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FOREWORD

The information contained in this report represents the findings of an applied research

study of the thermal properties of nine reinforced-plastic laminates at low temperatures.
This study was conducted between February 1960 and Ma'h 1961 and was supported by
Bureau of Naval Weapons Task Assignment R\IXIP-21-00l/216-1/F009-01-016.

Part 1 of this report (Diffusivitv of Five feinforced-Plastic Heat Barriers) presents
data on studies performed at the U. S. Naval Ordnance Test Station (NOTS), and Part 2
reports on work performed at the University of New Mexicounder the cognizance of NOTS.

This report was reviewed for technical accuracy by W. K. Smith and R. J. Landry.

Released by Under authority of
J. T. BARTLING, Hlead, WM. 11. MCLEAN
Propulsion Developu:ent Dept. Technical Director

5 April 1962

NOTS Techtical Publication 2938
NAVWEPS Report 7918, Part 2

P u b lish ed by .. ........................................ ................................................. P u b lish in g D iv is ion
Technical Information Department

C ollation ................................................................................ C over, 15 leaves, abstract cards
F irst prin tin g ............................................................................................. 16 5 nu m b ere d co pie s
Security classification ............................................ . . .......................... U N C L A SSIF IE D

ii



NAVWEPS REPORT 7918

Part 2

CONTENTS

N o m e n c la tu re ........................................................................................................................................ iv

In tro d u c tio n ........................................................................................................................................ 1
Objective ................................. 1•; .... . . . . . . . . .......... ................. I
A p p ro a ch ...................................................................................................................................... 1

T h e o ry .................................................................................................................................. ................. 2
H ea t C o n d u c tio n .......................................................................................................................... 2
Specific Heat of Solids .............................................................................................................. 5

Review of the Literature .................................................................................................................... 5
Methods of Measuring Thermal Conductivity .......................................................................... 5
Methods of Measuring Specific Heat ................................................ . . ........................ V

T e s t M a teria ls ...................... ......................................................................................................... ..... 7

Experimental Technique .................................................................................................................. 8
Thermal Conductivity Experiment ........................................................................................... 8
Specific Heat Experiment .......................................................................................................... 11

Discussion of Results ................................................................. 13

R e c o m m e n d a tion s .............................................................................................................................. 17

Appendixes:
A. Thermal Properties .............................................................................................................. 18
B. Sample Calculations ............................................................................................................ 24

R e fe re n c e s .......................................................................................................................................... 2 6

'I



NAVWEPS REPORT 7918
Part 2

NOMENCLATURE
A Area, ft2

C Specific hcat, Btu/(Ib)(°F)

C, Specific heat of capsule assembly, Btu/(lb)(°F)

Cp Specific heat ,.t constant pressure, Rtu!lb)(°F)

Cr Specific heat of standard, taken as 0.0931 Btu/(lb)(0 F)

C.• Specific heat of test specimen, Btu/(lb)(°F)

C•, Specific heat of calorimetric fluid, ltu/(lb)(°F)

E Water equivalent of the calorimeter and its accessories, gr

11 Enthalpy (Eq. 26), Btu/lb

I1 Constant normal flux (lEq. 14),Mu/(hr)(ft2)

K i hermýal conductivity, Btu-in/(hr)(ft 2)('F)

K,m Arithmetic mean value of thermal conductivity, Btu-in/(hr)(ft 2 )(0 F)

L Thickness of slab, in.

11, Mass of capsule, gr

,11, Mass of specific heat standard, gr

A/, Mass of capsule, gr

[Lu, Mass calorimetric fluid, gr

Q Heat flow, Rtu/hr

(Qi Amount of heat transmitted across face 1, R3tu/hr

Q 2  Amount of heat transmitted across face 2, Btu/hr

Qgain Total heat gain by the parallelepiped, 13tu/hr

7' Temperature, OF

To Temperature, at time zero, OF

T1  Temperature, at position 1, OF

T2 Temperature, at position 2, °F

71,2 Arithmetic mean temperature, OF

T, Temperature of calorimetric fluid before capsule is lowered, extrapolated
to ime ý 10 nin, oF

'h Temperature of capsule and specimen capsule or standard after heating, OF

Tm Temperature of mixture, extrapolated to time = 10 min, oF

X,Y,Z Cartesian coordinates

a~b,c Constants
p Si-bscript refers to constant pressure conditions

r1 ,r 2  Inner and outer radii of cylinder, in.

t Time, hr

x,y,z Space coordinates, ft

a Thermal diffusivity, ft 2/hr

p Density, lb/ft3
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INTRODUCTION

To ensure the proper application of -lowly developed materials, it is necessary to evaluate
their physical find chemical properties. In the case of plastic laminates for use as heat-barrier
material, thermal diffusivity is onl important property. Thermal dliffusi vity is the panramenter that
governs the rate of temperature change in it material. Its value diependis upon the chemical coin-
posi tionc, phlysi cal struc tare, and temiperature of the maiteri al.

OBJECTIVE

IThe objective of this investigation wats to determine the thermal properties of nine plastic
laminates in order to (lefinle the ir thiermal capmabil ities and linmitationis. Thle particular thermal

properties to 1ie evaluated expierimlentally were thermal conductivity, K, in the temjperature range
of 70 to 40001F and1 sp ecifi c lent, C, at af ncivn tenmperatu re of 1400'F'. Th e thermal1 di ffus ivi ty,
U, of the plastics ait 14,0`Fl wats calculated fromt its relationship to thecrmail conductivity, specific

heat, und( density, p , whliclh is a - K/Cpfj

Thie inslanlt ing miateroiaIs stadled were plastic laminates, whiichi ore use ful ats liat-Ioiriier
materials because they hanve low thermal di ffusivities.

A PP ROACH

liIec eatly, iiietliials (Ilef. 1, 1). 377, find Ilef. 2') have been devised to (Iltmruini n directly the
thiermal I(i ffus ivi ty of imaeterinaI; hiowevyer, th se une thods( Lirc still in af sa te oif (level opmaen t. Moethi-
ads of evalluating thermanl diffusivity indirectly Ii) determining thermal coniductivity and specific

heat under steady-state conditions have been widlely nccepted aind yield reproducible results. Ali
indirect muethodl for evaluating the thmermaol diffusivity of plastic lamiinates was eimployed it] thiis
inve stigalti on.

Thermal Conductivity. Th e test apparatus filr evalluating the thermnal conuii(ctivity of pliistic
laminates wats adapted fromi the guarded lint plate iiethod of the American Society for Tlesting

Materials (A.S.Tl.XI.) (l1ef. 3, p). 8418). There are three basic types of guarded hot plntes: the
"Al oiida i,' tli " Natioanal R1ese archi Coun cilI,"' anid the '' I hre al of Standairds." Thlie AlaindIuni

guarded hlot plate described by A.S.'1'.M. was developed by the Mellon Institute of Industrial the-
search. '['his descriptioii was used ns a guide throughout the construction of the experiimental
apiparautts for determiniiing thecrmail conductivity.

