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SUMMARY

The objective of this thesis was to measure the axial thermal
conductivity of individual polyacrylonitrile (PAN) based carbon fibers.
To achieve this objective the thesis was sub-divided into three areas
with the following goals:

1. Devise a test procedure which could be used to determine

the value of carbon fiber thermal conductivity.

2. Design and construct the appropriate testing device and

supporting equipment.

3. Verify the accuracy, repeatability, and suitability of

the completed device for the measurement of the thermal
conductivity of carbon fibers.

The test method selected employed the use of a guarded hot plate
device to measure the mean thermal conductivity of a carbon fiber/epoxy
resin composite specimen as a function of the volume fraction of carbon
fiber. The thermal conductivity of the pure carbon fiber was then
determined by the rule of mixtures.

The test procedure provided results for the thermal conductivity
of the carbon fibers which were in good agreement with published results
for carbon fibers with a comparable modulus of elasticity.

The accuracy of the guarded hot plate device was predicted by a
theoretical error analysis and by a comparison of experimental data from
the guarded hot plate device and other sources for the same test material.

These results have shown that the accuracy of the device was within 10.9
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percent for the measurements completed in this thesis. Repeatability
tests have shown that the results for materials with low thermal

conductivity were repeatable to within 4.0 percent.



CHAPTER 1

INTRODUCTION AND BACKGROUND

OF CARBCN FIBER THERMAL CONDUCTIVITY MEASUREMENT

1.1. Introduction

Carbon fiber composites have been used since the late 1950's
as reinforcing agents in a yariety of systems. In this capacity strength
and elasticity were the properties of primary importance. Typical uses
of carbon fiber composites at this stage of development include the
development of lightweight aircraft structural elements, reinforcement
in rocket nozzle throats, and various types of sporting equipment [1].*

Because of the need for greater elongation and a balance of tension
and elongation in the composite matrix, the development of production
processes eventually led to fabrication by the pyrolysis of polyacry-
lonitrile (PAN) in 1969. 'The uniformity of property performance and
balance of strength and modulus of this fiber have made 1t widely
accepted in the aerospace field [1].

The United States Air Force Materials Laboratory is supporting a
study to determine the thermal conductivity of carbon fibers for use on
re-entry nose cones. For this application, it is desired to have a low
thermal conductivity fiber for superior ablative performance. As a
result of the experimental nature of this problem, only small amounts of
carbon fiber are available for evaluation of the thermal conductivity

of the fibers.
*References are listed following the appendices.




Macroscopically, the thermal conductivity has been defined by
the Fourier law, the basic law of heat conduction, which may be

expressed as [2,3]

T :’}T r
q= ka_ﬂ (1)

I

where q = rate at which heat crosses from the inside to the outside
of an isothermal surface per unit area per unit time
k = thermal conductivity

T = temperature

= differentiation along the outward drawn normal to the surface.
In general, the thermal conductivity, k, can be assumed to be a

linear function of the temperature, such that,
k =k (L+ gD (2)

where B is small, and in fact, negative for most non-metallic sub-
stances [4]. 1If B is assumed to be zero, then the thermal conductivity
of a material is independent of temperature.

For the case of steady state, one-dimensional heat conduction
with no internal heat generation and with the thermal conductivity

independent of temperature, Equation (1) reduces to

KAAT
q = 7 (3)
where q = time rate of heat flow
A = cross-sectional area perpendicular to the direction

of heat flow



L = distance between two isothermal planes

k = thermal conductivity

AT = temperature difference between isothermal planes
across thickness, L (AT = Th - TC)

Th = temperature of the hot surface

TC = temperature of the cold surface

Kreith [5] has shown that, if the thermal conductivity varies
linearly with the temperature, the k term in Equation (3) represents
a mean value of thermal conductivity over the temperature range involved.

Thus, for the thermal conductivity as a linear function of temperature:

qL

where
T, T
T o h : C

Equation (4) forms the basis for the experimental determination

of thermal conductivity.

1.2. Kohlrausch Method
There are several measurement techniques available for determining
the thermal conductivity of textile fibers. 1. L. Kalnin [6] has
utilized the techniques developed by Kohlrausch. A diagram of the test
assembly is shown in Figure 1. Following this procedure, a long, straight

test specimen is heated by an electrical current until a steady state

condition is reached with heat flowing axially from the center of the
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Figure 1. Experimental Arrangement for Kohlrausch Method [6].
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test specimen, at temperature Tm, to the ends of the sample, which are
maintained at a temperature Ta. Knowing the potential drop across the
specimen and the electrical resistivity, the thermal conductivity may

be calculated from [6]:

2
o

Ae
k= (5)
SRG{Tm Ta]
where

k = thermal conductivity
Ae = potential drop across the specimen
Re = electrical resistivity
Tm = temperature at center of test specimen
Ta = temperature at ends of test specimen

Equation (5) 1is exact only for very long thin test specimens
having a temperature-independent electrical resistivity and negligible
lateral heat loss. Thus, for carbon fiber bundles, Kalnin [6] has
determined that, if the temperature difference, AT = Iﬁ < Ta’ is not
large, the geometrical and electrical resistivity constraints may be
essentially fulfilled. Experimental measurements of the electrical
resistance of two typical graphite fibers has shown that the resistivity
of these fibers varies from 2.5 to 11 percent over a temperature dif-
ference of 75 C. Consequently, for accurate determination of thermal

conductivity or large values of AT, a resistivity correction would

have to be applied.



The condition of no lateral heat losses can not be achieved
because of the extremely large fiber surface to volume ratio and the
high emissivity of graphite contributing to radiative heat losses that
might greatly exceed the conductive heat flux rate along the fiber
bundle [6]. Additionally, the Kohlrausch method for measuring thermal
conductivity is an indirect method because the electrical resistivity
and the surface emissivity must be known prior to making the thermal
conductivity calculations. Further, this technique is not useful

for low resistance fibers.

1.3, Schroeder Method

Kalnin [6] has also attempted to measure thermal conductivity
of carbon fibers by way of the Colora or Schroeder method. The Colora
method uses pairs of liquids which have boiling points separated by
10 - 20 C. The fluid with the higher boiling point is used to heat one
surface of the sample while the second fluid is placed in contact with
the other end of the specimen. The quantity of heat passing through
the specimen is determined by measuring the time required to condense
a fixed volume of the liquid with the lower boiling point.

Figure 2 shows the principles of the Colora method. Fluid A 1is
caused to boil and the vapor is directed to a high thermal conductivity
plate, S1» causing the temperature of this plate to be maintained at the
boiling point of liquid A. Fluid B, with a boiling point below that of
fluid A, is contained in the upper chamber. The base of the upper
chamber is a high conductivity plate, s, [7].

The test sample is fitted between 1 and S5. Heat flowing through
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Figure 2. Basic Apparatus for Colora Test Method [7].
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the sample from s, to s, causes liquid B to boil. The boiling liquid
at either end of the test specimen creates a constant temperature dif-
ference across the sample. The vapor from liquid B is condensed, and
the time required to collect a specified amount of condensate is

recorded. The thermal conductivity of the test specimen is given by [7]

where

Q@ = heat of vaporization for a volume of liquid B
t = time to distill a given volume of liquid B
Th = boiling point of liquid A

TC = boiling point of liquid B

L = length of test specimen

A = cross-sectional area of test specimen

k = thermal conductivity

Kalnin has established that the large contribution of radiative
heat losses from the perimeter of the heated fiber bundle, even near
room temperature, interferes with the direct determination of the
thermal conductivity by the Colora method. An attempt to correct for
radiative losses is complex becausc the radiative heat transfer from the
sample 1is a function of a number of factors. Among these factors are:
fiber emissivity which depends on surface composition and morphology;
the emissivity of the surrounding medium; the effective radiating
bundle perimeter which changes with the shape and size of the mounted

test yarn, and the geometry of the test fixture into which the fiber



bundle radiates [6].

This correction factor would introduce as much uncertainty
into the Colora method as is present in the Kohlrausch method and
would also raise doubts as to its applicability for the direct deter-

mination of carbon fiber thermal conductivity.

1.4. Flash Diffusivity Method

The flash diffusivity method is a technique by which the front
surface of a homogeneous sample is subjected to a short radiant energy
pulse and the resulting temperature history of the rear surface is
recorded. From this temperature history the thermal diffusivity of
the material may be determined. This technique has been used to
measure the thermal diffusivity of metals, alloys, ceramics, semi-
conductors, liquid metals, rock, composites, and amoeba [8].

Once the thermal diffusivity of the material has been established,
it 1s still necessary to obtain measurements of specific heat and

density before the thermal conductivity may be determined from the

relation:
k = apc (7)
where
o = thermal diffusivity,
p = volumetric density,
¢ = specitic heat,
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Lee and Taylor [8] have used the flash diffusivity technique
to measure the thermal conductivity of carbon/graphite fibers. Results
of these measurements have revealed errors of up to 40 percent in the
thermal conductivity of Morganite II carbon fiber -- attributed partially
to difficulties in sample fabrication [8]. Thus, while the flash
technique is an accurate and well-accepted technique for measuring
thermal diffusivity, difficulties in sample preparation and other
property measurements render the method unsuitable for the indirect

determination of thermal conductivity of carbon fibers.

1.5. Guarded Hot Plate Method

1.5.1. Guarded Hot Plate

In addition to the test methods described above, the guarded
hot plate method may also be used to measure thermal conductivity.
This method is based on a device which transfers a measurable amount of
heat through a specimen while imposing a known temperature difference
across the test specimen of known thickness. The guarded hot plate
method 1s specially designed for materials of low thermal conductivity.

The apparatus uses two identical specimens and is constructed
symnetrically about the hot-side (central) heater of known surface area.
The symmetry of the device is required to insure the equal and uniform
flow of heat through the apparatus. The central heater is sandwiched
between the two test specimens and an additional cold-side heater plate
is placed against the exposed surface of each sample. Each cold-side
heater plate is maintained at a constant temperature by a separate

automatically controlled power supply and heat i1s removed by a
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circulating fluid bath. A regulated power supply is used to provide
power to the central heater. An annular guard heater, separated from
the central heater by a narrow ailr gap, encloses the central heater to
eliminate radial heat losses by preventing a temperature drop across the
air gap. This reduces the problem to one of one-dimensional heat flow.
The basic components of the guarded hot plate device are shown in
Figure 3.

In terms of the measured quantities the thermal conductivity

of the test specimen 1s:

i-ViL
k = s (8)
Ady - 1gd
where
k = specimen thermal conductivity
V = voltage drop across central heater
i = current through central heater
A = metered area of central heater
L = thickness of test specimen
T,, = temperature of specimen surface adjacent to

central heater
T. = temperature of specimen surface adjacent to

cold-side heater

K. W. Jackson [9] designed and utilized a guarded hot plate
device for the measurement of the thermal conductivity of thermoplastic

materials. This particular device is in compliance with the ASTM C-177
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"Standard Test Method for Thermal Conductivity of Materials by Means
of the Guarded Hot Plate' [10]. The results obtained by Jackson in
these tests have indicated that measurements by this device on poly-
tetraflouroethylene (Teflon®) specimens are within 20 percent of other
experimentally derived data and are repeatable to within 0.5 percent.
Due to the simplicity, accuracy, and directness of the method,
the thermal conductivity of the fibers analvzed in this thesis was
measured by use of a guarded hot plate apparatus. Because of the
limited amounts of carbon fibers that could be supplied for use in
sample preparation, 1t was impractical to use the large guarded hot
plate device designed by Jackson [9]. Therefore, a second, smaller
device was designed and built to accommodate the smaller test specimens
which were supplied by the fiber manufacturer. The particular device
used was patterned after the device developed by Jackson [9]. Since
the design of the smaller device was similar to that previously carried
out by Jackson [9], the success and accuracy of the test method was
reasonably well assured.

