat which is expected to pass

through the layer by radiat ion for anticipated

t emperatures of use. About 8% is solid cond uct ion through
the polyester/urethane webs, and the rest is conduction

- 
-- 

through still  air (67 to 7 2 % ) .  This is the reason tha t
placing ref lect ive  f i lms on the sides of the foam layer
can be expected to help. Increasing radiation resistance
operates on a mode of t ransfer  which is not ins igni f icant .
A f t e r  placing re f l ec t ive  f i lms  on ei ther side of the foam
layer (1/4 inch th i ck)  the re lat ive proportions of heat

H 52
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t ransmit ted by each mode are then calculated to be 84% by
air conduct ion , 10% by solid conduction and 6% by
radiat ion.  The overal l thermal resistance increases from

1 0.16 m2°C/w to 0.20m2°C/w by this measure — about a
25% improvement .

~

-
.

i
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4.0 CONCLUSIONS

As a result  of the study on blanket insula t ion wi th
reflective layers, it may be concluded that improved

performance in blanket thermal resistance wi th  decreased
thickness should be possible through use of reflection

layers . Probably the best blanket performers for high - 
—

thermal resistance and low weigh t and thickness turned out
to be insula t ing  systems which are total ly r e f l ec t i ve—i .e .
layers of re f lec t ing  f i lm  wi th  r e f l ec t ing  separators.

It was found in theoretical study that convect ion can be
suppressed in an air layer for an assumed temperature

gradient of 25°C/cm if the thickness is maintained at

about 6 mm or less, and the average air tempera ture is
kept above —40°C between the surfaces. This led to a 1/4

inch maximum separation gu ide l ine  in design of layered
systems of re f lectors (1/4 inch = 6 . 4  m m) .

A promising mater ia l  eval uated in the mater ia ls  survey was
Keviar , both as a fe l t  for discrete insulation and as a
fabric for a blanket jacket system . It was concluded

that a good jacket material would be 3.5 oz/yd Kevlar

fabr ic  coa ted to about 7 oz/yd ( total  weight includ ing
coat ing)  w i th  a f i r e  re tardant  chloroprerie elastomer.
This jacket  mate r ia l  should be non—flammable , strong ,
weather resistant and relatively lightweight. The felt is

s t i l l  close to the experimental  stage but probably a 1—2

* 

- , lb/ f t  Keviar fe l t  wi l l  be an opt imum weight  for Kevlar
fe l t  insu la t ion .  There is some possibility for blunt
bal l is t ic  protect ion wi th  Keviar felt  and jacket mater ial .

54

-



I

For reflect ing films for use in the reflecting layers
metalized polyimide (Kapton ) appears to be a good choice

- unless its inherent stiffness results in excessive noise
- I for the assembly when moved as a blanket. There are,

- 

however, a number of other good candidate should Kapton

- 
prove undesirable. Kaptort is one of the best in flame

- I retardancy but there are others — notably fluorocarbon
- 

* films which are also very good in flame resistance (LOl of - -

9 5 ) .

I

~

e

1.~r -
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APPEND IX A ( U )

- R—factor for the Layer System Consisting of Two Metalized Films
with a Polyester/Urethane Foam Separator

Solid Conduction in Ret icu la ted  Polyester Foam
a

Solid conduct ion must  be considered in this  case because an
/

- - overall conductivity is not available which takes into account

the resistance effect of reflecting film. Therefore, trans fe r
processes must be examined in detail. What is in view for solid
conduction is just the portion of heat which makes its way from
one plane surface to the other by conduction through the solid
f ibers  of the foam web — exclusive of cond uct ion through the air
sur rounding  the foam .

A factor which great ly s impl i f i ed  the process of de terminat ion  of
the solid conduct ion through a re t icula ted  form was the d iscovery
of an aluminum foam with the same structure as the reticulated

plastic foam. It was thus possible with the counterpart in

aluminum for the reticulated plastic foam to make comparisons of
• the measured thermal cond uctivities leading to conclusions about

-: the solid conduction in the plastic foam.

Because of the inherent low emissivity of the  a luminum mater ia l
webs in the aluminum foam and the large number of webs

L 
- 

interrupting transfer (acting as radiation shields), it was

I I assumed that the proportion of heat tranferred through aluminum

foam by radiation would be negligible compared to gaseous

[ 

conduct ion and solid construction for aluminum foam.
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This can be expressed as an overall cond uct ivity being subdivided
into two components — one for solid conduction and one for
gaseous conduct ion,

kAl foam = ksc Al foam + kgc (1)

Values for cond uctivities for the foam are supplied in

manufacturers ’ l i terature  for a 3% solid fraction (“volume
percent”) and gaseous cond uctivity is available from Ref 1,

~~ 

p. 503 for air. Then the solid conductivity for the aluminum

foam can be found. Using values at 28°C , yields

k5c Al foam = (3.46 — 0.263) w/(m°C)
= 3.43 w/(m°C)

