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ABSTRACT

The experimental investigation was concerned with understanding the mechanisms by which
fibrous insulations attenuate the transfer of thermal energy. Thres fibrous insulation mate-
rials, Dynaquartz, Sapphire Wool, and Dynaflex, wers evaluated for their usefulness in the
high temperaturs environment. Effective thermal conductivities were rseasuraed in air, argon,
and vacuum up to 2500°F, Transmission experiments were carried out (o evaluate the rela-
tive contribution of radiation attenuation parameters for Dynaijuartz,

(Distribution of this abstract is unlimited,)
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FOREWORD
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Wright-Patterson Air Force Base, Ohio, with Mr. Edmund J. Rolinski (MAYT) and George V.
Purcell, Capt, USAF (MAAE), Project Engineers.

This research was conducted during the period September 1965 to September 1967. "ortions
of this report were submitted to the Faculty of the Chemical Engineering Departmcat, Ohio
State University in June 1966 as the Master’s Thesis of Edmund J. Rolinski, The report was
submitted by the authors in July 1967 for publication as a technical report.

Mr. E. J. Rolinski gratefully acknowledges the guidance provided by his advisor at Ohio
State University, Prof. Thomas L. Sweeney.

Appreciation is also extended to Dr, A, E, Wechsler of Arthur D. Little, inc., and Dr. Emile
Rutner and Mr. Raymond Prezecki, Materials Physics Division, Air Force Materials Labora-
tory, for their help and continued discussions, and to Ken Almon and others of the Johns-
Manville Company for their cooperation in acquiring the Dynaquartz and Dynaflex sam les used
in this investigation.

All of the items compared in this report were commercial items that were not developed or
manufactured to meet Government specifications, to withstand the tests to which they were
subjected, or to operate as applied during this study. Any failure to meet the objectives of
this study is no reflection on any of the commercial iteme liscussed herein or on any manu-
facturer,
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specimen thickness taken in positive x direction
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effective interfiber distance (see Equations 3 and 4),
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meen free path of gas molecules (see Equation 3),
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mean free path of gas molecules at pressure P,
(see Equation 4), microns

slope of thermocouple sensitivity plot
(see Appendix I), pv/uw

interception cross section per unit volume
(see Equation 23) inch~!
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(see Equations 18 and 19)
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BTU/hr-°F imbalance

heat flow or power transferred to bottom specimen
(see Appendix V), BTU/hr
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SYMBOLS (CONT)

heat flow by mechanism of conduction, BTU/hr

cond
Yony heat flow by mechanism of convection, BTU/hr
qp corrected heat flow or power to sample
(see Appendix VI), BTU/hr
Qopr effective heat flow or power, BTU/hr
qpins heat flow or power to zirconia pins
(see Appendires V and VI), BTU/hr
Qg heat flow by radiation, BTU/hr
% heat flow or power transferred to top specimen
P (see Appendix V), BTU/hr
Q total heat flux density for a constant cross section
(8ee Equation 26 and 27), BTU/hr-ft?
QBOT heat flux density in bottom specimen
{see Appendix V), BTU/hr-ft®
Qtop heat flux density in top specimen
(see Appendix V), BTU/hr-ft2
r distance from source (see Appendix I), cm
R fiber radius, microns
AR compression of hemisphere end of contact
unit (defined by Equation 7)
R d response of detector (see Appendix I), uv
S a absorption cross section per scatter
(see Equations 18 and 18), ln.z
3 s scattering cross section per scatter
(see Equations 18 and 19), ln.z
T, temperature at defined condition, °F
T temperature, absolute degrees or °F
T, mean temperature, °F
T, temperature at boundary x = L, °F
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temperature difference, °F
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cylinder circumference (see Equation 40), microns
opacity factor (see Equation 17)
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average angle ¢ (see Equation 11), dimensionless

void fraction or porosity of sample
(see Appendix II), dimensionless

emissivity (see Equation 16), dimensionless

emissivity at boundary x = o (see Equations 26 and 27),
dimensionless
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number of fiber junctions per unit area
(see Equations 6, 7, and 8), dimensionless

half of the linear dimension of test area of
hot plate (see Appendix IV), inch
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Poisson's ratio (see Equation 10),
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half the distance between fiber junctions
(see Equation 6), microns
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SYMBOLS (CONT)

o Stefan-Boltzmann constant, 0,174 (10™%)  BTU
‘ hr—fti- °pt
¢ angle at which fibers cross planes

(see Equation 11), degrees
' integral defined in Appendix IV

mathematical constant (see £quation 4), dimensionless
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SECTION I
INTRODUCTION

Thermal protection schemes for advanced reentry and hypersonic cruise vehicles have been
undergoing investigation for some time (Reference 1). An outline of the various thermal pro-
tection requirements was reviewed at the Air Force Materials Laboratory Symposium in
1966. Some of these advanced concepts include ASSET, START, and the X-20 (Reference 2).
The use of passive thermal protection schemes is particularly suited for hypersonic cruise
vehicles, and studies for optimizing an efficient, lightweight, thermally protected structure
are currently in progress (References 3, 4, 5, 6, 7, and 8).

Many thermal protection schemes are possible. These include hot and insulated structures,
with and without integral fuel tanks. Thus, the combination of these four basic parameters,
along with structural and aerodynamic parameters, make the analytical evaluation or design
& formidable task.

Each trade-off study depends on specific vehicle requirements, but before these are under-
taken and optimized, the thermophysical and chemical properties of the materiais must be
known with acceptable accuracy.

In the environments presented by aerc<pace applications, the thermal protection require-
ments become r.ore demanding and effective thermal insulation materials capable of main-
taining large temperature gradients at low heat flow are required for use over extended
periods. Such applications .nclude vehicle structure protection during reeatry, but can also
be used for minimization of heat flow from space power and propulsion components. Hence
for aerospace applications, in addition to important factors of low weight and high thermal
insulation efficiency at operating temperatures, insulations must have a very high reliability,

To meet the criteria outlined above, insulation components for use in high temperature
thermal protection schemes require chemical, physical, and mechanical stability for many
hours at high temperature. Incorporating these requirements in a commercially available

material, Dynaquutz(l). which has sevcral distinct advantages over other commercial in-
sulations, was developed for the X-20 Dyna-Soar. Since Dynaquartz is a comparatively new
material, and reliable thermal conductivity data were lacking, this investigation of i:s thermal
properties was undertaken, Dynaquartzs has the following desirable features:

(a) A low overall density. The material consists of randomly packed micron sized fibers.

The specific density chosen for this study was the 6.2 pclm because it represents an optimum
material with respect to weight and mechanical integrity. Lower density Dynaquarts is ex-
tremely {riable and high density does not substantially alter the heat transfer characteristics.

() Good mechanical stability. Dynaquarts exhibits 1% or less shrinkage at exposure to
bot face temperatures of 2600°F or less.

(c) Maximum rated temperature of 2750°F; maximum use temperature of 2500°F.

“)Dnlquu'u is & beat stabilized (Type 1I) Microquartz insulation manufactured by Johns-
Manville Company, (Reference 9).

mm notation for dunsity to be used is shortensd to pcf instead of lb/!t3 because of custom.
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'(d) Good chemical stability. Silica has a low vapor pressure and is relatively unreactive
w!th other insulation components.

(6) A small fiber diameter, ie, about 1.3 microns, is obtainable, and is characteristic of
fibrous insulation. The small diameter reduces the contact area between the fibers, thus
minimizing solid conduction. The small diameter fibers also attenuate thermal radiation thus
decreasing the radiation component of heat transfer. This effect is particularly important at
high temperatures where radiation effects dominate. The overall conduction can be further

reduced by evacuating the sample to less than 10'2 torr and thus eliminate gas conduction.

Dynaquartz has several other properties which are a consequence of the fabrication tech-
niques, and peculiar to silica. Dynaquartz is easily friable and must be handled delicately. It
has a phase inversion temperature of about 400°F which transforms the crystal structure to
that of Cristobalite so that cycling above 400°F reduces the efficiency of the material (Ref-
erence 10) and degrades its usefulness. Dynaquartz also has the undesirable feature of being
susceptible to acoustical damage at 160 decibels after exposure to elevated temperatures
(Reference 5). This characteristic is a consequence of a partial sintering of the fibers resulting
in a brittle matrix. The material also has low mechanical strength (Reference 1),

The undesirable characteristics of Dynaquartz have resulted in an increased interest in

Dmﬂox(a) for aerospace systems (Reference 7). It is basically an alumina-silica fiber with
chromia additive and it apparently possesses mechanical strength superior to Dynaquartz,
Therefore, to complete the evaluation of high temperature fibrous insulations, Dynaflex and
Sapphire Wool were also investigated. A summary of some of the important characteristics
of the insulations evaluated in this study is shown in Table I. Dynaflex is undergoing extensive
investigation (References 7, 12, and 183).

TABLE |

CHARACTERISTICS OF INSULATIONS STUDIED

Dynoquortz Dynaflex Sapphire Wool
Moximum Roted Temp (F) 2750 2800 3700
Density (pcf) 6.2 8-10 1.0
Fiber Diometer (microns) 13 15 13
Unidimensional Shrinkoge
Afrer 2 hours 1.0% (2400°F) 2.9% (2600°F) -

Chemical Composition $i0; (99.0%) 5i0; (56.9%) A170; (99.5%)

Al 04 (37.6%)

Cr04 (4.5%)
Meonvutocturer Johns-Monville Johns-Monville Thermo-Kinetic Fibers, Inc. !

moyunox is manufacture by Johns-Manville Co.

e, A 5t
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SECTION II
THEORY

By assuming a superposition of solid conduction, gas conduction and radiatior. !y taking an
energy balance and summing the heat transfer for each of the above mechanis:ax. ~e have at
steady state

Y1 * cond * Yeonv *req (n
where
Qg * offective hest fiow, BTU/ hr
Qeond ©  cOnduction heet flow, BYU/iw
Qom ¢ COMction hect fiow, BTU/W
Qog * "odistion heat flow, BTU/Wr
1. CONDUCTION
In fibrous insulations, there are twoc conduction mechanisms which must be considered: [a)
conduction through the solid fibers and their contact points; and (b) the gas conduction through

the void volume of the insulation. We can treat these two simultanecusly by Fourier’s law for
one dimensjon

Cond © Ul gyl Agred T (2)

where k represents the thermal conductivity, A the ares, anvi grad T the temper: ure gradient
in the material.

a. Gas Conduction
Strong, et al (Reference 14) derived the following equation for the gas conduction ocontribution

in a fibrous insulation
Lg L
‘ow * A'pc‘v":.:d— (3)

where
1 = gooatant

dena:ty

- specific heat at consiant volume

< 0O v >
"

a " Average molecular velocity

 d

m " mean fres path of gas molecules

L ¢ = gffective interfiber distance
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In order ‘*o utilize Equation 3, the effective interfiber distance and packing distributicn of the
fibers must be assumed. Glaser, et al (Reference 15) modified Equation 3 and arrived at

qmel R . T (4)
R [-,;—]
where
(kg ‘3)-°a"ro = gas conductivity at pressure Py and temperature 'I‘o
(kgas)p,'r = gas conductivity at pressure p, and temperature T
Lmo = mean free path of gas molecules at pressure P, and temperature T0
Lg = effective interfiber spacing

w = constant, depending on the gas

Agal= the value of Lg mustbe determined from some assumptions as to the fiber arrangement,

The effective interfiber distance represents the average distancea gas molecule can travel in
the direction of heat flow before collision with a solid fiber. ‘Schotte (Reference 16) modified
the interfiber diatance term to account for accomraodation of energy at the surface of the fiber,

The influence of the gaseous conduction to the effective thermal conductivity of Dynaquartz
can be examined from kinetic theory, which shows that the thermal conductivity of a gas is
proportional to th. density and the mean free path, ie

Rges * A2 P Cy Vo lm (5)

where Az is a constant, and the other terms have been defined previously. Iu genersal, since

the interfiber spacing is much greater than the mean free path of the gas molecules at atmo-
spheric pressure, the gas will diffuse as in a free gas volume, The value of the thermal con-
ductivity of a gas at moderate pressure (10 to 1000 torr) is almost constant because two
dominant effects cancel each other out, ie, density varies directly with pressure and, the mean
free path inversely with the pressure. The net result is that the thermal conductivity of the
gas varies only slightly vith pressure in the pressure range noted above at constant tempera-
ture. Thus at moderate pressures, the thermal conductivity of the gas phase, which is con-
tinuous for Dynaquartz fibers, can be calculated from kinetic theory {Reference 17).

As the pressure of the gas is decreased, the mean free path increases until the average
interfiber distance is reached and then the gaseous thermal conductivity again becomes
pressure dependent for a constant temperature. Since the mean molecular path of the gas is
greater than the interfiber distance, then the flux of molecules from fiber to fiber in the
x-directio.. . directly proportional to the density, For a material like Dynaquartz, which has
an average fiber diameter of 1.8 microns, the mean free path for the interfiber distance is
22.18 microns according to the calculation of Verschoor and Greebler (Reference 18). The
pressure dependency effects of various insulations is well known aund is described by Scott,
(Reference 19) among others.

The gaseous conduction contribution to the heat transfer of Dynaquartz can be summarized
as follows: at one atmosphere pressure, the influence of the Dynaquartz fiber spacing on the
gaseous thermal conductivity is negligible; at 10 torr and below the dependence of effective
mean {ree path o.. pressure and temperature becomes apparent.

‘
!
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The transition regime has been investigated by Ryan, et al (Reference 6) for Dynaquartz.
Parametric plots of gaseous conduction contribution for various pressures and temperatures
have been determined for nitrogen and helium using Equation 4.

Another important feature of Dynaquartz, or any other good fibrous insulation, is its small,
effective interparticle spacing and thus the short mean free path betweer the fibers. For Dyna~-

quartz, a reduction of the gas pressure to between 10 1 to 10 2 torr is sufficient to reduce
gas conduction to iess than 1%, of the free gas value, In the thermal conductivity experiments,
the pressure dependency effect was not investigated. Instead, the experiments were run in the
two pressure independent regimes so that the effect of the gas conduction could be simply

evaluated. Experiments were run in vacuum at pressures less than 10-4 torr and at one
atmosphere pressure. Thus, the use of the term, k gas’ the thermal conductivity of the gas

phase, is necessary for measurements in air or other gas environment, and excluded in the
case of vacuum measurements.

b. Solid Conduction

Solid conduction heat transfer in fibrous insulations has been treated by various phyeical
models, An important factor in the heat transfer is the nature of the solid-to-solid contact of
the fibers. Several theoretical treatments for evaluating this factor have been proposed; all
of these theories assume some highly ordered configuration to facilitate mathematical anal-
ysis. The actual configuration of fibrous insulation such as Dynaquartz is not highly ordered;
the distribition of the fiber packing and arrangement is random, thus limiting the theoretical
analysis w qualitative predictions. An added complexity tc the solid-to-solid conduction is
that it can affect the radiation transfer through scattering, and thus change the effective
thermal conductivity. Hence, the most successful mathematical treatments should reflect the
interaction between solid packing, and radiation conductivity where possible.

An analysis by Strong, et al (Reference 14) treated an idealized structure consisting of a
symmetrical array of uniform fibers with the heat flow perpendicular to the fibers. This
analysis yielded the following equation in terms of contact units:

4 RE kq
Qg = {ar

R In [%2—] +2¢

(6)

where
q = rate of heat flow per unit area across a contact unit thickness

)
"

fiber radius
k_ = solid conductivity of matrix material
§ = half the distance between fiber junctions
{ = zumber of fiber junctions per unit area
AT

temperature d:fference across the contact units
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From a relation for the area of solid-to-solid contact and the area of the hemispherical end
of the fibers, AR was found to be

on - [ 4

G = the load per contact

where

E = the modulus of elasticity

Hence the apparent thermai conductivity due to solid-to-solid conduction can be given by

3
'ﬂ’l . avR”{

[4R] {8)
& R fn AR +2

where C can be calculated from the fiber density. The solid-to-solid contact resistance can be
calculated from the loading, fiber size and mechanical properties of the matrix material.
However, the loading is usuaily the most difficult to determine and Strong used the fact that
each contact was under the force of atmospheric pressure. Strong’s experimental data shcwed
values of solid-to-solid conduction to be about one order of magnitude lower than predicted
by his model.