A guarded lint plate ap)paratus consists of a hot aiid a cold plate opposite and parallel to
each other, with the test miaterial inserteid betweeni the plates. The hot pilate is a mietal slab,
either circualr or square, in which (in electric resistance heater is enibedded. The cold plate has
mulItiple passages within it so that water can be circulated to maintain as even a temperature as

possible. Constant-temperaiture readings at the lint and cold surfaces of the test material indicate
that a cendition of steady state has been attained. '[he total amount of heat transferred is deter-
mined by the temperature change annd flow rate of the cooling water.
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The thermal cunductivities of the plastic laminates are calculated from data obtained at
thermal equilibrium, using the Fourier equation for one-dimensional heat transfer.

The accuracy of the test measurements depends upon (1) maintenance of steady-state condi-

tions, i.e., constant temperatures, and (2) accurate determinations of measured quantities, such as
temperatures, weight of cooling water, dimensions of metering area, and thickness of test samples.

Specific Heat. The A.S.T.M. Tentative Method of Test for Mean Specific Heat of Thermal

Insulation (A.S.T.M. Designation C351-59T) (Ref. 4, p. 197) was used to determine the specific
heat of the plastic laminates. This method employs the classical method of mixtures, which con-

sists of adding a known mass of material at a known high temperature to a known mass of water
at a known low temperature and determining the resulting equilibrium temperature. From this in-
formation the specific heat of a material can be determined, provided no chemical reaction takes
place.

THEORY

A summary on the theory of heat conduction and a discussion of specific heat closely related
to the problem at hand will he given.

HEAT CONDUCTION

The Fourier conduction equation expresses the conditions that govern the transfer of heat
through a body. The solution of any particular problem in heat conduction must first of all satisfy
this equation. To derive the Fourier equation, consider three Cartesian coordinates X, Y, and Z
in any isotropic solid and a small rectangular parallelepiped of dimensions L\x, Ay, and Az (Ref.
5, p. 12). Let T be the temperature at the center of this parallelepiped. The temperature will be
variable throughout the body; however, since the area of the face is so small that the temperature

over it is effectively constant, the temperature on any face of the parallelepiped will be greater or
less than T' by a small amount. Let T1 and T2 be the temperatures of the two faces on the Ay Az
plane, where T, is the higher temperature. Then the temperatures of the two faces may be written as

TI = T- (Ax/2)(OT/!x) and T2 = T + (Ax/2)(JT/ax)

since the temperature gradient aT/ax measures the change of temperature per unit length along the
X axis, and the distance from the center to the AyAz planes is Ax/2. The temperature gradient is
taken in the direction of heat flow and is negative.

The amount of heat transferred per unit time, Q, across a face may be written as Q = -KA(aT/
ax) where K is the thermal conductivity of the substance and A is the area of the face. Thus,

and .4AyAzWO/Ox) [T- Ax(OT/Ox]
and

Q2 =-KAyAz(a/ax) 
[T - x(axT/Iax

where Q, and Q2 are the amount of heat transmitted across faces 1 and 2, respectively. The dif-
ference between these two quantities is the heat gain caused by the heat flow in the x direction
and is equal to

Qgain 9 Q1 - Q2 = K(8 2 T/ax2)x AL\yAz

2
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Similar expressions hold for the y and z directions of heat flow. The total heat gain from all
directions is equal to

Qgain = K(a 2 T/ax 2 + ?2 T/ay 2 + a 2 T/az 2)AxAyAz (1)

The total amount of heat gain by the parallelepiped per unit time may also be expressed as

Qgain = CpAxAyAz(aT/at) (2)

where C and p are the specific heat and density, respectively. Therefore, equating Eq. 1 and 2 we
obtain

Cp(OT/at) = K(a 2 T/ax2 + a2T/Oy2 + a2 T/az 2) (3)

or, since a = K/ Cp,

aT/at = (4a.o,2(T/ax 2 + a2T/ay2 + a2T/az2 ) (4)

This expression is knuw;n as Fourier's conduction equation. The constant a is called the thermal
diffusivity of the substance.

The solution of all heat conduction problems involves the evaluation of the temperature as a
function of the time and the space coordinates, which satisfies Eq. 3 and 4. The temperature is
assumed to be finite and a continuous function satisfying not only the general differential equa-
tion, but also certain boundary conditions that are characteristic of each particular problem.
Several boundary conditions usually arise in problems of heat conduction (Ref. 6, p. 18):

1. The temperature on the boundary may be constant, or a function of time, or position,
or both.

2. The boundary may be impervious to heat.
3. The boundary may have a prescribed heat flux.
4. The heat flux across the boundary may be proportional to the temperature difference

between the surface and the surroundings.
5. The heat flux across the boundary may be a nonlinear function of the temperature

difference between the surface and the surroundings.
6. Another boundary condition arises when a solid is in contact with a well-stirred

fluid or perfect conductor.
7. The boundary may consist of a surface formed by two substances of different

thermal conductivity in contact with each other.
8. The boundary may be a surface formed by a solid in contact with the thin skin of

a much better conductor.

The experimental method of measuring thermal diffusivity directly is based on the solution of
the following problem. Consider an infinite slab of thickness, L, irradiated with a constant normal
source of radiant energy, H, on one face (x = L). The origin of x is at the iinirradiated face of the
slab. The general differential equation is

a(&2T/ax2 ) = aT/at

With the following boundary conditions:

T = To at t=O, O0 x< L

T>O, aT/ ax =Oat x=o

and

11 = K(OT/Oac) at x = L

3
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the solution (Ref. 6, p. 112) is

at32L 2  2 (-W (n77 2 at]
T (=7'I+0L/,K)T~ _+ - L2  2 -(i)- expf. at~ cos

For t > 0.541 9 /a the solution reduces to

T = T + (WI/K) + 3 (5)S11 6L

which shows that the temperature is a linear function of time. From a plot of temperature versus
time, the thermal diffusivity of a substance may be determined.

Most methods of measuring thermal conductivity employ the steady state, which occurs when
the temperatures of the various points within a system do not change with time. For the steady
state, the general equation of conduction -?"duces to

92T/ ax2 + 32T/ 8y2 + '2T/1 z2 = 0

If the flow of heat is restricted to one dimension, the equation further reduces to

d2 T/ dx 2 = 0

Letting P = dT/dx, then dP/dx = 0 and

dT/dx = b

integrating yields 7T = bx + c. Therefore, at steady state the temperature through the slab is a
linear function of x. The heat flux, Q/A, entering and leaving the slab is constant and may be
expressed as

Q1il = -K(dT/dx)

Separating variables, the equation is transformed to

(Q/A)dx = -KdT

On integrating, and assuming T1 is the temperature at x = 0, then

QfL' dx/A = fT1 KdT (6)

Generally, the variation of thermal conductivity with temperature may be taken as linear, espe-
cially if the temperature interval is limited. Assuming that the area does not vary with length and
remembering that Q is constant, Eq. 6 yields

9/A = Km(Ti - T2)/L (7)

where Km is the arithmetic mean value of the thermal conductivity over temperature interval T1 to
T2 •

Heat is a manifestation of molecular motion, and the conduction of heat is the transmission of
energy from one molecule to another. Different mechanisms of heat conduction are responsible for
the widely varying values of thermal conductivity of materials. The principal mechanisms of heat
conduction in solids are (1) lattice vibration, (2) motion of free electrons, (3) intermolecular vibra-
tion, and (4) radiation within the solid (Ref. 5, p. 9; Ref. 7, p. 7; Ref. 8, p. 190).

