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ABSTRACT

The experimental investigation was concerned with understanding the meckanisms by which
fibrous insulations attenuate the transfer of thermal energy. Three fibrous insulation mate-
rials, Dynaquartz, Sapphire Wool, and Dynaflex, were evaluated for their usefulness in the
high temperature environment. Effective thermal conductivities were measured in air, argon,
and vacuum up to 25000 F. Transmission experiments were carried out to evaluate the rela-
tive contribution of radiation attenuation parameters for Dyaa4qiartz.

(Distribution of this abstract is unlimited.)
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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
1965. 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
a formidable task.

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

In the environments presented by aerospace applications, the thermal protection require-
ments become r .re demanding and effective thermal insulation materials capable of main-
taining large temperature gradients at low beat flow are required for use over extended
periods. Such applications include vehicle structure protection during reentry, 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 crtera 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, Dynaquarts ( I ) . which has several 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 l3 thermal
properties was undertaken. Dynaquartz 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 studywas the 6.2 p/e2) because it represents an optimum
material with respect to weight and mechanical integrity. Lower density Dynaquarts is ex-
tremely friable and high density does not substantially alter the beat trsfer haracteristics.

(b) Good mechanical stability. Dynaquarut othibts 1% or less shrinkage at exposure to
hot face temperatures of 2600F or less.

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

( 1)Dyuaqurtz is a heat stabiled (Type 11) Microquartz insulation manufatared by Johns-
Manville Company, (Reference 9).

(2)The notation for &1nsity to be used is shortened to pcf instead of lb/ft3 because of custom.

1
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(d) Good chemical stability. Silica has a low vapor pressure and is relatively unreactive
with other insulation components.

(e) A small fiber diameter. t., 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 attenimate thermal radiation thus
decreasiq the radiation component of heat transfer. This effect is particularly important at
hih temperatures where radiation effects dominate. The overall conduction can be further

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

Dynaquartz has several other properties which are a consequence of the fabrication tech-
niqws, and peculiar to silica. Dynaquartz is easily friable and must be handled delicately. It
has a phase inversion temperature of about 400F which transforms the crystal structure to
that of Cristobalite so that cycling above 400F 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 aconsequence 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

Dynaflex(3 ) for aerospace systems (Reference 7). It is basically an alunlna-silica fiber with
chromia additive and it apparenUy possesses mechanical strength superior to Dyuaquartz.
ThereSfore, 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 ts shown in Table 1. Dynaflex is undergoing extensive
investigation (Referees 7.12. and 13).

TABLE I

CMARACTERISTICS OF INSULATIONS STUDIED

Dynequort Dynoflex Sopphire Wool

MximUm Rated Twnp (F) 2750 2600 3700
Desity (,df) 6.2 IO 1.0
Fibr Diamete (microns) 1.3 3.5 1-3
Unidiwmnsionl Shrinksel

After 2 hours 1.0% (24001F) 21% (26001F) -
Che scol CoMPOSition SiO (99.0%) SiO 2 (56.9%) AIt2 3 (99.5%)

At2013 7.6%)
Cr203 (4.5%)

la.vfctwMrr Jons.Monville Jolws.Monmille Thonm..Kinetic Fibers, Inc.

Dymalx is amdactamw. by Johns-Manville Co.

-- e.a
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SECTION HI

THEORY

By assuming a superposition of solid conduction, gas conduction and radiation,, Ty taking an
energy balance and summing the beat transfer for each of the above mechaniszj, fte have at
steady stat.

flef 3 cond + qcoftq,+ (I)

where

f fective host flow, STU/hr

2to conu.tion hme flow, SflJ/iv

%,mm Iomonm flow, BTI/hr

rod retflo Met flo, STU/er

1. CONDUCTION

In fibrous insulations, there are two conduction mechanisms which must be considered: ',a)
conduction through the solid fibers and their contact points; and (b) the gas conduction thbo
the void 'volume of the Insulation. We can treat these two simultaneously by Fourier's law for
one dimension

qc+%a) -h.)A ged T (2)

where k represents the thermal conductivity, A the area and grad T the temper4 atre gradient
in the material.

a. Gas Conduction

Strong. et aI (Reference 14) derived the following equation for the ga onduction oantribution
in a fibrous insulation,

k" aAt PCV V L L(3)

where

A1 0 oomtant

u spa ecific biat at oonsezat volume

V a- average molecular velocity

Lm a meon free path of gsa oleculee

Lg M effective tnterftber distance

3
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In order to utilize Equation 3, the effective interfiber distance and packing distribution of the
fibers must be assumed. Glaser, et al (Reference 15) modified Equation 3 and arrived at

i{k~l 2 ) PtT 8

on + - P ,7-1w+IM (4)

wbere
(k) .)a, = gas conductivity at pressure PO, and temperature T0

(k gas)pT = gas conductivity at pressure p, and temperature T

L = mean free path of gas molecules at pressure p0 and temperature To

L = effective 'nterflber spacingg

w = constant, depending on the gas

Aga!= the value of L must be determined from some assumptions as to the fiber arrangement.

The effective interfiber distance represents the average distance a gas molecule can travel in
the direction of heat flow before collision with a solid fiber. Schotte (Reference 16) modified
the Interfiber distance term to account for accommodation of enertry 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

k " A2PCvVoLm (5)

where A2 is a constant, and the other terms have been defined previously. In general, 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 wth pressure in thepressure 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 ga 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. .s directly proportional to the density. For a material like Dynaquartz, which has
an average fiber diameter of 1.3 microns, the mean free path for the interfiber distance is
22.18 micron,; according to the calculation of Verschoor and Greebler (Reference 18). The
pressure dependency effects of various insulations is well known and 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 free path o,. pressure and temperature becomes apparent.

4
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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 between 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 less 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

-4evaluated. Experiments were run in vacuum at pressures less than 10 torr and at one
atmosphere pressure. Thus, the use of the term, ka, 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 physical
models. An important factor in the heat transfer is the nature of the solid-to-solid contact of
the fibers. Several theoretical treatmonts 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 distrib ition of the fiber packing and arrangement is random, thus limiting the theoretical
analysib wo qualitative predictions. An added complexity to 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:

4v R'! k

f rT (6)
R In -+2

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

R = fiber radius

ks = solid conductivity of matrix material

= half the distance between fiber junctions

= -um-ber of fiber junctions per unit area

AT= temperature dfference across the contact units

5



AFML-TR-67-251

From a relation for the area of solid-to-solidcontact and the area of the hemispherical end
of the fibers, AR was found to be

2 [2] [ '3 ~1/3(7)

where
G - the load per contact

E = the modulus of elasticity

Hee the apparent thermal conductivity due to solid-to-solid conduction can be given by

(k 6M) 4vR 3 C
k. R _ 4_-____+____

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

A similar analysis of solid-to-solid contact between the fibers led Wang (Reference 20) to

the followhg relation:

440). - L I t(-

k revZRZ] v (9)

where Ac in the area of fiber contact.

ACI~ ~ ~ 2V a2lPI e/3 (0
4a- EL1-3 j(20

where

C0 - oompression of the fibers

I - 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 pa*kings and cross packing arrangements were
investigated. For a random array of fibers including parallel axial and cross packings, the
general relation was developed

MOPu $ s(- ,,-D) t

b

3 4 ( I- 8)t
+ -04) 2

wln 32(+-(1)}

where = fraction of fibers crossing the fiber mat planes at an average angle#

b - contact diametor defild by

b 2,26[ 1--V3 (2

where G is again the load per contact, R the fiber radius, and E the n.dulus of elasticity.

In the preceding analysis, a three-dinieeslonal array of fibers was treated and the following
assumptions were made. (1) most of the fibers were tu the XZ plane, (2) fibers cross the
XZ plane at small angles, (3) XZ plane fibers were arranged io a random fashion, and (4) most
of the fibers were not curled. The first term in the expression accounts for four ooaxial heat
transfer modes in the xand 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 fractionof fibers which cross consecutive layezs at some angle with XZ plane. Thus,
it is possible to calculate some solid-to-olid conduction contributions if the values forfq,
and the mechanical properties can be found from examination of the matrix material.

Utilizing this approach of Wechsler and Glaser (Reference 1) Ryan. et al (Reference 5) have
estimated the solid-to-solid conduction contribution to effective thermal conductivity of Dyna-

quartz (6.2 pcf) to be about 0.10 BTU-in./hr-ft-? at 5507. The corresponding oontact diam-
eter for Dynaquarts was calculated to be 0.18 micron which seems reasonable for a partially
sintered material and in llght of the ssumptiois of this approach.

Wechsler and Glaser (Reference 1) also treated two. ,e simplified models. In the
first model, the fibers were assumed to be stacked vertk&,.. only and separated by soms
distance. The major resistance to heat flow is in the contact region of the fiber rather than in
the fibers. The following expression war derived:

In this expression, the apparent solid-to-solid couotivity is proportional to the squ of
the ratio of contact diameter to fiber diameter. The result gives a much stronger Influ ee
due to contact area than Equations 9 and 11.