A similar snalysis of solid-to-soli¢ contact batween the fibers led Wang (Reference 20) to
the following relation:

(happle. ' 130-3)2
srRZ v {9)
ke ‘"[‘ ™ "]" 20-5 b

L 4 at [szil-pa)cc]m (10)
Aot E(1-3)%

wlere
C ™ oompression of the fibers

# = Poisson’s ratio
8 = void volume; for 6.2 pcf Dynaquartz, the value is 0.954,
It should be noted that both analyses predict a logarithmic dependence on the contact radius,

This implies that a large change in the contact radius is reflected in a small change in ap-
parent solid-to-solid conductivity,
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In a further analysis of the solid~-to-solid conduction process by Wechsler and Glaser (Ref-
erence 1), several types of parallel axial packings and cross packing arrangements were
investigated. For a random array of fibers including parallel axial and cross packings, the
general relation was developed

3-01-8)
Rappls | B sing (1-3) + (1-8) —[ ]
7

. ne
0-B) a(1-3)% \
T

7 rln[sil.zg-]'l-m (i)

where 8 = fraction of fibers crossing the fiber mat planes at an average angle ¢
b = contact diametor deficaed by

LI 12)

b= z,zo[ T

where G i agaln the loxd_pef contact, R the ﬁber radius. and E the n.odulus of elasticity.

In the preceding mab'ais. & three-dimesseional array of fibers was treated and the following
assumptions were made: (1) most of the fibers were in the XZ plane, (2) fibers cross the
XZ plane at small angles, (3) XZ plane fibers were arranged ir a random fashion, and (4) most
of the flbera were not curled. The first erm in the expression accounts for four coaxial heat
transfer modes in the x aud y directions and the second term for the three cross packed modes
in the y direction, The whole expression was modified by the contribution to total heat trans-
fer by the fraction of fibers which cross consecutive layers at some angle with XZ plane. Thus,
it is possible to calculate some solid-to-colid conduction contributions if the values for 8.¢.
and the mechanicul properties can be found from examination of the matrix material.

Utilizing thia approach of Wechsler andGlaser (Raference 1), Ryan, et al (Reference 5) have

- estimated the solid-to~-solid conduction contribuuon to sffective thermal conductivity of Dyna-

quartz (6.2 pef) to be about 0.10 BTU -in./hr-ft <’# at 55G°F. The corresponding contact diam-
eter for Dynaquartz was calculated to be 0.18 micron which seems reasonable for a pl.rthlly
sintered material and in light of the aasumptions of this approach. :

Wechsler and Glaser (Rsference 1) also treated two . e simplified models. In the
first model, the fibers were assumed to be stacked vertic...y only and separated by some
distance. The major resistasce to heat flow is in the contact region of the fiber rather than in
the fibers. The following expression wae derived:

M , Mo-af
\ T (13)

In this expreasicn, the apparent solid-to-solid conductivity is proportional to the square of
the ratio of contact diameter to fiber diameter. The result gives a much stronger influence
due to contact area than Equations 9 and 11,
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In the second simplified model, Wechsler and Glaser considered the solid-to-solid contact
to be hemispherical instead of circular and derived the following equation:

v3 [——“'"‘2”"]'/3 (14)

X moo!
(tappls 1.97(1-8) =

In this model, the apparent solid-to-solid conductivity is proportional to the ratio of the con-
tact radius to the fiber radius,

In summary, the solid-to-solid contribution to effective thermal conductivity of fibrous
materials such as Dynaquartz is a complexproblem, Depending upon the physical model chcsen
for the solid-to-solid contact between fibers, the contribution can be a logarithmic, square
functica or linear function of the contact radius to fiber radius. In order to treat the problem
quantitatively, mechanical properties such as the modulus of elasticity and Poisson’s ratio of
the fibrous matrix material must be known. In addition, other more pertinent physical char-
acteristics such as contact areas, fractionof fibers crossing fiber mat planes at small angles,
and load per contact must be determined or estimated. The apparent solid-to-solid con-
duction contribution in fibrous insulations such as Dynaquartz depends primarily on the con-
tact area and the strength of the matrix material in fibrous form and is extremely difficult to
evaluate quantitatively.

2. RADIATION

Radiation conduction becomes an important mechanism of heat transfer at temperatures
beyond 1500°F (References 21 and 22). For fibrous materials, the mechanisms for radiation
heat transfer have been considered both empirically and theoretically, both separately and
simultaneously with the other processes in thermal conduction, In general, when considering
the mechanism of radiation, the gross effect of interaction of the individual processes of
abeorption, scattering, reradiation, and transmission are treated by approximate models. For
example, in considering the radiation contribution to effective thermal conductivity, Chen and
Churchill (Reference 21) summarized the results of applying several of the classical models

by the general equation
ky * 4FoD, T (s)

where
0 =a Stefan-Boltzmann constant

Df = diameter of fiber

T = absolute temperature

and the quantity F, which represeats the effect of geometric and optical properties of the
system, is derived from various models. In all the analyses considering particles (Ref-
erences 16, 23, 24, 26,26, and 27), the models predict that the radiation contribution increases
with particle size and emissivity,

Strong, et al (Refarence 14) interpret radiation heat transfer in terms of the diffusion of
photons and an average mean free path, derive the same type of equation as Equation 15 in
which the quantity F is defined by

!
3¢(1-8) (16)

e
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where ¢ is the emissivity. Equation 16 gives a general increase of the radiation contribution
with particle size which was correlated experimentally.

In another analysis of fibrous insulations, Verschoor and Greebler (Reference 18) derived
an expression similar to Equation 15 by utilizing the general form for kr. which led to the
following expression for F:

0.785

F 2 —————
a2 (1-8) (a7

In Equation 17 l/a2 is an op..city factor obtained from infrared transmission data on the fibers.

Perhaps the most useful treatment of the radiation contribution to effective thermal con-
ductivity in fibrous insulations is the two-flux model analysis, In this treatment of a fibrous
insulation, transmission through the material is described by scattering, absorption, and
reradiation mechanisms. In considering this analysis, a steady-state heat flow is assumed in
one dimension. The material is considered to be homogeneous which infers that the smallest
volume of the sample is considered as being representative of the whole material, ‘1his anal-
ysis was outlined by Schuster (Reference 28), used by Hamaker (References 29 through 32),
and was extended by Chu and Churchill (Reference 33).

In these analyses an insulation was treated as an isotropic and continuous material and the
heat transfer was described in terms of an integro-differential equation (sometimes referred
to as the transport equation) and a differential energy balance with appropriate boundary con-
ditions. The transport equation was treated only for a few restricted cases (References 29
through 32).

Under appropriate conditions the radiation can be considered in terms of a forward flux
and a backward flux in one dimension as represented by Larkin (Reference 34) and Larkin and
Churchill (Reference 35). A more general six-flux model (Reference 33) is applicable in the
case of three-dimensional heat flow,

In the two-flux model, the flow of radiant energy is represented by two discrete fluxes, one
in the forward direction and one inthe backward direction as shown in Figure 1. The following
equations (References 34 and 35) give the relations between the intensities of the fluxes:

dr. (x)
—‘ll— T aBSyI (x) + A8yl (x) + N8BS, Igln) 8)
+ns.c1"(l)

- ‘_?‘_"’ s nBSglalx) ¢ nd lp(x) ¢ nBS Ly (x)

x (i9)

+nSy eT4x)

where
n = npumber of scatters per unit volume

B = fraction of scattered radiation scattered into the background hemisphere
S' = gcattering cross section per scatter

S‘ = ahsorption cross section per scatter
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Il(x) = radiant flux density in the forward direction
Iz(x) = radiant flux density in the backward direction

Each term in Equation 18 represents the variation of the forward radiant flux density, As
depicted in Figure 1, the following terms are expressions for changes in the flux density in
the forward direction:

(a) nBS s Il(x) dx - back scatteringof forward flux which decreases in the forward direc-
tion;

() n Sa Il(x) dx - absorption of forward flux which decreases in the forward direction;

() nB Ss Iz(x) dx -back scattering of backward flux which increases in the forward direc-
tion;

(dd n S‘ o 'l‘4 (x) dx - reradiation which increases in the forward direction.

Equation 19 is similar to Equation 18 in describing the net change in the backward flux, The
tacit assumption of the two-flux approach is that intercepted and reemitted radiation can be
considered the same,

The differential energy balance is then applied, which is givea by
0+ aZ oy - (20)

The scattering and absorption cross sections pe - unit volume are defined as

N s aB3 (21)

and
P s a8y 22)
The interception cross section is ‘the sum of the scattering and absorption cross sections

M a3, + a8, (23
Rewriting Equations 18 and 19 in terms of the cross sections gives

14
e ICIIEE  OE N TARRY B2 o 24
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- 7‘-‘: L § ..xt & ~| L ”f‘ es,
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In applying boundary conditions to Equations 24 and 25 for a particular insulation when the
material does not absorb radiation, P = O, and assuming that k is constant, Larkin and
Churchill (Reference 35) derived the following equation:

MT-T) e (-1
L

(26)
1 4.L-
. ﬁ. 1+NL
where

T_is the temperature at x = o

TLlsthetexnpentm'eatx a L

Equation 26 shows that there is a constant temperature gradient across the dimension of the
insulation.

When radiation absorption in the insulation is not negligible, Equations 20, 24, and 25 can
be reduced to a pair of equations in any two of the three variables, but such pairs are non-
linear. For boundary conditions where the net radiation flux is constant or when radiatior is
only a smail contribution to the total heat transfer the result is a constant temperature gra-
dient. These conditions were applied by Larkin and Churchill Reference 35) who obtained
solutions for heat transfer in an absorbing and scattering insulation bounded by opaque sur-
faces. Wechsler and Glaser (Reference 1) considered the same case and by neglecting con-
duction derived the following equation for heat transfer in an absorbing and scattering medium
bounded by opaque surfaces of emissivity €,

o_yt
2 2 elpt-1 9 27

GIPHEN) L + 4-2¢,

this result with Equation 36 shows the equations are quite similar. Both equations
indicate the fourth power of the temperature is linsar with distance if the first term of Equa-
tion 26 is negligible.

A similar approach to the solution of the two-flux model equations for nonabsorbing mate-
rials bounded by opaque surfaces was used by Chea and Churchill (Reference 21), However,
instead of using a linsar function for the distance tamperature relation, it was assumed that

for small temperature differences. that the differences h'r‘oouldboqppmnmbdbym

first two terms of a Taylor series expansion about some mean temperature, Tm‘ The solution

o the equations is complicated but for locations sufficiently far from the boundaries of an
optically thick fibrous mat, the following equation for radiant coatribution to effoctive thermal
coaductivity was obtained:

3
y « 2Ts (28)

Pezn

When P and N are defined by Equations 31 and 33, the valus of F for use iz Equation 15, for
the general sase would be

2
"f" ‘2"
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Including an index of refraction different from one in the two-flux model, requires that the

factor F be modified by the index of refraction squared, Jz » where J represents the index of
refraction,

A further analysis of the problem of radiant heat transfer coupled with conduction was made
by Viskanta (Reference 36). He obtained exact solutions to the problem by numerical integra-
tion. The temperature distribution in an absorbing and scattering medium was found to be a
strong function of the optical thickness and the ratio of energy transfer by solid conduction to
radiation conduction., The effect of radiation without reabsorption is to increase the net heat
transfer if the heat transfer is considered due to conduction alone. Due to different tempera-
ture dependencies of kr and k o however, the net result is a reduction of the temperature gra-
dient.

In summary, the two-flux model allows for the treatment of the radiation contribution to the
effective thermal conductivity of fibrous insulations by means of transmission experiments.
Increasing absorption and scattering cross sections of a fibrous insulation material will de-
crease the radiation contribution to effective thermal conductivity. A smaller fiber diameter
and lower emissivity or highly reflecting fiber surfaces would tend to decrease the radiant
energy transmission through a filbrous material. These effects should be manifested in the
absorption and scattering cross sections, In view of the numerous assumptions involved in the
two-flux model analysis, and the experimental problems involved in measuring transmission
through highly scattering materials, only qualitative agreement between the theory and ex-
perimeat can be expected.

13
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SECTION III
EXPERIMENTAL

The experimental portions of this investigation were undertaken to

(8) evaluate the variour oontributions to total or effective thermal conductivity of fibrous
insulations;

() measure the effective thermal conductivity of fibrous silica under various environ-
mental conditions;

(c) oorrelate the results of the axperiments performed with existing theoretical models
for fibrous insulations.

To evaluate the radiation contribution to effective thermal conductivity, the following radi-
ation transmission experiments were performed:

(a) Spactral normal transmission measurements
(b) Total normal transmission measurements

Spectral normal transmission measuretuents were required to obtain the spectral absorption
and scattering cross sections as a functionof wavelength and temperature. In this experiment,
the sample is heated and spectral transmission is determined. Hence the spectral distribution
of the source is constant and changes in the absorption cross section are dus to changes in the
sample as a result of heating. Thare is no expected change in the scattering cross section
since the geometry of the sample is expected to be oonstant. The measured spectral trans-
mission and a properly weighted distribution function for the intensities of the emitted wave-
lengths of the source give the integrated optical transmission ul a sample. The integrated
transmission can then be used to calculate the absorption and scattering cross sections.

Total normal transmission measurements were carried out to obtain the total energy trans-
mitted through a sample from a given source. The total tranamission experimeats were of two
types: first, where sample and source temperatures were the same, and second, where the
was at room temperature and the source of radiation was variable. In the first ex-
t. the absorption crvss section is expectsd to change due to changes in the sample as
t of beating. In addition the absorption and scattering cross sections are expected to
due to variable source temperature and waveleangth distribution. In the second experi-

t, only changes in the abeorption and scatteringcross sections are expected dus to changes
the source tsmperature and wavelength distribution

Bach of the experiments outlined will yield valuys for the absorption and scattering croes
sections and must be interpreted in terms of the variables of the experiments. Thus absorption
snd scattering cross sections can be conpared with calculatsd backscattered flux from an
electromagnetic theory evalv-tion of the scattering coefficient.

Effective thermal conductivity measurements were carried outby use of a guarded bot plate
apparstus. By using varicus gases and pressure as a variable of this experimant it is possible
0 isolate the effect of the gas conduction contribution to total thermal conductivity, Further-
move, the solid conduction coatrin:tion can be estimated from low temperature thermal con~
ductivity measurements in vacuum. A correlation between the effective thermal conductivity
and the calculation of the relative contributions of the gas conductivity, solid conductivity, and
radiation coaductivity could then be performed,

i
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1. SPECTRAL TRANSMISSION EXPERIMENTS
a. Description of Equipment

The spectral normal transmittance for Dynaquartz was obtained with the Beckman IR~6
single beam recording spectrophotometer. The optical path of this instrument is shown in
Figure 2. The use of ihe special transmission furnace (see Figure 3) allows measurements
from 20°C to about 1000°C. The spectral range of the instrument is from 1 to 16 microns
using a rocksalt pris:n {apex angle of 66°) as the dispersive element. The source of radiation
is a Nernst glower with e radiationchopped at 150 rpm. Since the chopper is located between
the source and the transmission furnace, only that portion of the radiation passing from the
source througn the sample will appear as an AC signal at the detector.

The transmission furnacs is resistance heate ! with Tophet ““A’’ (80/20 nickel-chromium
type alloy) heating elements Chromel-alumel the.‘mocouples were used to measure the tam-
peratures inside the furnace and the EMF of the thermocouples was fed to a Minneapolis-
Honeywell circular recorder controller (0°~1000°C) which controlled the temperature. The
radiation after passing through a spectrometer was focussed on a thermocouple detector by
means of a spherical condensing mirror and a 2-power KBr magnifying lens, The detector
was a conventional wire type thermocouple with a two~ohm resistance and a sensitivity of about
one volt per watt of radiation at the chopping frequency.

b. Spectral Transmission Data

The normal spectral transmission of Dynaquartz was measured at various thicknesses be-
tween 20° and 900°C. lo was obtained by measuring the spectral output of the source with air

only in the light path. The transmitted intensity, !, with the sample in place was obtained next.
The ratio 1/1 o i@ the transmission was then obtained by taking this ratio as a function of wave-

length. One of the limits inobtaining accurate transmision by use of a single beam instrument
is the reproducibility of the sample locetion. Tha curves obtained from the instrument at
about 20°C are shown in Figure 3 for two thickneases, 0.030 and 9.060 inch. Figure 4 is a
curve obtained at 400°, 800°, and 900°C for s thickness of 0.045 inch. The hignest transmission
peak io at 7.3u. Its intensity decreases with increasing sample temporature. The intensity is
most intense at room temperature and least at 900°C, Figure 5 is a transmission curve obined
at the same tamperatures asz Figure 4 for a thickness of 0.030 inch, The transmitted intensity
obtained at 400°C was reproducible after heating to 900°C and indicated uo spectral variatioa.
Heave, the decrease in the tranamission is reversi! ' and apparently the matarial fiber con-
figuration was not altored encugh to be detectsd by L..: -pectrophotomete:.