1.5.2. Carbon Fiber Test Specimens

There are two types of test specimens available to use with the
guarded hot plate test method -- either apure fiber specimen or a com-
posite specimen in which the fibers are aligned in a base matrix. The
primary advantage of the pure fiber specimen is that measurement of
such a specimen yields direct results for the thermal conductivity.
Such a specimen, however, would lead to significant difficult in speci-

men preparation.

*Teflon is a registered trademark of the E.I. Du Pont de Nemours
and Company.
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Firstly, the specimen must be fabricated so that it is void
of air, since the thermal conductivity of air is much less than the
thermal conductivity of the carbon fibers. Otherwise, the air-fiber
composite system would yield an apparent thermal conductivity which is
lower than the conductivity of the actual fibers. Secondly, carbon
fibers are anisotropic, with the transverse thermal conductivity of
the fiber being much lower than the axial conductivity. Consequently,
the fiber bundle must be kept in relatively perfect alignment in order
to prevent the introduction of a large thermal resistance at each end
of the specimen.

Composite specimens present neither of the major difficulties
encountered in the pure fiber specimens.  Specimen fabrication tech-
niques [Section 4.1] have been developed which maintain the fiber
alignment and remove air voids from the test specimen by imbedding the
carbon fibers in an epoxy resin base material.

Further, Springer and Tsai [11], by way of a shear stress
analogy, and Behrens [12], by way of an analogy with the diffusion
equation, have shown that the axial thermal conductivity of a fiber
may be determined from the thermal conductivity of a unidirectionally

reinforced bulk composite by means of a rule of mixture, such that

k =kuv

= Kgve + k(1 - v) 9

where

b
11

thermal conductivity of the composite material

thermal conductivity of the carbon fiber

o
1
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ke = thermal conductivity of the base material

Vg = volume fraction of carbon fiber

Finally, composite test specimens require a great deal less
carbon fiber than the pure specimen. Since the basic test methods
are to be applied to experimental fibers, the amount of material
available for the fabrication of test specimens is very limited. Con-
sequently, in light of all of the factors present, composite test

specimens have shown the best test specimen qualities available.
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CHAPTER II
ANALYSIS OF THERMAL CONDUCTIVITY IN COMPOSITE ARRAYS

Before proceeding directly with the rule of mixtures
[Equation (9)], it was decided to develop independently an expression
relating the mean thermal conductivity of the test specimen with the
geometry of the specimen and the thermal conductivity of the component
parts. A literature survey revealed several mathematical solutions
for the problem of spherical inclusions in a cubic array [13, 14, 15].

The complexity of these solutions made it desirable to approach
the problem of cylinders in a cubic array {which represented the geometry
of the test specimen) from the standpoint of an approximate solution.
For this purpose the electrical-thermal resistance analog was chosen.
This analog model was developed by comparing solutions for a sphere
and a cube in a cubic matrix with the mathematical solutions available
for spheres in a cubic array. Once the similarity of the analog pro-
cedure was developed for the case of spherical inclusions, the analog

relationship for cylinders in a cubic matrix was determined.

2.1. Exact Analysis -- Spherical Inclusions

Several references appear in the literature concerning composite
materials wherein one material is included within another. The principal
focus of these results lies in the area of uniform spherical inclusions
in a cubic matrix (see geometry insert in Figure 3), an idea advanced by

Lord Rayleigh [13]. Rayleigh's development, which is mathematical in
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nature, accounts for interaction of the particles within the matrix,
or "when the dimensions of the obstacles are no longer very small in
comparison with the distances between them' [13]. Rayleigh's results,

with corrections introduced by 1. Runge are given in reference [14] as:

[2 + K 3-3K
i T 2 - 0525 i) gyt
(G S— . - - (10)
T—j—Kg-+ Vg - (0.525 Ve ') v
L & g
where

V= volume fraction of the included material

km = effective thermal conductivity of the composite material

kg = conductivity of the included material (carbon fibers)

ke = conductivity of the base material surrounding the

included material (ecpoxy resin)

Kn = km/ke

K =k /k

8 g/ e

J. C. Maxwell [15] also developed a similar relationship for the
same geometry, but with no interaction among inclusions, that is, for

dilute dispersions of included material. Maxwell's result is [14]

Ky +2-2ve (1-K)

+ 2+ Vf (1 - ch (11)

Km - K

v |og
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It may be observed at this point, that Eguation (11) is the
limiting case of Equation (10) as the volume fraction, Ve approaches
Zero.

A further definitive work for spheres arranged in a cubic matrix
has been carried out by Meredith and Tobias [14]. This work, which is
essentially based on Rayleigh's solution, examines the case where the
volume fraction approaches m/6 (the point where the spheres come into
point contact). These authors have utilized a modified derivation of

Rayleigh's equation and obtained the result:

g & 6 + 3K 3 - 3K
T-——E& - va + 0. 409v7/3 o B G 1333\;10/-ﬁ g
-f_\g_, 4"’"5}( 4+3Kg..

AT UL A Ty
11Kg+v_40409V m_g..ogof) 4+3Kg’)}

L

(12)

Further experimental work conducted by Meredith and Tobias
indicates that Equation (12) more nearly predicts the actual behavior
of the system gcometry than either the Maxwell or Rayleigh solutions
[14].

Other authors, for example Garrctt.and Rosenburg [16],

Kingery [17], Gorring and Churchill [18], Godbee and Ziegler [19],
Schumann and Voss [20], and Fricke [21], have used a similar analysis
to obtain thoeretical results for a variety of composite structures;
ranging from powders [16,19], to granulated materials [20], to other
generally spherical distributions of material [16, 17, 18, 21]. From
the literature, it appears that equations of the Rayleigh-Maxwell type,
which represent the thermal conductivity of the composite material as

a function of the conductivities of each phase, the geometry of the
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included phase, and the volume fraction of the included phase, give
results which correspond relatively well with experimental findings.

Figures 4 and 5 compare Equations (10), (11) and (12). In
Figure 4 both Equations (10) and (12) predict results which are higher
than Equation (11) due to the inclusion of terms involving the intera-
tion among particles in the matrix. Equation (12), which is an expanded
form of Equation (10), contains more of these interaction terms and
predicts the greatest values of thermal conductivity for the case in
Figure 4.

Figure 5 shows the reverse trend of Figure 4, with Equation (11)
predicting higher values than either Equation (10) or (12). Here again,
this 1s due to the exclusion of the particle interaction terms in
Equation (11), which cause a more conservative prediction of the thermal

conductivity by Equation (9) as opposed to the values predicted by

Equation (10) or Equation (12).

2.2. Analog Analysis of Inclusions in a Cubic Array

2.2.1. Analog Analysis

Resistance analog models have been developed for comparison
with the analytical models developed earlier. These models are based
on the analogy which exists between thermal and electrical resistance.

Ohm's law may be represented by the expression

i=28 (13)
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where

Ae = electrical potential difference,
i = current,
Re = electrical resistance.

Further, the electrical current, i, may be expressed as [4]

ki Ahe
is= - (14)

where ki is the electrical conductivity for a conductor of area A and
length £.

Therefore the electrical resistance is of the form
Re = R/RiA ; (15)

From the Fourier law for heat conduction [Equation (3)],

q =5 (3)

If the thermal resistance is defined by
R = L/kA (16)
then Equation (7) may be written as:
Q=5 - (17)

Comparison of Equations (13) and (17) shows the analogy which

exists between thermal and electrical systems. The left hand side of



each equation represents energy per unit time, while the right hand
side of the equation represents a potential difference divided by an
appropriately defined resistance.

By way of this analogy, thermal resistances may be manipulated
in the same manner as electrical resistances, that is, for n bodies

connected in series,

+ R, + .+« + R + R (18)

R, = E (19)

R

2.2.2.  Analog Methods

The parallel-series method of analysis 1s one of two methods by
which the thermal-electrical resistance model may be analyzed. This
approach consists of evaluating regularly ordered inclusions in a matrix
by means of a number of parallel circuits joined in series. The
series-parallel method of analysis consists of the evaluation of a
nunber of series circuits joined in parallel.

For example, consider the two-dimensional case of square inclu-
sions in a square array, shown in Figure 6, and an element of this
system, shown in Figure 7. The parallel-series circuit for this system

is shown in Figure 8, and has a total resistance given by [22]

(20)
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and the total resistance of the series-parallel circuit of Figure 9 is

(21)

Tl
K N\X 52

In general, RPS # RSP’ and, in fact, for non-trivial cases
Rep > Rpg [22], as shown in Figures 10 and 11.

A further requirement of the parallel-series solution is that the
potential along the planes AA and BB in Figure 7 be uniform. The
series-parallel circuit, on the other hand, is not restricted by this
requirement; it requires only a uniform potential along each outer
surface. Since the guarded hot plate apparatus imposes a uniform
temperature distribution only along the surfaces of the sample, while
the internal temperature distribution remains essentially unknown, the
serles-parallel approach seems to be more applicable to the nature of
the problem of measuring thermal conductivity of composite media,
Consequently, it will be the one used in this study.

2.2.3. Spherical Inclusions

Utilizing the analog approach, Duga modeled the problem of a
sphere with radius b in a cubic matrix with a side of length a by the
parallel-series method. This analog method of approach also follows
the Maxwell assumption of no interaction among neighboring cells. The
general result, which corresponds to Equation (10), (11) and (12) of
section 2.1, obtained under these conditions for the arrangement in

Figure 12 is [22]:
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where

It1 > Kg’ Equation (21) becomes
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and, for 1 < Kg,
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A comparison of these results with those expressed previously is
shown in Figure 13 for the case of the thermal conductivity of the
included spheres approaching infinity, and in Figure 14 for the case of

the thermal conductivity of the included material approaching zero.
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2.2.4. Cubes in a Cubic Array

In order to predict the influence of geometry on the thermal
conductivity of a composite material, the relatively simple case of a
cubic inclusion in a spherical array may be analyzed for comparative
purposes with the results of sections 2.1 and 2.2.3. Duga [22] has

developed the following expression for the series-parallel resistance

of this geometry:

k
B CNC] MR YA
1 ok T Pt .
R. = |- S S (25)
" 1 1 = E—-v 1/3(1 = 2/3) E;
N £

When transformed from an expression for the thermal resistance

into an expression for the thermal conductivity, the result is the same

as that derived in Appendix A:

VF[K’ - 1]
: A 26)
m s I o (
hg ¥ My (1 Kg)

T

A comparison of these results with those obtained earlier is

given in Figures 15 and 16.

2,2.5, Cylinders in a Cubic Array

Since the analog analysis for both the spherical inclusions and
the approximation of spherical inclusions by cubic inclusions yields
results which are compatable with the results of the mathematical

analysis, the thermal-electrical analog procedure will be used to predict
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the behavior of included cylinders in a cubic matrix (Figure 17).
The results will then be used for comparison with previous analyses
and with the experimental results associated with this thesis,
Appendix B shows the series-parallel analog derivation of the
cylinder in a cubic matrix. The general result for the analog model

is:

(27)

where £ is the length of the cylinder and x is the length of one side

of the cube. For the limiting case of £/x = 1, equation (27) becomes:

Ky = 1+ vk, - 1) (28)

which is the rule of mixtures.
Equation (28) will be used to determine the thermal conductivity

of the pure carbon fiber from experimental data collected on the

guarded hot plate device at several different volume fractions,
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CHAPTER IIT
EXPERIMENTAL APPARATUS

A guarded hot plate device was constructed as outlined in
Section 1.5.1. With a few exceptions, the apparatus conformed to
the ASIM C177 specifications. These exceptions were due to the size
limitations imposed on the device by the limited amount of carbon
fibers available for thermal conductivity measurements.

The assembled guarded hot plate is shown in Figure 18. The
basic components of the experiment apparatus are identified in the
figure. This chapter will describe the details of the design and
function of the major components of the guarded hot plate device.