7
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In the second simplilfed model, Wechsler and Glaser considered the solid-to-solid contact
to be hemispherical instead of circular and derived the following equation:

(kapp's l )V3 [(,.P2) ] /3

ks

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 acomplexproblem. Depending upon the physical model chosen
for the olid-to-solid contact between fibers, the contribution can be a logarithmic, square
functioa 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 d e t e r m i n e d 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
absorption, 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

kr  4Fr f T 3  (15)

where
0r = Stefan-Boltzmann constant

Df - diameter of fiber

T - absolute temperature

and the quantity F, which represents the effect of geometric and optical properties of the
system, is derived from various models. In all the analyses considering particles (Ref-
eremeas 16, 23, 24, 25,26, and27), the models predict that the radiation contribution increases
with particle size and emissivity.

Strong, et al (Reference 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
whih the quantity F i defined by

F 3( (16)
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where e 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:

0.765
F 0 2 (1-g) (17)

In Equation 17 1/a 2 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 de3cribed 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. This 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 in thebackward direction as shown in Figure 1. The following
equations (References 34 and 35) give the relations between the intensities of the fluxs:

d1 u .i nOSSi(') +t%il (u) + ,*ssgI (a) (IS)

+ nSe T4 (%)

+ a%, rT 4 (g)

where
n - number of scatters per unit volume

B - fraction of scattered radiation s attered into the badkrud hemisphere

S a scattering cross section per scatter

Sa = absorption cross section per scatter

9
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11(x) = radiant flux density in the forward direction

I2 (x) = radiant flux density in the backward direction

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

(a) n B Sa 11(x) dx - back scatteriniof forward flux which decreases in the forward direc-

tion;

(b) n S 11(x) dx - absorption of forward flux which decreases in the forward direction;

(c) n B Ss 12 (4 dx-backscatteringof backward flux which increases in the forward direc-
tion;

(d) n Sa 0" T4 (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 given by

Q a -k dT(), ) -1 ( - (20
Eu I 

I33
The scattering ad absorption crose sections pe - unit volume are defined as

N R ose0 (21)

and

P (22)

The interception cross section is *the sum of the scattering an absorption or*s seotow

# a *9l86 + see (231

Rewriting Equations 18 and 19 in terms of Ow cesxs sections gives

*s -(I I N4 I11 4  (24)

and

*"o 2  n 1 * PVT 4

11
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in appytag boundary conditions to Equations 24 and 25 for a particular insulation when the
material does not absorb radiation, P =0, and assuming that k is constant, L a rk i n and
Churcii (Reference 35) derived the following equation:

k (T -T + (0- L')(26)

where
To tothe temnperature at x -o

T Lsothe temnperature at x - 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 onrditions where the net radiation flux iq constant or when radiationA is
only a small 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. Wechuler 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 c 0:

2 it etVI T4 ) 4q2)
- 17

%I P+ t) L.* 4-240

Comparing this result with Equation 26 shows the equations are quite similar. Both equations
indicate the fourth power of the temperature is linea with distance if the first term of Equa-
tion 261.o negligible.

A similar approach to the solution of the two-flux model equations for noaerigmate-
rials bounded by opaque surfaces was used by Cha and Churchill (Refeirence 21), Htowever.
Instead of using a linear function for the distance temperature relation, it was assumed that
for small temperature 1flaemose. that the diffierences in T4 could be approximated by the
first two terms of a Taylor serie eiasson about mom mean temperature. T . The solution
to *a equations is complicated but for locations sufficiently far from the bouamlaries of an
optically thick fbrsi mat. th following equation Ior radiant contribution to effactive thermal
conituctivity was obtained:

S~ ~S(26)

When P and N are deftWi by Equations 21 and 22. the value of F 11or us. in Equation 15, for
the ymera) oase would be

p a (29)

12
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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, 2, 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 beat
transfer if the heat transfer is considered due to conduction alone. Due to different tempera-
ture dependencies of kr and k , however, the net result is a reduction of the temperatum gra-
dient. r

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 wili 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 fibrous 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-
periment can be expected.

13
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SECTION III

EXPERIMENTAL

1Ue experimental portions of this investigation were undertaken to

(a) evaluate the vaioup contributions to total or effective thermal conductivity of fibrous
insulations;

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

(o) correlate the results of the experiments performed with eisting theoretical models
for fibrous insulations.

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

(a) Spectral normal transmission measurements

(b) Toli' normal transmission maue nts

Spectral normal transmission measureLueuts were required to obtaWz the spectral absorption
and scattering cross sections as a flinctionof wavelength and temperature. In this experiment,
the sample is heated and spectral transmission Is determined. Hew.e the spectral distribution
of tdo source is constant and changes In the abeorption cross section are due to changes in the
sample as a result of beating. Ther is no expected change in the scattering cross section
atwe the geometry of the sample is expected to be constant. The measured spectral trans-
mission and a properly wet~bted distribution flmction for the intensities of the emitted wave-
lengtbe of the sounae give the integrated optical transmission of a smpl. The integrated
tramnision can then be used to calculate the absorption and scattering cross sections.

Totak normal transmission maue ntosoner carried out to obtain the total energy trans-
mitted dmp*u a sample from a given source. 7bs total transmission experiments were of two
types: first, where sample and source temperatures were the sme, and second, wher the
sample was at room temperature and tOn sourc of radation was variable. In the first ax-
periment, the absorption cross section to expcted to change die to *hangs* in the aple an
a result of heating. In addition the absorption and scattering cross sections are expected, to
change do to variable sourve -eprtr and wavelength distrbution In the second experi-
ment, only changs in the absorption and soattezincross sections are expecte due to changs
in do source temperature and wavelengt distribution.

600b of exprmet outlined will yieI6 vabwe for the absorption and scattering cross
sections end nut beinterpreted in terms of te vart ablee of the experiments. This abeorptcoa
and scattering cross sections can be oonzpsred with calculat-ad bookecattered &au from an
el"Uetrmaeto thory evaltuon of th scattering coefficient.

Zffctive tdermal onductivity eaumnts were carried out by use of a guarded hot plate
mprstis. By using various pow and pressure "ea variale of this amperiment I s possible

to lotas theffect Of as ga conduction ontriution to total themal conducativity. Further-
mre. do solid conduction contribution can be estimated from low temperature thermal con-

dictvity to -sIn vacuum. A correlation between doe effective thermal conductivity
and t calculation of tho refe M cotbtions offt gas conductivity, soli conG&ctivity, and
redatlon cooftctivity ooM Um be permsd.

14
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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 he special transmission furnace (see Figure 2) allows measurements
from 20°C to about 1000*C. The spectral range of the instrument is from 1 to 15 microns
using a rocksalt prison (apex angle of 66") as the dispersive element. The source of radiation
is a Nernst glower with tie radiation chopped at 150 rpm. Since the chopper is located between
the source and the transmis3ion furnace, only that porthon of the radiation passing from the
source through the sample will appear as an AC signal at the detector.

The transmission furnace is resistance heate I with Tophet "A" (80/20 nickel-chromium
type alloy) heating elements Chromel-alumel the. -nocouples were used to measure the tem-
peratures inside the furnace and the EMF of the thermocouples was fed to a Minneapolis-
Honeywell circular recorder controller (0-I000°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 200 and 900*C. 1 was obtained by measuring the spectral output of the source with air

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

length. One of the limits in obtaining accurate transmVtation by use of a singia beam instrument
is the reproducibility of the sample location. Th curves obtained from the instrument at
about 20C are shown in Figure 3 for two thicknesses. 0.030 and 0.060 inch. Figure 4 is a
curve obtained at 400'. 800'. and 900"C ar a thickness of 0.045 inch. The hipest transmission
peak it, at 7.3p. Its intensity decreases with increasing sample tempbrature. The intinsity is
most intense at room temperature and least at 900"C. Figure 5 is a transmis#ion curve obtained
at the same t"mperatures as Figure 4 for a thickness of 0.030 inch. To transmitted intensity
obtained at 400"C was reproducible after heating to 90"C and indicated uo spectral variatio.
Hew,e, the decrease In the transmission is reverri.1 ' uWl apparently the material fiber oon-
figurition was not altered enough to be detected by t. , -pectropotomet .

The transmission cto'vne at 20"C were plottedonosemilog graph paper and the data tabulatet
in Table 11 gives the calculated absorption and scattering ross .ect.m versus wavelongth.
These showed the same dependency on wavelength as the tranawssion curves. TI same
spectral transmission iperimest was run on a Perkin-Elmer Model 12U single beam qip,-
tropsotometer, but for thicknese of DynaquarU rangUng from 0.015 to 0.046 inch. Tho spec-
tral transm sasion was plotted as noted above, and the calculated absorption ad sattering
ross sections are show n t Table I. The valuc. obtained agree with the data from the IR-4

except that the abeorption cross sections are apparently higher for the Beckman IR-4 mea-
surement.

It should be noted that in the region from 6. to 7. 6 (eo Fgures 3, 4. and 5) seral water
bands are present which uicrease theu certaoy in the evaluation of do trasmission. T1s,

ouplsd with the note level of the nstrmumt electrounLcs, gives an error of about 4% in 1o
ad hlor errore in I.

15
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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. 7940).

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 111.5).