The heat-transfer mechanisms in metals are lattice vibration and the motion of free elec-
trons, the latter being the predominant mechanism. Since heat conduction in metals is associated
with the presence of free electrons, univalent elements (alkali metals, copper, silver, and gold)

4
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of the periodic system are the best thermal conductors. In general, the two mechanisms, lattice
vibration and the motion of free electrons, interact with each other. The net change in thermal
conductivity of a metal with temperature is the resultant of the variation of these two mechanisms.
An increase in the temperature of most metals will result in a decrease in thermal conductivity.
Austin (Ref. 7, p. 45) has reported on the factors that influence the thermal conductivity of metals.

In nonmetallic crystals the heat conduction mechanism is lattice vibration. Theoretically,
the thermal conductivity of nonmetallic crystals should vary proportionally to the cube of the ab-
solute temperature up to a maximum value, and then vary inversely as the absolute temperature
(Ref. 9, p. 4.5). The temperature corresponding to the maximum value of thermal conductivity
varies with the crystalline material. The maximum thermal conductivity of graphite occurs at ap-
proximately -95'F, after which it decreases with temperature (Ref. 10, p. 5B.01.03).

Wilkes (Ref. 11, p. 72) has reported on the factors that affect the value of thermal conduc-
tivity of heat insulators. He reports that, in general, (1) the value of thermal conductivity for
most insulators increases with increasg temperatures, (2) the thermal conductivity of insulators
increases with an increase in density, (3) the direction or heat flow through most heat insulators
has little effect on the thermal conductivity, (4) the thermal conductivity of an insulator increases
as the moisture content of the insulator increases, (5) the effect of increasing air pressure is to
increase the value of the thermal conductivity of insulators, and (6) the thermal conductivity value
is not influenced by the rate of heat flow.

SPECIFIC HEAT OF SOLIDS

The specific heat capacity of a body is the amount of heat required to increase the tempera-
ture of a unit weight of a body by 1 degree.

The thermodynamic definition of heat capacity at constant pressure is Cp = (aH/aT)p where
H is enthalpy.

REVIEW OF THE LITERATURE

A brief outline of the techniques and principles of the major methods of determining thermal
conductivity and specific heat is given along with references to the literature for more specific
details.

METHODS OF MEASURING THERMAL CONDUCTIVITY

The major methodL3 (Ref. 12) of measuring thermal conductivity are the. following: (1) Fitch,
(2) longitudinal heat flow, (3) Forbes bar, (4) radial heat flow, (5) parallel plate, (6) comparative,
(7) electrical, and (8) dynamic or pulse.

The Fitch method (Ref. 13) consists of measuring thermal conductivity by maintaining one
surface of the test material at a given temperature. then measuring the temperature gradient in the
test material after a steady state of heat transfer is attained. The Fitch apparatus is unique in
that a copper slab is used as n calorimeter, This apparatus is part;'ularly suited for materials
of low thermal coaductivity.

The commonly used longitudinal heat flow method uses a cyliudrical bar of test material in-
sulated lengthwise to prevent radial heat losses (Ref. 8, p. 165). A constant temperature source
is placed at one end of the bar and a heat sink at the other end. At steady state the temperature
gradient in the bar and the quantity of heat transferred through the bar are measured. This appa-
ratus is quite versatile for testing materials varying from insulators to liquid metals.

5
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A modification of the longitudinal beat flow method is known as the Forbes bar method (Ref.
14). This method employs a bath of molten lead at one end of the bar and still air at the other.
A knowledge of the density and specific heat of the bar is required. However, recent improve-
ments do not require this information (Ref. 15).

The radial heat flow method uses a hollow cylinder of the test material with a heater inserted
in the center (Ref. 16). Suitable guard heaters are provided at the ends. The thermal conductivity
of the test specimen is found from the relationship

K Q In (r2/rl)/2 (T1 - T2)

where r1 and r2 are, respectively, inner and outer radii of the test cylinder.

A.S.T.M. (Ilef. 3, p. 848) prescribes a parallel plate method for measuring thermal conductivity
at steady state. The measurement of thermal conductivity of insulating materials by the guarded
hot plate is described in the literature (lMef. 17 and 18). A rapid guarded hot plate method that
will apparently yield accurate determinations in 10 to 15 minutes has been reported (Ref. 19).

The early researchers determining thermal conductivity obtained values that were relative
rather than absolute. Of note is the modern experimental apparatus by llorak and Krupka (lef. 20)
for making comparative measurements. If one has a material with known thermal conductivity,
then the value of thermal conductivity for another material may he found. In this method two bars,
a standard and a material of unknown conductivity, are placed in series to ensure equal heat flux
through both bars. Tihe thernmal conductivity involves the measurement of the temperature gradient
in each of the bars and is found by the relationship

Kt(d'I'2 /,t) = K2 (dT2/dx 2 )

In the electrical method for determining conductivity, a rod is heated by passing an electric
current through it wiile the ends of the rod are kept at ambient tenllperature. This method gives
the ratio of therimal and electrical conduetivihies. Electrical conductivity ,may be determined
independletly of therimal conductivity, which can then be easily calculated.

The pulse n,c ithod for dctcrmnination of thcrmal conductivity was developed by'll. J. Angstrom
(03ef. 21, 22, and 23) and is actually a measure of the thermal diffusivity. TIherefore, in order to
determine the thermal cotnductivity it is necessary to have an accurate knowledge of specific heat

and density. Thc apparatus used in this method consists of a long test har with an electric heater
at one end, whereas the other end extends into still air or into an insulating medium. A steady-
state tempIjerattre gradlicnt is imposed on the specimen, and a thermal pulse varying sinusoidally
with time is superimpl)sed on the hotter end. This temperature disturbance is propagated along
the bar at a rate that varies with the thernmal diffusivity.

METHODS OF MEASURING SPECIFIC HEAT

The literature described several basically different methods of measuring specific heat- (1)
the method of mixtures, (2) the Hunsen method, and (3) other special methods.