The transmissaion curves at 20°C were plotted on semilog grapb paper and the data tabulatedt
in Table II gives the calculated absorption and scattering cross sections versus wavelongths,
These showed the same dependency on wavelength as the transmission curves. The same
spectral transmission experiment was run on a Perkin-Elmer Model 13U single beam spec-
trophotometer, but for thicknesses of Dynaquariz ranging from 0.015 to ¢.045 inch. The spec-
tral transmission was plotted as noted above, and the calculated absorption and scattering
cross sections are shown in Table III. The valucs obtained agree with the data from the IR~8
except that the absorption ¢cross eections are spparently higher for the Beckman IR-8 mea-
surements.

It should be noted that in the region from 6.9 to 7.6 . (see Figures 3, 4, and 8) several water
bands are present which .acrease the uncertain.y in the evaluation of the transmission. Tkis,
coupled with the nolse level of the instrumaent elactronics, gives an arror of about +5% lnlo
and higher errors in I,

16
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The normal spectral transmission of Sapphire Wool for three thicknesses was measured at
room temperature on the Beckman IR-6 (see Figure 6). Figure 6 shows the effect of in-
creasing sample thickness. Curve 1 on Figure 6 is for 0.18 inch thick fused silica (Corning
No. 7840).

The Sapphire Wool transmission curves peak at about 9.6 microns, Curves 2, 3, and 4 on
Figure 6 are for 0.020, 0.045 and 0.090 inch thickness samples, respectively. The trans-
mission curves for Sapphire Wool are much broader than those of Dynaquartz (see Figure 3)
and therefore the radiation transmitted through the Sapphire Wool material would be higher
even though at higher temperatures radiation is expected to shift more toward the lower wave~
lengths. Thus the radiation contribution to total thermal conductivity for Sapphire Wool should
be higher than that of Dynaquartz (see Section III.5).

The normal spectral transmission of Dynaquartz, Sapphire Wool, and Dynaflex at room
temperature was also measured on a Perkin-Elmer Model 621 grating spectrophotomete». The
spectral range covered was from 2.5 to about 40 microns, The curves are approximately Qhose
shown previously except Dynaquartz has a secondary peak at about 16 microns and a somewhat
higher peak at 18 microns; however, the largest peak is about 1/2 the peak height at 7.3 mi-
crons. These secondary peaks are not expected to alter the radiation attenuation character-
istics of Dynaquartz.

Dynaflex transmission curves peaked at 7.7 microns buildingup gradually from 7.0 microns
and dropping sharply past 7.7 microns to zeroat 8.0 microns. Transmission through Dynaflex
seems to be more efficient than through Dynaquartz and Sappk‘re Wool for comparable thick-
ness samples.

c. Calculation of Integrated Transmission from Spectral Transmission Data

The calculation of integrated transmission of the radiation from a spectral source such as
a black body from spectral transmission data requires the use of some averaging procedure
since the spectral distribution function from black body radiation is not uniform as a function

of wavelength, One method cf averaging most commonly in use is to apply Planck’s law as a
distribution function which is written as

f" ;X%

o P
T e e
[ 4 2 fo l(k.f)dl s A K kT_‘ (30)

where
g = the distribution function

A = the wavelength
T = the absclute temperature

C, = 3.74 1075 erg-cmz/aoc

Ca = 1,439 cm-'K
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and the integrated transmission using Planck’s weighting function is

®
f° T(A) g\, T) dA

H [}
l AT €A

(31)

Using this procedure gives each waveiength a weight in proportion to the energy it carries,
The total energy transmitted was calculated from spectral transmission measurements using
the data from Figures 3, 4, and 5. By plotting the black body radiation curve at the tempera-
ture of the experiment and the product of the transmission and the intensity value at the w .ve~
length considered, the total transmission can be calculated by graphical integration of the two
curves. The black body radiation curve was calculated on a relative basis using the values
tabulated in Reference 37 for AT. The values for total transmission using the spectral trans-
mission data are summarized in Table IV,

3. TOTAL TRANSMISSION EXPERIMENTS
a. Description of Equipment

The values of total transmission obtained from the experiments described below are of two
forms, where: (1) the sample and source temperatures are the same; and (2) the source tem-
perature is different from the sample temperature. The second series of experiments was
carried out with the sample at 20°C,

The experimental apparatus for the total transmission with the sample at 20°C and source
at elevated temperatures is shown schematically in Figure 7,

The total transmission measurements were made with a Reeder Model RP 3W thermo-
couple detector which is shown schematically in Figure 30, Appendix I. The thermocouple
ssasitivity was determined to be linear, is, the signal voltage was directly proportional to the
radiant power impinging on the detactor (see Appendix I). The angular response of the de-
tactor was nct determined; however, care was taken to insure that the detector was normal to
the black body. As pointed out by Larkin (Reference 34), actual comparisons of transmissions
measured by a cosine detactor and an actual detector showed that there was no appreciable
error introduced by using an actual detector for highly scattered ensrgy. The black body was
that of a Hohlraum geometry which was available from the Beckman IR-6 spectrophotomster
emissivity attachment. The radiation was chopped at 13 cycles per second. The signal from
the detector was amplified by a Perkin-Elmer Model 121 amplifier similar to the one in use
on several spectrophotometsrs. The signal was read directly from a Keithley Model 149
Milli-Microvoltmeter. The signals were read directly from a dial and maximum, minimum,
and average readings were taken after the signal appsared steady, usually 30 minutas or so.
The total normal transmission data were corrected for dark curreat in each case. No cor-
rection was made for absorption of moCal-‘z window of the detector. The gain on the amplifiar

was changed to give readings for lomd the dark current was measured each time the gain
was changed and rebalanced.

Attompts were made to obtain transmission samples 0.015 to 0.060 inch thick by slicing a
thick piece of Dynaquarts with a razor blade. Difficulties were encountered in trying to cut
the material uniformly and also in measuring the thickness. As the material was sliced,
fibers parallel to the cutting plane would shear the rest of the sample. Several samples were
destroyed in this manner. The thicknesses of the samples were measured with micrometer

4
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TABLE 1V

VALUES FOR . [EGRATED TRANSMISSION CALCULATED FROM
SPECTRAL TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample at Room Temperature = 20°C(293°K) ‘
Thickness (inches) Transmission
0.030 0.0101
0.040 0.0070
0.045 0.0057
0.070 0.0022

Sample at 400°C(673°K)

0.030 0.0078
0.040 0.0055
0.045 0.00464

Sample at 800°C(1073%K)

0.030 0.00196
0.040 0.00150
0,043 0.00140
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calipers; some samples were broken upon closing the calipers. The Dynaquartz samples com-
pressed easily so that actual thicknesses found are approximate. Samples were cut from
6.2 pcf material, the same density at which the thermal couductivity was measured.

The total transmission data are tabulated in Table V for the sample at room temperaturo
ard the source temperature as variable, The tr nsmission experiments, where the sample was
shuwn schematically in Figures 8 and 9, wc.ie carried out with the transmission furnace in
use on the Beckman IR-6 spectrophotomet‘er. The same electrical circuit was used for tem-
perature and readout. The total transmissiondata for variable source and sample temperature
are tabulated in Tabie V1.

b. Calculation of Optical Scattering and Absorption Cross Sections

In applying the two-flux model to transmissior experiments, Equations 24 and 25 are re-
written for the case where reradiation is small compared to the incident and transmitted flux,
The equitions are

1
-‘-.- P -MIy + NI, (32)
and
¢l
-;Z oM ¢ N (33)

where all quantities have beer defined in the theory previously. Applying the appropriate
boundary conditions

et = =2 O I‘ay (34)

and
srrt Ipro (33)

the transmission can be expres-ad as (Refereace 34)

L:
| ] [ A ] (36)
comn(ul-nY Le sinn (002
il = v rr
For the case where (M2 - Nz)lm)s. Equstion 36 can be reduced to
- 4 U 4
, 0F-at) RV i37)

W ol -y

Hence by plotting the transmission versus thickness on semilog paper, the values for the
absorption and scattering cross sections can he determined from the slope and intercept (see
Table VII).

The assumptiou iuvoived iu using this approach is that the material is optically thick and a
plot of the logarithm of the thickness should be linear. However, for very small thickirsses,
the approximation equation does not apnly and the logarithmic plot must curve, since for asro
thickness the transmission 1aust be 100%,

In order to check the validity of the optically thick assumption. even for a limited spectral
range, the reflectivity was measured ona Beckman DK-2 spectropbotometer whooe waveleagth

27
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range is from 0.80 to 2.5 microns. Over the range from 2.5 to about 1,4 microns, the Dyna-
quartz appeared to have a higher reflectance value than MgCOa. the standard. Beyond 1.4 mi-~

crons to 0.8 micron, the reflection was about 85 to 86% of the standard. Both the total re-
flection and diffuse reflection were measured and it was found that all of the radiation was
diffusely reflected, as would be expected with a material of this type, ie, fibrous layers of
reflecting silica. The reflection in the spectral region from 0.38 to 0,70 micron was also
examined on a GE spectrophotometer and was found to be about 98 to 99% diffuse. Thus Dyna-
quartz diffuses radiation in a few layers of fibers and can be considered semitransparent only
wr very small thicknesses of material,

3. CALCULATION OF RADIATION CROSS SECTION
FROM ELECTROMAGNETIC THEORY

If the fibrous insulation is considered to be a random matrix of infinite cylinders whose
axes are in parallel planes and the direction of heat flow to be perpendicular to the fibers it
is possible to calculate the radiation attenuation parameters of fibrous materials such as
Dynaquartz. Assuming that scattering and absorption occur in fibers, Larkin (Reference 34)
derived the following equation for scattering cross section:

. [48Ks] [p -pg
N = [rof J [&"p'] (38)
where
[ ]
ks va[lagl+Inl vz 3 Iad e [ (39)
and
» D¢
e . (40)

where @ is the cylinder circumforence measured in wavelengths,

The values of A na.nd Pnare afunction of the index of refraction and the first Bessel function

and first Hankel function whose arguments are a function of @ and J. Larkin calculated tk»
scattering coefficient, K g’ and the fraction of backscattered energy, B, for various indexes of

refraction for monociromatic radiation., The most appropriate index of refraction for Dyna-
quartz is J = 1.5 (References 38 and 39), the value for fused silica. The method used for cal-
culating average values for BKS is similar to that used for calculating the transmission, ie,

to use the Planck’s law as a weighting function, so that

BKq(A) g(A,T) dX
oK, : e (41)

(A7) dA
Io 9

where g(\,T) the weighting function, is the Planck law as defined previously. This procedure
gives each wavelengil: 2 waight in proportion to the energy it carries. The values calculated

v
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for the backscattering cross sections are tabulated in Table VIII using a fiber diameter of
1.34, an index of refraction of 1.5, & bulk density of Dynaquartz as 6.2 pcf and the specitic
gravity of the fiber material as 2.17 (see Appendix II). The procedure used was to take in-
crements of \, calculate values for a by use of Equation 40 and determine the value for the
scattering narameter, Bl( (\) by use of Figure 6 in Reference 34 for J = 1.5. Then by

graphical integration as indlcated in Equation 41, the value for BK was determined and used
in Equation 38 to caiculate N, the scattering cross section.

The absorption cross section as derived by Larkin(Reference 34) in terms of the insulation
properties is

- {35 [E4] @2

L4 Df P. P'

where Ka is the ratio of the absorption cross section to the geometrical cross section. For
large fibers, Ka is equal to the absorptivity of the material. For very small fibers

»2
Ko * %-— 4 9 [nzlogl.lz/c] (43)

where J r is the real part of the complex refractive index and J i the imaginary part. However,
for nonconducting dielectric materials J i is zero and J r is the square root of the dielectric

constant, Therefore, the absorption was ignored since the scattering cross section is at least
two orders of magnitude greater thar the absorption cross section (Reference 9) for Dyna-
quartz,

TABLE VIII

CALCULATED VALUES OF BACKSCATTERED ENERGY
AND SCATTERING CROSS SECTIONS FOR DYNAQUARYTZ (6.2 pcf)

Temperature BKs N(4nrl
L00°¢ 0.0847 95.25
600°c 0.1038 1.6.73
800°%c 0.1183 133.04
900°¢C 0.1262 141.92

1200°C 0.165L 186.01
1600°¢C 0.1600 179.94
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4. DISCUSSION OF RADIATION TRANSMISSION EXPERIMENTS

The spectral transmission experiments were run on a Beckman IR-6 spectrophotometer in
the spectral range of 1 to 15 microns, It is in this wavelength range where high temperuiure
radiation properties are important. Spectral transmission data are valuable in the case of
transparent o~ translucent materials since one obtains the spectral characteristics of the
absorption coefficients. For Dynaquartz or other fibrous insulation materials, however, the
absorption coefficients in the wavelength region of interest are small and scattering is the
dominant phencmena or mechanism for reduction of transmission. Temperature variations in
the spectra of the transmitted radiation were examined (o see if any changes occurred in the
scattering coefficient. No such variations were found up to 900°C.

A comparison between the spectral transmission data and total transmission data is very
difficult to make for the following reasons:

(a) the samples used were not the same in each of these measurements;
(b) the thickn~sses of the samples are difficult to reproduce;
{¢) tne irherent scatter in the spectral transmission data is at least 5%;

(d) the noise level of the amplifier and detector for we total transmission measurements
was high aad some signals were about the same as the noise level;

(e) the total transmission detector was not completely isolated so that fluctuations in the
room temperature affected the signal;

(f) the position of the detector was varied slightly for each measurement;

( no correction was made for the spectral absorption of Cal’-‘2 window used on the de-
tector.

Average readings were taken along with minimum and maximum values for the detector
signals in the total transmission experiment. Nevertheless, the measured total transmission
values were higher than the calculated values using spectral data (see '‘able IX), Values for
the integrated transmission using spectral data, shown in Appendix Iii, were calculated by
numerical integration indicated in Table IA. The variation in the absorption cross sectlon ig
significant although the magnitude of the absorption cross section is small, compared to the
scattering cross section,

However, in the present experiments, sample and source radiation differed; changes in the
absorption cross sections with temperature affected the measured transmitted flux from the
source. Corresponding changes in scattering cross section must be much smaller since the
variations in transmission are reversible up to 900°C, thus indicating no gross change in fiber
orientation. Furthermore, the scattering cross section is only dependent on the refractive
index for the incident radiation. These factors do not change appreciably in the above experi-
ments so taat much smaller variation of the scattering cross section was measured than that
of the absorption cross section.

It was observed during the total transmission experiments that the scattoring cross section
decreased as the source temperature increased (thus changing the spectral distribution of the
radiation) while the sample was kept at room temperature. The data are tabulated in Table X
along with those of Wechsler and Glaser (Reference 1) for higher temperatures and show
qualitative agreement. The values for the scattering cross sections obtained from electro-
megnetic theory considerations are about one half the axperimental values shown in Tabie X.
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TABLE IX

CALCULATED CROSS SBCTIONS FROM INTBGRATED
TOTAL TRANSMISSION OF DYNAQUARTZ (6.2 pcf)
USING SPECTRAL TRANSMISSION DATA

Sample
Temp Slope
(°c) (in"1) Intercept N(in 1) P(in’l)
20 40.4 0.0320 2488.5 8.2(1073)
400 34,5 0.0220 3102.4 5.5(1073)
800 28.9 0.003 15185.8 9.0(107%» i

TABLE X

COMPARISON OF CALCULATED CROSS SECTIONS
OF DYNAQUARTZ (6.2 pcf ) FOR VARIOUS SOURCE TEMPERATURRES

Snurce Temperature | Scattering Cx:gss Absorption C_r_?ss 1‘
Section (in %) Section (in.") 1
400°C (7529F) a1 (103) 4.0(1074)
600°C (1"12°F) 25 (10%) 6.0(107%)
800°C (1472°F) 3.0(10?) 1.2(10° 1)
1200°C (2192°F )* 2 (16%) 1.2(10°1)
1600°C (2912 )% 1.6(10°%) | 2.8(10°1)

#Values obtained from Reference 1.
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It may, therefore, be inferred that at least qualitative agreement between measured and cal-
culated scattering cross sections at elevated temperatures was obtained. The same general
trend was indicated by the spectral transmission experiments.