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 Jose
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 zero at 8.0 microns. Transmission through Dynaflex
seems to be more efficient than through Dynaquartz and Sapph4re 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 of averaging most commonly in use ts to apply Planck's law as a
distribution function which is written as

I f(, T)dX- (30)

where

g the distribution function

X the wave!length

T = the absolute temperature

CI  3.74 (10 " ) erg-cm2/sec

C2 = 1.439 cm-*K

22
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and the integrated transmission using Planck's weighting function is

a
fo T.) 9,T) )

II ' (31)
e ().,T)d).

Using this procedure gives each wavekength 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 productof the transmission and the intensity value at the v 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 XT. The values for total transmission using the spectral trans-
mission data are summarized in Table IV.

2. 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 T. The thermocouple
sensitivity was determined to be linear, ie, the signal voltage was directly proportional to the
radiant power impinging on the detector (see Appendix I). The angular response of the de-
tector was not 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 detector and an actual detector showed that there was no appreciable
error introduced by using an actual detector for highly scattered energy. The black body was
that of a Hohlraum geometry which was avaetable from the Beckman IR-6 spectrophotometer
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 spectrophotometers. The signal was read directly from a Keithley Model 149
Mi~li-Microvoltmeter. The signals were read directly from a dial and maximum, minimum.
and average readinp were taken after the signal appeared steady. usually 20 minutes or so.
The total normal transmission data were oorrected for dark current in each case. No cor-
rection was made for absorption of the CaF2 window of the detector. The pin on the ampllfiar

was changed to give readings for 1o and the dark current was measured each time the gain
was changed and rebalancedi.

Attempts were made to obtain transmission samples 0.015 to 0.060 inch thick by slicing a
thick piece of. Dynaquarta with a razor blade. Difficulties were encountered in trying to cut
the material uniformly and also in measuring t 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 thickneses of the samples were measured with micrometer
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TABLE IV

VALUES FOR , i7EGRATED TRANSMISSION CALCULATED FxOM
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

0,045 0.00140
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calipers; some samples were broken upon closing the calipers. The Dynaquartz samples comn-
pressed easily so that actual thicknesses found are approximate. Samples wvsre cut from
6.2 pct material. the same density at which the thermal couductivity was measure~d.

The total transmission data are tabulated in Table V for the sample at room temperature
and the source temperature as variable. The tr namission. experiments, where the sample was
shown schematically in Figures 8 and 9, wo-ie carried out with the transmission furnace in
use on the Beckman IR-6 spectrophotomeler. The same electrical circuit was used for tem-
perature and readout. The total transmission data for variable source and sample temperature
are tabulated in Table 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 3maU compared to the incident and transmitted flux,
The eqtiitions are

dZx MI 1 + N12  
(32)

and

- M12 + C (33)

where all quantities have been defined In the theory previously. Applying the appropriate
boundary conditions

*? 3 0 It 3k (34)

and
*aL it aO (35)

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

Z IdJ - (36)

For the -case where ( M2 _ N2 ) 1/ 2 >5, Equation 36 can be reducad to

Heowe by plotting the transmission ver-Rus thicknee on sorilog paper, the values for the
absorption and scattering cross sections can),* determined from the slope and intercopt (see
Table VII).

The assumptiot, lvoived tW using this approach is that the material is optically thick and a
plot of the logarithm of the thickmes should be linear. Howver, for very snmall thickux'se,
the approilmatlo. eq~stion does not ajxy and the logarithmic plot must curve. s@twe for sone
thickness the trasmission twist be 100)%.

In order to chock the validity of the optically thick aswnaption. eve for a limited spectral
range. the reflectivity was measured on&a Beckman DK-2 spec trophotometer whose wavelength
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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 MgCO 3 , 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, le, 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
ior 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:

N:_ [48K9 [ ell (38)r4K1 Of Lp p

where

Ks 2 Ve [I A01,+,IJF,2 .2 1Jn2+IP1(39)

and

O f . (40)XI

where a is the cylinder circu forence measured in wavelengths.

The values of An and Pn are a function of the index of refraction and the first Bessel function

and first Hankel function whose arguments are a function of a and J. Larkin calculated tbi
scattering coefficient, Ks , and the fraction of backcattered energy, B, for various indexes of

refraction for monochromatic 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 BK is similar to that used for calculating the transmission, ie,
to use the Planck's law as a weighting function, so that

SKg( 90,T) l
ll~s ' --e (A.T) d (4X

0

where g(.\,T) the weighting function, is the Planck law as defined previously. This procedure
gives each wavelengh a ,'eight in proportion to the energy it carries. The values calculated
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for the backscattering cross sections are tabulated in Table VII using a fiber dilameter of
1.31/, an index of refraction of 1.5, a bulk density of Dynaquartz as 6.2 pcf and the specific
gravity of the fiber material as 2.17 (see Appendix II). The procedure used was to take in-
crements of X, calculate values for a by use of Equation 40 and determine the value for the
scattering parameter, BKs (,\) by use of Figure 6 in Reference 34 for J = 1.5. Then by

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

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

_W _ [,, ,,] (42)

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

Ka -r02 1+2 1"1.12/a (43)

where Jr is the real part of the complex refractive index and Ji the imaginary part. However,

for nonconducting dielectric materials J is zero and Jr 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 than the absorption cross section (Reference 9) for Dyna-
quartz.

TABLE VIII

CALCULATED VALUES OF BACKSCATTERED ENERGY
AND SCAtTERING CROSS SECTIONS FOR DYNAQUARTZ (6.2 pcf)

Temerature Us N(in 1 )

4000C 0.0847 95.25

6000C 0.1038 r-6.73

800°C 0.1183 133,04

9000C 0.1262 141.92

12000 C 0.1654 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 temperture
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 phenomena or mechanism for reduction of transmission. Temperature variations in
the spectra of the transmitted radiation were examined to see if any changes occurred in the
Fcattering coefficient. No such variations were found up to 9000C.

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 thicknosses of the samples are difficult to reproduce;

(c) tue ihderent 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 hnd 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;

(g) no correction was made for the spectral absorption of CaF2 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 measured1 total transmission
values were higher than the calculated values using spectral data (see 'C'able IX). Values for
the integrated transmission using spectral data, shown In Appendix Ili, were calculated by
numerical integration indicated in Table LX. The variation Ln the absorption oross section is
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 900C, 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 e8eri-
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 scattiring 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-
magnetic theory considerations are about one half the experimental values shown in Tabie X.
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TABLE IX

CALCULATED CROSS SECTIONS FROM INTBGRATID
TOTAL TRANSMISSION OF DYNAQUARTZ (6.2 pcf)

USING SPECTRAL TRANSMISSIUN DATA

Sample
Temp Slope
(OC) (in; 1-) Intercept N(in. 1 ) P(inT1 )

20 40.4 0.0320 2488.5 8.2(10-3)

400 34.5 0.0220 3102.4 5.5(10 - 3 )

800 28.9 0.003) 15185.8 90(10 - 4 1

TABLE X

COMPARISON OF CALCULATH) CROSS SECTIONS
OF DYNAQUARTZ (6.2 pcf) FOR VARIOUS SOURCE TEMPERATURBS

---- 1

Source Temperature Scattering Cross Absorption Crss
Section (in7 1 ) Section (in. )

400C (7520 F) 41 (10 3 ) 4.010-4)

600PC (1"120F) 25 (103) 6.0(10 -4 )

8o0C (14720 F) 3.0(102) 1.2(10- 1 )

120d°C (2192°F)* 2 (102) 1.2(10-1)

1600C (2912)* 1.6(102) 2,8(10-1)

*Values obtained from Reference 1.

36



AFML-TR-67-251

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 associated 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 transmission 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 8000C was obtained.
In fibrous insulating materials, such as Dynaquartz, with small fiber diameters, 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-ft 2-'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-
surement of low "k" materials is discussed here.

Tht test stack is shown diagrammatically in Figure 11. Radial heat 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 beater assembly (Figure 13) Is a square flat plate, 12 x 12 x 3/4 inches.
The main heater is surrounded by eight otner heaters which guard the sides and corners. Each
heater is 4 x 4 x 3/4 inches and is wound with platinum-40% rhodium resistance wire around
a grooved alumina block which, in turn. is filled with alumina slip. Two samples, one on either
side of the heater assembly, were used in the stack during the experiments. This experimental
arrangement is in accordance 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 line, r 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
Fample was supported by 40 zirconia pins each 1/4 x 1/4 x 1/2 inch, which were uniformly

distributed tlu oughout the gurd area. Five pins were placed in each of the eight guard area.
The 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 necesary since the heater assembly is directly above the
bottom sample and no provision to transfer the weigtL above the sample from the metered
area to 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-ft2 -°F) (References 42 and 43)
of any of the commercially available refractories. Zirconia also tias a low volatility and
chemical reactivity and a reasonable compressive strength (25,000 psi at 2600F) (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 tl,-lr 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 specimen, the central ratio element was
supported by four 1/4 inch alumina rods each one inch long and inserted 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 ratio element, and the ratio
of the temperatura 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 schematically drawn
in Figure 15. The sensor for the proportional controller is a differential thermocouple placed
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 balance 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 muilite ratio elements. This signal is subtracted from
tAe 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-Oumel thermooouples were used on the cold 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 thickkess in
order to average the temperature over as large an area as possible (see Figure 18). Com-
pensated lead wires are used from the thermocouple jacks, located at the base plate, and the
thermocouple leads protruding from the test stack. All temperatures are read manually with a
Rubicon potentiometer.
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Figure 14. Bottom Dynaquartz Sample With Zirconia Pine
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TABLE xI

CHEMICAL ANALYSIS OF ZIPCONIA

Element Amount Present (partsper million)

Si 5000

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 to the main heater can be kept relatively small, even up to a sample mean
temperature of 2%00F. In the tests performed, the temperature differences across the sample
at "nean temperatures of 500' to 150 0  were usually less than 300^F; whereas, at the high
sample mean temperatures from 15000 to 2500'F they were about 400°F.