The electronics package used in conjunction with the guarded
hot plate is shown in Figure 19 with the individual instruments
identified. This package was a portable unit that was used to power,
monitor, and regulate not only the guarded hot plate device designed
to measure the thermal conductivity of carbon fibers but also the

larger guarded hot plate device designed by Jackson [9].

3.1. Power Input Components

Several devices were required to provide and measure the power
input to the central heater. The voltage was supplied by a constant
voltage source. The magnitude of this input was monitored by a volt-
meter located on the instrument panel.

The current input to the central heater was measured by using a
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Guarded Hot Plate Apparatus

Figure 18.
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potentiometer to determine the voltage drop across a standard resistor.
The specifications of the power system input components are
given in this section.

3.1.1. Regulated Power Supply

The regulated power supply used in this experimental set-up
was a Power/Mate Corporation Model BPA-E-40. With this particular
device, the input power to the central heater could be regulated to
a stability of + 0.1 percent. The Model BPA-E-40 power supply was
rated at 40 volts and 2.5 amperes of direct current.

3:1:2s Potenticmeter

The potentiometer used in these experiments to monitor the
current across the standard resistor was a Leeds and Northrup Type
K-5 potentiometer. The error limitations of this device were + (0.003
percent of reading + 3 microvolts).
3.1.3. Null Detector

The null detector used in conjunction with the potentiometer
for the determination of the current flow across the standard resistor
was a Leeds and Northrup Catalog 9834 D-C null detector.

Sl Standard Resistor

The standard resistor used in these measurements was a Leeds
and Northrup Model 4360. This resistor consisted of a continuous strip
of manganin mounted on a wooden panel. Operational specifications of
this resistor were as follows:

resistance: 0.1 ohm

current rating: 15 amperes

potential drop with maximum current: 1.5 volts
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accuracy: + 0.04 percent with air cooling at room
temperature for any current

corrections: four-terminal, current/potential type.

3.2. Temperature Measurement

3.2.1. Thermocouples

All thermocouples used in the guarded hot plate apparatus were
type T (copper-constantan) thermocouples. With the exception of those
thermocouples used to measure the temperature of the circulator fluid
and the ambient air temperature, the thermocouple wire used was Omega
Engineering, Incorporated TT-T-36 (36 gage) wire. The thermocouples
for the ambient air and coolant temperatures utilized 24 gage thermo-
couple wire.

Thermocouple locations are shown in Figure 20.

3.2.2. Thermocouple Recorder

Temperature measurement for the apparatus was achieved with a
Doric Scientific Model DS-350-T3, 24 channel, digital thermocouple
indicator. The digital recorder was used to monitor the temperature
of each sample surface as well as the temperature differential between
the central heater and the guard ring.

This device had an accuracy of + 0.1 percent and a sensitivity
of one microvolt. The accuracy of this thermocouple indicator was
established by the use of a constant temperature bath arrangement,

outlined in reference [9].
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3.3. Circulator

The circulator used in this assembly was a Haake Constant
Temperature Circulator Model KT33. This circulator was designed
for use in the temperature range -30C to 100C. The unit contains
a 186 watt (0.25 horsepower) cooling compressor. Internal temperature
control in the circulator was maintained through the use of an elec-
tronic triac relay.

A mixture of ethylene glycol and water (approximately 60 percent
ethylene glycol by volume) was used as a coolant. By utilizing the
Doric DS-350 thermocouple indicator in conjunction with the thermo-
regulator on the circulator, the temperature of the fluid in the

circulator reservoir could be controlled to within + 0.05C.

3.4. Differential Controllers

Temperature control for the guard and back-up heaters (Section
3.6 and 3.7) was achieved through the use of three Electronic Control
Systems Corporation Model 6823 controllers. Each controller was equipped
with a 120 volt/25 ampere power output.

For the back-up heaters, temperature sensing was accomplished
by a copper-constantan thermocouple mounted on the surface of each
heater. Each of the back-up heater controllers operated independently
of the other, zeroing on an individually established, arbitrary set
point.

The controller for the guard heater assembly was wired for
differential control. Under this experimental set-up, the guard con-

troller received an electromotive force from each of two thermocouples;
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one located on the guard heater at the air gap between the guard

and central heaters, and the other located near the edge of the central
heater. It was the basic purpose of the controller to maintain

power to the guard heater such that the temperature of the guard
assembly was the same as that of the central heater.

Each controller was a three-mode controller, utilizing
proportional, rate, and reset controls. A typical electrical schematic
for the feedback control system of the controllers is shown in Figure
21 T23].

For the proportional-rate-reset controller, the controller
output, M(s), is proportional to the error signal, E(s), the time
rate of change (derivative) of the error, and the time integral of
the error. The transfer function of the proportional-derivative-

integral feedback network of Figure 21 is [23]:

= g 1
kc (I TDS + T[s)

=
oy
Ui

(29)

5

where

o
1l

proportional sensitivity

(e
TD = rate time
;%r = reset
I
5 = any selected complex variable (s = a + ib)
E(s) = error signal

M(s) = controller output signal
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From Fquation (29) it is seen that the output signal is linearly
related to the error signal by the proportional sensitivity during the
period in which the controlled variable is within the proportional
band. The proportional band is expressed as a percentage of the full-
scale range of the controller. TFor example, if a controller has a
bandwidth of 200 C, but proportional action occurs only in a 50 C
range, then the proportional band setting is 25 percent [24, 25].

The proportional bandwidth alsc controls the rate at which the
system responds to a change in the controlled variable. For a given
change, a controller with a proportional bandwidth of 50 percent will
respond twice as rapidly as a controller width a 100 percent propor-
tional band, and half as quickly as a controller with a 25 percent
proportional band. Thus, the larger the proportional band, the smaller
the change in control position for a given change in the controlled
variable. The narrower the proportional band, the faster the response,
the smaller the offset, but the greater the tendency to oscillate
[24, 26].

Further, from Equation (29), it is seen that the output signal
is also proportional to the rate setting. The rate action provides
a continuous relationship between the rate of change of the controlled
variable and the position of the final control element, so that the
controller output signal changes with the rate of the error signal
[24, 26]. Thus, the rate function of the controller operates on the
derivative of the error signal.

The reset mode of control adds stability to the proportional
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control mechanism by creating a response which is additionally
dependent on the duration of the error signal [24]. Since the reset
mode is acting upon the integral of the error signal, the reset control
process will be terminated only when the process reaches the set point
of the controller, at which time the error signal 1S zero.

The response for a typical proporticnal-rate-reset controller
is shown in Figure 22 [26]. At tl the input signal, E, begins to
decrease. The controller output signal rises correspondingly, but
at a faster rate. At t, the input signal stops decreasing and remains
constant at a new level. The effect of the rate action subsides
immediately to a point which is determined by the proportional band.
The action of the reset mechanism, however, continues to increase
the controller output signal, though at a slower rate. From time t,
to t,, the input signal increases at a faster rate and with a greater
magnitude of change. The action is correspondingly reflected in the
controller output signal [26].

A further approximate control characteristic for the proportional-
derivative-integral controller may be obtained from Figure 23 [27,28].

The transfer function for this network is [29]:

T

T8 0 BT
E. = 1+ Tlsiil-PTZSi

1

(30)

where

il

R.C

Rl e B |
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aB =1 and a>1, B < 1.

For a forward feedback loop, the rate action is provided by the
lead portion of the network, denoted in the transfer function by those
terms which are a function of - The terms which are a function of
T, provide the reset control, or lag portion of the feedback loop
[26,29].

For the particular controllers utilized for the thermal conduc-
tivity measurements, the initial control settings were: proportional
band = 100 percent, rate = 0, and reset = 0. As the system approached
equilibrium, the proportional band was turned down in order to narrow
the range of operation of the controller. At the same time, both the
rate and reset controls were increased in order to stabilize the control
system.

Various combinations of proportional band, rate, and reset
control setting could be used to achieve a stable system response for
any single thermal conductivity measurement. Typical control settings

at equilibrium conditions were: proportional band = 40 percent,

rate = 3, and reset = Z for the guard heater controller; and proportional
band = 40 percent, rate = 1, and reset = 0.1 for the back-up heater
controllers.

5.5. Central Heater

The central heater assembly for the guarded hot plate apparatus



consisted of three pieces; two cover plates and a central section
containing the heater wire. All three pieces were cylindrical and
0.02423 m (0.954 inches)} in diameter. This diameter gave the central
heater a metering diameter of 0.0005 m2 (0.775 inz).

The central section of the heater consisted of a copper plate
which contained concentric grooves machined into each surface for
insertion of the heater wire. In addition, each surface contained a
radial groove to facilitate the passage of the heater wire between each
of the concentric grooves.

The cover plates were machined from copper, and had their
surfaces machined flat to within + 0.125 mm/m. These two plates also
had two grooves cut into each surface for the purpose of mounting
thermocouples flush with the surface of each heater plate. The cover
plates were secured to the central section of the heater by means of
a threaded steel post anchored in the central section. To prevent
the stripping of threads in the cover plates, each of these components
contained a '"Heli-coil" threaded spring steel insert.

The heater wire used in the central heater was made from 36 gage
Teflon insulated constantan thermocouple wire, with a resistance of
39.9 Q/m. The wire was doubled and twisted together, wound into the
central containment section, and then covered with a high conductivity
copper flake grease to insure good thermal contact between all parts of
the heater assembly. Each side of the central heater contained
approximately 0.30 m (11.8 in.) of constantan wire, giving the heater

a total resistance of 23.9 ohms.



To insure that the power input into the guarded hot plate was
dissipated in the central heater, the connection between the constantan
heater wire and the copper lead wire was made in the heater itself.

Due to the small size of the constantan heater wire, it was found
necessary to make the transition in two stages. First, 70 gage copper
wire in a length of 0.076 m (3.0 in.) was silver-soldered to each
constantan connection. Then, 24 gage copper leads were silver-soldered
to the connectors for plug-in to the regulated power supply. The
resistance of the copper transition wire was 0.98 Q/m and the copper
lead wire had a resistance of 0,58 Q/m. Since the resistance of both
copper transition wires was low when compared to the resistance of

the constantan heater wire, the copper lead and transition wires had a
negligible effect on the power dissipation of the central heater.

Thermocouples were located on each heater plate as shown in
Figure 24. Thermocouples in position A were used to measure the surface
temperature of each plate. One thermocouple at position B was used to
measure the central heater edge temperature. The other position B
thermocouple was utilized in the transfer of information to the guard
heater differential control device. Due to the nature of the heater and
the heater material, the error induced by locating the central heater
edge thermocouple in the B position was negligible.

Power to the central heater was provided by the regulated power

supply and control system described in Section 4.4.

3.6. Guard Heater

The purpose of the guard heater was to previent radial heat
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losses from the edges of the central heater and the test specimen.
The guard heater assembly was constructed from five pieces -- two
copper heater plates, two copper retaining rings, and a central
aluminum guard.

During the actual test measurements, the temperature difference
across the air gap between the guard and central heaters was not
greater than 0.1 C. Based on this temperature difference, the errors
associated with radial heat flow as given by the thermal imbalance
error were estimated as 1.728 percent. (Details are given in Appendix
C.) In addition to the small temperature differences across the guard
gap, the guard shell, which enclosed the edge of both test specimens,
further reduced the radial heat flow between the guard and central
heaters. The temperature of the guard shell (shown in Figure 25) was
approximately the same as that of the guard heater surface. The design
of the guard heater assembly effectively prevented significant radial
heat flow during the conduction of the test measurements.

The copper heater plates were similar in nature to the surface
plates of the central and back-up heaters. They were 0.06096 m (2.4 in.)
in overall diameter with an exposed surface having an outer diameter
slightly greater than 0.0508 m (2.0 in.). Each ring had an inner
diameter of 0.02624 m (1.03 in.) for enclosing the central heater. The
surface of each heater plate was machined flat to a tolerance of
+ 0.125 nm/m.