All the transmission data are subject to large variations due to the instabilities of the
apparatus used, sample inhomogeneities, and the theoretical limitations of applying the approx-
imations to the Hamaker two-flux model. Therefore, only general trends in the cross sections
have been indicated. The results, however, seem to be representative for the samples tested.
The data indicate that there are difficulties involved in making total normal transmission
measurements for highly scattering materials and that care must be taken in acquiring radi-
ation cross sections. In attempting to correlate spectral with total transmission measure-
ments, perhaps the largest experimental variables are those associatod with (a) obtaining the
intensity of radiant flux from the same solid angle, and (b) reflection of radiant flux at the
front surface of the sample. Reflection at the front surface is not taken into account for the
spectral trensmission measurements.

In summarizing the radiation attenuation measurements it is obvious that problems in per-
forming these experiments are numerous and accurate values for the scattering and absorption
cross sections are difficult to obtain, Qualitative agreement between the calculated and mea-
sured values of the scattering cross section with source temperature of 800°C was obtained.
In fibrous iusulating materials, such as Dynaquartz, with smalil fiber diumeters, it is apparent
that scattering is the main mechanism of radiation attenuation,

5. THERMAL CONDUCTIVITY EXPERIMENTS
a. Description of Equipment

The thermal conductivity instrument used for these measurements is a Dynatech T 3000
model. The instrument (Figure 10) was designed to test a wide variety of materials ranging

in conductance from 1.0 to 1000 BTU/hr-ftz-'F. A complete description of the apparatus is
contained in a report by Sparrell et al (Reference 40), and only what is germane to the mea-
surcment of low “k’’ materials is discussed here.

The test stack is shown diagrammatically in Figure 11. Radial beat losses around the test
stack are minimized by using a 2-inch thickness of fine grain alumina powder (14-20 mesh).
The alumina powder is held in place with a stainless steel wire enclosure lined with micro-
quartz insulation, rs shown in Figure 12,

The main and guard heater assembly (Figure 13) is a square flat plate, 12 x 12 x 3/4 inchee.
The main heater is surrounded by eight otner heaters which guard the sides and corners. Each
heater i8 4 x 4 x 3/4 inches and is wound with platinum-40% rhodium resistance wire around
a grooved alumina block which, inturn, is filled with alumina slip. Two samples, one on either
side of the heater assembly, were used in the stack during the experiments. This experimeatal
arrangement is in acoordance with ASTM Specification C-177-63 (Reference 41). The heat
fluxes through the sample are found by the use of ratio elements whose thermal conductivity
must be lineur with temperature. The sample size was 12 x 12 inches square with a thickness
of 1/2 inch. The _.etered area was the central 16 square inches.

Since the room temperature compressive strength of the fibrous silica tested was _pproxi-
mately 11,1 psf (Reference 11), the sample and ratio elements were modified to support the
excessive loads applied to the samples. The weight, roughly 100 pounds, resting on the top
sample was supported by 40 zirconia pins each 1/4 x 1/4 x 1/2 inch, which were uniformly
distributed thx oughout the gurrd area, Five pins were placed in each of the eight guard areas.
Tlie bottom sample is similar except that five additional pins are also inserted into the metered
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area (see Figure 14). This was necessary since the heater sssembly is directly above the
bottom sample and no provision to transfer the weigkt above the sample from the metered
area io the guard area could be devised without altering the main heater.

Zirconia was chosen as the supporting material in these experiments because it has one of

the lowest thermal conductivities (at 2200°F, 5.6 BTU-in./hr-ftz-"F) (References 42 and 43)
of any of the commercially available refractories. Zircomia also has a low volatility and
chemical reactivity and a reasonable compressive strength (25,000 psi at 2600°F) (Ref-
erence 44). The zirconia used was calcia stabilized with a density of approximately 260 pcf.
Since the chemical composition and density were very close to that of Jones (Reference 43),
his data was used for the thermal conductivity. The chemical composition was determined
quantitatively and is given in Table XI.

.he ratio elements are porous mullite whose thermal conductivity varies linearly with
temperature ensuring equal average values for the conductivity with varying temperature
differentials across t+~ir thicknesses. Each ratio element consists of nine 4 x 4 inch blocks
which are arranged in a manner identical to the heater assembly. In order to eliminate the
use of zirconia pins in the metered area of the top epecimen, the central ratic element was
supported by four 1/4 inch alumina rods each one inch long and ingseried midway between the
unsupported central blocks and each of the four zirconia supported side blocks. Thermo-
couples were placed on the hot and cold surfaces of each central ratic element, and the ratio
of the temperature differences was used to determine the heat flux through each mullite ratio
element.

A single proportional controller with a null balance amplifier provides the automatic balance
between the main and guard heaters. The power and control circuits are achematically drawn
in Figure 15. The sensor for the proportional controller is a differential thermocouple pluced
on the surface of the test sample. One junction is placed on the main heater while the other
junction is placed on the guard side heater. Theoretically, a zero signal indicates a balanced
condition with both junctions at the same temperature. The controller visually indicates the
degree of balance. In practice, the main and guard heaters are monitored manually until a
rough temperature baiance is attained. Since an actual zero or null balance could not be main~
tained for any reasonable length of time during an experimental run, the controller was set to
balance around the signal from the differential couple.

The circuit of the top auxiliary heater is identical with the main heater circuit. The bottom
auxiliary heater is automatically controlled by a Wheelco proportional controller. The con-
trol sensor for this circuit consists of four platinum vs platinum-10% rhodium thermocouples
flush mounted on the surfaces of the two mullite ratio elements. This signal is subtracted from
tue sum of the outputs of the two thermocouples on the other ratio element. Equal average tem-
peratures for both ratio elements result in a null condition. Any unbalance is indicated by a
net signal, its polarity indicating the direction of unbalance.

Temperatures were monitored in the test stack with platinum vs platinum-10% rhodium
thermocouples with a reference junction at 32°F. For the vacuum and argon experiments
chromel-alumel thermocouples were used on the ccld face of the samples, The physical
arrangement of the equipment made it necessary to use two types of thermocouples when the
test stack was covered with the vacuum bell jar, Thermocouples were placed as shown in
Figures 16 and 17 on the hot and cold faces of the main, corner, and side heaters. The thermo-
couple beads were spot welded to aone inch diameter platinum disc, 0.001 inch in thicknhess in
order to average the temperature over as large an area as possibie (see Figure 18). Com~
pensated lead wires are used fromn the thermocouple jacks, located at the base plate, and the
thermocouple leads protruding fro:n the test stack, All temperatures are read manually with a
Rubicon potentiometer.
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Figure 14, Bottom Dynaquartz Sample With Zirconia Pins
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TABLE X1

CHEMICAL ANALYSIS OF ZIPCONIA

Element Amount Present (parts per mi{liion)

Si 5C00

Al 500

Fe 200

Ti 200

Mg 1 percent of Total
Ca 5

Zr principal

The auxiliary heaters shown in Figure 11 provide a means of establishing small tempera-
ture differences (200° - 500°F) across the specimens even at high temperatures, which is
extremely important when measuring low ‘k’’ materials, With the auxiliary heaters, the
power supplied tc the mair heater can be kept relatively small, even up to a sample mean
temperature of 2500°F. In the tests performed, the temperature differences across the sample
at mean temperatures of 500 to 1500°F were usually less than 300°F; whereas, ai the high
sample mezan temperatures from 1500° o 2500°F they were about 400°F,

The power to the top auxiliary heater is set manually and the bottom heater is controlied
automaiically to maintain equal average temperatures of the ratio elements. The auxiliary

heaters were designed to yield a maximum power dissipation of 15,000 BTU/hr-ft2 and their
maxiinum operat!ng temperature is 2200°F, The auxiliary heaters use a Kanthal DA ribbon
cast in Alundum cement especially developed to match the thermal expansion coefficient of
the Kanthal. The casting is contained in an Inconel sheet metal box of about the same dimen-
sions as the heater assembly. Wesgo VX super-refractory insulation was placed on both sides
of the auxiliary heaters to minimize the amount of thermal energy dissipated by the water
cooled, copper heat sinks, For the heat fluxes encountered in these experiments, three layers

of 1/8 inch refractory were required, Maximum power dissipation of 15,000 BTU/hr-i’t2 can
be met by a 17°F temperature rise at a water flow rate of four gpm, The VX refractory was
chosen on the basis of its low thermal conductivity and exparsion coefficient and high sirength
under compressive loads (Reference 40).

b. Thermal Conductivity Measurements

Although the basic procedure for the guarded hot plate experiment is outlined in
ASTM C-177-63 (Reference 41), the construction of the apparatus and the temperature range
covered caused major problems which necessitated operation of equipment in a slightly dif-
ferent manner. For the lower temperature runs, up to about 1200°F, the ASTM standard could
be .>llowed without too much deviation if the time required to reach steady state was lorger
than eight hours. The long period required to reach steady state is indicative of the high
thermal inertis of the apparatus.
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Figure 16. Schematic Diagram of Hot Face
Thermocouple Placement
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Figure 18. Top Dynaquartz Sample and Thermocouple Placement
with Differeatial, Mair, an? Guard Thermocouples
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Two main variances from the standard ASTM procedure were necessary for measurements
made above 1200°F mean temperature. First, it was not usually possible during a 5-hour test
observation to maintain a temperature difference between the main and guard heaters of
0.75% or less of the temperature differential across the thickness of the specimen. The aver-
age specimen temperature difference obtained was roughly 400°F, so that 0.75% would be 3°F.
The heater imbalance varied between 5° and 20°F. Second, the thermal counductivity of the
specimen di? not usually remain within a 1% variance over a five-hour period after steady-
state conditions were obtaincd {usually eight hours). Thermal conductivity values which varied
less than 5% were considercd very good and those that varied by 104 were considered to be
comparable in niagnitude to the average experimental error in the measurements. To ensure
good control and accurate measurements, new thermocouples were used for each new sample
tested. The maximum error estimated for these measurements is +15% and the average ex-
perimental error is estimated to be about +10% (see Appendix IV for error anaiysis). Only
those data which were obtained at steady state and at a 5% imbalance between guar - side and
main heater of the temperature difference a«cross the specimen were retained as guud data.
All other data were taken at regular intervals but were not considered for further analysis
once one of the previous two conditions was not satisfied.

Thermocouple placement for hot and cold face temperature determinations are shown
schematically in Figures 16 and 17. Figure 18 shows the outline of the heaters and arrange-
ment of the zirconia supporting pins. Figure 18 also shows the physical arrangement of the
thermocouples as used in the experimental test setup, The therma! conductivity of Dynaquarts
(6.2 pcf) was determined in air, argon, and vacuum,

{1} Thermal Conductivity Messurements in Air

Several experimental runs were made in urder to obtain good data for Dynaquertz in air.
Three separale experiments were necessary since

() the sample cracked during the first run and all the data Lad to be disregarded
(aithough tabulated in Appendix V);

(b) there was considerabdle difficulty in achieving a desirable heat {low ratio between
bottom and top specimerns at the higher temperstures and there wus extreme scatter {n the
data for the socond run.

Two expe imenls were carried out using Dynaquartz in the top and bottom specimens: the
top sample however had no zirconiz pins in the measuring cection (these data ave designated
by run ] and run 2 in Appendix V), In the third experiment, two d!fferent samples wer= used,
Dynaquartz as the top epecimen and sapphire wool as the bottom specimen, both with rirconia
pins in the metered area. A correction was applied to obiain the thermal confuctivity for no
rirconis pins. The placemert of the thermocouplea is shown in Figures 15 and 17 for hot and
cold surfsces respectively.

The magnitude of the corre-tion applied to the bottom sample (for Run 2) to compensate for
the conduction through the tirconia pins is shown in Figure 19 slong with the top sampie con-
ductivily. The top curve is the data obtained ior the bottom sampie with zirconia rins in the
metered area for Run 2. The middle curve has been correctes for the effect of the pirs, In
general, the correction is abcut 4 1o ¥k (aee Appendix V1 for tabulaied results and calculations!.
The bottom curve reprcscnts the top sample data for the same run: ‘t was chtained by fitting
a leas! square polynciiial equation o] theihirddegree for the top sample data, The equation is

Mot * -0.2905 + 07708 (6 T-0184306%) 72

' 44)
+0.0388 (» Yy
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where T i8 in "R. The maximum deviation f~om the equatior is 0.0612 ior the data point at
2159°F mean temperature. The root mean square deviation was 0.0228,

As stown in Figure 19, the correction applied does not exactly match the data obtained on
the top sample; however ‘*he correction is reasonable and within the experimental scatter of
the data on the top specimen. Therefore, thecorrections as applied to the run for Dynaquartz-
Sapphire Wool experiment for Dynaquartz are justified. Since no octher measurements were
made for Dynaquartz in air, further analysis of the data for steady-state and Iow temperature
imbalance conditions could only be made on these measurements,

Further analysis of the measured data was necessary since good thermal conductivity mea-
surements are predicated on attainment of steady state and little or no lateral heat transfer
across the specimen faces. Hence, the data obtained in air were carefully examined and only
those data which fulfilled both conditions were further reduced. All the data «re shown in
Appendix V and the retained data are indicated by an asterisk. The corrections as appiied to
the specimens are tabuiated in Appendix VI,

{2) Thermal Conductivity Measurements in Vacuum

The thermal conductivity of Dynaquartz w... determined in vacuum from about 450° to 2000°F
mean temperatures, Due to the shortage of compensated plug-in connectors for the
platinum-10% rhodium thermocouples in the base plate of the apparatus, chromel-alumel
thermocouples were used on the cold face of the samples, Hence, an upper temperature limit
on the cold face was about 2200°F. The same was true for the argon experiments,

All the experiments carried out inthis investigation were on 6.2 pcf Dynaquartz. The hottom
sample utilized zirconia pins in the guard and main heater aree; the top sample had zirconia
pins in the guard areas only. The data are tabulated in Appendix V. Corrections applied to the
bottom sample to compensate for the conduction of the zirconia pins are shown in Figure 20
slong with the top sample conductivity, The top curve represents the data obtained from the
bottom sample with zirconia pins in the metered area. The middle curve depicts the data
obtained from the top sample without zirconia pins in the metered area. The tottom sample
data corrected for zirconia pins inthe metered area (bottom curve) shows the magnitude of the
applied correction,

As can be seen from Figure 20, the experimentally measured thermal conductivity values
for both top and bottom samples were ingood agreement below 1000°F, From 1000° toc 2000°F,
the difference in the measured conductivities was appreciable, The correction became pro-~
gressively better beyond 1060°F until at about 150G°F the measured data on the sample without
pins were in good agreement with the corrected data for the sample with pins in the metered
area. An average correction of about 20% was required above 1000°F, At the lcwer tempera-~
tures the correction was closer to 30%.

For the thermal conductivity measurements in vacuum, the values obtained were for speci-
men temperature differences of roughly between 200° and 360°F, The imbalance between the
center and guard heaters was usually within 5% of the specimen temperature differences, Only
the data which were at steady state and low temperature imbalance across the face of the
specimens were retained for further analysis, All the data are shown in Appendix V; the re-
tained data are indicated by an asterisk. The corrections as applied to the bottom specimens
are tabulated in Appendix VI
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The experimental data points for the top sample were fitted to a least squares pclynomial
equation of the third degree and the equation obtained was

Ketf = =0.1027+ 0414016 ) T-0.2213 (106 12
o 45)
+0.0639(10) 13

where T is in °R

The maximum deviation from the equation is 0.0529 for the data point obtained at 1914°F
mean temperature, The root mean square deviation is 0.0223.