The power to the top auxiliary heater is set manually and the bottom heater is controlled
automatically 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
maxitrum operat!"g temperature is 22000 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-ft 2 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 strength
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 12000F, the ASTM standard could
be ',Zllowed without too much deviation if the time required to reach steady state was longer
than eight hours. The long period required to reach steady state is indicative of the high
thermal inertia of the apparatus.
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Two main variances from the standard ASTM procedure were necessary for measurements
made above 120U0 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 conductivity of the
specimen dil not usually remain within a 1% variance over a five-hour period after steady-
state conditions were obtaincd (',uually eight hours). Thermal conductivity values which varied
less than 5% were considercd very good and those that varied by 10% were considered to be
comparable in magnitude 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 analysis). Only
those data which were obtaineJ at steady state and at a 5% imbalance between guar," side and
main heater of the temperature difference across the specimen were retained as guod data.
All other data were taken at regular intervals but were not considered for further analysis
once one of the previous two conditions wa-s 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 thermal conductivity of Dynaquartz.
(0.2 pcf) was determined in air, argon, and vacuum.

(1) Thermal Conductivity Measurements in Air

Several experimental runs were made in .)n der to obtain good data for Dynaqutrtz in air.
Three separate experimznts were nece-sary since

(a) the sample cracked during the first run and all the data :ad to be disregarded
(although tabu!ated in Appendix V);

(b) there wab conalrerable difffiulty in achicing a desirable heat flow ratio between
bottom and top specimerR at the higher tempeiatures and there wi's extreme scatter in the
data for the second run.

Two expe inents were carried out using Dynaquartz in the top and bottom spcimens: the
top s.ample however had no zirconia pins in the measuring czction (these data a-e designated
by run I and run 2 in Appendix V). In the third experiment. two d!fferent nainp'es wer- used,
Dynaquartz as the top epecimen nd sapphire wool as the bottom specimen, both with zirconia
pins in the mettred area. A correction was applied to obtain the thermal onJiuctivity for no
zirconla pins. Te placement of the thermocouples is shown in Figures 16 and 17 for hot and
cold surfaces respectively.

The magnitude of the corro-tion applied to the bottom sample (for Run 2) to compensate for
the conductior throtgh the tirc nia pins is shown In Figure 19 along with the. top sample con-
ductivity. The top curve is the data obtained ;or the bottom sample with zirconia rnne in the
metered area for Run 2. The middle curve has been correcteWi for the effect of the pis. In
general, the correction is abcut 4to (see Appendix VI for tabulated results and calculatlonw.
The bottom curve reprsenUt the top sample data for the saine run: It was cbtained by fitting
a least square polyrw'tial equaton of the thirddegree for the L.p sample data, 1h equation is

0 -. 03 o(P10)T 3  (44)O ) o.s -)t
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where T is in 'R. The maximum deviation f-om the equation is 0.0612 for the data point at
2159°F mean temperature. The root mean square deviation was 0.0228.

As slown 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, the corrections as applied to the run for Dynaquartz-
Sapphire Wool experiment for Dynaquartz are justified. Since no other measurements were
made for Dynaquartz in air, further analysis of the data for steady-state and low 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 applied to
the specimens are tabulated In Appendix VI.

(2) Thermal Conductivity Measurements in Vacuum

The thermal conductivity of Dynaquartz % _ determined in vacuum from about 450' to 2000F
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 0F. The same was true for the argon experiments.

All the experiments carried out in this investigation were on 6.2 pcf Dynaquartz. The bottom
sample utilized zirconia pins in the guard and main heater area; 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
along 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 zirconla pins in the metered area. The bottom sample
data corrected for zirconla pins in the 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 0F. From 10000 to 2000*F,
the difference in the measured conductivities was appreciable. The correction became pro-
gressively better beyond 1000F until at about 1500°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 0F. At the lower 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 350°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.

51



AFM L-TR-67-251

a opo

0 0

0 w
I I N

N m. _ 0

x 0

w_ _ _ _ _ _ 0

CLa

- 0 4n

_ _ _ 0 P4

t-_ _ _ _ IY _ _ 0
o ____'I, 0

A,,jbH/N-i a.II:n~oiv~3. AI34

I5



AFML-TR-67-251

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

Kef f - -0.1027+ 0.4140(10 3 )T -02213 (106) T 2

C45)
+ 0.0639( 10 9 ) T3

where T is in 'R

The maximum deviation from the equation is 0.0529 for the data point obtained at 1914 0 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 not true for the first experimental run in air, and hence lends
further evidence that the values obtained in air for the first experimental run were in error
since the sample cracked during the experiment.

13) Thermal Conductivity Measurements in Argon

The thermal conductivity of Dynaquartz (6.2 pcf) was determined in an argon environment
from about 2750 to 1950'F mean temperatures. The measurements made in argon followed the
experimental 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 therm..'ouples were used on 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 ,-io zirconia in metered area). The
curve for the correction of the zirconia pins was not drawn due to the scatter in the data.
In general, the correction applied to the bottom sample assuming one dimensional heat con-
duction was about 15%. (See Appendix VI.)

For the thermal conductivity measurements in argon, the values obtained were for specimen
temperature differences of between 1500 and 4000 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 a least
squares polynomial equation of the third degree and the equation obtained was

,%ff 337 + 1.0 6 ) T -Q74 (1o4 ) Ta

+ O.tO41(10)T 3  (46)
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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 0 F
mean temperature. Tine root mean square deviation is 0.044.

The self consistency of the experimental results obtained in argon and in vacuum may be
vhecked in a mainer similar to that done for the air envi.zrnent. 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 not in as good agree-
ment as the second rur in the air environment where self consistency was determined, but
much better than the first experimental run in air where self consistency was not verified.

(4) Summary of Thermal Conductivity Measurements on Dynaquartz

The thermal cnnductivity of Dynaquartz (6.2 pci was determine( 'n air from 4000 to 2400°F
mean temperature, in argon (1 atm) from 150 ° to 2000°F mean temperature, and in vacuum
from 200' to 2000F mean temperature. The m ijor 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 1E, , 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 out 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 of 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 data 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 Figure 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 \aries from 0.6 to roughly 2.0 BTU-in./hr-ft 2- F and in argon
from 0.3 to 1.5 over the temperature range from 4000 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 cueves 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 16 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 X1I, XIII, and XIV. It should be noted that two p)ints in Table XII
and three points in Table XIII have a 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 a tolerable temperature imbalance.

o. Comparison of Thermal Condurtlvtty Data

In comparing the experimental results obtained in the guarded hot plate apparatus and that
of others, It should be pointed out that different techniques are ued and a wide variety of test
methods can be chosen. The guarded hot p'te is perhaps the mt it widely accepted thermal
conductivity measurement technique below 1000F mean temperature. It is the purpose of thin
investigation to extend the guarded hot plate measurements of fibrous insulations beyono
1000F to as close to the operating temperature of a fibrous insulation as possible.
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TABLE XII

THERMAL CONDUCTIVITY OF DYNAQUARTZ (6.2 pcf)
IN AIR, COMPOSITE DATA

k B T U -in. T(F)Mean AT i) Imbalance (*F)

0.606 961.9 409.1 4.0
0.614 973.9 406.9 7.3
0. C14 97'. 3 409.5 6.9
0.760 1259.8 451.9 6.7
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 2.7
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 1887.1 373. 13.3
1.222 1905.0 373.0 16.0
1.151 1911.6 393.9 -0-
1.292 2150.1 363.7 18.0
1.258 2159.1 362.7 10.3
1.298 2155.7 347.0 16.0
1.338 2148.2 343.9 17.4
1.724 2388.0 373.3 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-)T -0.7025(10-)T 2 + 0.121e(10-9)T3

Emax = 0.1347 at 23881F mean temp
ERMS = 0. 0561

k 0. 5420 + 0. 0464(10-)T 3

Emax = 0. 155 at 1887. I*F mean trmp
ERMS - 0. 067
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TABLE XIII

THERMAL CONDUCTIVITY OF DYNAQUARTZ (6.2 pcf)
IN ARGON (1 atm)

k BTU- i n. T('F)Mean A T('F) Imbalance (*F)hr-ft 2-V ,.