The Method of Mixtures consists of immersing a test specimen at constant temperature into a
calorimetric fluid and recording the tenmperature rise of the adiabatic calorimeter (hef. 24 and 25).
This method has been employed for determining specific heats for the temperature range of 32 to

1300•01. There are immmy variations of the basic method of using adiabatic calorimeters.

The Bunsen method uses the lent from the test specimen to melt ice that is in thermal equi-
libriulm with water in a closed system (l1ef. 26 and 27). This method is described in detail by
Seibel and Mason (lef. 28, p. 29).

6
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Other methods of determining specific heat are Sykes' and Jones' (Ref. 29) and Smith's (Ref.

30). In most determinations, copper is used as a standard fur calibration purposes, because of
its well known specific heat properties (Ref. 31).

TEST MATERIALS

Three panels of each of the nine plastic laminates studied were prepared for testing at the
11. S. Naval Ordnance Test Station. The panels were 7 iniches square and 0.25 inch or less in
thickness. The test specimens were pressed at 100 lb/in2 at 350 0 1 for 1 hour, removed from the
press, and post-cured for 16 hours at 350"P. The composition of-each test specimen is shown
below:

Sample Composition

1 6 sheets of graphite mat impregnated with 101 phenolic resin

2 13 sheets of WC-001 graphite cloth impregnated with 101 phenolic resin

3 7 sheets of 184 Volan (glass cloth with a Volan finish) impregnated
with 37-9X phenyl silane resin

4 Thermo-Insulating Compound (TIC-311S) used as received

5 184 Volan impregnated with 37-9X phenyl silane resin

6 Asbestos cloth with one sheet of silver foil in center impregnated
with 911,1) phenolic resin

7 Asbestos cloth with one sheet of aluminum foil in center impregnated
with 911,1) phenolic resin

8 liefrasil cloth inpregnated with 911,1) phenolic resin

9 Similar to samples 3 and 5 plus one coat of plastic primer and two coats
of SAP paint (alkyd resin base)

10 Similar to sanples 3 and 5 pils one coat of plastic primer and two
coats of TIC paint (water base)

Samples 3 and 5 are similar in composition, but they were prepared tt different times with
slightly different molding and curing cycles, which accounts for the difference in their thermal
properties.

TIC-311S, TIC paint, and SAl" paint were supplied by the Aliam Corporation, 11 Park Place,

New York 7, N. Y. The other plastics and resins were supplied by the U. S. Polymeric Chemical
Company, Inc., Canal and Ludlow Streets, Stareford, Conn.

The test specimens were prepared for the specific heat determinations by cutting 1.125-inch-
dinmeter disks from the panels for insertion into the capsule assembly described later in this
report. The test materials are shown in Fig. 1.

Many laminated reflective foils are especially effective at low and high temperatures, where
the low absorptivity and low conductivity of the gap between foils pose a high thermal resistance.
Metal foils have found extensive fipplication in the field of cryogenics. Foils of copper, titanium,
stainless steel, brass, nickel, tantalum, zirconium, silver, gold, and palladium are readily avail-
able in thicknesses of 0.0005 inch and cal be imade as thin as 0.00005 inch. The application of
reflective insulation is relatively new, and the heat transfer theory connected with it is much
more complex than that for the usual insulation material. A good discussion of principles govern-
ing the use of reflective foils is presented by Wilkes (Ref. 11, p. 109).

7
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FIG. I. Test Materials Used in the Thermal Conductivity and Specific Heat Tests.

TIC-311S is a new insulating material, which is applied by spraying or troweling (Ref. 32).
Under exposures to temperatures of 300'F and higher, TIC-311S intumesces into a thick, dense
foam or spongelike mat 25 to 45 times its original film thickness. The insulating properties of
TIC-31IS are better than those of fiberglass, especially at temperatures above 1300'F, at which
fiberglass melts. Its main disadvantage is that it is water soluble, as is the TIC paint used in
sample 10. For this reason SAF paint was formulated from TIC with an alkyd resin base.

EXPERIMENTAL TECHNIQUE

The experimental apparatus for determining the thermal conductivities of the test materials
was adapted from the A.S.T.M. Standard Method of Test for Thermal Conductivity by Means of the
Guarded Hot Plate (Ref. 3, p. 848). The specific heat apparatus and method were the A.S.T.M.
Tentative Method of Test for Mean Specific Heat of Thermal Insulation (Ref. 4, p. 197).

THERMAL CONDUCTIVITY EXPERIMENT

Apparatus. A guarded hot plate apparatus was used to determine the thermal conductivity of
the plastic laminates. This apparatus consists of a hot and cold plate in parallel, with the test
material inserted between them. A 7-inch-square hot plate was constructed from a 3/4-inch steel
slab in which a 7-inch-diameter ceramic-incased electric heater was embedded. The heater re-
quired a 115-volt alternating current source and was regulated by a variable transformer. A 1/8-
inch-thick asbestos board was cut and laminated to completely incase the hot plate, with the
exception of the heating surface. The hot plate surrounded by asbestos sheets and asbestos wool
in the instrument box is shown in Fig. 2 together with thermocouples and wire connections to the
electric heater.

8
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2.,10;2 lt P'late Asscmihly.

Thle Cohld plate Was a 3•/4-inlch alumlinumnl shlab with 1/4-inchl holes bored parallel to the cool-
ing surf{ace0, perm'lll.ittig theO pa;ssage• of[ :oo)ling waterl als shown in IVig, 3. Trwelve brass fittings
wer'e c()lnneftcd byco pe L uOb)(I tling iln sIuch] a1 mannerlt as to mlainltain its even it sulrfa1ce: •[lIEtemp 'ert e

as possible.

FIG. 3. Cold P-late As•sembly.
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The inner surfaces of the hot and cold plates had embedded iron-constantan thermocouples
for temperature determinations, as did the inlet and outlet water passages of the cold plate. The
electromotive force of the thermocouples was measured with a Leeds and Northrup potentiometer.
The flow of cooling water to the cold plate was maintained by the use of a constant-head tank.
The cooling water flowed front the cold plate into a weighing device in order to mea-ure the rate
of flow.

'[lhe over-all guarded hot plate apparatus is presented in Fig. 4.

FIC. 4. Guarded llot 'late Apparatus. (a) Hlot and cold plate assembly, (b) thermocouple
selector switch, (c) 1. & N potentiometer, (d) Variac, (e) guard heater wattmeter.

Procedure. The test samples were dried at approximately 215°F to vaporize any excess
moisture and weighed after drying, to the nearest 0.01 gram. The volume of the test samples

was obtained by nieasurinlg the length and width with a scale and the thickness with a Starrett
micrometer at a inininium of five locations. From this information the density of each sample was
calculated.

After preparation, the specimen was inserted between the hot and cold plates and the entire
guarded hot plate apparatus covered with asbestos wool. The variable transformers were set at a
predetermincd value, and the flow rate of the cooling water was adjusted to give a temperature in-

crease of at least 30 0 1.