The consistency of the experimental results obtained in air and in vacuum can be checked
if a corre ‘on for the conductivity of air is applied to the measurements made in air. If the
conductivity of air multiplied by the void volume is subtracted from the conductivity of Dyna-
quartz obtained in an air environment for the second run, the result is within the scatter of
data obtained in vacuum. This is nottrue for the first experimental run in air, and hence iends
further evidence that the values obtained in air for the first experimental run were in error
since the sample cracked during the experiment,

.3} Thermal Conductivity Measurements in Argon

The thermal conductivity ¢f Dynaquartz (6.2 pcf) was determined in an argon environment
from about 275° to 1950°F mean temperatures. The measurements made in argon followed the
axperimental run in vacuum., When the apparatus was cooled to room temperature after the
vacuum experiment, 99,.9% pure argon was purged into the bell jar surrounding the test stack.
After two purges, the bell jar was pressurized to one atmosphere of argon, For reasons pre-
viousiy enumerated, chromel-alumel therme-ouples were used con the cold faces of the speci-
mens. Experimental setup and sample arrangement were the same as for the vacuum mea-
surements.

The data for the argon environmental experiment are tabulated in Appendix V, Corrections
applied to the bottom sample to compensate for the conduction of the zirconia pins are shown
in Figure 21 along with the top sample conductivity. The curves shown in Figure 21 show the
scatter of the experimental data, The upper curve represents the effective thermal conduc-
tivity of the sample supported by the zirconia pins in the metered area, whereas the bottom
curve represents the data obtained for Dynaquartz alone /30 zirconia in metered area). The
curve for the correction of the zirconla pins was not drawn due to the scatter in the data,
In general, the corroction applied to the bottom sample assuming one dimensional heat con-
duction was about 159, (See Appendix VI,)

For the thermal conductivity measurements inargon, the values obtained were for specimen
temperature differences of between 160° and 400°F. The imbalance between the center and
guard heaters was usually within 5% of the specimen temperature differences. Only the data
which were at steady state and low temperature imbalance across the face of the specimens
were retained for further analysis, All the data are shown in Appendix V; the retained data
are indicated by an asterisk. The corrections as applied to the bottom specimens are tabu-
lated in Appendix VI, The experimental data points for the top sample were fitted to & least
squares polynomial equation of the third degree and the equation obtained was

Kyt 1387+1.088010%) T ~ane (1079 12

(46)
+0.20m01097d
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where T is in “R.

The maximum deviation from the equation is 0,113 for the data point obtained at 1979°F
mean temperature. The root mean square deviation is 0,044,

The self consistency of the experimental resuits obtained in argon and in vacuum may be
rhecked in a manner similar (o that done for the air envircnment, The extreme scatter in the
experimental points in argon makes a comparison difficult; however, the values obtained in
argon are qualitatively consistent with the vacuum data, The results are nct in as good agree-
ment as the second run in the air environment where self consistency was determined, but
much better than the first experimental run {n air where self consistency was not verified.

(4 Summary of Thermal Conductivity Measurements on Dynaquartz

The thermal conductivity of Dynaquartz (6.2 pcf) was determined 'n air from 400° to 2400°F
meap temperature, in argon (1 atm) from 150° to 2000°F mean temperature, and in vacuum
from 200° to 2000°F mean temperature, The mijor causes for experimental errors are due to
unsteady-state conditions in the apparatus and imbalance between the main and guard heaters.
The experimental data, shown in Figures 1¢, 20, and 21, were carefully examined for con-
formance with 5% imbalance condition and attainment of steady state. Hence, the experimental
data for all runs carried cut in this investigation were carefully reexamined and the best data
points were determined. Close adherence of experimental conditions to a 5% imbalance between
~uard side and main heaters ¢f the temperature difference across the specimen and attainment
of steady state were necessary until data were retained. All the data are tabulated in Appen-
dix V; the retained dsta are indicated by an asterisk, The experimental measurements rep-
resented in Figure 22 show the best available data for all the measurements carried out in
the guarded hot plate apparatus,

The data shown in Fig.ure 22 are tabulated in Tables XII, XIII, and XIV. In addition to the
thermal conductivity and mean temperature, the temperature difference and imbalance be-
tween the side guard heater and main heater are also tabulated. As shown in Figure 22, the

thermal conductivity in air varies from 0.6 to roughly 2.0 BTU-in./hr~ft2-°F and in argon
from 0.3 to 1.5 over the temperature range from 400° to 2000°F mean temperatures. The
general shape of the two curves is about the same. In vacuum, however, the curve is flatter
than anticipated and does not show the expected change in slope above 1500°F mean temper-
ature, The least square curcves used in Figure 22 are for the first and last terms of a third
degree polynomial equation fitted to the data in Tables XII, XIII, and XIV, These curves have
a higher average and rms error than the ones with four constants but they are still within the
experimental error of the measurements. There is no physical significance to the equations
fitted with four constants since that is only a mathematical technique for averaging the data,
The two-term least square equations are better for interpretation of the radiative contribution
of effective or total thermal conductivity and are therefore the preferred ones, although both
types are shown in Tables XII, XIII, and XIV, It should be noted that two points in Table XII
and three points in Table XIII have &« larger than 5% temperature imbalance between main and
guard heater, These points were retained because they were considered to be steady-state
data while still retaining 2 tolerable temperature imbalance,

o. Comparison of Thermal Conductivity Data

In comparing the experimental resuits obtained in the guardad hot plate apparatus and that
of others, it shouid be pointed out ihat different techniques are uned and a wide variety of test
methods can be chosen. The guarded hot piste is perhaps the mc t widely acoepted thermal
conductivity measurement technique below 1000°F mean temperature, It s the purpose of this
investigation to extend the guarded hot plate measurements of flbrous insulations beyona
1000°F to as close to the operating temperature of a filbrous insulation as possible,
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TABLE XII
THERMAL CONDUCTIVITY OF DYNAQUARTZ (6. 2 pcf)

IN AIR, COMPOSITE DATA

T
_E'Slf_:zm;_ T{'F)Mean ATCF) Imbalance (*F)

hr~ft™-°F

0.606 961.9 409.1 4.0
0.614 973.9 406.9 7.8
C.e14 975. 3 409.5 6.9
0.760 1259. 8 451.5 8.7
0.752 1262.5 454.9 8.1
0.750 1266. 2 455.9 7.8
0.764 1256. 3 466. 6 9.9
1.074 1749, 0 425, 1 7.5
1.083 1770.9 419.9 4.9
1.101 1787, 0 411.8 9.0
1.195 1878.8 378.3 8.7
1.160 1879.6 388, 7 2.1
1,250 1883, 0 365.2 8.0
1.210 1884, 2 376.4 14.4
1.298 1887.1 361.7 7.3
1.255 1887.1 375. 0 13.3
1.222 1905. 0 373.0 16.0
1.151 1511.6 393.9 -0-
1.292 2150, 1 363.7 18.0
1.258 2159, 1 362.7 10.3
1.298 21557 547.0 16,0
1.338 2148, 2 343.9 17. 4
1.724 2388. 0 372.3 15,8
1.622 2407, 9 360.8 15.7
1.657 2406, 5 353.6 18,3
1.62" 2421, 8 350, 3 7.6
1.564 2421, 3 362.7 10.7
1.639 2426, 3 355. 3 5.0
1.596 2426.5 364. 3 12.3

Least square equation is:
k = -1,068 + 1,911(10~3)T -0.7025(10°8)T2 + 0, 1261(10-8) T3

Emax = 0,1347 at 23838°F mean temp
ERMS = 0, 0661

k = 0.5420 + 0, 0464(10~9 T3

Emax = 0.155 at 1887, 1°F mean temp
ERMS = 0. 067

87




AFML-TR-67~-25)

THERMAL CONDUCTIVITY OF DYNAQUARTZ (6.2 pcf)

TABLE XIII

IN ARGON (1 atm)

k m’%"‘-—- T(*F)Mean AT(F) Imbalance (°F)
hr-ft“-"F
0. 347 271.3 156.0 1.2
0.341 273.4 158.9 0.9
0.321 277.3 162, 0 1.7
0.372 267.0 145.5 1.0
0,340 ¢:7.6 159.6 1.2
G.394 344,17 192.3 10.4
0.401 338.0 192,1 11.1
0. 385 318.8 179.1 11.4
0.528 767.4 370.9 15.6
0.531 765.3 372.6 15.0
0.530 787.3 369.9 15.9
0.532 766.6 369.3 16.2
0.608 1245.5 444.8 7.4
0.611 1257.6 444.6 10. 8
0.612 1257.5 431.9 5.9
0.615 1256.0 429,1 4.1
0,612 1259.7 433.3 5.2
0.510 1259.4 431.7 4.7
0. 605 1258.2 430.4 5.6
0. 880 1625.2 364.2 10.0
0.873 1610, 2 383.9 11.1
0.869 1603. 4 388.6 10.9
0. 857 1597.4 393.3 12,1
0.876 1588.1 386.6 0.8
1,200 1913.2 331.2 4.5
1.155 1945.9 351.8 4.5
1,205 1918.6 334.3 12,1
1.182 1931.4 339.7 10.9

Least square equation is:

K = -0.4776 + 1.827(10"3)T -1.334(10°6)T2 + 0. 3439(10-%) T3

Tin°R

Emax 0.068 at 1945, 9°F mean temp

ERMS 0. 027

k = 0,350 + 0.0598(10-9)T3
Emax 0.0712 at 766. 6°F mean temp

ERMS 0,0412
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TABLE X1V

THERMAL CONDUCTIVITY OF DYNAQUARTZ (6.2 pef)
IN VACUUM (<10~ torr)

k _I}ﬂ’:zl‘.‘_ T(°F)Mean AT(°F) Imbaiance (°F)
hr-ft“-°r

0. 154 467.5 216.1 1.4
0. 150 470.7 222,3 2.0
0.189 809.0 3566.9 7.9
0.187 808.9 358.6 9.5
0. 187 809.9 360. 2 8.2
0. 186 810.2 360.1 9.8
0.187 81V, & 360.1 7.5
0.308 1295.1 316.7 1.2
0.292 1293.4 336.8 1.3

. 287 1287.3 340.5 0.2
0.273 1285.8 345.4 1.9
0.278 1282.8 350.5 2.1
0.281 1281.1 351.6 3.6
0.363 1500. 1 335.9 11.1
0.418 1646.9 333.6 10.6
0.457 1660.0 333.8 10,1
0,392 1688. 4 342.3 15,0
0.407 1706.5 331.4 6.4
C.1395 1709. 8 333.5 5.8
0.435 1913 8 333.4 4.5
0.449 1899. o 343.5 15.0
0.575 2063. 0 345.8 9.9
0.561 2055.0 334.1 2.9
0,581 2071.8 318.0 9.9
0.583 2017.0 322.3 9.1

L 0.555 2027.17 340.9 : 8.1

~east square equation is:
k = 0.0873 +0.04879(19" T - 4.492(10"%)T? + 0.0230(10"%)T

Tin*R Emax = 0,063 at 1913.8°F mean temp
ERMS = 0.0225

k = 0.1376 + 0.0:89(10" >)T°

Emax = 0,063 at 1913.8°F mean temp
ERMS = 0.023
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Besaides the variations due to different apparatus u=« aal conductivity measure-
ments, an expected difference in the sample density .. -artz can be as high as 10%
{Reference 9).

{1) Dynaquartz in Air

A comparison of most of the available thermal conductivity measurements on 6.2 pcf Dyna-
quartz is shown in Figure 23. The scatter in most of the data is high at mean temperatures
close to or in excess of 2000°F, As can be expected from such a plot, the comparison i8 quite
good in some instances and quite poor in others, The data obtained in this investigation are in
qualitative agreement with most of the results shown in Figure 23 and are tabu-
lated in Table XII. In reviewing the methods used by the various investigators, no data was
previously obtained on a guarded hot plate, Literature data obtained from several sources with
different type apparatus are also shown in Figure 23. Data presented by Ryan, et al (Ref-
erence 5) were obtained by two different investigators using different types of apparatus, The
Juia poinis obtained by Plunkett and recorded in Reference 45 arr. for Dynaquartz of 4.6 pcf
density. The curve drawn through the points represents a least square fit of all data points
for the material with 6. 2 pcf density except those obtained by Hurley and Traiger (Reference 4).
These data were excluded because sample degradation was reported. The least square poly-
nomial equation obtained using the guarded hot plate measurements (data of Table XII), and
the data from References 5 and 9 wzs:

Lz 0.8071 - 0.5323 (10) T+ 0.4589(10°%) T2
47)

-0.0829(10° % 73

where T is in “R. The maximum deviation from the equation is 0.153 at 2159°F data point using
the guarded hot plate measurement. The root mean square deviation is 0.0583,

By neglecting the T and T2 terms in the least squares polynomial equation, larger errors
are introduced: however the curve obtained can be treated from a theoretical standpoint. The
least square equation which is plotted in Figure 23 is of this type and has the following form:

kot 0.5299 + 0.04832 (109) T3 (48)

where T is in "R, The maximum deviation from the equation is 0.188 at 1951°F data point using
the guarded hot plate measurement. The root mean square deviation is 0.075.

Examination of Figure 23 shows thatalthough the data are somewhat scattered, the variation
is relatively independent of the test method or measurement technique. There is as much
variation betwoen different samples measured onthe same apparatus as there is among several
types of apparatus. Further. samples of Dynaquartz were obtained by various investigators at
differ-nt times; oo attempt was made to obtain identical samples. The present data, and that
reported in the literature, generally fall within £15% of the least square curve. This is in
agreement with the estimated experimental accuracy of the guarded hot plate apparatus (see
Appendix [V). There seems to be littie difference in the thermai conductivity of the 4.6 and
6.2 pcf Dynaquartz. The least square curve shows the strong dependence of thermal conduc-
tivity on temperature as shown in Figure 23. This dependence is indicative of the importince
of thermal radiation and is discussed in more detail ir the next section.

{3 Dymaquartz in \acuum

A comparison of the thermal conductivity values ottained in vacuum with other investigators
is shown in Ft(ure 24. The topcurve represents the dng of Wechsler and Kritz (Reference 38)
u-'‘ng a radial he. * flow apparatus evacuated to 1 x 10°
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In comparing the experimental resulis of the two measurement techniques, two imnportant
features may be noted. First, the thermal conductivity in vacuum is significantly lower than
in air. At 1000° and 2000°F, the thermal conductivities of evacuated Dynaquartz are approxi-
mately 1/3 and 1/2 that of the unevacuated material Second, there is a significant difference
between the data obtained in the guarded hot plate and radial heat flow apparatus. The data
cbtained in the guarded hot plate are in fair agreement with literature data (obtained in both
one-dimensional apparatus and radial apparatus) at low temperatures, but shows lower con-
ductivity values at higher temperatures, The conductivity values obtained in the radial heat
flow apparatus (with outward heat fiow) are higher than most of the literature data over the
entire temperature range studled. These discrepancies may be caused by four factors:

(1} The contact resistance between the sample and the boundary walls in the hot plate
apparatus is probably greater than in the radial heat flow apparatus--this would result in
lower thermal conductivity values for the data obtained in the hot plate.

(2) The samples used in the radial flow apparatus were ‘‘turned’’ from a block of mate-
rial. This could re<uilt in anisotropy of liber orientation and a greater conductivity for the
radial sample.

{3) The average temperature gradients were larger in the guarded hot plate than in the
radial flow apparatus, Temperature gradients in the guarded hot plate measurements were
between 662° and 692°F per inch, whereas inthe radial heat flow measurements (Reference 38)
the temperature gradients were between 278° and 551i°F per inch. Because radiation is a
principal mechanism in evacuated insulations, the difference in temperature gradients would
lead to a difference in effective thermal conductivities,

{4 Imbalance between the main and guard heater in the case of the guarded hot plate
affected measurements because radiation interchange between the heaters is possible at the
higher temperatures, Based on these factors, there should be greater variation in thermal
conductivity data obtained in vacuum than in air,

d. Discussion of Thermal Conductivity of Dynaquartz

Heat transfer in an insulation material may be examined in terms of the relative contri-
butions of gas conduction, solid conducticn, convection, and thermal radiation. In a fibrous
insulation, convection heat transfer may usually be neglected because the emply spaces in the
material are too small for the establishment of convection currents, The effective thermal
conductivity of a fibrous material may be written (Reference 1) directly by applying E quation 1:

Kott * ( *opp)o + 8*00’ + &k (49)
where
(k. ) g = the solid conduction contribution to the effective
app thermal conductivity,

k g = the gaseous conduction contribution to the effective
ga thermal conductivity.
kr = the radiative contribution to the effective

thermal conductivity.