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 i-77.6 159.6 1.2
0.394 344.7 192.9 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
0.530 767.3 369.9 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 5.5
0.615 1256.0 429.1 4.1
0.612 1259.7 433.3 5.2
0.610 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. 927(10-)T -1. 334(106)T 2 + 0.3439(109)T3

T In'R
Emax 0.068 at 1945.99F mean temp
ERMI 0.027

k = 0. 350 + 0. 0598(10- 9)T3

Emax 0.0712 at 766.66F mean temp
ERMS 0.0412
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TABLE XIV

THERMAL CONDUCTIVITY OF DYNAQUARTZ (6.2 pcf)

IN VACUUM (<10- 4 torr)

kBTU-in. T(OF)Mean AT(°F) Imbalance (*F)
hr-ft -_ F__________

0.154 467.5 216.1 1.4
0.150 470.7 222.3 2.0
0.189 809.0 356.9 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 iou. A 360.1 7.5
0.308 1295.1 316.7 1.2
0.292 1293.4 336.8 1.3
0.287 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
0.395 1709.8 333.5 5.8
0.435 1913 1 333.o, 4.5

0.449 1899. Z 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
0.555 2027.7 340.9 8.1

.,ast square equation is:

k = 0.0873 + 0.04879(10-3 )T - 4.492(109 )T2 + 0.0239(109 )T3

Tin R Emax : 0.063at 1913.S*Fmeantemp
ERMS 2 0.0225

k a 0. 1376 + 0.0G89(10- 9)T 3

Emax z 0.063 at 1913.8"F rsean temp
ERMS 0.023
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Besides the variations due to different apparatus u- ,  Al 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 2000F. As can be expected from such a plot, the comparison is 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
dJaA points obtained by Plunkett and recorded in Reference 45 arc 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 was-

k z 0.6071- 0.5323(10 3 ) T+ 0.48flo'6)TZ
(47)

- 00S29 (10
4 ) T 3

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

By neglecting the T and T 2 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:

k ' 0.5M+ 0.04e3- (10) 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 that although the data are somewhat scattered, the variation
is relatively independent of the test method or measurement technique. There is as much
variation between different samples measured on the same apparatus as there is among several
types of apparatus. Further. samples of Dynaquartz were obtained by various investigators at
differt-t times; no 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 IV). There seems to be little difference in the thermal 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 importLxce
of thermal radiation and is discussed in more detail ir the next section.

(2) Dynaquarts in I* acuum

A oomparison of the thermal conductivity values obtained In vacuum with other investigators
Is shown in Figure 24. Te top curve represents the doti of Wechsler and Krits (Reference 38)
u- Ing a radial he. * flow apparatus evacuated to I x 10- torr.
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In comparing the experimental results of the two measurement techniques, two important
features may be noted. First, the thermal conductivity in vacuum is significantly lower than
in air. At 1000" and 2000 0F, the thermal conductivities of evacuated Dynaquartz are approxi-
mately 1/3 and 1/2 that of the unevacuated mater!a!. Second, there is a significant difference
between the data obtained in the guarded hot plate and radial heat flow apparatus. The data
obtained 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 flow) are higher than most of the literature data over the
entire temperature range studied. These discrepanciei 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 reqult in anisotropy of 1tiber 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 6620 and 692°F per inch, whereas inthe radial heat flow measurements (Reference 38)
the temperature gradients were between 2780 and 551F 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 conduction, convection, and thermal radiation. In a fibrous
insulation, convection heat transfer may usually be neglected because the empty 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 Equation 1:

keff s C 3kgas +- kr (49)

where
(k app) = the solid conduction contribution to the effectivethermal conductivity.

k = the gaseous conduction contribution to the effectivegas thermal conductivity.

k -f the radiative contribution to the effective
r thermal conductivity.

= the void volume of 6.2 pof 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 thermal conductivity data of Dynaquartz in vacuum to 400°F, where
radiation is small, the value obtained for the solid conduction contribution is approximately

0.1 BTU-in./hr-ft2-°F. This value seems quite reasonable when compared with thermal con-
ductivity measurements of Dynaquartz made in vacuum at cryogenic temperatures, -310 to
-125F mean temperatures (Reference 46). The thermal conductivity of quartz decreases with
temperature in the temperature region below 1000°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 contribution 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 U).

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

kr A3 T) (50)

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

temperature. At high temperatures, if we assume that radiation is the principal mechanism of
heat transfer, the value of Y 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 experimental 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 air data is lower because gas conduction is a significant
contribution.

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

S.r J2 T 3

kr  - ' (51)P+2N

where
or = Stefan-Boltzmann constant

J - index of refraction, dimensionless

T = mean sample temperature (absolute)

P = absorption cross section, inch- 1

N = scattering cross section, inch- 1

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

agree qualitatively with this value. The proportionality constant (P+2N) -I may be obtained
from curve fitting of the vacuum data at high temperatures or by separate measurements of
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to absorptioi and scattering cross sections. Curve fitting of the vacuum data indicates that

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

sections vary from about 30 in. "1 at 1500°F to about 160 in. "1 at 3000F. The most appro-

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

Based on the foregoing discussion, the effective thermal conductivity of Dynaquartz is shown
in Figure 26. As can be seen, the dominant mode of heat transfer is radiation at high temper-
atures. A direct comparison between the thermal conductivity measurements and the reconl-
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 materials 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 1000OF 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 specimen AT's were lower in this experiment,
the magnitude of the ratio of imbalance to specimen A T's was approxintately the same as for
the other Dynaquartz runs. The experimental error is estimated to be about +15%. The thermal
conductivity data for Sapphire Wool are tabulated in Table XV along with th.. t.emperature
difference across the sample and imbalance. Tht lhermal 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 determi:aed in air using two different sample den-,
sities (8-10 pcf and 8.2 pc) from about 450 ° to 2350°F mean temperatures; in vacuum from
about 5750 to 1950"F mean temperatures; and I- helium environment from about 4000 to 850°F
mean temperatures for 8 to 10 pcf density. The data are tabulated in Tables XVI and 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 inperformingthe thermal conductivity measurements
in air. The data shown in 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)

k[ BTU-f. T(OF)mean AT(OF) Iuba lance(OF)
hr-ft t2 _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.b 280.3 41.0
4.390 1882.9 265.3 12.6
4.419 1887.1 264.3 3.7
4.482 1890.3 257.3 13.1
4.312 1899.6 270.0 31.6
4.329 1902.1 269.7 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(1J"3 )T + 1.336(10')72 - 0.031(10")9

EHmax = 0.049 at 2385°F

EM S = 0.016
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in Air Corrected for Zimcoia Pins
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TABLE XVI

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

k[ hr- t1. T(°F)mean AT(OF) Imbalance (OF)

0.307 459.0 231.4 0.9
0.295 452.6 246.8 3.7
0.315 420.9 232.7 6.3
0.297 421.6 244.4 1.6
0.237 4S4.2 303.9 14.6
0.315 594.3 342.3 2.5
0.347 540.4 308.9 5.9
0.389 505.5 286.0 0.5
0.394 494.7 283.4 5.0
0.450 847.5 359.9 4.9
0.461 869.8 364.5 2.5
0.495 883.1 363.5 5.2
0.755 1316.7 405.2 0.2
0.831 1300.9 368.8 6.0
1.181 1768.2 250.2 5.5
1.159 1741.3 248.5 7.6
1.157 1734.7 250.4 3.8
1.136 1731.9 256.9 0.6
1.382 1987.2 271.8 3.8
1.394 1944.9 262.4 9.0
1.326 1955.2 275.1 3.1
1.295 1961.6 280.3 12.8
1.583 2220.8 287.5 6.8
1.845 2202.4 284 16.0
1.958 2195.9 286.5 0.5
1.984 2182.0 280.1 8.3

Least square equation is:

k - -0.377 + 1.182(lO'3 )T - 0.655(1' )T + 0.195(I0°)-3

%x 2 0.258 at 2220oF
a a 0.086

70



AFML-TR-67-251

TABLE XVII

THERMAL CONDUCTIVITY OF DYNAFLEX (8.2 pcf) IN AIR

kr BTu- 1 T(oF)uean &T(OF) ab, lance(O)hr-'ftz - 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
0.561 665.2 349.4 3.8
3.667 945.1 362.0 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 2387.9 244.9 3.3
2.792 2386.8 222.9 13.4
2.593 2361.3 236.9 1.9
2.690 2374.8 226.5 10.5
2.472 2369.8 247.7 11.5

Least square equation is:

k - -1.534 + 3.940(1)- T - 2 . 3 4 (1do") 0  0.5291o")1z

Swax = 0.313 at 22100F

84MS= 0.125
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TABLE XVIII

THERMAL COK)UCTIVITY OF DYNAFL"X (8-10 pcf)
IN VACUUM (<10-4 tcrr)

hr-n- T(°F)mean AT(°F) Inbalance(OF)

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
0.234 927.4 320.8 6.3
0.229 946.6 336.0 3.8
" 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 1619.6 307.5 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. 68 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

The thermal conductivity of Dynalex in vacuum wMS measured, although the sample seemed
to ou lps profusely. Figure 29 shows the hot face of the top Dynaflex sample without pins in
the measuring soe along with the cold face of the bottom sample where droplets of the vapor
seemed to recrystaUlse. The data are taWatad in Table XVIII; however, a least square equa-
tion was not determined for the vacuum environment measurements.