The condition of steady state at any point in the apparatus was reached in approximately 5
hours. At this time the cooling water was allowed to flow into the weighing device and collected

over a known period of ti,,e. Teemperature readings of the inner surfaces of the hot and cold plates

and of the incomning and outgoing cooling water were recorded. The total amount of heat trans-

ferred was determined from the temperature change of the cooling water and the rate of flow.

10
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The thermal conductivity determinations required approximately 6 to 7 hours; some additional
time was required to replace test materials for testing. Approximately 2 weeks were required to
obtain the thermal conductivity data for each test material.

The thermal conductivity of the plastic laminates was calculated at steady state using the
Fourier equation for one-dimensional heat transfer (Eq. 7). The variation of thermal conductivity
with temperature over a small temperature interval is usually assuued to be linear and may be
represented by the expression K - a + bT where a and b are constants for a given material and T
is the temperature in 'F. The units of tihermal conductivity can be expressed as litu-ini(hlr) (ft')
(oF). The values of thermal conductivity were plotted versus temperature for each test material,
and by the method of least squares an equation was obtained relating thermal conductivity to tem-
perature.

SPECIFIC HEAT EXPERIMENT

Apparatus. The specific heat calorimeter was an unlagged Dewar flask of 665-nil capacity
with a 2.75-inch inside diameter and with a var'iable-speed magnetic stirrer. A differential ther-
momieter with u temperature range of 18 to 28'C, graduated every 0.01-C, was used to detcriimine
the temperature rise of the calorimetric fluid (distilled water) during the test. A magnifier was
used to facilitate reading the thermonmeter.

The electric heater used to heat the test specimens consisted of a 10-inch length of brass

pipe, of 1.5-inch inside diameter, covered with asbestos paper. The pipe was wound with 85 turns
of 22-gage Nichrome wire and insulated completely with a 2-inch-thick pipe insulation. Two com-

position covers prevented heat loss from the open ends of the heater.

A commercial, copper, electrical lus bar was used as the specific lieat standard to determine

the water equivalent of the caloriimeter. The mean specific heat of copper for the temperature
range between 20 and 100'C is 0.0931 Btu/(Ib) ('F) (11ef. 4, p. 197).

The test capsule for containing the test specimcns consisted of a hollow copper cylinder
approximately 1 inch in dianimter and 2 inches long. It had a removable cap and a thcrmioconple

well.

The over-all specific heat calorimeter apparatus is shown in F"ig. 5. Figure 6 shows the
capsule assembly and the necessary accessories.

Procedure. A test specimen was dried. Its weight was determined by first weighing the
empty capsule assembly, then ile capsule assembly containing the Specimen, and then calculating
the difference. The capsule containing the specimen was suspended in the heater. Roth were
heated to a temperature betwien 203 and 21201 ". A period of 4 hours was usually required to
reach thermal equilibrium. flistilled water was poured into the Dcwar flask. The magnetic stirrer
was set at a moderate stirring rate, and this rate was kept constant for all the determinations.
After about 10 minutes, to allow for thermhal adjustment between the calorimeter and time surround-
ings, time temperature of the calorimeter (to the nearest 0.0010 G) was taken at the cud of each 1-
minute interval for a period of 9 iminutes. At the cud of the tenth minute, the capsule was rapidly
lowered into the calorimeter and the calorimeter cover quickly replaced. The temperature readings
were resumed at the eleventh Minute and continued until the slope of the temperature-versus-time
curve was constant. The required tine for individual runs was 5 tL 6 hours, and approximately 2
days for the entire evaluation of a test material.

The following equations, which deteriniie the water equivalent of the calorimeter, the heat
capacity of the capsulc, and the specific heat of the specimen, were obtained from the A.S.T.M.
annual (Iief. 1, 1i. 192).

11
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Fi,. 5. Specific [leat Apparatus. (a) I, & N paten- FIG. 6. Specific Hleat Accessories. (a) Cpapule
tiomneter, (I) electric heater, (c) calorimeter, assembly, (b) graduated cylinder, (e) magnifier,
(d) magnetic stirrer, (c) V'ariac. (d) standard copper bar, (e) stop watch, (f) balance.

To determinen the walter cqnuiwacilt o~f tihe calorinmeter, tihe sanie procedure was f&.Iowed, ex-
cep~t for the stilstitutiotn o)f the eOlpper husu bar standard for the capsulec aad specimen. [he water
equivalent of a body is defined as the jass5 of water that requires the same amaouot of heat as the
body inl order to change its temperatrer iiy an equal amount. The water equivalent, E, of the calo-
rilieter is as follows:

E r,.

Ac,4(T., - •

where T is tSp e equilibrium telmp(erature of the standard in the heater, '- is the initial temperature
of the calorimeter, and 7s is the extrapolated temperature of the mixture. The rand w refer to the
standard and tie distilled water, respectively. M is bass and C is heat capacity. p he water equiva-
lent of tile calorimeter was found to he 32.37 grams.

Tfile heat capacity of the capsule, Cb, with sta as mass, was determined fromi the expression

- Me, EC(W'- j

The specific heat of the capsule was 0.10 lmtu/(lb)(ert). As in all deterauinations, at least three
tests wereoer prformed iar the verage results reported.

12
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Finally, the specific heat of the specimen was determined from the following expression:

(M0 + E)C;,(Tm - To)
( Th - 71. )

where LC and A/. are, respectively, the specific heat and the mass of the test specimen.

DISCUSSION OF RESULTS

The thermal conduietivities of the nine plastic laminates are shown in Tables 1 through 10,
in Appendix A, and plotted as a function of temperature in Fig. 7 through 16. The specific heats
of the plastic laminates are shown in Tables 11 through 18 in Appendix A. The thermal proper-
ties (thermal conductivity, specific heat, and thermal diffusivity) at 140o1-' and the density are
shown in Table 19.

Thermal Conductivity. TIC-311S had the lowest thermal conductivity of the test materials.
The thermal conductivity of 184 Volan impregnated with phenyl silaic resin (samples 3 and 5)
was the second lowest.

Tl'he temperature range for determining the thermal conductivity of TIC-3]11 was Iimited,
since TIC intuniesces when it is exposed to temperatures of 3000'1' or higher. At hot-plate tein-
peratures of 230 and 30001I it released some foal-smell ing liquid. This chemical reaction within
the panel may account in part for the low values of thernial conductivity.

The thcrmIal conductivity of graphite cloth impregnated with phenolic resin was higher than
the thernial conductivities of the other plastic laminates, iblabhly because of the prusence of
relatively large strands of graphite in the graphite cloth. The graphitoe cloth laminate had the
only thermal conductivity that definitely decreased with an increase in temperature; this behavior
is similar to hiat of phre graphite in this tenmperature range.