) = the void volume of 6.2 pef fibrous Dynaquartz,
0.954 (see Appendix II).

The experimental data for Dynaquartz was used to evaluate these contributions and determine
their importance,
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At low temperatures, in evacuated insulations, the principal contribution to the effective
thermal conductivity should be solid conduction, ie, conduction across fiber contacts, By
extrapolating the effective thermeal conductivity data of Dynaguartz in vacuum to 400°F, where
radiation is small, the value cbtained for the solid conduction contribution is approximately

0.1 BTU-in, /hr—ftzJF, This value seems quite reascpable when compered with thermal con-
ductivity measurements of Dynaquartz made in vacuum at cryogenic temperatures, -310° to
~125°F mean temperatures (Reference 46). The thermal conductivity of quartz decreases with
temperature {n the temperature region below 1006°F (Reference 47), However, the effective
contact area between fibers becomes larger as the temperature is raised because of the de-
creasing strength of the fibers. These two effects tend to cancel each other so that the solid
conduction contribution is not expected to vary much with temperature,

The gas corntribution to thermal conductivity may be obtained from literature values of the
conductivity of air (Reference 17) the bulk density of the insulation, and the fiber density (see
Appendix II),

Two approaches were used to determine the radiationcontribution to effective thermal con-
ductivity. First, by assuming that the radiative contribution to thermal conductivity has the
following form:

K, = AgT7 (50)

where A3 is an empirical constant determined by experiment and 7, the power of the absolute

temperature. At high temperatures, if we assume that radiation is the principal mechanism of
heat transfer, the value of ¥ may be obtained as the slope of the curve from a plot of loga-
rithm of effective thermal conductivity versus logarithm of absolute temperature, Figure 25
is such a plot showing data for Dynaquartz. In most cases, a straight line may be drawn through
the experimentsl points at high temperatures. The values of the slope, obtained for vacuum
measurements where radiation is the most important heat transfer mechanism, vary between
2.5 and 3.18. The slope obtained from airdata is lower because gas conduction is a significant
contribution.

From theoretical considerations, the radiation contribution to thermal conductivity is given

by

804273
h, * NYSTH {51

where ,

o = Stefan-Boltzmann constant

J = index of refraction, dimensionless

T = mean sample temperature (absclute)

P = absorption cross section, inch~1

N = scattering cross section, inch™1

The temperature exponent obtained in theory is 3, provided the absorption «nd scattering
cross sections are independent of temperature, The experimental data shown in Figure 25

agree qualitatively with this value. The proportionality constant (P+2N)"1 may be obtained
from curve fitting of the vacuum data at high temperatures or by separate measurements of
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Figure 25, Logarithmic Plot of Effective Thermal Conductivity
Versus Temperature for Dynaquarte

65




e e i VO T R

AFML-TR-67-261

the abesorption and scattering cross sections, Curve fitting of the vacuum data indicates that

the vaiue of P + 2N should be approximately 600 in. "1 Exporimental measurements of the
sbeorption and scattering cross sections (Reference 1) indicate that the absorption cross
section i negligible compared to the scattering cross section and that the scattering cross

sections vary from about 30¢ in."l at 1500°F to about 160 in,™* at 3000°F, The most appro-

priate value of the scattering cross section seems to be 300 in, -1 in the temperature region
where radiation heat transfer hecomes significant {References 21 and 22).

Based on the foregoing discussion, the effective thermal conductivity of Dynaquartz is shown
in Figure 26. As can be seon, the dominant mode of heat transfer is radiation at high temper-
stures., A direct comparison hetween the thermal conductivity measurements and the recon~-
structed curve shows that the least squares polynomial equation of the third degree is in good
agreement with the theoretical approach using superposition. This indicates that the total heat
transfer in fibrous insulation materiale may be predicted on the basis of relatively few mea-
surements. The chemical and physical stability, however, can only be determined from ex-
posure to the high temperature environment, The solid conduction contribution must be esti-
mated from low temperature measurements under conditions in which it is the principal
mechanism. The gas conduction contribution may be readily evaluated from published data
{Reference 17), Experiments to determine the absorption and scattering cross sections are
required to estimate the radiation contribution,

e. Thermal Conductivity of Sapphire Wool

The thermal conductivity of Sapphire Wool was determined in air. Measurements were made
only on a sample which contained zirconia pins in the metered area. The correction for pin
conduction was 4.5% below 1000°F and 1.0% above, The thermal conductivity values obtained
were for specimen AT’s of roughly 250°F. The imbalance between the guard and main heaters
was higher than that in the Dynaquartz runs, being as high as, and sometimes greater than,
10% of the specimen A T’s. However, since the spacimen AT’s were lower in this experiment,
the magnitude of the ratio of imbalance to specimen A T’s was approximately the same as for
the other Dynaquartz runs. The experimental erroris estimated to be about +15%. The thermal
conductivity data for Sapphire Wool are tabulated in Table XV along with th. ‘emperature
difference across the sample and imbalance. The thermal conductivity curve shown in Figure 27
is for the sample which consisted of four laminations of 1/8 inch thickness each forming the
required 1/2 inch thick sample.

f. Thermal Conductivity of Dynaflex

The thermal conductivity of Dyne lex was determiued in air using two different sample den-
sities (8~10 pcf and 8.2 pcf) from about 450° to 2350°F mean temperatures; in vacuum from
about 575° to 1950°F mean temperatures; and '~ helium environment from about 400° to 850°F
mean temperatures for 8 to 10 pcf density, The data are tabulated in Tables XVI und XVII for
air, Table XVIII for vacuum, and Table XIX for helium environment. The data are plotted for
air in Figure 28, The experimental data were carefully examined for conformance with 5%
imbalance condition and attainment of steady state. Better control of the imbalance condition
was more possible in some runs than in others, and in some cases a larger imbalance data
point was retained as indicated in Tables XVI through XIX,

Since Dynaflex is still a comparatively new material, and its overall density cannot be con-
trolled, two sample densities were used inperforming the thermal conductivity measurements
in air. The data shownin Figure 28 are not in agreement with the data obtained from the manu-
facturer using an ASTM C-182 method. Apparent discrepancies may be the result of the dif-
ferent techniques used, differences in test apparatus, differences in sample thicknesses, and
the variability of sample density.
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TABLE XV

THERMAL CONDUCTIVITY OF SAPPHIRE WOOL (1 pcf)
IN AIR (1 atm)

BTU-in. o o ala o
k[m T(°F)nean AT("F) Imbalance( F)
0.747 422 .3 136.6 5.0
0.713 442.8 142.4 4.7
0.706 427 .8 143.6 14.0
0.670 438.8 150.3 14.7
1.800 933.0 218.0 22.4
1.757 996.1 228.3 33.0
1.750 1004 .0 224.0 37.6
1.696 1007.3 236.0 48 .0
2.962 1487 .0 276.0 23.0
2.915 1502 .8 280.3 41.0
4.390 1882.9 265.3 12.6
4.419 1887.1 264.3 3.7
4.482 189C.3 257.3 13.1
4.312 1899.6 270.0 31.6
4.329 1902.1 2069.7 14.0
4 .406 1907.2 271.6 30.8
4.471 1911.7 250.6 16.0
4.340 1925.8 268.3 8.8
6.857 2385.1 260.9 42.3
6.634 2400.2 269.5 61.7
6.758 2408.5 241.0 5.2
6.532 2419.1 249.1 19.9
6.394 2428.1 234.3 15.3
6.494 2438.0 230.0 16 .0
6.274 2439.3 238.7 28.7
6.372 2448.1 234.3 18.3

Least square equation is:

k = 0.8743 - 1.197(10°2)T + 1.336(10°°)7" - 0.0831(10 °)T

Epax
EmMs

0.049 at 238S°F
0.016
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TABLE XVI

THFRMAL CONDUCTIVITY OF DYNAFLEX (8-10 pcf) IN AIR

BTU-in. o o
k[ir%?] T(°F)mean AT(°F)
w
0.307 459.0 231.4
0.295 452.6 246.8
0.315 420.9 232.7
0.297 421.6 244 .4
0.237 4R4 .2 303.9
0.315 594.3 342.3
0.347 540.4 308.9
0.389 505.5 286.0
0.394 494 .7 283 .4
0.450 847.5 359.9
0.461 869 .8 364.5
0.495 883.1 363.5
0.755 1316.7 405.2
0.831 1300.9 368 .8
1.181 1768.2 250.2
1.159 1741.3 248.5
1.157 1734.7 250.4
1.136 1731.9 256.9
1.382 1987.2 271.8
1.394 1944.9 262.4
1.326 1955.2 275.1
1.295 1961.6 280.3
1.583 2220.8 287.5
1.845 2202 .4 284
1.958 2195.9 2686.5
1.984 2182.0 280.1

Imbalance (°F)

ot
®DCONWOWOWNUVMAIAOWLNSGLOWVMN L WO

[

e

WNOPB~OPROPONONNLMOOUNMONE WO

Least square equation is:

k = -0.377 + 1.182(10°%)T - 0.655(10° *)T° + 0.195(10° %)

E.‘x =z 0.258 at 2220°F

Baas * 0086
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TABLE XVII

THERMAL CONDUCTIVITY OF DYNAFLEX (8.2 pcf) IN AIR

k[_QIQZ%B;_] T(°F)mean AT(©F) Isbalance(°F)
hr-ft<-°F
0.486 445.6 259.3 5.6
0.503 407.2 255.9 4.5
0.445 431.8 285.7 1.2
0.497 407.5 259.7 1.5
0.503 396.4 261.0 4.5
0.447 419.1 287.9 28.8
0.520 639.8 333.7 0.9
0.552 669.2 355.1 13.9
0.561 1 665.2 349.4 3.8
2.667 945.1 362.0 11.0
0.685 932.3 353.7 3.0
0.646 963.4 380.8 3.0
0.737 934.6 335.5 0.7
0.662 971.2 364.6 1.4
1.035 1193.9 316.0 2.1
1.035 1210.7 305.4 21.7
1.023 1221.6 320.5 14.1
1.122 1514.4 276.0 12.6
1.052 1601.3 286.3 2.6
1.857 2105.5 256.7 11.2
1.776 2163.3 269.6 43.6
1.880 2228.1 266.5 8.8
1.742 2209 .7 259.7 3.1
2.536 2387.9 2644.9 3.3
2.792 2386.8 222.9 13.4
2.593 2361.5% 236.9 1.9
2.690 2374.8 226.5 10.%
2.472 2369.8 247.7 1.8 ]

Lesst square equation is:
k = -1.534 + 3.940(10°%)T - 2.384(10°%)T" + 0.529(10°°)1

Bpax * 0-313 at 2210°F
sm = 0.125
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TABLE XVII1

THERMAL COMDUCTIVITY OF DYNAFLEX (8-10 pcf)
IN VACUUM (<10~* terr)

The thermal conductivity of Dynaflex in vacuum was measured, although the sample seemed
to outgas profusely. Figure 29 shows the hot {ace of the top Dynaflex sample without pins in
the measuring sone aloag with the cold face of the bottom sample where droplets of the vapor
seemed to recrystslilize. The data are tabuleicd in Table XVIII; however, a lexst square equa-

< ~in. T(°F)mean AT(°F Imbalance(°F

(E=da] (°F) (°F) (°F)
0.102 572.9 449.9 8.8
0.098 736.7 401.3 1.2
0.102 763.4 390.5 0.6
0.241 915.0 315.1 8.5
0.234 927.. 320.8 6.3
0.229 946.6 336.0 3.8
n.235 956.7 338.6 18.0
0.363 1212.3 294.6 3.1
0.372 1194.5 289.0 0
0.378 1187.5 293.2 10.8
0.428 1216.8 298.3 3.1
0.511 1614 .2 282.0 7.4
0.527 1595.9 274.4 7.0
0.513 1611.2 298.5 9.0
0.475 1619.6 397.5 6.8
0.516 1606 .6 267.4 5.3
0.563 1604 .6 285.8 17.8
0.611 1736.3 180.9 0.3
0.587 1835.9 212.3 1.8
0.648 1870.3 222.1 1.8
0.748 1945.2 230.9 1.2
0.739 1980.1 227.2 6.2
0.822 1946.6 216.3 8.9
0.793 1951.1 227.0 5.2

| 0.800 1944.5 226.2 6.9

tion was not determined for the vacuum enviroument measurements.

The data obtained i helium environment was restricted to lower sample mean temperatures
becsuse of the power requirements on ibe heater assembly. Several matching data points for
the belium runs were oMtained, hence the data listed in Table XIX are representative data

potnts only,
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TABLE XIX

TRERMAL CONDUCTIVITY OF DYNAFLEX (8-10 pcf)
IN HELIUM (1 atm)

k[ﬁ%} T(°F)mear AT(°F) Imbalance(°F)
1.676 446.1 215.#8 5.4
1.658 458 .7 217 .5 3.5
2.070 757 .4 335.0 4.5
2.026 767.3 340.7 4.0
2.163 851.8 360.7 1.7
2.141 866 .8 364.7 6.8
2.177 872.4 362.1 1.1
3.265 9G4.2 341.3 42.3*
3.634 1014.2 341.9 56 .52

*These data are questionable due to thermocouple discontinuities,
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SECTIUN IV
SUMMARY AND CONCLUSIONS

1. SUMMARY

An experimental investigatior was undertaken to discern treatment of the mechunisms by
which fibrous insulations attenuate the transfer of thermal energy. Dynaquartz, a 2750° hoat
stabilized silica material, was selected for this analysis. 1he analysis was conducted of the
relative contributions of gasecus, solid, and radiative heat transport over the rrnge from about
400° to 2500°F. In support of this analysis, the effective thermsl couductivity of Dynaguarts
was measured from room temperature to 2500°F mean temperature in an air environment.
Additional conductance measuremenis were made from about 259° to 2006°F in an inert en-
vironment and in a vacuum,

Selected experimental data for Dynaquartz, Sapphire Wool, and Dynaflex were treated using
a least square polynominal equation of the third degree to fit the measured values. Table XX
is a summary table of the least square parameters determined.

Expressions were obtained for Dynaquartz using (1) all available thermal conductivity mea-
surements on Dynaquartz (6.2 pef) in air, and (2} the guarded hot plate measurements only.
Both equations obtained for Dynaquartz are in good agreement with the theoretical analysis
using the calculated scattering cross sections determined from total radiation transmission
experiments.

Ccomparison of the data with those of other investigators shows good agreement for Dyna-
quartz where conduction is the dominant mode of heat transfer in the measurement apparatus,
The data obtained for Dynaquartz on the guarded hot plate apparatus are consistent, in that
the results obtained in air and those in vacuum can be corralated within experimental scatter,

The experimental data obtained in vacuum for Dynaquartz with the guarded hot plate and that
obtained with a radial heat flow apparatus show significant deviations, Discrepancies in the
data are qualitatively attributed to variations in the mechanisms of heat transfer to the sample,
specimen temperature gradients, fiber orientation, contact resistance between the fibers and
the heaters, and the imbalance in the guard and main heaters present in the guarded hot plate
apparatus, In applying the effoctive thermal conductivity data for design purposes, the domi-
nant mode of heat transfer may prove to have an important effect. Thermal conductivity re-
sults should therefore be carefully analyzed before applying them to a specific requirement,

The experimental conditions for the thermal conductivity measurements are summarized
in Table XX!, Radiation transmission experiments were carried out in order to evaluate the
relative contribution of radiation attenuation parameters. The most significant radiation
attonuation mechanism in fibrous insulations is scattering, The sbsorption and scattering
orosa sections for Dynaquartz were determined at 800°C (1475°F) and found to be in quali~
tative agreement with the scattering cross sections calculated from the electromagnetic
theory for infinite oylinders. Radiation attenuation properties can have a significant effect in
the behavior of a fibrous insulation but are difficult to determine experimentally.