The data obtained w helium environment was restricted to lower sample mean temperatures
because of the pwer requirements on eater assembly. Several matching data points for
the helium runs were obtained, heme the data listed in Table XIX arn representative data
points only.
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TABLE XIX

THERMAL CONDUCTIVITY OF DYNAFLEX (8-10 pcf)

IN HELIUM (1 atm)

BTU-in. 0

hrf tzF" T( F)mean iAT(OF) Imbalance( ° F)

1.676 446.1 215.P 5.4
1.658 458.7 2 1 7.- 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
3.265 994.2 341.3 42.3*
3.634 1 014.2 341.91 56.5*

*These data are questionable due to thermocou-ple discontinuities,

I
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SECTION IV

SJUMMAJPY AND CONCLUSIONS

1. SUMMARY

An experimental investigatior was undertaken to discerm treatment of the mechanisms by
which fibrous insulations attenuate the transfer of thermal energy. Dyna artz, a 2750 hmt
stabilized silica material, was selected for this analysis. The analysis was conductea of the
relative contributions of gaseous, solid, and radiative heat transport over the rr ge from about
400" to 2500"F. In support of this analysis, the effective thermal conductivity of Dynaquartz
was measured from room temperature to 25000F mean temperature In an air environment.
Additional conductance measurements were made from about 2500 to 2000F 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 pcf) 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.

Comparison 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 corraihted within experimental scatter.

The experimental data obtained in vacuum for Dynaquartz with the guarded hot plate and that
obtained with a radial beat 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 effective thermal conductivity data for design purposes, the domi-
nant mode of beat 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
rlative contribution of radiation attenuation parameters. The most significant radiation
attenuation mechanism in fibrous insulations i scattering. The absorption and scattering
cross sections for Dynaquartz were determined at 8000C (1475&F) and found to be in quali-
tative agreement with the scattering cross sections calculated from the electromagnetic
theory for infinite cylinders. 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 Dynaquarts in order 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 values and theoretical calculations, since most of the data
obtained were for moderate temperature gradients where the effects of radiation on the ten -

perature distribution can be neglected.
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TABLE XXI

EXPERIMENTAL CONDITIONS OF THERMAL CONDUCTIVITY MEASUREMENTS

Heater Temperature
Imbalance Differential (CF)

(Guard Side (Across Sample Mean Temperature
Sample vs Main) Thickness) Range (F)

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

Dynaquartz (6.2 pcIf) in Argon within 5% of 150 to 400 300 to 2000
sample AT

Dynoquartz (6.2 pcIf) in Vacuum within 5% of 200 to 350 500 to 2000
sample AT

Dynoflex (8-10 pcIf) in Air within 6% of 230 to 400 450 to 2220
sample AT

Dynaflex (9.2 pcf) in Air within 10% of 250 to 380 400 to 2385
sample AT

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

Dynaflex (8.10 pci) in Helium within 12% of 215 to 360 450 to 1000
sample AT

Sapphire Wool (1.0 pci) in Air 10 to 12% of 200 to 300 400 to 2450
sample AT
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2. CONCLUSIONS

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

(1) Experimental measurerments of the effective thermal conductivity of fibrous Dynaquartz,
Dynaflex, and Sapphire Wool in air at temperatures up to 2500°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 15000F, 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. Sclid con-
duction Is 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 will not be linear under steady-state heat
transfer conditions.
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APPENDIX I

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 distance 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 1f the experimental arrangement follows Lmbert's law and to test the validity
of the black body assumptions, the thermocouple sensitivity was measured.

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

(Ebb )9 (Ebb) fT4

- coG a - cos9Ah  V V

where
(Eb) = emrp, of the black body emitted per unit time per

( unit solid angle in a direction 9 from the normal

(Eb) - energy of the black body emitted per unit time = aT 4

Ah = area of the black body emittor hole

a7 = Stefan-Boltzmann constant

T absolute temperatuv

if 9- Ofromnormal oos 8 1 ad

( thn black body emnw emitted normal to bole.

The response of the detector Is glven by:
*j a {)a

where
Rd - respotse ot dete r ect
E (r) - aiery indent s onm detector normal to the source

at soms disten r from souroe (watts).

Ad  - area of detector

K - oo -M t tt Of tkIrn lJ*e Omi ti vity
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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 (Eb)n is now a point source (Refl-rence 49).

and

X(Ebb)n Ad

RI. - -A

r

If we plot Rd -/2 versus r. a straight line uld result since all other terms are constant

and determined and since

KWT4 ,I* t

62 Ai r i



AL

I.- or
o

00

(All MUMd3~ 31df~Omw34.

83



A FML-TR-67 -251

-1 2

Iw
0

0

I 0t0

____ 0 W
an

JW -NOMM 0wwnwH

94I.



AFML-TR-67-251

TABLE XXII

THERMOCOUPLE DETECTOR SENSITIVITY

Thermocouple: Reede, RP-3W with CaF 2 window No. 8657
Furnace temperature (found by optical pyrometer): 889 'C
Area of hole in black bouy 0.12011 cm2

Dark cifrent: 17,v (Dark cv-rent was never near signal which was in my all the time.)
lpv test signal corresponded tr, 1 my output. Gain set at 7.70.

Distance
Signal Thermocouple from Front

Reading Response (Response) i (Response)-% of Furnace (r)
my Utv (R)% 1 /(R)V2 cm

20.C 20.0 4.48 0.223 25.40
18.0 18.0 4.24 0.236 2.90
10.0 10.0 3.16 0.317 33.90
9.8 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
3.7 3.7 1.92 0.521 64.40
3.1 3.1 1.76 0.569 ";.40
2.4 2 4 1.55 0.645 80.40

Best stro'ght line from least square equation R-'I 0.00732(r), 0.C48

s zd eolvtug for K

V

K a
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The values determined from experiment and manufacturer are
3. -A -1/2

m = 7.23(10 3) cm -/Av/, least squire fit to data

T = 889°C from pyrometer sighted to black body hole

crT 4 . 10.25 watt-cm 
2

Ah = for No. 23 drill = .12011 cm 2

Ad - 4(10- 3)cm2  detector is 2mm x 0.2mm

and

K
(53.5) (1.23) (4) (16o3)

K: 11.92-
0Mt5 Utt

The Reeder catalog indicates the sensitivity as 14 to 18 and at 13 cps there should be 75% of
maximirn DC response. Therefore the sensitivity as calculated is correct and assumptions
fr Lambert's iAw and black body are valid.
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APPENDIX II

MATERIAL CHARACTERISTICS OF DYNAQUARTZ

The gross characteristics of Dynaquartz, fiber density, 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 was determined. The specific gravity was determined by using a 10-ml volumetric
flask, filling it up to the meniscus, insertinga known quantity of Dynaquartz into the flask, and
measuring the volume change due to addition of the Dynaquartz.

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
_0,2600

23.1565

Amount of water removed 23.276823,1565
Amount of water lost 0.1203
Specific Gravity = 0,260 gm 2.17 gm/cm 3

= 0.1203 ml g

The specific gravity of Corning 7940 fused silica is between 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 made to determine the
average fiber diameter. To calibrate the miczoscope, a plate with 288 lines per millimeter
was used and 1Z 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
aould be measured. As can be wqected, parallax was a problem and the width of the lines on
the eyepiece caused an error which was estimated to be about one scale 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-
erenc 9), although any random sample, when measured, may have some, other fiber diameter
as determined above.

3. DETERMINATION OF VOID VO' UME

The void volume is given by the following equation:

(1-8) • I
Using the values of

P - 6.2 pof for Dynaquartz

3pg - 0.08 lb/ft at one atmosphere

PS - 2.17 (62.4) = 135.41

(1-s 0.0452 and 8- 0.954
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APPENDIX M

SPECTRAL TRANSMISSION
AND INTEGRATED TRANSMISSION CALCULATIONS

The spectral transmission curves shown In Figures 3, 4, and 5 were used to calculate the
Integrated transmission inferred by Equation 31. The integration Is done graphically for each
temperatue. 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 XXiL
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TABLE XXIII

SPECTRAL AND INTEGRATED TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample Thickness O.O4 inch
Sample Teaperature - 3000K

trans
(Ebb)),

k () 1 I Tranmission kT Relative (Ebb) k

6.6 81.6 1.0 0.01225 .1934 .632 0.01774
6.7 75 2.0 0.0266 .1963 .655 0.01742
6.8 91.7 4.0 0.0436 .1992 .677 0.02952
6.9 82 6.0 0.0732 .2022 .699 0.05117
7.0 85.5 10.5 0.1228 .2051 .720 0.08842
7.1 82 16.o 0.1951 .2080 .741 0.14457
7.2 77 24.0 0.3116 .2109 .760 0.23682
7.3 92.1 31.6 0.3431 .2139 .779 0.26828
7.4 90 28.0 0.3111 .2168 .797 0.24795
7.5 9o.6 18.2 0.2008 .2198 .815 0.16365
7.6 91 9.0 0.0989 .2227 .831 0.08218
7.7 90 2.6 0.0288 .,?56 .847 0.02439

Integrated transmission by graphical integration: - 0.88%
(See equation 31) 18,505

NOTE: Values for kT are used to obtain relative values for (Ebb)kfroM
Ref 37.