2.0

0

•" 0 0

z 1.4-
I--

1. 2 1 I 0

Li

75 100 125 150 175 200 225 250 275 300 325 550
TmOF

VIG. 7. Thermnl Conductivity of Graphite Mat Impregnated With Phenolic IHesin.
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FIG. 9. Ilicramil Conduictivity of 184 Volon Iulpregnatcd With P'henyl Silane IResin.
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FIG. 10. Therrito CondiuctiVity of 'IIC-31I S.

14



NAVWEPS REPORT 7918
Part 2

0

1.2

I--

1I.00

0.8 I

'- 75 100 125 150 175 200 225 250 275 300 325 350

7r, 0 F

FIG. II. Tlhermal Conductivity of 184 Volan hIpregnated With Phenyl Silane.
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FIG. 12. Thermal Conductivity of Asbestos Cloth With Single Sheet of
Silver Foil Impregnated With Phenolic Rhesin.
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FIG. 13. Thermal Conductivity of Asbestos Cloth With Single Sheet of
Aluminum Foil Impregnated With Phenolic Resin.
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FIG. 14. Thermal Conductivity of Refrasil Cloth Impregnated With Phenolic Resin.
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FIG. 15. Thermal Conductivity of 184 Volan Imlpregnated With Phenyi Silanc
Ilesin With 2-Mil Coat of ',AF Paint.
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FlGý 16. Thermal Conductivity of 184
VolaniImpregnated With Phenyl Silnnc
Resin With 2-Mil Coat of TIC Paint.

The 184 Volan and Refrasil laminates were discolored when exposed to temperatures of

about 4751F. The other laminates, with the exception of TIC-311S, had no visible signs of
deterioration after the thermal conductivity determninations.

16



NAVWEPS REPORT 7918
Part 2

The thermal conductivity of asbestos cloth with a metal foil in the center and impregnated
with phenolic resin was higher for all specimens, except the graphite laminates. It appears that

an aluminum foil is more effective than a silver foil, which is what one would expect since alumi-

num has a lower thermal conductivity than silver. However, it is believed that the resin content

and the method of adhering the metal foil to the asbestos cloth had a greater effect on the thermal

conductivity than the choice of metal foil.

The thermal conductivities of the two painted test specimens (samples 9 and 10) were higher

than the unpainted test specimens (samples 3 and 5). The temperature range available for deter-

mining thermal conductivity of the two painted test specimens was limited because of the con-

stituents of SAF and TIC paints, which decompose at approximately 300'F.

Expressions relating the thermal conductivity of the first nine samples to temperature were

obtained by the method of least squares (Appendix A) and should be accurate to two significant

figures. Sample calculations using the method of least squares are given in Appendix R.

Specific Heat. The values of me•'n specific heat ranged from 0.35 Btu/(lb)(0 V) for TIC-311S

to 0.24 Btu/(lb)(0 F) for Refrasil cloth impregnated with phenolic resin for the temperature range
of 75 to 212'F. For purposes of comparison, the specific heats of the two painted test specimens
were calculated.

Thermal Diffusivity. TIC-311S had the lowest thermal diffusivity (0.0021 ft 2/hr) at 140'F of

the test materials because of its low thermal conductivity and high specific heat. The next lowest

values of thermal diffusivity were recorded for the 184 Volan laminate (0.0028 ft 2/hr) and for the

asbestos cloth with aluminum foil laminate (0.0031 ft 2/hr).

Graphite cloth impregnated with phenolic resin had the highest thermal diffusivity (0.0120
ft 2/hr) at 140'F of the test materials. The reason for this high value is the high thermal con-
ductivity and low density of the graphite cloth laminate.

RECOMMENDATIONS

The following recommendations are made for the thermal conductivity apparatus: (1) addition

of a temperature control to maintain constant temperature of the cooling water, (2) installation of

the apparatus in an area where a relatively constant temperature is realized, and (3) addition of a

power regulator to prevent power fluctuations.

The following recommendations are made for the specific heat apparatus: (1) installation of

the apparatus in an area where the temperature is relatively constant at 68 to 720F, (2) addition

of a power regulator, because of the sensitivity of the capsule temperature with fluctuations in

power, and (3) substitution of other liquids of known specific heat for distilled water to extend

the test-temperature range.

The last recommendation is that a radiant heat facility be constructed for determining the

thermal diffusivity of materials as well as other thermal properties, directly. This apparatus
would complement the guarded hot plate and specific heat apparatus at elevated temperatures.

The radiant heat apparatus should consist of quartz tube lamps with tungsten filaments as

the heat source, and thermocouples on the surface of the test specimen to monitor the surface
temperature. The thermocouples on the surface would ensure that a constant heat flux is absorbed

by the test specimen. From a plot of temperature versus time the thermal diffusivity of a material
could be determined according to Eq. S.

17
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Appendix A

THERMAL PROPERTIES

TABLE 1. TIIEIIMAL CONDUCTIVITY OF GRAPHITE MAT
IMPREGNATED WITH PILENOLIC RESIN

lun t• ..... •1, hr L F , 2F TI, 2,' K, i)

I 132.0 1.00 130 86 108 1.24
2 1 ,92.0 0.98 173 105 139 1.19
3 2432.0 6.43 264 139 202 1.25
4 7065.0 9.30 334 116 225 1.44
5 4410.0 4.80 369 130 250 1.59
6 1125.0 1.011 399 163 281 1.82
7 6565.0 5.58 441 145 293 1.65
8 406.5 3.65 443 200 322 1.90

L = 0.141 in. A 0.34 ft
2

The relationship of thermal conductivity of graphlite mat impregnated
with phenolic resin with temnperature is K = 0.752 + 0.00334T for the tem-
perature range studied.

"TABLE 2. TI1IIMAL CONDUCTIVITY OF GRAPHITE CLOTH

IMPREGNATED WITH PIENOLIc RESIN

Btu Btu-in
R ni Q, -- t, hr T1, °F T2, °F T, 2, -F K, rft 2 )eFQ'hr (hr)(t2( )

1 347.5 1.25 122 81 101 3.25
2 475.0 1.08 158 92 125 3.18
3 1320.0 2.00 215 108 162 2.96
4 924.0 1.00 265 103 184 2.73
51 1540.0 1.38 318 140 229 2.98
6 901.0 1.00 351 201 276 2.88

L = 0.163 in. A 0.34 ft
2

The relationship of thermal conductivity of graphite cloth impregnated
with phenolic resin with temperature is K = 3.35 - 0.002T fo- the tempera-
ture range studied.
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'T'A11,:E 3. 'T'ILERMALh CONDUCTIVITY OF 184 VOLAN IMPREGNATED

WITr PIIENYL SILANE RESIN

1tuI Btu-in
Hun t, hr T1, "F T2, -F T1 ,2 , 'F K,

hr (hr)(t)(F)

1 356.0 2.50 187 81 134 0.66
2 1032.0 3.00 217 89 153 1.33
3 5q.9, 1 .50( 236 86 161 1.32
4 833.0 2.00 280 91 186 1.09
5 828.0 1.50 370 99 235 1.01
6 1430.0 2.00 406 104 255 1.13
7 1346.0 1.50 494 102 298 1.14
8 2504.0 2.25 508 111 310 1.28

L1 -0.168 in. A 0.34 ft
2

The relationship of thermal conductivity ol 184 Volan impregnated
with phoinyl ýihunp. resin wilh wml-raturv is K = 0.926 + n.0008RT f,,r th,-
temperatur reinge studied.