The copper retaining rings were used for positioning the test

specimen in the apparatus. Each ring was 0.00254 m (0.1 in.) thick
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with an outside diameter of 0.006096 m (2.4 in.) and an inner diameter
of 0.05334 m (2.1 in.). Each ring was attached to a heater plate by
the use of four flat-head screws symmetrically spaced about the mean
diameter of the ring. This two piece assembly of the heater-retaining
plates was necessary to insure the flatness of the heater surfaces.

The aluminum guard section of the heater had a cyvlindrical shell
extending 0.03175 m (1.25 in.) from either side of its central surface.
This shell enveloped the test sample and prevented heat loss from the
edge of the specimen. The central surface of the guard was grooved in
the same manner as the central and back-up heaters for the placement of
heater wire in the guard section. The guard shell also contained access
grooves for the passage of heater and thermocouple wires from the guard
and central heaters to the outside of the device.

The heater wire for the guard heater was the same copper-
constantan thermocouple wire used for the back-up heaters and the
majority of the thermocouples in the apparatus. Although the power input
for the guard heater was not monitored, the size of the heater made it
desirable to insure that the power dissipated in the heater was
maximized. Therefore a transition from the heater wire to 24 gage
copper lead wire was made as the heater wire passed out of the heater.

There were two thermocouples placed in the guard heater, both
located on the air gap between the guard and central heaters. One of
these thermocouples monitored the temperature of the guard heater at
the guard gap. The other thermocouple passed the same information to

the guard heater ECS differential controller.
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3.7. Back-up Heater

The purose of the back-up heaters was to insure an isothermal
surface along one side of the test specimens. The two back-up heaters
were each composed of a 0.05080 m (2.0 in.) diameter copper surface
plate and a concentrically grooved base plate which contained the heater
wire. The surface plates, like the central heater surface plates, were
machined flat to + 0.125 mm/m.

The heater wire was formed from 36 gage copper-constantan thermo-
couple wire, which was wound into the base plate. The base plate also
contained a radial groove to facilitate the winding of the heater. Since
the power dissipated in the back-up heaters was of no importance, there
was no junction to copper lead wires made for the back-up heaters.

Thermocouple positions on the back-up heater surface plates were
the same as those shown in Figure 26. Thermocouples at position A
measured the temperature of the heater surface, while the thermocouples
at position B provided input to the ECS differential controcller.

The controllers were manually adjusted until the temperature of
the two back-up heaters was held constant to within + 0.1 C. Each

back-up heater was controlled by a separate differential controller.

3.8. Coolant Chambers

The coolant chamber end-caps (Figure 27) for the guarded hot
plate device were machined from aluminum. Each cap was machined in
two parts -- an outer cap and a mating threaded insert. Attached to the
insert was a Teflon ring which aided in positioning the specimen and the

back-up heater in the device. This ring also served to insulate the
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back-up heater and the lower edge of the specimen from the guard ring.
The two pieces of the coolant chamber fit together to form an
internal reservoir with a capacity of 0.00013 m3 [0.092 m (3.625 in.)
in diameter and 0.019 m (0.75 in.) deep] through which a coolant was
circulated. The coolant temperature was monitored by a thermocouple

located in the circulator reservoir.

3.9. Error Estimates

Two primary sources of error exist when the guarded hot plate
method is used to measure thermal conductivity. The first source of
error 1s associated with the flow of heat from the edge of the test
specimen. The second source of error is due to the thermal imbalance
which exists when there is a temperature drop across the air gap
between the central heating section and the guard heater (refer to
Figure 3). Jackson [9] has performed an error analysis for a cylindri-
cal guarded hot plate device by 'defining appropriate characteristic
dimensions of the apparatus and utilizing the analysis for square
hot plates'.

By applying the same analysis to the small guarded hot plate
device, it is found that (Appendix C):

1) the expected edge loss error = 1.97 percent
2) the expected thermal imbalance error = 1.73 percent

Further, the theoretical accuracy of the device, which incor-
porates the errors involved in the measurement of various parameters,
is calculated to be no greater than 7.2 percent (See Appendix C),

making the maximum total error of the guarded hot plate 10.9 percent.



CHAPTER IV

EXPERIMENTAL PROCEDURE

4.1. Specimen Fabrication

There were several considerations which required examination
in the preparation of composite samples to be measured in the guarded
hot plate. Tirst, since it was desired to measure the axial thermal
conductivity of the carbon fibers, they must be held with their axes
perpendicular to the heater surfaces and parallel to one another. Small
deviations from the required alignment should not significantly effect
the measurement, since this error was a function of the cosine of the
angle of misalignment. For example, for a 0.0127 m (0.5 inch) test
specimen the effective thermal path length of the fiber would increase
by less than one percent if the fiber were misaligned by as much as
eight degrees.

Additionally, the composite test specimen must be devoid of any
impurities, particularly air pockets embedded within the base matrix.
The base material must provide a rigid configuration to maintain the
fiber orientation, and it must be machinable to allow a smooth, flat
surface for good thermal contact between the specimen and the heater
plates.

Finally, due to the limited availability of the carbon fiber
material, it was desirable that the specimen fabrication procedure be

as conservative as possible with the amount of fiber used.
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Ir. the actual specimen fabrication process, fiber was wound
onto several racks using a mechanical winding device. The number of
fibers per rack was determined by a relation which was a function of
the linear density of the fiber, the volume of the fiber, and the volume
fraction of fiber desired in the test specimen. The fiber was then
stacked into the mold in layers in order to provide even fiber distribu-
tion. The mold used in the specimen fabrication had a two inch diameter
internal cross-section.

Degassed resin was then introduced into the mold under vacuum
conditions and allowed to fill the mold cavity. The resin used was a
low viscosity epoxy. The mold was then returned to atmospheric pressure
and the resin-impregnated moid was allowed to cure on a heated-platen
press. The resulting composite rod was then cut into two discs of equal
thickness, and the surface of each disc was machined flat to a tolerance
of + 0.01 mm. The samples were then ready for thermal conductivity

measurements,

4.2. Initial Estimate of Power Input

The initial voltage input to the central heater was estimated
from the following empirical relationship which was based on the

operating characteristics of the guarded hot plate.

(31)

where

V = voltage input to the central heater [V]
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k = anticipated thermal conductivity of the test
specimen [W/mC]
L. = thickness of sample [m]

|

AT = temperature drop desired [C]

For the 60 percent volume fraction carbon fiber composite
specimens (the standard specimens to be supplied for further thermal
conductivity analysis) the initial experimental thermal conductivity
measurements suggested that a reasonable voltage input for these
specimens was in the neighborhood of 4.5 volts. This input allowed

for a temperature difference across the sample of 2 C.

4.3. Preliminary Procedures

4. B0, Insulation of Hot Plate

The guarded hot plate was insultated from the environment by a
layer of fiber glass insulation having a thermal conductivity of about
0.04 W/mC. The assembly was further isolated by a stainless steel
shroud which fit over the test stand.

4,5.2. Sample Pressure

In order to aid in the repeatability of thermal conductivity
measurements as well as to insure good contact between the specimen and
the heater plates, a constant, reproducible force was applied to the
device as it rested in the test stand. This force was exerted by
applying a torque to a threaded rod, which in turn, forced a pressure
pad against the coolant cap. The torque was measured with a torque
wrench.

Theoretical analysis by Jackson [9] has shown that the torque
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required to produce a given compressive force may be calculated from:

where

T = applied torque

P = compressive force
r = radius of threaded rod
u = coefficient of kinetic friction

The ASTM standard [10] recommends a compressive stress, o,

of 2394 N/m2 (50 1bf/ft2], where

¢ =PB/A = P/iR’

and R = radius of the test specimen.

Therefore, Equation (32) may be rewritten as
_ 2 2
T = x uam R°r

where, for the guarded hot plate,

u = 0.47 (reference [30])
g = 2394 N/m2

R = 0.0254 m

r = 0.00458 m

(32)

(33)

(34)

By substituting these values into Equation (34), it was found

that a torque of 0.007 N-m was required on the threaded rod in order

to produce a compressive stress of 2394 N/m2 on the test specimen.
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4.3.3. Mean Temperature of Test Specimen

In order to reduce the edge loss error of the apparatus, the

thermal conductivity tests were conducted at a mean specimen tempera-

Ty % T
1256 = —ﬁ—7——g-, which was approximately the same as the temperature of

the ambient air. Previous data [31] on carbon fiber thermal conductivity
has indicated that the slope of the thermal conductivity-temperature
curve in the region of interest is such that variations of several
degrees in the mean specimen temperature would not significantly affect

comparison of different test specimens.

4.4. Power Input to System

The power input to the central heater was measured by monitoring
the current through and voltage drop across the central heater wire.
The current was determined by measuring the voltage drop across the
standard resistor. The voltage was measured directly at the point where
the central heater copper lead wires connect with the power supply.

The accuracy of the power measurement was + 0.025 percent.

The power input measured in this way was the total power into
the central heater. Since the total power was dissipated through both
sides of the apparatus, the actual power used in the thermal conduc-
tivity calculations was one-half of the Vi product.

The guard heater power was supplied by the guard heater control
device. At the time of the system start-up, the control settings were
manipulated so as to bring the guard heater temperature to within
several tenths of a degree of the central heater edge temperature. The

differential control device would then maintain a sufficient power
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input to the guard heater to maintain the guard heater temperature
within + 0.1 C of the central heater edge temperature with only minor
adjustments to the controller settings.

The power input to the back-up heaters was also controlled
by the heater controllers. The controller compared the temperature of
the heater plate with the controller set point. Each heater could be
manipulated independently of the other. For these controllers the
control settings and the set point of the controller were adjusted
manually until the desired heater temperature was achieved.

The temperature of the coolant flowing through the system was
controlled directly by a thermostat located on the circulator. If
the cooclant temperature exceeded the setting on the back-up heater
controller, the coolaﬁt temperature and flow through the coolant
chambers, rather than the heater controller, would control the tempera-
ture of the back-up heaters.

Once the desired temperature drop across the specimen was
established, either the back-up heaters, the coolant, or both together
could be used to control the mean temperature of the specimen. Using
the automatic control system, equilibrium conditions could be reached

in three to five hours for most test specimens.

4.5. Thermal Conductivity Measurements

All data values were obtained by following the requirements
outlined in the ASTM C177 Standards [10]. The standard specifies
individual observations to be taken at intervals of not less than

thirty minutes, until four successive sets of measurements give thermal
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conductivity values differing by no more than one percent. For the
relatively high conductivity carbon fiber test specimens, this require-
ment was not entirely reasonable. First, the temperature drop across
the test specimen was on the order of 3.0 C. Thus, a change in AT of
only 0.05 C (the smallest measurable change on the thermocouple
recorder) over the 1.5 hour test period resulted in a 1.7 percent
difference in the thermal conductivity calculations. Therefore, it was
impractical to meet the ASTM standards which require the measurements
vary by no more than one percent.

Additionally, based on the experimental measurements of the
thermal conductivity, a voltage input in excess of 12 volts would be
required to achieve a temperature difference of 10 C across the sample.
Attempts to maintain this level of power input have given rise to
various problems in the heater wiring, causing short circuiting of the
central and guard heater assemblies.

As a result of the above considerations, an alternate method of
data collection was required. Consequently, for those cases in which
the thermal conductivity varied by more than one percent over the test
period, the thermal conductivity of the test specimen was determined by
taking the average value of twenty observations made at 30 minute inter-

vals over a 10.5 hour test period.
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CHAPTER V

RESULTS

5.1. Experimental Accuracy

The accuracy of the guarded hot plate device was experimentally
compared with data on two different test specimens, a standard insula-
tion material provided by the National Bureau of Standards and a Teflon
specimen.

The thermal conductivity of the NBS insulation material was
measured in both the small guarded hot plate and the larger device
developed by Jackson. Measurement of the thermal conductivity of the
material was complicated due to the fact that the specimens were easily
compressed when pressure was applied to the surface of the sample.