Sample Thickness 0.070 inch

Sample Temperature - 3000K

tram
(Ebb)k I

I(), Transmiion T Relative (1bb)k

6.6 81.6 0.1 0.0612 .1934 .632 0.00072
6.7 75 0.2 0.0026 .1963 .655 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 .71I 0.02526
7.2 77 6.5 0.0844 .2109 .760 0.06414
7.3 92.1 10.1 0.1096 .2139 .779 0.08538
7.4 90 8.1 0.0900 .2168 .797 0.07173
7.5 90.6 3.4 0.0375 .2198 .815 0.03056
7.6 91 0.8 0.0088 .2227 .831 0.00731
7.7 90 o. 0.0044 .2256 .847 0.00373

Integrated transumission by graphical integratim: 4 0.22%
(See equatIon 31) 18,505

NOTE: Values for kT are used to obtain relative values for ( fbb) fom
Ref 37.
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TABLE XXII (CONTD)

SPECTRAL AND INTEGRATED TRANSMISSION DATA ON DYNAQUARTZ (6.2 pcf)

Sample Thiclkess 0.044 inch
Sample Temperature 6730K

trans

x ( ) I Tralsmission XT Relative (bb)

6.6 71 1.0 0.01l .4442 .686 0.00967
6.7 62.5 1.4 0.0224 .4509 .669 0.01499
6.8 80 2.4 0.0300 .4576 .653 0.01959
6.9 72 3.1 0.0430 .4644 .636 0.02735
7.0 75 5.1 0.0680 .471 .620 0.04216
7.1 71 7.0 0.0986 .4778 .605 0.05965
7.2 76 9.1 0.1197 .4846 .589 0.07050
7.3 79 10.9 0.1379 .4913 .574 0.07915
7.4 76 8.8 o.1158 .4980 .559 0.06473
7.5 79 5.0 0.0633 .5048 .54c 0.03450
7.6 80 2.3 0.0288 .5115 .530 0.01526
7.7 78.5 0.7 0.0089 .5182 .517 0.00460

105
Integrated transmission by graphical integration: 16,1 1 0.65%

(See equation 31)

NOTE: Values for XT are used to obtain relative values for (Fb), from
Ref 37.

Sample Thickness 0.044 inch
Sample Temperature 8730K

trans

X() 1 1 ,ranusion XT eli (Xbk

6.6 71 0.8 0.0113 .5762 .41 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 .6024 .370 0.01128
7.0 75 3.6 0.0480 .6111 .358 0.01718
7.1 71 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 .646o .312 0.02215
7.5 79 3.2 0.0400 .6548 .302 0.01208
7.6 80 1.5 0.0187 .6635 .292 0.005467.7 78-5 o.6 0.0076 .6722 .282 0.00214

Integrated transmission by graphical integration: 83 0.34%
(See equation 31)

N)TE: Values for XT are used to obtain relative values for (1bb)Kfra
Ref 37.
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TABLE XXIII(CONTD)

SPECTRAL AND INTEGRATED TRANSMISSIONq DATA ON DYNAQUARTZ (6.2 pcf)

SaWple Thickness 0.O044 inch

Samle Temperature 1073°K

trans

1 0 1 Transiusion T Relative (Ebb)x

6.6 71 0.6 0.0084 .7082 .246 0.000206
6.7 62.5 0.8 0.0128 .7i84 .237 0.00303
6.8 80 1.2 0.0150 .7296 .227 0.00340
6.9 72 1.5 0.0208 .7404 .218 0.00453
7.0 75 2.0 0.0266 .6511 .210 0.00558
7.1 71 3.0 0.0416 .7618 .202 0.00840
7.2 76 3.8 0.0500 .7726 .194 0.00970
7.3 79 4.1 0.0519 .7833 .187 0.00970
7.4 76 3.8 0.0500 .1940 .180 0.0090
7,5 79 2.5 0.0316 .8048 .173 0.00546
7.6 80 1.1 0.0138 .8155 .167 0.00230
7.7 78.5 0.5 0.0064 .8262 .160 0.00102

Integrated tansiion t7 graphical integration: 3 0.
(See equation 31) 20,324

WlT: Value for XT are used to obtain relative malues for (%b)X from
Ref 37.

Sample Thickness 0.030 inch
Seple Teerature 300K

trans(Ebb) I
0) 1o rarwuinhion T Relative (Ebb) X

6.6 77 1.2 0.0156 .1934 .632 0.00986
6.7 70 2.0 0.0286 .1963 .655 0.01873
6.8 88 4.2 O.0477 .1992 .677 0.03229
6.9 76.5 6.0 0.0784 .2022 .699 0.05480
7.0 83 10.6 0.1277 .2051 .720 0.0919
7.1 8o 16.1 0.02012 .2060 .741 0.1491
7.2 83.5 24.3 0.2910 .2109 .760 0.2212
7.3 90 32.0 0.3555 .2139 .779 0.2769
7.4 86 28.8 0.3348 .2168 .797 0.2668
7.5 89 20.0 0.2247 .2198 .815 0.1792
, 6 90.5 10.5 0.1160 .2227 .831 0.0964
7.7 88.7 3.3 0.0372 .2256 .847 0.01911!

Iatomted trei.isasion b7 pwhioal Integration' 1.01%
Pea equation 31)

YITE: Value fbr 17 are wed to obtain relative 7alues for (%b)X frm
Ref 37.
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TABLE XXIII (CONTD)

SPECTRAL TRAJUMUSION DATA ON DrAQUA&TZ (6.2 pef)

Segule Thickness 0.030 inch
Sample Temperature 107301

1 turam
('Bb)X x

0 1 Trmnuoiasion )T R tive (Ebb)x

6.6 77 0.4 0.0052 .7082 .24 6 0.0013
6.7 70 0.9 0.0128 .7189 .237 0.0030
6.8 88 1.8 o.02o .7296 .227 o.oo46
6.9 "6.5 2.2 0.0287 .7404 .218 0.0063
7.0 83 3.3 0.0397 .75n .210 0.0083
7.1 80 4.0 0.0500 .7618 .202 0.0101
7-2 83.5 5.0 0.0598 .7726 .194 0.0116
7.3 90 5.2 0.0577 .7833 .187 0.0108
7.4 86 5.0 o.0581 .7940 .180 0.0105
7.5 89 3.2 0.0359 .808 .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 tranisin b grpical. integration 0 0.196(See equation 31) 292
lUEs Values for XT are used to obtain relative Taluis for (1ib) frcA
Ref 31.

Sole Thickness 0.030 inch
Sole Tap-ratwe 6730K

NO)x x
( ) I Transioam n XT Rel (ae Nb)x

6.6 77,\ 1.1 0.0313 .W42 .686 0.0098
6.7 70 1.9 0.0272 .4509 .669 o.0182
6.8 88 3.6 0.0409 .4576 .653 0.0267
6.9 76.5 4 .5 0.0588 .4644 .636 0.0374
7.0 83 7.0 o.O8u .47n1 .620 0.0523
7.1 80 8.9 0.1112 .TT8 .605 0.0673
7.2 83.5 11.6 0.1389 .J4A6 .589 0.0618
7.3 90 13.8 0.1533 .1W3 .571 0.066o
7.4 86 . 0.1m .0 .559 0.0715
7.5 89 7.0 0.0786 .50 .545 0.0106
7.6 9o.5 3.0 0.0331 .5133 .30 0.0175
7.7 88.7 0.8 0.0090 .512 .1 7 0.006

Integrated transmissioni by gphloal integrationi 126
(See eq m 31)

NOTE, Values for XT are ued to obtain relative vala u (f) from
Hef 37.
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TABLE XXIII (CONT)

SPECTRAL TRANSMISSION DATA ON YNAQUARTZ (6.2 pcf)

Sample Thickness 0.045 inch
Sample Temperature 3000K

'transJ

Transmission XT ReaiyXve (Ebb) a

6.6 78 0.1 0.0128 .1934 .632 0.0081
6.7 70 0.8 0.0114 .1963 .655 0.0074
6.8 88 1.9 0.0216 .1992 .677 o.o146
6.9 78 3.0 0.0385 .2022 .699 0.0269
7.0 84 6.0 0.0714 .2051 .720 0.0514
7.1 80.2 11.1 0.1384 .2080 .741 0.1025
7.2 85.1 18.1 0.2126 .2109 .760 0.1616
7.3 90.6 25.1 0.2110 .2139 .779 0.2158
7.4 88 22.1 0.2511 .2168 .797 0.2001
7.5 90.1 13.0 o.0442 .2198 .815 0.1752
7.6 92 5.4 ).0587 .2227 1831 0.0488
7.7 90 1.2 0.0133 .2256 .847 0.0113

Integrated trensulaion by gmphical integration, 8 - 0.475%
(See equation 31) 18,505

W)TE: Values for XT are used to obtain relative values for (Ebb)) from
Ref 37.

Sample Thiclw8as 0.045 inch
Sample Temperature 6730 K

trans

X() I I InaMision XT Ra ve X

6.6 78 0 0 .4442 .686 0
6.7 70 0.6 0.0086 .4509 .669 0.0057
6.8 88 1.5 0.0170 .4576 .653 0.o111
6.9 78 1.9 0.0243 .4644 .636 0.0154
7.0 84 3.4 0.0405 .4711 .62o 0.0251
7.1 80.2 5.1 o.0636 .4778 .605 0.0385
7.2 85.1 6.9 0.081 .4846 .589 0.0477
7.3 90.6 8.0 0.0883 .4913 .574 0.0507
7.4 88 6.1 o.0693 .4980 .559 0.0387
7.5 90.1 3.0 0.0332 .5048 .545 0.0181
7.6 92 1.0 0.0109 .5115 .530 0.0058
7.7 1... 90 1 0 0 .5182 .517 0

Integrted trsodasion by graPhical integ tion, - 0.46%
(See equation 31) 16,168

NDTE, Values for )T are used to obtain relative values for (Ebb) X fz
Ref 37.