For the same foam geometry in plast ic ra ther than aluminum , it

can be assumed that  the apparent solid conduct ion for the foam

- - wil l  be less than that  for the aluminum foam in the proportion of
the thermal conductivities for the solid components polyester
versus aluminum in this case. Values are from Ref 3, p. 155

kpolyester = 1.1 to 1.7 BTU i n/ ( h r  f t 2 F )

kAl 606]. = .52 cal/(s cm °C) = 218 w/(m°C)

Taking the average value for polyester, 1.4 BTU in/(hr ft2 F) =

ft2 F) = 0.20 w/(m°C). The ratio of cond uctivities for

polyester to aluminum is 9.17 x lO~~. Therefore, the
calculated solid conduction for the polyester foam with the same
solid fraction (3%) is

ksc pf ksc Al foam )Cpolyester (2)

kAl 6061

58 

-

L ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~



- 
-

- -

= 3.43 9.17 x l0~~ = 0.00315 w/ (m°C)

Radia t ion  Resis tance for Ret icu la ted Polyester Foam

( U )  The value for overall conductivity for reticulated polyester foam
- without film facing , krf, is 0.27 BTU IN/(hr ft2 F) from

supplier literature , or in metric dimensions ,

- 

krf = 0.039 w/(m°C)
S

This conduc t iv i ty  can be expressed as 3 apparent component
cond uc t iv i t i e s

krf = k sc pf + kgc + ICr (3)

where:

k sc pf = solid cond uct ion thermal cond uct ivi ty
for polyester  foam , 0.00315 w/(m°C)

kgc = thermal conduct ivi ty for air , w/(m°C)

kr = thermal conductivity for radiation ,

w/ (m°C)

( U )  This allows de te rmina t ion  of the radiation cond uctivity since all
--1

other terms are known. At 28°C kgc = 0.0263 w/(m° C ) .
Therefore

-
- 

-
, 

ICr = (0.039 — 0.00315 — 0.0263) w/(m°C)

= 0.0095  w/ (m °C)

- - 
Now in trying to get a model of what this radiation resistance is

-1•I
-
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like in the reticulated foam it was considered that there is a
surface resistance at the boundaries of a foam layer and another
resistance in series with these surface resistances (R’ef) as
in Figure A]. through the foam itself. The surface resistances
are associated with the bounding surfaces ’ emissivities as shown
in Ref 1, p. 295. Total resistance in Figure 1 is just the sum

1kef = (1— c 1 )/c 1 + (1— 
~2 

)/e2 + R’ef (4)

The relation between resistances based on radiation potential

difference arid temperature difference potential is Rr= (~ T/

~Eb)Ref. This allows expressing Ref using the value for
kr derived above as

Ref = ~Eh R =  
~~k -~~t~T t~r IC

= (1— ~ i )/ ~~i + (1— £2 ) / E :a~ + R ’ ef

Solving for R’ef,

R’ef = 
~Eb t — (l~~~ )/c: 1 — (1

~~2 
)~“ £~~ 

(6)

r
It is reasonable to assume tha t the surfaces used in measuring
the overall thermal conductivity for the foam were high
emissivity (low reflectance). Select 0.9 as a typical value.
Select a thickness of 0.25 inch for the foam and use 28°C as the

— 
average temperature for the foam. Then (6) yields R’ef = 3.91.

Now it is possible to calculate an effect for changing the
surface layers to a reflecting layer film by evaluating the new
surface resistances and then using the value just determined for -

the foam according to the model indicated in Figure Al.
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Figure Al. Radiation Resistance Model for Reticula ted Foam using the
- Radiometric Potential Current Analog
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(U) Assuming film emissivities of 0.1, the resultant resistance for
radiation becomes, from (4)

Ref = 2(1 .1)/.1 + 3.91 = 21.91

Converting to resistance (R—factor) based on ~T, Rr = (t~T/
jiEb)Ref. Using Tavg = 28°C in the graph in Figure 9 in
Section 2.2, read LiT/ AEb = .161 m2°C/w. The radiation
resistance for a 1/4 inch foam layer is thus

Rr = (.162 m2°C/w) x 21.91 = 3.54 m2°C/w

- 
- 

(U) To get the entire resistance for a 1/4 inch reticula ted foam
faced with reflecting film , this radiation resistance must be
added to the gaseous conduction resistance and the resistance for
solid conduction as in Figure 6 in Section 2.2. These
resistances for a 1/4 inch layer (O.00635m ) are

Rgc = 0.00635/.0263 m2°C/w = .24 m2°C/w

Rsc = 0.00635/.00315 m2°C/w
= 2.02 m2°C/w

and therefore,

• R = 1 m2°C/w

1/.24 + 1/2.02 + 1/3.54

• = 0.20 m2°C/w

a? (U) It may be shown similarly that a 1/8th inch layer has an R—factor
of 0.10 m2°C/w.
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