Three independent thickness measurements on the same test specimens
resulted in thickness measurements which varied by 1.4 percent, whereas
thickness measurements on an epoxy resin specimen varied by less than
0.1 percent. Additionally, once such a compressible sample was in the
device, there was no means to check the specimen thickness when it was
actually being tested.

Data from the National Bureau of Standards square guarded hot
plate apparatus [32], the Jackson device and the small guarded hot plate
device is compared in Figure 28. The data for the small guarded hot
plate lies from 0.004 percent to 1.5 percent below the data from NBS

in the temperature range 15 - 30C. Data from the device was a maximum
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Figure 28. Thermal Conductivity of NBS Insulation.
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of 1.0 percent below the measurements obtained from the Jackson guarded
hot plate in the same temperature range.

The Teflon specimens were measured not only by the two guarded
hot plate devices, but also by two independent laboratories using the
Colora method and a thermal comparator device [9]. All test specimens
were machined from the same piece of material. The latter two test
methods yield thermal conductivity values of 0.195 and 0.270 W/mC
respectively. Curves for the guarded hot plate data are shown in
Figure 29. The data obtained from the guarded hot plate lies within

2.6 percent of the average of all available data.

5.2. Experimental Torque Analysis

A series of tests at various applied torques were run using an
epoxy resin test specimen in order to determine a minimum torque
necessary to insure adequate thermal contact between the specimen and
the heater. The sample was measured at constant mean temperature at
seven different torques beginning at 5 N.cm and terminating at a torque
of 40 N-cm. The results of this series of measurements are given in
Figure 30. It is seen that the thermal conductivity remains relatively
constant until the applied torque is reduced below a value of approxi-
mately 10 N-cm. This value is substantially higher than the 0.7 N-cm
required by the ASTM standard for minimum contact pressure.

On the basis of the experimental evidence, it was decided that
all subsequent thermal conductivity measurements should be conducted

at a minimum torque of 20 N-cm.
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Figure 29. Thermal Conductivity of Polytetraflourocethylene (Teflon).
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Figure 30. Results of Measurements for Thermal Conductivity as a Function
of Applied Torque.
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5.3 Repeatability of Measurements

Repeatability tests were conducted on various specimens at
intervals ranging from several days to 2.5 months. Data within the
same + 5.0C increments was compared to insure the repeatability of
the measurements. Table 1 shows the maximum percentage difference in

the thermal conductivity for each specimen tested.

5.4. Carbon Fiber Thermal Conductivity

The results of the thermal conductivity of the carbon fiber/
epoxy resin composite test material are given in Figure 31. The
temperature drop across each specimen and the number of observations
for each test specimen are given in Table 2.

A first order least-squares fit for the data obtained results of

k = 7.a11 Vet 0.170 (35)

£ is dimensionless and k is in units of W/mC, which gives a

thermal conductivity of 7.38 W/mC for the pure carbon fiber.

where v

This result compares favorably with experimental data published
by Kalnin [6] for other carbon fibers having a Young's modulus of about
25.3 x 106 N/m2 (36 x 106 psi), which is the approximate value of Young's
modulus of the carbon fibers measured in this thesis. Kalnin reports
values of 9.4 W/mC for Union Carbide Thornel 300 fibers, 8.0 W/mC for
Union Carbide Thornel 400 fibers, and 6.0 W/mC for Hercules Grafil A
fibers.

Additionally, the thermal conductivity of the epoxy resin base

material was determined to be 0.17 W/mC. This value also compares



Table 1. Summary of Repeatability Results
Maximum Percent Number of
Sample Change in K Measurements
NBS Insulation 0.6
Epoxy Resin 5.6
Teflon 1.2

Table 2. Summary of Temperature Drop across Carbon Fiber/Epoxy
Resin Composite Test Specimens.

0.0

0.50
0.60
0.65
0.70

Number of

AT Observations
21.40 5
2,35 5
2.80 11
5.44 8
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favorably with the published values of from 0.17 to 0.23 W/mC

(8, 31, 33, 34] for various types of epoxy resin materials.
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CHAPTER VI
CONCLUSIONS

The results of the carbon fiber thermal conductivity tests show
that good agreement was achieved with previously published data on
carbon fibers having a similar Young's modulus. Furthermore, the
thermal conductivity for a pure epoxy resin test specimen was also
measured and compared with data available in the literature. These
results suggest that the technique of measuring the thermal conductivity
of the carbon fiber/epoxy resin test specimens with the guarded hot plate
device is a reasonably accurate method of determining the thermal con-
ductivity of the carbon fibers.

The data shown in Figure 31 provides a measure of the accuracy
of the rule of mixtures. According to equation (9) the curve of thermal
conductivity as a function of the volume fraction of the included
material should be linear if the thermal model in actuality represents
the geometry of the actual composite test specimens. The deviation from
the straight line at higher volume fractions of carbon fiber may be
attributed to two causes:

1) the low temperature differences across the test specimen

which result at high carbon fiber volume contents reduced
the accuracy of the test results;

2) the interaction of the carbon fibers at high volume

fractions was not considered in the analog model used to

predict the rule of mixtures.



An analytical error analysis was performed to estimate the
maximum measurement and accuracy errors that could be expected when
using the small guarded hot plate device. The results of this analysis
have shown the measurement errors to be no larger than 3.695 percent and
the accuracy errors to always be less than 7.184 percent.

The results of the pressure tests have shown that the torque
applied to the pressure pads should not be less than 20 N.cm in
order to insure good thermal contact between the test specimens and the
heater surfaces.

An experimental error analysis has shown that for a polytetra-
fluoroethylene test specimen the data obtained with the guarded hot plate
device was within 2.6 percent of the average of all data. For a standard
insulation material, the guarded hot plate gave results which were within
1.5 percent of data measured on the same test specimen. Experimental
repeatability tests showed that the results of the guarded hot plate were
repeatable to within a maximum of 4.0 percent. These results indicate
that the guarded hot plate device is a reliable and accurate method of

determining thermal conductivity.
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CHAPTER VII
RECOMMENDATIONS

Through the process of conducting the thermal conductivity
measurements, several situations have arisen which require further
investigation or attention:

1) There were no provisions in the design of the guarded hot
plate to measure the sample thickness once the test specimen was inserted
in the device. Therefore, when a compressible sample such as the NBS
insulation material was used, the thickness of the specimen could not
be accurately predicted from test to test. Measurements of the thermal
conductivity on compressible specimens were therefore subject to possible
large errors. A rigid spacer of known thickness and low thermal con-
ductivity could be designed to provide a known sample thickness and
prevent these errors.

The carbon fiber/epoxy resin test specimens were rigid and the
thickness was accurately known so the sample thickness was never a problem.

2) It is suggested that the central heater wiring be replaced
with a higher resistance wire so that higher voltage inputs to the
central heater may be maintained. This modification will allow an
increase in the temperature difference across the test specimen and
a resulting increase in the accuracy of the measurements.

3) A statistical analysis of the experimental results may

show that the 20 measurement requirement of Section 4.5 is too
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restrictive and that the same results may be achieved by analyzing
a smaller data base.

4) The greatest single difficulty with the measurement of the
thermal conductivity of the carbon fiber/epoxy resin test specimens
was the low value of AT obtained with the high volume fraction com-
posite samples. It is suggested that a low volume fraction (less than
50 percent) of carbon fibers be employed in the fabrication of future
samples in order to increase the temperature difference across the test
specimen and thereby increase the accuracy of the thermal conductivity
measurements.

5) Preliminary work indicates that the techniques used in the
fabrication of the carbon fiber/epoxy resin test specimens may be
used to manufacture other fiber composite samples. Thermal conductivity
measurements on composite test specimens other than carbon fiber com-
posite specimens may be used to strengthen the verification of the rule

of mixtures [ Equation (9]].
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APPENDIX A

THERMAL CONDUCTIVITY OF A CUBIC ARRAY
OF CUBIC INCLUSIONS

Appendix A presents the calculations for the determination of
the thermal conductivity of a cube in a cubic array, which is discussed
in Section 2.2.4. These results are derived by way of the series-
parallel method of analog analysis. The basic geometry of this set of
computations is shown in Figure 15 (geometry insert}.

For an n by n by n matrix of cubes with each side having a length
of x and an included cube of side d,

2,
: km[nx) AT

4 nx

= k_nxAT
m

For the geometrical arrangement there are two thermal resistances
in series, one for the area containing the inclusion and one for the

base material.

RincLuston = ™ '“E%?'* dz ;
I kd® kd
e g
B nx
Rpase = 7

ke(xz-d )



For any parallel resistance of this type,

_ Rincuuston ®mase

RincLuston * Reask

R

Substitution for R gives:

nzx s x-d _+_ﬁd
K (x2-a%y \k a® k.a?

R-;: e € g
nXx % _;-d
ke(xzﬂdzj g

+ _iiz
k d
€ g

nx

k {(x><d") e e
= e eg

[&kgdz + (x-d)(xz—dz)kg v dk_(x"-d%)
L gy

(X—djkg * dke
2

kekg(x ~-d”)d

s Ak + dk
E;‘[[X ) g d e]

xk d
g

P ) K, + dk 0 -dD)

Recall

2 2 2 2 2 2
2 n ATke[x%gd + (x-d) (x"-d )kg + dke{? d ?;

_ oo~ DTAT _
q = kmnxaf R

nx[(x-d)kg + dke]

by the resistance analogy.



Therefore
2 2 .2 AR
k [x k d” + (x-d) (x"-d")k_ + &k _(x"-d")]
kL= g 5 g €
m 1
X [(x—d)kg + dke]
k k 3
g d
Define K = —E-, K = *g-, and v, = ;
m ke & kg £ x3

Therefore, by substitution

1 2 2 .2 2 .2,
E;-[ngd + (e-d) (7 + dk (x"-d7)]

m

L 2 -

]

xK (Vz/3 2] + (x- v]/Sx)[x v“/sx )K + (vl/sx)[xz VZ/S 2
X [(x Vlfsx]K + v%fzx]
. thZ/a Py %/3 3, }/3X34_Vf DT L

La-vg K, + v

K VZ/S + K - K v“/3 K v1/3 + K v. + v1/3 -V
g f £ f

g f g gf g f

il

Kg 1/3K + vl/3

K * VI/‘(1 Kg) * vplK,-1)
7

K, + v (1K)

34



so that

85



86

APPENDIX B

THERMAL CONDUCTIVITY OF A
CUBIC ARRAY OF CYLINDRICAL INCLUSIONS

Appendix B presents the calculations for the determination of
the thermal conductivity of cylindrical inclusions ina cubic array,
which is discussed in section 2.2.5. These results are derived by
way of the series-parallel method of analog analysis. The basic
geometry for this set of computations is shown in Figure 17.

For any cylinder of length % and diameter d contained in a cube
of dimension x, the series resistance for the cylindrical portion of

the network is given by:

N x-2 g
Reyp, = ™ 3t 7
Kk nd” k nd”
e 4 g 4

for an n by n by n array of cubic cells.