The interactions between solid~to-solid conduction, gaseous conduction, and radiation were
separated for Dynaquartr inorder to treat the total heat transfer as a sum of three independent
contributions. This seems to be a justifiable approximation for Dynaquartz based on the con~
sistency between experimental valves and theoretical calculations, since most of the data
obtained were for moderate temperature gradients where the effects of radiation on the tem~
perature distribution can be neglected.
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TABLE XXi

EXPERIMENTAL CONDITIONS OF THERMAL CONDUCTIVITY MEASUREMENTS

Heater Temperature
limbelence Differential (°F)

(Guard Side (Across Sample Mean Temperature

Sample vs Main) Thickness) Ronge (F)

Dynoguariz (6.2 pef) in Air within 5% of 250 to 450 950 to 2450
sample AT

Dynaguartz (6.2 pcf) in Argon | within 5% of 150 to 400 300 to 2000
sample AT

Dynoquartz (6.2 pef) in Vacwm| within 5% of 200 to 350 500 to 2000
somple AT

Dynafiex (8-10 pcf) in Air within 6% of 230 ¢0 400 45 10 2220
sample AT

Dynaflex (8.2 pcf) in Air within 10% of 250 to 380 400 1o 2385
sample AT

Dynaflex (8-10 pcf) in Yocuum | within 7% of 180 to 450 575 to 2000
sample AT

Dynoflex (8-10 pef) in Helium within 12% of 215 10 360 450 1o 1000
sample AT

Sapphire Wool (1.0 pcf) in Air | 10 to0 12% of 200 to 300 400 to 2450
somple AT
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2. CONCLUSIONS

Based upon the experimental measurements carried out duringthis investigation, the follow-
ing conclusions can be made:

(1) Experimental measurements of the effective thermal conductivity of fibrous Dynaquartz,
Dynaflex, and Sapphire Wool in air at temperatures up to 2600°F may be carried out in a one
dimensional guarded hot plate apparatus with an expected accuracy of £15%.

(2) Experimental measurements of the effective thermal conductivity of evacuated fibrous
Dynaquartz and Dynaflex may be subjected to greater errors than measurements in air be-
cause of the influence of contact resistance and the large radiation contribution to heat trans~
fer.

(3) At temperatures above 1500°F, radiation is the principal contribution to heat transfer
in fibrous insulating materials. Gas conduction is the second largest contribution but it can be
effectively reduced by evacuation of the fibrous insulation to moderate pressures, S.'id con-
duction {8 of lesser importance in low density fibrous insulations.

(4) The effective thermal conductivity of Dynaquartz may be predicted from estimates of
the solid conduction contribution, gas conductivity data, and estimates of the absorption and
scattering cross sections of the insulation. Measurements of the absorption and scattering
cross sections can be used to guide the choice of insulation components at high temperatures
where radiation is the principal heat transfer mechanism,

(5) Because of the high contribution of radiation to effective thermal conductivity of fibrous

insulations, temperature gradients in the insulation wili not be linear under steady-state heat
transfer conditions.
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APPENDIX 1
THERMOCOUPLE DETECTOR SENSITIVITY

A schematic diagram of the thermocouple detector used in the total transmission experi-
ments is shown in Figure 30. The determination of thermocouple sensitivity was made by
varying the distauce between the source and detector. Figures 31 and 32 are plots of the de~
tector readings versus distances and show a linear relationship. The tabulated values of the
readings and best line by least square are shown in Table XXII.

To determine if the experimental arrangement follows Limbert’s law and to test the validity
of the black body assumptions, the thermocouple sensitivity was measured.

Assuming that black body rsdiation is isotropic, the radiant energy emanating from a black
body is distributed with respect to angle by Lambert’s law (Reference 48).

(Eyy ) (E,,) oT4
» 6 z e cos 8§ = — cos8
‘h ) 4 v

where
(B = energy of the black body emitted per unit time per
6  unit solid angle in a direction § from the normal

(E,;) = energy of the black body emitied per unit time = o'T*
A‘h = area of the black body emittor hole

o = Stefan-Boltzmann oonstant

T = gbsolute temperature

if 8= 0° from normal cos 8 = 1 and
cT‘l.

(Eh * —5

(xbb)n = black body energy emitted normal to hole. ;

The response of the detector is given by:

Rg * K E\r) Ag
where
R, = respcase of detector (uv)
En(r) = gnergy incident on the detsctor normal to the source
at some distsaoe r trom source (watts).

Ad = aroa of datecior

volts
K = ooeffictant of thormoocuple seusitivity h
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HEAT SINKS SHINY COLD
: JUNCTION

BLACKENED STRIP
HOT JUNCTION

Figure 30. Schematic Diagram of Thermocouple Detector

Using the inverse square law. we know that the energy incident on a surface r distance away
is given by assuming (Ebb)n is now a point source (Reference 49).

‘ (Ep)
N

and
K(t‘.)“ A‘
[ 4
and {inally
xer*a, A,
fe * 7

If we plot l!d"‘/a versus r, & straight line should result since all other terms sre constant

and determined and since
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Thermocouple: Reeder RP-3W with CaF 7 window No. 8657
Fumace temperature (found by optical pyrometer): 889 °C
Areo of hole in black bouy 0.12011 cm?

TABLE XXI!

THERMOCOUPLE DETECTOR SENSITIVITY

Dork current: 17,v (Dark curcent was never near signal which was in mv all the time.)
luv test signal corresponded tc 1 mv output. Gain set ot 7.70.

Distance
Signal Thermocouple from Front
Reading Response (Response)” (Response)- 2 of Fumace (r)
mv uv (R)%4 1/(R)"% cm
20.C 20.0 4.48 0.223 25.40
18.0 18.0 4.24 0.236 26.90
10.0 10.0 16 0.317 33.90
98 9.8 3.13 0.320 34.90
9.0 9.0 3.00 0.333 36.90
8.0 8.0 2.83 0.353 41.40
6.6 6.6 2.57 0.389 47.10
5.6 5.6 2.37 0.422 51.40
4.6 4.6 2.14 0.467 57.40
37 37 1.92 0.521 64.40
3.1 3 1.76 0.569 71.40
2.4 2.4 1.55 0.645 80.40

Best stra:ght line from least square equatior. R*% = 0.00732(r) + 0.648

and solving for K
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The values determined from experiment and manufacturer ars

m = 7,23(10'3‘, cm«-l_#v:-l/ 2 Jeast squaze fit to data

T = £89°C from pyrometer sighted to black body hole

oT? = 10.25 watt-cm ™2

Ay = for No. 28 drill = 12011 om®

Ay~ 410 %)om? detector is 2mm x 0.2mm

4 B woit

—nim—

K3z o
(22003 cazsioeon @3 0163) 4 wett

K = I
(835) (1.23) (@) (10
11
| NS ‘ '92 -“—vi—
0 p watt

The Feeder cataleg indicates the sensitivity as 14 to 18 and at 13 cps there should be 75% of
maximurn DC response, Therefore the sensitivity as calculated is corroct and sssumptions
fnr Lambert’s iaw and black body are valid,
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APPENDIX I
MATERIAL CHARACTERISTICS OF DYNAQUARTZ
The gross characteristics of Dynaquartz, fiber deneity, diameter, and void volume fraction,
were determined and are indicated in this Appendix.
1. DETERMINATION OF FIBER DENSITY
To determine the fraction of void volume in Dynaquartz, the density or specific gravity of
the fibers "vas determined. The specific gravity was determined by using a 10-ml volumetric

flask, filling it up to the meniscus, inserting a known quantity of Dynaquartz into the flask, and
measuring the volume change due to addition of the Dynaguartz.

e

Weight of flask + water filled to meniscus 23.2768

Weight of Dynaquartz and paper 0.8360

Weight of paper after inserting Dynaquartz 0.5760

Dynaquartz added 0.2600
Weight of flask + water + Dynaquartz

-water to get back to meniscus 23,4165

0.260¢

23.1565

Amount of water removed 23.2768

23,1565

Amount of water lost 0.1203

Specific Gravity = SA00BR = 3 17 gm/cm®

The specific gravity of Corning 7940 fused silica is hetween 2.1 and 2.3, the average value
being 2.2 (Reference 47).

2, DETERMINATION OF FIBER DIAMETER

Dynaquartz was examined under a microscope and an attempt was mede to determine the
average fiber diameter, To calibrate the miciroscope, a plate with 288 lines per millimeter
was used and 1C lines corresponded to 100 scale divisions with a 20X eyepiece. Nine scale
divisions corresponded to an average fiber diameter of about 4 microns, Fibers were ex-
amined at random, and the fibers measured were those which could be focused easily, and
those which lay as close as possible in a perpendicular direction so that fiber diameters
could be measured. As can be expected, parallax was a problem &nd the width of the lines on
the ayepiece caused an error which was estimatedto be about one scsle division. The average
fiber diameter of thirteen readings was 4,4 microns with the error of 0.5 microns, The read-
ings ranged from 3.3 to 6 microns,

The fiber diameter is determined by the manufacturer by use of a Williams Freeness Test
and an air permeability method (Reference 10).
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The normal distribution of the fiber diameters is supposed to peak at 1,3 microns (Ref-
erence 9), although any random sample, when measured, may have some other fiber diameter
as determined above.

3. DETERMINATION OF VOID VOLUME

The void volume is given by the following equation:

(1-8) = %:—
Using the values of
P = 6,2 pct for Dynaguarts
pz = 0,08 lb/ft3 at one atmosphere
pg = 217 (62.4) = 136.41

(1-8) = 0.0452 and §= 0,954

) P




AFML-TR-67-251

APPENDIX II

SPECTRAL TRANSMISSION
AND INTEGRATELD TRANSMISSION CALCULATIONS

The spectral transmission curves shown i{n Figures 3, 4, and 5 were used to caloulate the
integrated transmission inferred by Equation 31, The integration is done graphically for each
temperatuare. The values for black body radiation are relative to the maximum (Reference 37)
where tabulated numbers are given. The tabulated spectral transmission and graphically in~
tegrated transmission data are shown in Table XXiIL
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TABLE XXIII

SPECTRAL AND INTEGRATED TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample Thickness 0.0kl inch
Sample Temperature = 300°K

trans
(Bpp) X

A(w) h I Transmission AT Relative | (E,),
6.6 81.6 1.0 0.01225 .193L .632 0.01774
6.7 75 2.0 0.0266 .1963 655 0.01742
6.8 9.7 4.0 0.0436 1992 677 0.02952
6.9 82 6.0 0.0732 .2022 659 0.05117
7.0 85.5 10.5 0.1228 .2051 <720 0.08842
Tl 82 16.0 0.1951 .2080 Tl 0.14457
7.2 7 24.0 0.3116 »2109 760 0.23682
7.3 92.1 1.6 0.3411 «2139 7179 0.26828
7.4 90 26.0 0.3111 2168 « 797 0.24795
7.5 90.6 18.2 0.2008 .2198 815 0.16365
7.6 91 9.0 0.0989 02227 831 0.08218
7.7 90 2.6 0.0288 ..256 847 0.02439

Integrated transmission by graphical integration: 63 . 0.88%

(See equation 31) 18,505

NOTE: Values for AT are used to obtain relative values for (Epp)rfrom

Ref 37.

Sample Thickness 0.070 inch
Sample Temperature = 300°K
trans
(Byp I
Ap) Io I | Transmission AT Relative | (Byph
6.6 81.6 0.1 0.0012 1934 632 0.00072
6.7 77 0.2 0.0026 .1963 .65% 0.00170
6.8 91.7 0.4 0,0044 1992 677 0.00298
6.9 82 0.6 0.0073 2022 699 0.00510
7.0 85.5 1.0 0.0177 «2051 «720 0.00842
7.1 82 2.8 0.0341 »2080 <Thl 0.02526
7.2 7 6.5 0.0844 .2109 760 0.06414
7.3 92.1 10.1 0.1096 »2139 <179 0.08538
7.4 90 8.1 0.0900 .2168 197 0.07173
7.5 90.6 3.4 0.0375 .2198 815 0.03056
7.6 9l 0.8 0.0088 2227 83 0.00731
7.7 90 0.4 0.0044 .2256 BL47 0.00373
Integrated transmission by graphical integration: . o0.208
(See equation 31) 18,505

NOTE: Values for AT are used to obtain relative values for (K, ), from

Ref 37.
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TABLE XXIII(CONTD)

SPECTRAL AND INTEGRATED TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample Thickness 0.0kl inch
Sample Temperature 673°K

trans
(Bp)a | X
A(w) I, I | Transmission | AT Relative | (By,))
6.6 yp! 1.0 0.0141 L2 .686 0.00967
6.7 62.5 1.4 0.0224 U509 .669 0.01499
6.8 80 2.4 0.0300 1576 .653 0.01959
6.9 72 3.1 0.0430 L6hls .636 0.02735
7.0 75 5.1 0.0680 4711 .620 0.04216
7.1 ol 7.0 0.0986 4778 608 0.05965
7.2 76 9.1 0.1197 L8ié .589 0.07050
7.3 79 10.9 0.1379 1913 S5Th 0.07915
T4 76 8.8 0.1158 4980 .559 0.06473
7.5 79 5.0 0.0633 5048 .5LE 0.03450
7.6 80 2.3 0.0288 .5118 .530 0.01526
7.7 78.5 0.7 0.0089 .5182 .517 0.00460

10
Integrated transmission by graphical integration: TJ%B— = 0.65%
(See equation 31) ’

NOTE: Values for AT are used to obtain relative values for (E,,) from

Ref 37.
Sample Thickneas 0.OL inch
Sample Temperature 873°K
trans
(Ebg)k ) ¢

A(w) I I Transmission AT Relative (Ebb)l
6.6 7n 0.8 0.0113 .5762 11 0.00464
6.7 62.5 1.0 0.0160 5849 <397 0.00635
6.8 80 1.8 0.0225% 5936 .383 0.00862
6.9 72 2.2 0.0305 602} .370 0.01128
7.0 75 3.6 0.0480 6111 .358 0.01718
7.1 T 4.6 0.0650 .6198 346 0.02249
7.2 76 5.8 0.0763 .6386 .334 0.02548
7.3 79 6.6 0.0835 6373 .323 0.02697
7.4 76 5.4 0.0710 6160 .32 0.02215
7.5 79 3.2 0.0400 6548 302 0.01208
7.6 80 1.5 0.0187 6635 .292 0.00546
7.7 78.5 0.6 0.0076 6722 .282 0.00214

Integrated transmission by graphical integration: 2h8 g = 0.3u%
(See aquation 31) o7

NOTE: Values for AT are used to obtain relative valuss for (K,,),from
Ref 37.
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TABLE XXIII(CONTD)

SPECTRAL AND INTEGRATED TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample Thickness 0.0Ll inch
Sample Temperature 1073°K

trans
(Eb?))‘ X
a(w) I I |Trensmission AT Relative (B )a
6.6 ol 0.6 0.0084 .7082 246 0.000206
6.7 62.5 0.8 0.0128 .718Y »237 0.00303
6.8 80 1.2 0.0150 .7296 .227 0.00340
6.9 72 1.5 0.0208 .7hOL .218 0.00453
7.0 75 2.0 0.0266 .6511 .210 0.00558
7.1 sl 3.0 0.0416 .7618 .202 0.00840
7.2 76 3.8 0.0500 1726 A9Y 0.00970
7.3 79 bl 0.0519 .7833 .187 0.00970
7.4 76 3.8 0.0500 <1940 .180 0.0090
7.5 19 2.5 0,0316 .8048 .173 0.00546
7.6 80 1.1 0.0138 81255 <167 0.00230
7.7 78.5 0.5 0.0064 .8262 160 0.00102
Integrated transmission by grsphical integrations —)9— = 0.15%
(See equation 31) 20, 32
NOTE: Values for AT ore used to obtain relative values for (Ey,), from
Ref 37.
Sample Thickness 0.030 inch
Sample Temperature 300°K
trans
(Bop) A X
A(w 1 I Transmission T Relative (Ebb) X
6.6 7 1.2 0.0156 1934 632 0.00986
6.7 70 2.0 0.02686 1963 .655 0.01873
6.8 88 4.2 0.0477 1992 677 0.03229
6.9 76.5 6.0 0.078l .2022 699 0.05480
7.0 83 10.6 0.1277 «2051 .720 0.0919
7.1 80 16.1 0.02012 .2080 LT 0.1491
7.2 83.5 2.3 0.2910 2109 .760 0.2212
7.3 90 32.0 0.355% 2139 179 0.2769
7.4 86 28.8 0.334,8 .2168 197 0.2668
7.8 89 20.0 0.22457 .2198 815 0.1792
) 90.5 10.5 0.1160 «2227 41 0.0964
7.7 85.7 3.3 0.0372 .2256 847 0.01911
In ted transmission by graphical integration: I 85 - 1.01%
See equation 31) »505
WTE: Valuce for AT are used to obtain relative valuss for (B, ), from
Ref 37.
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TABLE XXIII(CONTD)
SPECTRAL TRANSMISSION DATA ON DYNAQUARTZ (6.2 pef)