TA BE! . 4. 'I'1EI..MAL CONDUCTIVITY OF TIC-31 1S

BI~l~h 2 I' T,,* Btu-in

Jlin (, t, hr T1, * T 1I T 1, 2, K, K, (h ( 2)(.

1 206.0 1.00 182 74 128 0.53
2 275.8 1.01 2(17 86 146 0.63
3 600.0 2.001 230 94 162 0.61
4 328.0 1.00 300 78 189 1 0.41

1, = 0.094 in. A 0.34 ft
2

Tlhe rehltionship of theiinial conductivity of TIC-31 IS with tcenperature
is K r 0.890 - 0.002227 for the temperature range studied.

TABLE 5. TIIFEIIMAL (:ONDUCTUIVITY OF 184 VOLAN IMPMIEGNAT,0
WITH PIIINYL SILANE RESIN

tu o ,1 tu-in
Run Q, -- t, hr T1 , *F T2, F '1,2, F K,(hr)(ft

2 )(F)

1 240.0 1.00 213 78 145 0.89
2 1322.0 3.25 285 87 186 1.04
3 729.0 1.50 344 95 220 0.98
4 647.5 1.00 428 107 268 1.01
5 828.5 1.00 512 1 122 1 .317 1.06

L = 0.170 ii .. A 0.34 ft
2

The relationship of thermal conductivity of 184 Volan impregnated
with phenyl silane resiti with temperature is K = 0.824 + 0.000744T for the
tcnipcrature rauge studied.
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TABLE 6. ThERMAL CONDUCTIVITY OF ASBESTOS CLOTH WITH SINGLE
SHEET OF SILVER FOIL IMPREGNATED WITH PHENOLIC RESIN

Btu . Btu-in
Run Q, t, hr T1, IF T 2,, F T1,2, IF K,hrn 1,2'r(hr)(ft

2
)('F)

1 261.0 1.00 215 100 157 1.69

2 851.0 1.50 369 93 231 1.65
3 1333.0 2.00 442 115 278 1.52
4 1223.0 1.75 495 154 325 1.71
5 783.5 1.00 525 i34 329 1.49

-

L = 0.254 in. A = 0.34 ft
2

The relationship of thermal conductivity of asbestos cloth with a
single sheet of silver foil impregnated with phenolic resin with tempera-
ture is K = 1.90 - 0.00117' for the temperature range studied.

TABLE 7. THERMAL CONDUCTIVITY OF ASBESTOS CLOTH WITII SINGLE

SHEET'I OF ALUMINUM F"OIL IMPREGNATED WITH PHIENOLIC RESIN

Btu Btu-inRun , t - -, hr TI, *F T, T1,2 *F K, - -- n

nhr'Thr 2 (hr)(ft2)(*F)

1 539.5 2.43 192 92 142 1.42
2 500.0 2.00 246 117 182 1.24
3 450.0 1.00 302 95 198 1.39
4 527,0 1.00 383 143 263 1.41
5 1628.0 2.00 455 115 285 1.53
6 816.5 1.00 484 155 319 1.64

L = 0.281 in. A 0.34 ft
2

Thc relationship of thermal conductivity of asbestos cloth with a
single sheet of aluminum foil impregnated with phenolic resin with tempera-
tore is K = 1.09 + 0.00149T for the temperature range studied.

TABLE 8. THERMAL CONDUCTIVITY OF REFRASIL CLOTHi
IMPREGNATED WITH PHENOLIC RESIN

Btu -Btu-inRon Q, t, hr T1 ,* TI '2, 'F Tt, 2, 'F A,-______
Run Q, hr 

(hr)(ft2
)('F)

1 494.0 2.00 195 99 147 1.28
2 387.4 1.00 262 117 189 1.34
3 680.0 1.00 373 91 232 1.20
4 663.5 1.00 378 107 242 1.22
5 809.0 1.75 355 165 260 1.17
6 896.5 1.00 448 98 273 1.28

L = 0.170 in. A = 0.34 ft
2

The relationship of thermul conductivity of Refrasil cloth impregnated
with phenolic resin with temperature is K = 1.42 - 0.000706T for the tern-
perature range studied.
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TABLE 9. TILEIIMAL CONDUCTIVITY OF 184 VOLAN IMPREGNATED

WITH PHENYL SILANE RESIN WITH 2-MIL COAT oFSAF PAINT

Btu II Btu-in
Run Q, -- t, hr TI,*F T2 r,-F TI, 2,*F K,

hr thr)(ft
2

)(-F)

1 224.0 1.17 161 83 122 1.23
2 666.0 2.00 233 83 158 1.11
3 520.0 1.00 251 85 168 1.57
4 877.5 1.00 237 127 182 1.33
5 292.0 1.00 269 159 214 1.32

L = 0.170 in. A - 0.34 ft
2

The relationship of thermal conductivity of 184 Volan impregnated with
phenyl silane resin with a 

2
-jail coat of SAF paint with temperature is K

1.06 + 0.001497 for the temperature range studied.

TABILE 10. TIEII.MAI, CONDUCTIVITY OF 184 VOIAN IMPREGNATED

WITH Pl|[ENYI, SII.ANE IIFSIN WITH 2-MIu COAT' OF TIC PAINT

B[ tItu 1 1 IItil-in

hun Q, I t, hr '1I, °F T2,q, 
7
T,2,' F K. ....

hr (hr)(ft
2

)(*F)

I 410.0 1.50 201 91 146 1.26
2 350.0 1.50 205 95 150 1.08
3 420.0 1 .00 257 1 87 172 1.25

/, = 0.172 in. A 0.34 it
2

Three determirations of thermall conductivity at different temperatnres
are not sufficient to c.stablish the relationship of thtrnial conductivity of
thi test imateritls w! th temperature,

l'ARIEI, 1]. SPECIFIC hIEAT OF . TABLE ].2. SPECIFIC IIEAT OF

(;RAPIIITE MA'I IMPlREGNA''ED GRIIAPHILI'TE CLOTIL IMPREGNATED

Wurnl PIIEN•thi RIESIN WITH PIENOLIC RESIN

Bitu I T 7,Btu
]fulu 7*,F 7ml, F -, Run T,' ,,F C_, ---

(Ib)(-F) (l )(°1')

i 217 175 0.29 1 211 81 0.25
2 214 73 0.28 2 207 81 0.31

.3 217 75 0.27 3 203 80 0.26

The inean specific teat of graphite mat The mean specific heat of graphite

impregnated with phenolic resin over the cloth impregnated with phenolic resin over
temperature range 75 to 2121F miay lie the temperature range 75 to 2120F tiay be

taken as 0.28 lii/(lb)('I). taken as 0.27 hBtu/(Ib)(OF).
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TABLE 13. SPECIFIC HEAT OF TABLE 14. SPECIFIC HEAT OF
184 VOLAN IMPREGNATED WITH TIC-311S