The resistance of the remaining base material is,

Ronar = =
BASE 2
ke(x2 - Eé—)

4
For this parallel resistance,

Rev, Rpase
R

R = ;
CYL * “BASE
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so that
n’x (%-g . 5 ) 4 i (x-2)k .+ kCR
2\ K L2 N
Kk 2ot \Te  Tg/md kﬁdZ(xz Cmaf)| Kefg
T e__4 - I ER3
N _@7 (ﬁf& ' k&) x4 [P RS
k. (xz - l‘g_) i\ e 8/ (2w nd Kk,
© Lk &

4nx[(x-£)kg + keij

7
K%k wdz(xz - i‘i)

= eg 4
2
2 2 7d 2 nd
kgTTd X + 4(X‘2,)kg X - -'—4‘—) + 4£ke(x = T
Z
2(.2 md

Therefore

3 2
gt ool )l )
Inx[ -0k, ¥ K]

A

Recall, that by the resistance analogy

and by the Fourier law,

k_(nx) 2pT
= _— = kmnxAT

4= nx



Therefore,
k k ﬂd x + 4k (x- ﬁ](: —-——;)+-4k 2(;_
kK = 3
o 4x [0k + 2k,
g

K K >

Define K = =, K, = &, and vp = ==
L e & e 4x

By substitution,

2 2
1 2 - 2 ~ md 2 ) md
:[(—e" kgT[d X + ‘:E(g()( 2) X T < - ﬁ'}keﬂ, X —"-‘—“4
K - e
m 1 2
T 4 [(x~2)kg + ch]

e

2 2
ngdzx . 4Kg[x—£)(x2 _md ) - 42(x2 ; Eﬁm)

4x2[(x—£)Kg + 9]

4x3vf fos 2 vfxs
:E& 7 x+4K[xQ) 7 + 44\ x" - )

2 +
4x [(x—R)Kg 2]

2 4
2. (% Ve 3 Vg 2 3 2
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3
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APPENDIX C
ERROR ANALYSIS

Appendix C presents the error and accuracy analyses based on
the developments of Jackson [9]. For each of the analyses, the estimate
of experimental conditions is designed to provide for a conservative
estimate of the accuracy of the guarded hot plate device. Consequently,
it is expected that the actual error of the device will be less than
the error predicted by these calculations.

The edge loss errors are calculated from work by Jackson [9].
These errors are the result of heat flow from the edge of the test

specimen to the surroundings. The edge loss error is given by

k
€ = ‘egiﬁ % (36)

where
1/2 e
. G e oo TER ]
exp COSH TLT_g +1 [COSH Tig =%
elin : + (l-e)fn -
COSH (“Tg-)jl-ﬂ [COSH (ITLE)] ¢ 4
and

—
1l

specimen thickness

guard ring width from the gap centerline (Figure 32)

oo
I
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ALIGNMENT TABS

~_

Figure 32. Central Heater Geometry.



k
exp

diameter of the metering section from gap center to
gap center (Figure 32)

actual specimen conductivity

experimentally measured value of conductivity
proportionality between central heater temperature

and actual specimen edge temperature, 0 < e < 1,

For the guarded hot plate apparatus used in the carbon fiber

thermal conductivity measurements:

0.0127 m
0.01405 m
0.02523 m (2 = 0.01262 m)

0.25 (conservative estimate)

substitution of these values into Equation 37 gives

U.QQSTUH

(0.25) i [(COSH T.1063m)+1

(COSH 2.1m)+1 ] + (0.75)n [(COSH 2.1m)-1

3.12180

. 367.57358 365.57358 )
l-aln ( 17.17313) + [a7alkn ( 15.17313)

(CosH 1.1063n)—1}
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Therefore,

2
E s 3.12180 .
L (025 (306358 + (0.75) (3. 18104y = 0-98071 .

Thus

22 1 =
€ = T 0T 1 = 0.01967

The thermal imbalance error due to a temperature difference

between the guard and central heaters is given by Jackson [9] to be:

2
3 q
R 2(2+g) 1 h . 32(2+g)
o [r] (8] [ot] [B2] [ ety [0
1
X n [ 4 ] } (38)
oo )

where

I

d guard gap width (Figure 32)

q. = heat flow across the guard gap for a temperature imbalance
of unity
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Th - T = temperature difference between the central heater
& surface plates and the guard heater
Th - TC = temperature difference across the specimen

Simplification of Equation (38) gives
9 (16@) 4
1?—+ — 1 in
1 1 - exp‘- E%é)

- [ Th ) Tg
& 822 Ty - Tc -(
The heat flow 1s a combination of all three modes of heat trans-

fer so that

=S 3 = . i + i
qO Iconvectlon qradlatlon qCOI’LdUCt lion

The convective heat transfer term represents the heat exchange
by free convection. A correlation exists [2,9] between the Rayleigh
number and the logarithm of the ratio of the equivalent thermal con-
ductivity, keq’ and the conductivity of the fluid under consideration.

The Rayleigh number for the geometry described in this theisis,
based on air at 400K is 0.003, which results in log T%?) = 0 [2].

Thus, heat transfer through the gas occurs bv conduction only.

_ kA . ;
Aeonvection - d Th - qg)

k = conductivity of fluid (0.03365 W/mC for air @ 400K)

Th 7 Tg = 0.1C for apparatus

d = 0.001 m



Y5

mean cross-sectional area of exchange

=
1

thickness of central heater x parameter of metered area
2

0.00121 m

q .= 0.00406 Watts .
convection

The radiative heat transfer 1s estimated from

Aradiation ~ ° FAl(Tﬁ ) T;)
where
o = Stefan-Boltzmann constant = 5.729 x 107° me2K4
F = radiation shape factor between heat exchange surfaces

and is equal to 1 for the case of the given geometry

Al = area of the emitting body = 0.00121 m2
Th = 400K
T_ = 399.9K

g

By substitution,

Qpgdiation - 0-V0177 Watts.

The conduction term consists of heat transfer through the supports

and lead wires. These are estimated as:
_ka
9conduction = AX (T T Tg)
Wires:

Assume (conservative) 6 wires (copper) 0.0007m in diameter

(k = 386 W/mK) x 0.001 m in length
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_ 6(386 1/mk) (0.00035m)>r (0.1K)
cond,wire 0.001 m

q

0.08913 W

ALTIGNMENT TABS:

6 tabs (Teflon) 0.001 m x 0.00127m x 0.00127m

(k = 0.203 W/mK € 0C)

_ 6(0.203 W/mK) (0.00127m)(0.1K)

9cond,tabs 0.001 m = 000020 W
q. . = 0,08913 W + 0.0002 W = 0.08933 W
conduction
Therefore,
qO - qconvection ¥ qradiation * qconduction

i}

0.00406 W + 0.00177 W + 0.08933 W = 0.09516 W

The total thermal imbalance error is

il

) 0.0127m (o.u() 0.9516 W/K
& |s(0.01262m 2| \ 10K 40 W/mK

, 16(0.01262m) | 4 "
- - ( ﬁ-ﬁ““.oom)
- exp|(-

0.0127m

0.01728.
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Thus, making the total error,

0.01967 + 0.01728 = 0.03695

M
I

m
+

m
1}

3.695% .

The theoretical accuracy of the device, which incorporates

measurements errors, is given by Jackson [9] as:

Ak = b AL+ + 4 A(T, - T.)
(T, - TJA (T,, - TOA ACT, - TC)z h e

. Lq i 39)

A (Th - TC)
where, for the device used,

q = E%QI = 0.394 W~ 0.4 W

Aq = 0.000125 W
L =0.01270 m
AL = i_U.GOOOOS m

(Th Z TC) = 2.0C

1}

AT, - T.) 0.10C

+
) 2
A = 0.0005 m

AA = 0.00001 m?

k = 5 W/mC



ERROR DUE TO UNCERTAINTY IN SPECIMEN THICKNESS:

9AL = 0.0020 W/mC
T, TIA

ERROR DUE TO UNCERTAINTY IN MEASUREMENT OF POWER INPUT:

LAq .
m = 0.0016 W/mC

C

ERROR DUE TO UNCERTAINTY IN MEASUREMENT OF TEMPERATURE DROP ACROSS

SPECIMEN:

Lqa(T, - T.)

o A
- IC) A

(T, = 0.2540 W/mC

ERROR IN METERING AREA:

_2#£99&_A_H_= 0.1016 W/mC
AT(T, - T.)
Ak = 0.3592 W/mC

AK _ 0.07184 = 7.184 percent

I
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Table 3. Summary of Error Analysis

Edge Loss Lrror
Thermal Imbalance Error
Theoretical Accuracy

Total Estimated Error

1

15

i
!

10

Percent

.967
728
.184

879
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APPENDIX D

SAMPLE DATA

Appendix D represents sample data taken during the experimental

measurements of thermal conductivity. The numbers 1-8 on each data

sheet refer to thermocouple locations in the experimental apparatus.

These are:

rJ

Vi

8.

central heater -- left side
central heater -- right side
central heater -- guard gap
guard heater -- guard gap
left back-up heater

right back-up heater
circulator reservoir

ambient air

It should be noted that the current and voltage recorded on the

data sheets comprise the total input to the central heater. The specimen

thickness, Ax, is the thickness of one test specimen. Therefore, since

the power to the central heater is dissipated equally through both test

specimens, the value of q used in the calculation of the gAx/A quantity

is one-half of the value of the power shown on the left side of the sheet.
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THERMAL CONDUCTIVITY DATA SHEET

Sample: NBS insulation i Date: 10/26/77
Observers: W, Moses

Sample Thickness 0.01174 m2 o= Ag!.‘f;
Metered Area 0.0005 m
Current . 0.04244 amps 9§E—= 0.49835 W/m
Volts 1.0002 volts
Power 0.04245 W Fe 0.0335 W/mC !
Room Temperature 24,925 C T = 19.74 C J
Water Temperature 5.4 C !
Regulated Temperature
Controller Settings: Left Right

Central/Guard Cold Cold

Differential 10.0 Plate 66.0 Plate 68.0

‘Time: 8:25 pm Time: 8:55 pm Time: 9:25 pm Time: 9:55 pm
T/C T/C TG T/C

1 27.3 1 27.2 1 27.1 1 2741

2 27.3 2 27.2 2 27.1 2 27.1

3 27.3 3 27.2 3 27.1 3 27.1

4 27.2 4 272 4 27.1 4 2.1

5 12.4 _5 12.4 5 12..5 5 ;P |

6 125 6 12.3 6 12.2 6 12.3

7 5.4 7 5.4 | 7 5.4 7 5.4

8 = 24.9 8 25.1 8 24.8 1 8 24.9
T,=_27.30 C T,=_27.20 C Tp=_27.10 € Tp= 27.10 C

b [
T=_12.35 C T=_12.35 € T=_12.25 € T= 1230 ¢C
AT=_14,95 C AT=_ 14,85 & AT= 14,85 C AT=__14.80 C
= 0,0333 W/mC k =_ 00,0336 W/mC k = 0.0336_W/mC k =__,0337 W/mC
= 19.83 C T= 19,78 C T=_ 19,68 C T= 19,70 C



Sample: Teflon

THERMAL CONDUCTIVITY DATA SHEET

Date: 2/1/78

102

Observers: W. Moses

Sample Thickness m q Ax

mp 1ckness  (0.01036 1 k = ,A: T torque = 20 N-cm
Metered Area 0.0005 m
Current 0.08420 amps 3%5-= 1.75425 W/m
Volts 2.012 volts
Power B 0.16941 W £ = 0.2343 W/mC
Room Temperature 22,58 C T - 23 .64 c
Water Temperature 10,50 C .
Regulated Temperature
Controller Settings: Left Right

Central/Guard Cold Cold

Differential 48] .8 Plate 28 ¢ Plate 29 9

o

Time: 2:.40 pm Time: 3:1]1 pm Time: 3:45 pm Time:_4:]15 pm
T/6 THC T/C TIC
1 27.4 1 27.4 i 27.4 1 27.3
2 27.4 2 27.4 2 27.4 2 27.4
3 27.4 3 27.4 3 27.4 3 OF 5
1 4 27.4 4 27.4 4 27.4 4 77.3
5 19.9 5 19.9 5 19.9 5 19.9
ol
6 19.9 6 19.9 | 6 19.9 6 19.9
| -
7 10.6 7 10.5 | 7 10.4 | 7 10.5
]
8 22.5 8 22.5 8 22.6 8 22.7
Eh=_ 27.40  C Thz 27.40 C Eh: 27.40 C Eh: 2735 B
T.= 19.90 C T.=_19.90 C T.=_19.90 C T.=_19.90 C
AT= 7.50 G AT= 7.50 C AT= 7.50 C AT= 7.45 C
k = 0.2339 W/mC k =_0.2339 W/mC k = 0.2339 W/mC k = (,2355 W/mC
T= 2365 C T= 2265 C T= pgzge L T= 2263 C
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THERMAL CONDUCTIVITY DATA SHEET