Sample Thickness 0.030 inch
Sample Temperature 1073°K

trans
| (Byp) X
Aw) I I  |Transmission| AT Relative | (B )y
6.6 77 0.4 0.0052 .7082 .246 0.0013
6.7 70 0.9 0.0128 +T189 .237 0.0030
6.8 88 1.8 0.0204 7296 227 0.0046
6.9 7.5 2.2 0.0287 74Ol .28 0.0063
7.0 83 3.3 0.0397 .7511 .20 0.0083
7.1 80 4.0 0.0500 .7618 202 0.0101
7.2 83.5 5.0 0.0598 <7726 .19k 0.0116
7.3 90 5.2 0.0577 .7833 .187 0.0108
1 86 5.0 0.0561 *7940 -180 0.0105
7.5 89 3.2 0.0359 -80L8 173 0.0062
7.6 90.5 1.8 0,0198 -8155 -167 0.0033
7.7 88.7 0.7 0.0079 -8262 -160 0.0013

Integrated transmission by grephical. integration: 2—0% = 0.196%
(See equation 31) !
NOTE: Values for AT are used to obtain relative values for (K, )\ froa

Ref 37.
Sample Thickness 0.030 inch
Sample Temperature §730K
trene
(Byp)r X

M) I, I | Trensmission AT Relative (53)1
5.6 77(\ 1.1 0.0113 hhh2 .686 0.0098
6.7 70 1.9 0.0272 4509 669 0.m82
6.8 88 3.6 0.0409 1576 653 0.0267
6.9 76.5 4.5 0,0588 BF AN 636 0.037)
7.0 83 7.0 0.08)3 4 620 0.0523
71 80 8.9 0.1112 L4778 605 0.0673
7.2 83.5 1.6 0.1389 JLBlS .589 0.0818
703 90 13-8 0-1533 'W ';"‘ o‘w
7.4 86 1.0 0.1279 1980 599 0.0718
7.5 89 1.0 0.0786 <5018 545 0.0428
7.6 90.5 3.0 0.0311 5115 .530 0.0175
7.7 88.7 0.8 0.0090 5182 57 0.00lf8

Integrated trensmission by grephical integrtion: 1-5]% - 0.78%
(See equation 1) ’

NOTB: Values for AT are used to obtain relative walues for (‘u;)u from
Ref 37.
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TABLE XXIII (CONT)

SPECTRAL TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample Thickness 0.045 inch
Sample Temperature 300°K

( ) trans
) ¢

Aw) EQ I | Transmission AT Relsggi)%e (Epp) 2
6.6 78 0.1 0.0128 1934 .632 0.0081
6.7 70 0.8 0.0114 .1963 .655 0.007L
6.8 88 1.9 0.0216 .1992 677 0.01L46
6.9 78 3.0 0.0385 .2022 699 0.0269
7.0 8L 6.0 0,071k .2051 .720 0.051}4
7.1 80.2 1.1 0.138L +2080 <Thl 0.1025
7.2 85.1 18.1 0.2125 .2109 760 0.1616
7.3 90.6 25.1 0.2110 .2139 <779 0.2158
7.4 88 22.1 0.2511 .2168 <197 0.2001
7.5 90.1 13.0 0.04}2 .2198 815 | 0.1752
7.6 92 5.4 ".0587 .2227 831 0.0488
TeT 90 1.2 0.0133 .2256 847 0.0113

Integrated transmission by graphical integration: 18820 = 0.475%
(See equation 31) »305
NOTE: Values for AT are used to obtain relative values for (K,,h from
Ref 37.

Sample Thickness 0.0LS inch
Sample Temperature 673°K

trans
(Byy ) I
A(u) I I Transmission AT Relative (_F&P)\
6.6 78 0 0 Jull2 686 0
6.7 70 0.6 0.0086 .4509 <669 0.0057
6.8 88 1.5 0.0170 L4576 .653 0.0111
6.9 78 1.9 0.0243 L6LL 636 0.0154
7.0 8L 3.k 0.0L05 L .620 0.0251
7.1 80.2 5.1 0.0636 L4778 608 0,0385
7.2 8s.1 8.9 0.0811 L8L6 .589 0.CL77
7.3 90.6 8.0 0.0883 4913 .S7hL 0.0507
7.4 88 6.1 0.0693 1980 .569 0.0387
7.5 90.1 3.0 0.0332 .504,8 545 0.0181
7.6 92 1.0 0.0109 5118 .530 0.0058
1.7 90 0 0 .5182 517 0
Integrated trunsmission by grephical integration: = 0.46%
(See equation 31) 16,168

NOTE: Values for AT are used to obtain relative values for (abb)x from
Ref 37.
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TABLE XXIII(CONCLD)

SPECTRAL TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample Thickness 0.OLS inch
Sample Temperature 1073°K

trans
(Eb ) X
A ) I, I |Transmission AT | Relative | (B,),
6.6 78 0 0 »7082 26 0
6.7 70 0.5 0.00T2 .T189 .237 000y
6.8 88 0.8 0.0091 7296 .227 0021
6.9 78 1.0 0.0128 <7404 .218 .0028
7.0 8L | 1.3 0.0155 L7511 .210 .0033
7.1 80.2 1.9 0.0237 .7618 .202 0048
742 85.1 2.1 0.C247 7726 194 0048
7.3 90.6 2.6 0.0287 .7833 .187 .005Y
7.4 88 2.4 0.0273 .T940 .180 0049
7.5 90.1 1.5 0.0167 80,8 AN .0029
7.6 92 0.7 0.0076 8155 167 .02
7.7 90 0 0 .8262 160 0
Integrated transmission by graphical integration: 5-0-&—!: - 0.14%
(See aquation 31) » 124

NOTE: Values for AT are used to obtain relative values for (K,), from
Ref 37.
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APPENDIX IV
ERROR ANALYSIS

An error analysis was made of the values obtained for ° s thermal conductivity measure-
ments using the guarded hot plate apparatus. The analysis used to determine imbalance or
unbalance errors caused by main and guard heater temperature differences was taken after
Woodside (Reference 50) and Woodside and Wilson {Reference 51). No error analysis was
made for the absorption and scattering cross sections calculatcd from transmission ex-
periments. However, an estimated uncertainty in these values could be :25% using minimum
and maximum readings for total transmission data,

1. THERMOCOUPLE DEVIATION

The following deviation was determined by the mamufacturer of the thermocouple wire pur-
chased for this investigation.

Thermooouple: C. P. Platinum wve C, P. Platinum 10%-Rhodium Standard Grade
Thermocouple 0.010" diameter S, G. No. 84739.

Deviation of electromotive force from NBS Circular 561 is given below.

Temperature °C Microvolts
600 +8
1200 +7

The eloments of the thermocouple were annealed electrically in air for 15 minutes at 1400°C
prior (o tosting. Test Number A-193. Manufacturer: Engelhard Industries, Inc.
Baker Platinum Division
113 Astor Street
Newark 14, New Jeorsey

2. EBRROR ANALYSIS
In taking the test data, the following errors or uncertainties were sstimated.
a. Temperature

In reading the potemtiometar, the uncertainty is +0.002 millivolt and the correspouding error
is very small <0.01%. The thermooouple deviation was calibrated at 600°C by the manu-

facturer and the error was 9-% = 0.15% and even loss at 1200°C. However, the tamperatures

used in this investigation ‘vere aversged for two or more readings and rounded off using con-
version tables for each 'F, and values had (0 be extrapolated in moe’ cases to the nearcst
0.1°F. Constdering the reproducibility of the thermocouples, potentiometer readings. and
variation of the wire, a maxdmum error in temperature would be estimated 10 be +39 and an
average arror of less than 24}

b. Power

In resding the power. the watimeter was not used directly. The uacertainty in reading the
voltme. v is +0.02 volt and the uncertainty in reading the ammeter is :0.02 amp. The
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minimum power dissipated to the sample was about 14 watts for the air experiments, Thus
the error in reading the current is 94-'90—2-;:0.5%. and %69% 2 0.2% for the voltage, resulting in a
total error of 0.7%. At higher power levels the error in reading would be considers...; re-
duced.

C. Area

In measuring the area of the main heater, a m ichiniat’s scale was used and the estimated
distance was found within +1/32 inch and the resulting uncertainty in the area ‘

2
s (0.031%)_ _ 0.0097
(4)

e © .06%.

d. Thickness

The thickness of the samples was measured with a machinist’s scale and the estimate of the
uncertainty is :1/32 inch. Using a micrometer cal'per would decrease this uncertainty, but it
would also compress the sample. The reproducibility of the sample surface is not very good,
80 that a maximum error in the thickness dimension would be about +1/32 inch. The maximum

0.0312
error is estimated to be ~0.500 6. ‘

e. Imbalance Errors

The error caused by imbalance of the guard and center heaters can be eatimated using the
analysis of Woodside (Reference 50) and Woodside and Wilson (Reference 51). They performed
a theoretical analysis of the deviation from one dimensi~nal heat flow in guarded hot plats
measurements., The solution was obtained by the application of two successive Schwarz
transformations and the assumptions ware verified by relaxation caloulations. In using
Woodside’s analysis the following parametsrs ware found for this thermal conductivity ap-
paratus:

2d = width of the gap separating the test ares and guard heaters, 1/16 inch
37 = linsar dimension of test area dlats, 3-15/1€ inches
h = thickness o. test sample, 1/2 inch
The error in lateral hea flow as derived by Woodside and Wilson (Refereace 51) (s

“-e . 4 (yea)t

L 4 ([ 1
where
‘
A A jeul" [to(mn-l)ﬂ]h
and . . ‘

LR -!'—'-!-)
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The evaluation of the integral, y d.fined above, requires plotting of the function

y : cosh” [20(0:93“1 -IH-I]
and the eovaluation of the area under the curve. An approximation given by Woodside is

2
v s %— + 17 In( 40)

and the approximate value of the error in lateral heat flov is
—q—-—qg_ 3 l ‘ﬂ C_ 2
] S»
Using the approximate formula above, the following values were calculated:

et 2 ) - o27(00312)2 , _,-0.392

o=} = 10-0.67%

ot = 0.3244

e = I/f7 41 30826
46 = 12.:.04
inde = 252

9 = 19687

a-q 1.9887

2 {2.812) = 0.1749
[} X 4

and the error due to lateral heat flow is

q-9q, = 0.1749% BTU/hr-°F imbalauced

Using the 5% value for temperature difference of 400°F across the specimen, a temperature
imbalance of 20°F would be the maximum obtained for most of the measurements. At 950°F
mean teraperature in air

q-q 0.1749 (0.628) ( 20°F)

: 3.95%,
ERROR M HEAT FLOW 55,67
At 2350°F and 20°F imbalance
0.1749 (20) {1.487)
ERROR IN @ = + 3.79%

137.03

Therefore the maximum error deviation due to lateral heat flow is estimated to be 4,

The total maximum error due to uncertainties in the measurements is estimated to be

£13.95% or +15% and the usucl error in the thermal conductivity measurements is estimated
to he about +10%,
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APPENT { V
RAW DATA FOR THERMAL CONDUCTIVITY MEASUREMENTS

The tabulated raw data for the guarded hot plate measurements are shown in Table XXIV.
A sample calculsticn of cne of the thermal conductivity measurements was performed. All
temperatures were determined from thermocouple readings (see Figures 16 and 17 for
thermocouple locations). The raw date do not necessarily show steady-state values or low
imbalance conditions. The final steady-state valucs (shown in Tables XII, XIII, and XIV)
coupled with the best or iowest temperature imbalance conditions obtained in this investigation
are indicated in Table XXIV by an asterigsk, The data taken for Run 1 in air was not retained
since the sample cracked during the experiment.

SAMPLE CALCULATIONS

Reduction of Data for Run 020465 - 0845 Dynaquartz in Air (Run 1)
Top specimen: 6.2 pcf Dynaquartz - no pins in main heater
Bottom specimen: 6.2 pef Dynaquartz - zirconia pins

(q)tota.l = Vi = (19.50) (4.99} = 97.3 watts

(Q)total = (97.3) (3.41) = 330.8 BTU/hr

Ratio of heat flow: (g), /( = 0.852
{Power ratio) top q)bOt

_ 330.8

(q)top = 330.8 - 178.6 = 152.2 BTU/hr
Aree of sample test section: 44 _ o1 ft2

Thickness of sample: 0.50 inch

- 152.2 _ 12
Qep = “0.11 = 1383.6 BTU/hr-fi
L Ax, _ 0.5, _ BTU-in,
)0 = (Qyopfa = 1383.6 () = 1.514 -
hr-ft°-°F
. Ax, _ 1786 05 . _ BTU-in.
W, = oA = €050 (ang) = 1777 e

99
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TABLE XXIV

RAV DATA FOR THERMAL CONDUCTIVITY USING
GUARDED HOT PLATE APPARATUS

Dynaquartz in Air

Top Sample - Dynaguartz With Zirconia Pins
Bottom Sample - Sapphire Wool With Zirconia Pins
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Imbalance A's are across the hot faces S-C (side to corner) and C-M (cornmer to main).

The following units are used:

NOTE:
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THERMAL CONDUCTIVITY DATA AND CALCULATION SHEET

Dynaquartz in Air

Top Sample - Dynaquartz With Zirconia Pine
Bottom Sample - Sapphire Wool With Zi.conia Pins
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NOTE: The following units are used: Heat Flux, Btu/‘nr—ftz; AT, (°F); X,
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Power (watts)

Power {(Btu/hr)
Power Ratio
Top Power
Bottom AT, C-M
Bottom AT
Bottom Mean T
Botvom k

Bottom AT, S-G
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Top AT, C-M
Top Mean T
Top k

Bottom Power
Top AT, 8-C
Top AT

Current (

Btu-in

hr-£t2°F

Imbalance AT's are acroass the hot fazes S-C (side to corner) and C-M (cormer to msin).
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APPENDIX VI
CORRECTION FOR ZIRCONIA PINS IN
THERMAL CONDUCTIVITY MEASUREMENTS

The raw data for the guarded hot piate measurements was corrected for the conduciizn
tbrough the zirconia ping which was usually in the bottom sample, There was one exception
where two different materials were used in one run (sapphire wool and Dynaquartz) and in
that case the Dynaguartz was the top sample with zirconia pins in the metered area. The
magnitude of the corrections is snown in Table XXV, The subject is discussed in Section I11,5
and graphically shown in Figures 18, 20, and 21.

Corr ction for Zirconia pins in Bottom Specimen for Run 020465-0845 Dynaquartz in Air
{Run 1):

Agsume:
(dpothotal = a0 + Qping
Gping ©- "plns Ajins ‘2_:'
and

ar
(Spot)totai = krotal A1 A4

Since AT and Ax are for the same experimental conditions

o [ pins . Aping
pins © [‘ Ktotar * Morel ’] (Qpot) total
and
k
%p *© Mm’tom-[(m’!-:-'-)( %)](qm Mool
finally
kw‘ AD-"\' ] A‘ '
kp* (.NU’Mll [1‘( lfohl) ( R yoral ) AT (-A;)
Calculating usiug the data:

(Gopiotar = 178.6 By /e

BTU-in,
kpins 6.5—-—T~ {Raferences 42 and 43)

hr-ft -*F
; BTU"‘D. .
kwm = 1,777 -- Calcuiated previously (see Appendix V)
hr-ft"-*F
A = (1/4) (1/4) 5 = 5/16 = 0.3135 in2

pins
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A = (4) (4) = 16 in2

total

k A

ins, ~'pins 6.5, 03125

B G2 = G ) = 0.07144
total “totar 07 16

1-0,07144 = 0,92856

- _ BTU
@potdtotay  (0-92856) = (178.6) (0.92856) = 165.84 = =

kp = (165.84) A% (A_ll;)

1, 14 - -2
(K;) = (15.6875) 9.179ft

kp = (65.84) (2o (9.179)

BTU=-in,

= (0.18148) (9.179) = 1,666
Ry hr-ft2-°F
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