PHENYL SILANE RESIN Btu
Btu Run Th, BF T., OF C t, -

Run Th, °F Tm, °F C., _ ) (lb)(F)(lb)(°F)
1 210 82 0.35

1 204 1 79 0.27 2 212 82 0.35
2 209 79 0.26 3 203 82 0.36

3 203 79 0.25
The mean specific heat of TIC-311S

The mean specific heat of 184 Volan over the temperature range 75 to 212°F

impregnated with phenyl silane resin over may he taken as 0.35 Btu/(Ib)(°F).

the temperature range 75 to 212°F may be
taken as 0.26 Btu/(Ib)(°F).

TABLE 16. SPECIFIc HEAT OF
TABLE 15. SPECIFIC HEAT OF ASBESTOS CLOTH WITH SINGLE SHEET
184 VOLAN IMPREGNATED WITH OF SILVER FOIL IMPREGNATED WITH

PHENYL SILANE RESIN PHENOLIC RESIN

B~tu 1Btu
Run Th, OF Trn, °F Cs, Btu Run Th, OF Tm, °F C, Btu

(Ilb) (0F) (lb)('F)

1 203 80 0.23 1 206 78 0.29
2 205 70 0.23 2 209 82 0.30
3 202 79 0.24 3 205 79 0.28

The mean specific heat of 184 Volan The mean specific heat of asbestos
impregnated with phenyl silane resin over cloth having a single sheet of silver foil
the temperature range 75 to 212*F may be impregnated with phenolic resin over the
taken as 0.23 Btu/(Ib)(*F). temperature range 75 to 212"F may be

taken as 0.29 Btu/(lb)(°F).

TABLE 17. SPECIFIC HEAT OF
ASBESTOS CLOTH WITH SINGLE SHEET

OF ALUMINUM FOIL IMPREGNATED WITH TABLE 18. SPECIFIC HEAT OF

PHENOLIC RESIN REFRASIL CLOTH IMPREGNATED WITH
PRENOLIC RESIN

BtuRun Th, *F Tin, F Cs, Btu[
(lb)(*F) Run Th, OF Tm, OF Cs, Btu

(Ib)(*F)
1 209 80 0.33
2 216 78 0.30 1 210 78 0.24
3 213 81 0.32 2 205 80 0.25

3 210 81 0.24

The mean specific heat of asbestos
cloth having a single sheet of aluminum The mean specific heat of refrasil
foil impregnated with phenolic resin over cloth impregnated with phenolic resin
the temperature range 75 to 212'F may be over the temperature range 75 to 212OF
taken as 0.32 Btu/(Ib)(*F). may be taken as 0.24 Btu/(lb)(OF).
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TABLE 19. THERMAL PROPERTIES OF THE NINE PLASTIC LAMINATES AT 140°F

Btu-in Btu lb ft 2

Material K, 2 C,l- p,--fta a, -h

(hr)(ft )('F) (I b) (0F) f hr

Graphite mat impregnated with
phenolic resin ...................................... 1.22 0.28 66.4 0.0055

Graphite cloth impregnated with
phenolic resin ...................................... 3.07 .27 79.6 .0120

184 Volan impregnated with phenyl
silane resin ........................................ 1.05 .26 121.0 .0028

TIC-311S ............................. ................. 0.61 .35 67.6 .0021
184 Volan impregnated with phenyl

silane resin ....................................... 0.93 .23 120.5 .0028
Asbestos cloth with silver foil

impregnated with phenolic resinj ....... 1.75 .29 113.0 .0045
Asbestos cloth with aluminum foil

impregnated wiih phenolic resin ...... 1.30 .32 107.8 .0031
Refrasil cloth impregnated with

phenolic resin ...................................... 1.31 .24 97.0 .0047
184 Volan impregnated with phenyl

silane resin with SAF paint ............ 1.27 .26a 120.2 .0034
Glass cloth impregnated with phenyl

silane resin with TIC paint 1.14 0.23a 120.2 0.0034

a Calculated
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Appendix B

SAMPLE CALCULATIONS

THERMAL CONDUCTIVITY

Data from Run 4 on 184 Volan impregnated with phenyl silane resin (sample 5):

Q = 647.5 Btu/(hr)(ft2 )
T1 = 428"F
T2 = 108"F
L = 0.170 in.
A = 0.34 ft 2

K = QL/A(T1 - T2)

K = (647.5)(0.170)/(0.34)(428 - 108)

K2 6 8OF= 1.01 Btu-in/(hr)(ft 2)(OF)

METHOD OF LEAST SQUARES (REF. 33, P. 369)

Establishing the linear relationship of K of 184 Volan impregnated with phenyl silane resin
with temperature:

K = a+ bT

where

Na Nb

D D

IT IK IT 2  IZTK

145 0.889 21,025 128.905
186 1.04 34,596 193.440
220 0.975 48,400 214.500
268 1.01 71,824 270.680
317 1.06 100,489 336.020

1136 4.974 276,334 1143.545

n=5

N, = K I T 21= 149411361
ETK IT 2  11143.545 276,3341

Na = 75,418

Nb =Jn IK 15494
b T n TKI 1136 1143.5451

Nb = 67.261

D3 =jIn ~T 2= 1361
IT IT 2  1136 276,3341

D = 91,174
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therefore

a = N ) = 0,827

b = Nb/D = 0.000738

K = 0.827 + 0.0007387'

SPECIFIC HEAT

Data from Run 1 on glass cloth impregnated with phenyl silane resin:

-, = 302.7 gr T, - 26.7480 C
/ - 32.4 gr 7, 24.0440 C

Cw = 1.00 cel/(gr)(°C) 7Th 95.2'C

ff 34.60 gr M 42.43 gr
C, : 0.10 cal/(gr)(0 C)

(M0 + E)C( Tm - TI)

( 'Th - "'W

(302.7 + 32.4)(1.00)(26.748 - 24.044) (34.60)(0.10)

(95.2 - 26.7)

42.43

C, - 0.23 cal/(gr)(0 C)

01,

C' = 0.23 htu/(Ib)('f)

THERMAL DIFFUSIVITY

I)ata on glass cloth impregnated with phenyl silane resin at 140'F:

u K/Cp

1 0.929 Btu-in/(hr)(ft 2)(0F)
a (0.23 Btu/(Ib)(0 F))(120.5 lb/ft3 )(12 in/ft)

a 0.0028 ft 2/hr
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