Sample: Teflon Date: 2/6/78 and 2/7/78
Observers: W. Moses

Sample Thickness_ 0.01036 m2 k= %Q; torque = 20 N-cm
Metered Area 0.0005 m
Current 0.14650 amps 9§E-= 5.30953 W/m
Volts o 3.500  volts e
BBwer DeolZis. N K = 0.2267  W/mC
Room Temperature 24.02 & T - 4.48 C
Water Temperature 37,66 G -
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold
Differential 481.8 Plate 46.0 Plate 48.0
Time: 6:14 pm Time: 9:38 am Time: 10:08 am Time: 10:38 am
T/C T/C T/C T/C
1 66.2 1 66.1 1 66.2 1 66. 2
2 66.2 2 66.1 2 66.3 2 66.3
‘ 3 66.1 3 66.0 3 66.2 3 G661
l_4 66.1 4 66.1 4 66.3 4 66.2
| _ I
5 42.9 5 42,7 5 42,7 5 42.7
6 42.9 6 42.7 6 42.8 6 42.8
7 0 7 37.6 7 57.7 7 7T
8 = 22.6 8 24.4 8 24.4 8 24 .4

T, =_66.20 € T;=_66.10 C T,= 66.15 € Ty=_66.15 C
T.=_42,00 C T=_42.70 € T= 42.75 € T=_42.75 C

AT=_ 23 30 AT= 93 49 C AT= 93,59 C AT=_ 9% 84 €
0.2279 W/mC k = 0.2269 W/mC k = 0.2259 W/mC k = 0.2259 W/mC

54,55 C T= 54.40 C T= 54,5 C T-=_54.50 C

k =
s



THERMAL CONDUCTIVITY DATA SHEET
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Sample: Teflon Date: 2/8/78
Observers: |, Moses _
Sample Thickness 0.01036 m2 K = §f¥ torque = 20 N-cm
Metered Area 0.0005 m
Current 0.16746 _amps X~ 6.935273  W/m
Volts 3.998 volts
Power_ 0.66951 W K = 0.2308 W/mC
2 —
Room Temperature 24.22 _ 62.89 c
Water Temperature 43.88 C L
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold
Differential 482.0 Plate 50.2 Plate 52.4

Time: 2:45 pm Time: 4:13 pm Time: 4:45 pm Time: 5:15 pm
T/C T/C T/C T/C

1 77.8 1 779 1 7749 1 T i

2 Tls9 2 il 2 78.0 2 78.0

3 77.7 3 77.8 3 77.8 3 77.8

. 77.6 4 77.8 4 73 8 4 77.8

5 47.9 5 47.9 5 47.9 5 47.9

6 47.8 6 47.9 6 47.8 6 47.9 *7

7 43.8 7 43.9 7 43.9 7 43.8

§ = 24.3 8 24.5 8 24,2 8 24.2
TpilzdBs £ K 2790 € Ty 9005 € LR ZLAS L E
T.=_47.85 C T.»=_47.00 C T.=_4785 C Tr=_ 47,90 C
AT=__ 30,00 C AT=__ 30,00 C 8T=_ 30,10 C AT=_ 30,05 C

= 0.2311 W/mC k =__0.2311 W/mC k =_0,2302 W/mC k = 0.2307 W/mC
T= 6285 € T= 62,90 C T=_62.90 C T=_ 62.93 C



Sample: Teflon

THERMAL CONDUCTIVITY DATA SHEET

Date: 2/8/78

Observers: W. Moses
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Sample Thickness 0.0103 m2 K = %Q% ESPEEE. & B0 N-oh
Metered Area 0.0005 m
Current 0.16746 amps H%E-: 6.93273 W/m
Volts 3.998 volts
Power 0.66951 W B 0.2308 W/mC
Room Temperature 24.22 & T = 62.89 C
Water Temperature 43,88 C
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold
Differential 482.0 Plate 50.2 Plate 52.4

Time: g. Time: 6:42 pm Time: Time:
T/C T/G T/C T/C

1 77.9 1 778 1 1

2 78.0 2 77.9 2 2

3 77.8 3 77.7 3 3

4 77.8 4 773 4 4

5 47.9 5 47.9 5 5

6 47.9 6 47.8 6 6

7 43.9 7 43.9 7 7

8 ' 24.1 8 24.0 8 8
hszzes C¢ Ty 77,85 € Tp® e TE .
Tc= 47.9 C TC=_ 47.85 C Tc= C TC= @
AT=  30.05 C AT= 30.00 & AT= C AT= &
k = 0.2307 W/mC k =__0.2311 W/mC k = W/mC k = W/mC
T=62.93 € T= 62.85 € T-= c T-= C




106

THERMAL CONDUCTIVITY DATA SHEET

Sample: Epoxy_Resin = Date: 11/29/77
Observers: W, Moses

Sample Thickness  0.01270 m2 o= %ﬁ¥‘ {oraue = 90 Ngm
Metered Area 0.0005 m
Current 0.10967 amps ﬂiﬁ = 3.61902  W/m
Volts 2.599 volts -

Power __0.28503 W £ 0.1691 W/mC

° e

oom Temperature 22.36 C T=_ 25.29 ¢
Water Temperature 12.50 C ) l
Regulated Temperature
Controller Settings: Left Right

Central/Guard Cold Cold

Differential 483.0 Plate 25.0  Plate 26.3

ETime: 3:20 pm Time: 3:59 pm Time: 4:30 pm iTime:_ﬁﬁllllmi
T/C T/C TAC T/C

1 35.0 1 36.0 1 35.9 1 35.9

2 36.1 2 36.1 2 36.0 _ 2 36.0

3 36.0 3 36.0 .3 35.8 3 3519

4 36.0 4 36.0 4 5.7 4 35.9

S 14.6 5 14.6 5 14.5 5 14.6
[ 6 14.6 6 14.6 6 14.6 6 14.6

7 ¥2.5 7 12.5 7 12.4 7 12.5

8 22.6 8 21.8 8 22.8 8 2&.3

T= 36.05 C T= 36.05 € T,= 3595 C T,= 35.95 C

T.=_14,60 C T=_14,60 C T.=_14.55 C = laeq C

AT= 21.45 C  AT=_21.45 C  AT= 21.40 C  AT= 21.35 C
= 0.1687 W/mC k =_0.1687 W/mC k =_0.1691 W/mC k

K __0.1695_W/mC
T= 2555 € T 95496 T pggs € T 598 6

=

1]
1]
1

n
1]
]
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THERMAL CONDUCTIVITY DATA SHEET
Sample: Epoxy Resin Date: 11/29/77
Observers: W. Moses
S le Thickne 2 fiv
ample thickness_ 0.01270 m2 k = %‘f torque = 20 N-cm
Metered Area 0.0005 m )
Current 0.10967 _amps 3%—};- = 3.61902 W/m
y 9.06190s
Volts 2.599 volts )
P “r k 1
ower 0.28503 k = 0.1691 W/mC
Re T rat C =
yom Temperature 22,36 T = 25.29 €
Water Temperature 12,50 C -
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold

Differential 4g3,9 Plate 25,0 Plate 26.3

Time: 5:30 pm Time: Time: Time:
T/C T/C T/C ' TAC )

1 35.9 1 1 1

2 36.0 2 2 2

3 35.9 3 3 3

4 36.0 4 4 4

5 14.6 5 5 5

6 14.6 6 6 6
[ 7 12.6 7 7 7
t i
| & ° 22.3 8 8 8
ih5_iﬁbéﬁi__f: ih?mﬁ. c E_;_H*_____mp Eh:. _C
T.=_14.60 C e C 1.7 c T.= C
AT= 21.35 AT= C AT= C AT= 6
k= 0.1695 W/mC k=___ WmCk = W/mC k = W/mC
s sesg € T=_ £ T = C T = g




Sample: Epoxy Resin
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THERMAL CONDUCTIVITY DATA SHEET

Date: 11/30/77

Sample Thickness

0.01270

Observers: W. Moses

m

2 k = gé% torque = 25 N-cm
Metered Area 0.0005 m
Current 0.10967 amps X - 3.62041 W/m
Volts 2.600 volts
Power 0.28514 W T ) 0.1722 W/mC
Room Temperature 22.88 G F e ) 2506 c
Water Temperature 12.53 C B
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold
Differential 483.0 Plate 25.0 Plate 26.3
"I'ime:lugr;__s_ﬂ_@ln Time:_g 126 _am Time: 9:58 am Time:__lO:SS_am —!
T/C T/C T/C TG
1 35.6 1 35.5 1 35.5 1 35.5
2 35.7 2 35.6 35.0 2 35.6
3 35.6 3 35.5 3 35.5 3 %55
& 35.6 4 35:5 4 35.5 4 35.4
5 14.5 5 14.5 5 14.5 5 14.5
I
6 14.6 6 14.6 6 14.6 6 14.6 '
7 1246 7 12.5 7 12.3 7 12.5
8 22.8 8 22.9 8 22.9 8 22.9
Th=_3s.65 € Ty= 35.55 € Ty= 35.55 € Ty= 35.55 ¢
Tc: 14.55 C Tc=-l4'55 C TC= 14.55 C TC= 14.55 C
AT= 21.10 ') AT= 21.00 [ AT= 21.00 G AT= 21.00 C
k= 0,1716 W/mC k =_,1724 W/mC k = 00,1724 W/mC k = ¢ 1724 W/mC
i B T= 20095 C T= 9505 C T= 2505 C



THERMAL CONDUCTIVITY DATA SHEET

Sample: Epoxy Resin

Date: 12/1/77
Observers: W. Moses

109

Sample Thickness m Ax
P ——3*91219“"2 k = %ﬁf torque = 35 N-cm
Metered Area 0.0005 m
14
Current 0.10980 _ amps L= 362470  W/nm
Volts 2.600 volts
Power 0,28548 W = 0.1662 W/mC
Room Temperature 23 g8 C T - 25 .29 c
Water Temperature 12 509  C —
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold

Differential 4g3.0 Plate 25 ¢ Plate 26, 0

Time: 12:22 pm

_11:31 am

Time: 10:51 am Time: Time: 12:57 pm
g o T/C T T/C

1 36.0 1 36.1 1 36.2 1 36.2

2 36.1 2 36.2 2 36.3 2 36.3
3 36.0 3 36.1 3 36.2 3 36.2

4 36.0 4 36.2 4 36.4 4 36.3

5 14.4 5 14.4 | 5 14.4 5 14.4

6 14.4 6 14.4 6 14.3 6 14.4

7 12.5 7 12438 7 12.5 7 12.5

8 = 23.4 8 23.0 8 24.0 8 24.3
T=_36.05 C Tp=_36.15 € T= 36.25 € T, =_36.25 C
T,=_14.40 C T.=_14.40 C T= 14.35 € T= 14,40 C
AT= 21,65 C AT=_27.75 C AT= 2390 C AT=_21.85 C

K= 0,1674 W/mC k = _g.1667 W/mC k = g,1655 W/mC k =  jg59 W/mC

T= 2523 £ T= 25.28 € T= 25,30 C T= 25535 C



Sample: Epoxy Resin

THERMAL CONDUCTIVITY DATA SHEET

Date: 12/1/77

110

Sample Thickness 0.01270 m2 g e E£¥ torque = 35 N-cm
Metered Area 0.0005 m
Current 0.10980 _amps ELQ—X = 3.62470 N/m
Volts 2.600 volts
Power 0.28548 W ;R 0.1662 W/mC
Room Temperature 23,88 C T = 26,29 c
Water Temperature 12.55 C
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold
Differential 483.0 Plate 25,0 Plate 26.0
Time: 1:31 pm Time: 2:59 pm Time: Time:
1 36.2 1 36.2 1 1
2 565 2 36.53 2 2
3 36.2 3 36.2 3 3
4 36.3 4 36.4 4 4
5 14.4 5 14.4 5 5
Lﬁ 14.3 6 14.3 6 6
" T B
/ 12,5 7 12.5 | 7 7
8 24.3 8 24.3 8 8
_'Eh= 36.25 € Tp=_36.25 C TS B B __C
e=_14.35 C T.=_14,35 C L= C I ___C
AT= 21,99 C AT=_ 21,99 C AT= C AT= __E
K= pn.1659 W/mC k = g 1659 W/mC k = W/mC k = W/mC
T T= 50130 C T = 0 T = c



THERMAL CONDUCTIVITY DATA SHEET

Sample: X-37 (50% carbon fiber)

Date: 11/21/77

Observers: W. Moses

111

Sample Thickness m fx

mple Thickness 0.01270 . K = % - torque = 20 Neem
Metered Area 0.0005 m
Current _0.16838 amps Hii = _8.55879  W/m
Volts 4.001 volts
Powerm\ L U-G?EQQ_aF 2 - __ﬂé;ngg__E“W/mC
R T t G -

oom Temperature 23.92 Ts 20.67 c
Water Temperature 12,78 G -
Regulated Temperature
Controller Settings: Left Right

Central/Guard Cold Cold
Differential 478,5 Plate 28,7 Plate 29.6

Time: 2:05 pm Time: 2:35 pm Time: 3:05 pm Time: 3:40 pm
TAC T/C T/C TIC

1 21.7 1 21.7 1 21.7 1 91.7

2 2 2 2

22.0 B 21.9 22,0 22.0

3 . 3 21 .7 3 217 3 2E.7

4 21.% 4 21.7 4 21.7 - G0 e |

S 19.5 5 19.4 5 19.5 5 19.5

6 19.5 6 19.5 0 19.5 6 19.5

7 12.8 7 12.7 7 12.8 7 12.8

5 23.9 8 BT 8 24.0 8 24.3
Tp=_21.8s € Ty= 2180 € Tp= 21,85 C©  Tp= 2188 O
To=_ 19,50 € T.=_19,45 € T.,= 19,50 ¢C r.=_19.50 €
AT= 2.35 C A= 258 € A= 2.35 0 A= 2.25 L
k = 3.6420 W/mC k =_3,6420 W/mC k = 3,6420 W/mC k = 3 ,6420 W/mC
T= 2068 C T= 2063 C T= 2068 C T= 2068 C



THERMAL CONDUCTIVITY DATA SHEET

Sample: X-37 (50% carbon fiber)

Date: 11/21/77

Observers: W. Moses

Sample Thickness 0.01270 m2 K = %ﬁ% torque: = 20 Neem
Metered Area 0.0005 m
Current 0.16838 amps X - 855879 W/m
Volts 4.001 volts o
Power 0.67369 W = 36420 W/mC
R T t =
oom Temperature 23.92 G T - 20.67 c
Water Temperature 12,78 G
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold

Differential 478.5 Plate 28.7

112

Plate_29_6

Time: 4:15 pm Time: Time: Time:
T/E T/C T/C T/C
]

1 21.7 1 1 1

2 22.0 2 2 2

3 . 3 3 3

4 21.7 4 4 4

B 19.5 5 5 5

6 19.5 6 6 6

7 12.8 7 7 7

8 0 W 8 8 8
E h=._21.85 C zh- C Ty C Ty 9
TC___ 19.50 ‘C TC= - € TC—': C rC= &
AT= 2,35 & AT= 0 AT= & AT= C
k = 3 6420 W/mC k = W/mC k = W/mC k = W/mC
T=_2068 C T ® € T = € T g C




Sample: X-35 (60% carbon fiber)

THERMAL CONDUCTIVITY DATA SHEET

Date: 11/21/77

i

Observers: W. Moses

S 3 i

ample Thickness 0.01269 HE K= Rg; rorque = 90 Neca
Metered Area 0.0005 m
Current 0.21070 amps ﬁﬁi = 13.3674 W/m
Volts 5.001  volts B

J |
?ower_ 1.05371 W = 4.7862 W/mC |
Room Temperature 23.08 C T = 20.46 C
Water Temperature 12,10 C
Regulated Temperature
Controller Settings: Left Right
Central/Guard Cold Cold
Differential 478.0 Plate 28.2 Plate 29.3%

Time: 9:25 pm Time: 9:55 pm Time: 10:30 pm Time: 11:00 pm
T/C T/C T/€E T/E

1 21.7 1 21.7 1 21.7 1 21.7

2 22.1 2 22,1 2 22.1 2 22.1

3 s 3 21.7 3 21.7 3 2F .7

4 21.7 4 21.8 4 21.8 4 2147

5 19.1 5 19.1 5 19.1 5 19.0
L 6 19.0 6 19.1 6 19.1 6 19.0

7 12.1 7 12.1 7 12.1 7 12.1

8 22.9 8 25.1 8 23.1 8 25.3
Th=—21.90 ¢ T= 2100 € T= 2100 € Tp= 2100 C
T.=_19.05 € T.=_19,00 € T.= 19.10 C T>=_19.00 C
AT= 2. 85 C AT= 289 C AT=__ 2,80 C AT=_ 299 G
k = 4.6903 W/mC k = _4.7741 W/mC k = 4.7741 W/mC k =_4.6094 W/mC
T 20.48 T=_20.50_ C T= 2050 ¢C T= _20.45 C
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THERMAL CONDUCTIVITY DATA SHEET

Sample: X-35 (60% carbon fiber) Date: 11/22/77
Observers: W. Moses

Sample Thickness (.01269 m k = q& torque = 20 N-cm
2 AT
Metered Area 0.0005 m
Current 0.21070__amps Hii = ___13.3674 __ W/m
Volts 5.001 volts
|
Power _ 1.05371 W [ X = 4.7862 W/mC
Room T t C s
oom Temperature 23 85 T = 20.46 5

Water Temperature 12.10 _C

Regulated Temperature

Controller Settings: Left Right
Central/Guard Cold Cold
Differential 478,0 Plate 28.3 Plate 29 4

-Time: 10:00_am Time: 10:30 am _Time: 11:00 am Time: 11:35 am
IT/e T/C T/C T/C

1 21.5 1 21.6 1 21,7 1 21.7

2 21.9 2 22.0 2 22.1 2 22.%

3 21.6 | 3 21.7 3 21.7 3 21.7

4 21.6 4 21.6 4 21.7 4 21.8

5 19.0 5 19.1 5 19.1 5 19.0

6 19.0 6 19.1 6 19.1 _j 6 19.0
7 12,1 7 12..2 7 12.1 7 12.0

& ' 24.0 8 24.0 8 23.8 6 23.6
T=_21.70 C ‘k 21.80 C fﬁ= 21.90 C fﬁ- 21,90 €
T;: 19.00 __C TE: 19.10 __C T.=_10.10 C T.= 19.00 €
AT=__2.70 C AT= 2.70 C AT= 2.80 C AT=_ 2.,9p C

= 4.9509 W/mC k = 4,9509 W/mC 4.7741 W/mC k = 4.6094 W/mC

= 20.35 C T=_20.45 C = 20.50 C T=_72045 C

—H| =
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THERMAL CONDUCTIVITY DATA SHEET

Date:11/22/77
Observers: W. Moses

Sample: X-35 (60% carbon fiber)

Sample Thick ax
Qs texness. . 0.0le0d m2 k = %ff torque = 20 N-cm
Metered Area 0.0005 m
Current 0.21070 _amps 5%5-= ___13.3674 W/m
Volts 5.0001 volts
Pow W =
wer 1.055/7 ‘ k = 4.7862 W/mC
Room Temperature ; [ =
p 23.90 ’ T - 20.46 c
Water Temperature 12 .10 C
Regulated Temperature
Contreller Settings: Left Right
Central/Guard Cold Cold

Differential 478 g Plate 28 3 Plate 29 4

Time: -. Time: z- Time: 4 Time:
_2:25 pm _3:32 pm ~4:08 pm

T/C T T/C T

1 21.8 1 21.5 1 21.6 1 ,

2 22.1 2 21.9 2 22.0 2

3 217 3 21 .5 3 21.6 3

4 21.9 4 21.4 4 2.5 | 4

B i

5 19.0 5 19.0 5 19.1 5

6 19.1 6 19.1 6 19.0 6

7 12:1 7 121 7 12 7

8 23.9 8 23.8 8 24.0 8
Tﬁ= 21,85 € Tﬁz 21.78 C Eh= 21.80 C Eﬁ: C

<= 18,05 G T.=_19.05 C T 19.08 L L C
AT=__ 2.90 C AT=__ 2,65 C AT=  2.75 C AT= C

k = 4.6094 W/mC k =_5.0443 W/mC k = 4.8609 W/mC k = W/mC

T=_2050 C

T=_2038 C

T = 20.43 C

T =

.



Symbol

APPENDIX E

NOMENCLATURE

Latin Symbols

Description

Cross-sectional area perpendicular to the direction

of heat flow

metered area of central heater
length of cube side (Section 2.2.3)
radius of sphere (Section 2.2.3)
specific heat

length of side of included square (Section 2.2.2)
length of side of included cube (Section 2.2.4)
diameter of included cylinder (Section 2.2.5)

guard gap width (Appendix C)
controller error signal

proportionality between central heater and
actual specimen edge temperature

electrical potential difference
radiation shape factor

guard ring width from gap centerline
electrical current

kg/ke

km/ke

thermal conductivity

116

Typical
_Units




kc proportional sensitivity
kc thermal conductivity of the base material
(epoxy resin)
ke equivalent thermal conductivity combining all modes
4 of heat transfer

experimentally measured thermal conductivity

exp

kf thermal conductivity of a fluid

k thermal conductivity of included material (carbon

& fiber)

ki electrical conductivity

G thermal conductivity of composite material

kO thermal conductivity at T = 0

Ak change in thermal conductivity

I; distance between two isothermal planes -
thickness of test specimen

3 conductor length (Section 2.2.1)
length of included cylinder (Section 2.2.5)
radius of metering section (Appendix C)

M controller output signal

n number of individual cells in an analog array

P compressive force

0 heat of vaporization

q rate of heat transfer between isothermal surfaces

] rate of heat transfer by conduction

Yeonduction 4

q . rate of heat transfer by convection

.convection

A total rate of heat transfer

G rate of heat transfer by thermal radiation
radiation

W/mC

W/mC
W/mC

W/mC

W/mC
1/0

W/mC
W/mC

W/mC

N

kJ/kg

W

W

W



RpasE

Reyp,

R
&

RINCLUSTON

RPS

Rsp

thermal resistance

radius of test specimen (Section 4.3.2)

thermal resistance of base material (epoxy resin)
thermal resistance of cylindrical inclusion
electrical resistivity

thermal resistance of cubic inclusions

thermal resistance determined by the parallel-series

method

thermal resistance determined by the series-
parallel method

radius of threcaded rod on pressure pad

any selected complex variable

temperature

end temperature of Kohlrausch test specimen

temperature of low temperature isothermal plane

rate time

temperature of guard heater

temperature of high temperature isothermal plane

reciprocal of reset control

center temperature of Kohlrausch test specimen
e

mean temperature —iljr—ji

temperature difference between isothermal planes
time

voltage drop across central heater

volume fraction of included material

length of side of cube
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mC/W

mC/W
mC/W
{2

NC / “r

@p]
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Symbol

Greek Symbols
Description
thermal diffusivity

temperature coefficient of thermal conductivity
1 (_@._)2/ s

Kg - 1 SVf i

edge loss error

thermal imbalance error

€ * Cg

outward drawn normal to a surface

reference angle (Figure 12)

coefficient of kinetic friction

volumetric density

compressive stress

Stefan-Boltzmann constant

torque
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Typical

Units
m/s

1/G

rad

o it
N/m
W/m2K4

N-cm
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