94



AFML-TR-67-251

TABLE XXIII(CONCLD)

Sp3gTRAL TRANSMISSION DATA ON IMAQUARfl (6.2 pcf)
Sample Thickness 0.045 inch

Sample Temperature 10730K

trmzu
k (f) Io  Tranmission kT P"3(b)X

6.6 78 0 0 .7082 .246 0
6.7 70 0.5 0.00r. .7189 .237 .0014
6.8 88 0.8 0.0091 .7296 .227 .0021
6.9 78 1.0 0.0128 .7404 .218 .0028
7.0 84 1.3 o.0155 .7511 .210 .0033
7.1 80.2 1.9 0.0237 .7618 .202 .0048
.2 85.1 2.1 0.0247 .7726 .194 .0048

7.3 90.6 2.6 0.0287 .7833 .187 .0o54
7.4 88 2.4 0.0273 .7940 .180 .0049
7.5 90.1 1.5 0.0167 .8048 .173 .0029
7.6 92 0.7 0.0076 .8155 .167 .O(2
7.7 90 0 0 .8262 .160 0

Integrated traneuiuiaon by graphical interqtion: 2 = 0.I
(See equation 31) 20,324

NOTE: Values for kT are used to obtain relative values for (Ebb)k from
Ref 37.
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APPENDIX IV

ERROR ANALYSIS

Anasr an1~alsswas m e otvalesdotaneor temal conctivtymasure-

unbsaane errors caused by main and guard beater temperature differences was takenafe
Woodside (Rermne 50) and Woodside and Wilson (Reference 51). No error analysis was
msfe bor the ahorption and scattering cross sections calculated from transmission ex-
periUMest. However. an estmted uncertainty in these values could be *25% using minimum
awl mAX4mam readings tr total tranmission data.

1. THERMOCOUJPLE DEVIATION4

Te Jblowing deviation was determined by the manufactUwer of the thermocouple wire Pur-
chased Jbr W investigatimn

Tberznoonpie: C. p. Platinum vs C. P. Platinum 1O%-Rhuodlum Standard Grade
Thermocouple 0.010" diarater S. 0. No. 84739.

Deviation of electromotive brce from N13S Circular 561 is given below.

Temperature, C Microvolts

600 +8

IL200 +7

The eenata of the thermocouple were annealed electrically in air for 15 mine at 1400T
prior to testing. Test Number A-193. Meisfacturr: Engolbard Industries. Inc.

Baker Platinum Dlviblon
113 Astor Street
Newark 14. New Jersey

2. BRROG ANALYSIS

is n U tak n test data. fth following errors or uncertainties were estimated.

a. Temperature

in reading toepotentiometer. the unoartainty Is *0.002 millivolt and the corresponin~ error
is very smal c 0.01%, Tbe thermocouple deviation was calibrated at 600*C by the manu-

tafctaer and the errr wasM - 0.15% and even less at 1200TC. However. the temperatures

used to thi investigation were averaed for two or more reawings and rounded off using co-
venkio tabes for seeb 7T. and valuw esdm to be extrapolated In map'. cases to the nearest
0.19F. Coesdering the reproduibility of the thermocouples. potentiometer readings, and
variation of the wire, a zna4.uu error In temperature wo~uld be estimated to be &3% and an
average error of lees ftha ZL

b. Power

In rewdin the power, th wattmeter was not used, directly. The uncertainty in reading the
v*t*,v is *0.02 volt and the uncrtanty in reading the ammeter is *0.02 amp. 1Ue
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minimum power dissipated to the sample was about 14 watts for the air experiments. Thus
0.02 .0.02

the error in reading the current is 4 s0.5%, and 2 ; 0.2% for the voltage, resulting in a

total errr of 0.7%. At higher power levels the error in reading would be consider&aj re-
duced.

c. Area

In measuring the area of the main beater, a w ichinist's scale was used and the estimated
distance was found within *1/32 inch and the resulting uncertainty in the area

is (0.0312)2 . 0.0097 = .06%.

(4)2 16

d. Thickness

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

0.0312
error is estimated to be 0.02 A 6%.

e. Imbalance Errors

The error caused by imbalance of the guard and center beaters can be estimated using the
analysis of Woodside (Referncue 50) and Woodside and Wilson (Reference 51). They performed
a theoretical analysis of the deviation from one dimens -'nal beat flow In guarded hot plate
measu.ements. The solution was obtained by the application of two successive Schwarz
transformations and the assumptions were verified by relaition calculations. In using
Woodside's analysis the following parameters ware found for this thermal ooucYtivt ap-
paratus:

2d - width of the gap separating the test area and guard beaten, 1/16 inch

2n7 - liner dimension of test area plate, 3-15/1E incbes

h - thickness o' test sample, 1/2 inch

The error in lateral bea flow as derived by Woodslde and Wilsm (Robsne 51) is

q-t t _l

where

awl
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The evaluation of the integral. d fned above, requires plotting of the function

Co 12("i .,[o ) - 1)+11

and the evaluation of the area under the curve. An approximation given by Woodside is

ir 2-' + 17 in( 4a)

a"d the approximate va!ue of the error in lateral heat flov is

k 9V

Using the approximate formula above, the following values were calculated:

6-4 0-2v(0.0312) 2 I- 0 392

0- 1 1 .0- 0.6756

e- I z 0.3244

o : / ' 3.0826

4a = 12.4.-J4

is 4* a 2.512

a 1.9667

4 - q9 1.9687
a (2.512) z 0.1749

k 9V

and the error due to lateral heat flow is

q - % = 0.1749k BTU/hr-°F imbalaued

Using the 5% value for temperature difference of 400OF across the specimen, a temperature
imbalance of 20°F would be the maximum obtained for most of the measurements. At 9500 F
mean temperature in air

ERROR IN HEAT FLOW q-L 0.1749(0.623) (20F) 3.95%
q 55.67

A1 2350°F and 20°F Imbalance

0.1749 (20) (1.487)ERROR IN q -- ' 3.79%o
137.03

Therefoe 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
.t13.95% or +15% and the usuri error in the thermal conductivity measurements is estimated
to he about t10%.
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APPENr ( V

RAW DATA FOR THERMAL CONDUCTIVITY MEASUREMENTS

The tabulated raw data for the guarded hot plate measurements are shown in Table XXIV.
A sample calculation of one of the thermal conductivity measurements was performed. An
temperatures were determined from thermocouple readings (see Figures 16 and 17 for
thermocouple locations). The raw date do nt necessarily show steady-state values or low
imbalance conditions. The final steady-state values (shown in Tables XII, XIII. and XIV)
coupled with the best or lowest temperature imbalance conditions obtained in this investigation
are indicated in Table XXIV by an asterisk. The data taken for Run 1 in air was not retaied
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 pcf Dynaquartz - zirconia pins

{qitotal = Vi = (19.50) (4.99) = 97.3 watts

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

Ratio of heat flow: (qatop/(q t, = 0.852
(Power ratio)

30t= = 178.6 BTU/hr

(Ohot =1.852

(0j)top = 330.8 - 178.6 = 152.2 BTU/hr

Aree of sample test section: ()4 = 0.11 ft2

Thickness of sample: 0.50 inch

Q2.2 = 1383.6 BTU/hr-ft 2

top 0.11 =

OA_. 05 BTU-In.
(k)o p = (Q)to p '= 1383.6 k.) = 1.514. BT

hr-ft -- F

= 178.6. BTU-in.(4 56.9 1.777b ot oWF W 45.
9ohr-ft -F
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APPENDIX VI

CORRECTION FOR ZIRCONIA PINS IN
THERMAL CONDUCTIVITY MEASUREMENTS

The raw data for the guarded hot plate measurements wa corrected for the condui.'n
through the zirconla pins 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 Dynaquartz was the top sample with zirconia pins in the metered area. The
magnitude of the corrections is shown in Table XXV. The su'ject is discussed in Section 111.5
and graphically shown in Figures 19, 20, and 21.

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

Assume.
(%ol)total : qo + qpin$

q~t =" pins Apins

and

(qbot)toto| 2 ktotga AT

Since AT and Ax are for the same experimental conditions

r k Apns
- ktal Atotel ( t

and

q O '( bodttal- k )(g AM (cI m toa

finally

k O  cltt)~ kt~l AtoWaI

Calculating uslug the data:

- 178.6 B'TU-1hr

kptn - 6.5 BTU-n.(Bc erenoes 42 and 43)

ktotal - 1.777 BTU-v.- Calculated previously (see Appendix V)
hr-ft -,F

A pin - (1/4) (1/4) 5 - 5/16 = 0.3125 In 2
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Atota = (4) (4) = 16 in 2

kpnA pin 6 .5 03125 l'7A

total Atoal 1. 777 -6 07144

1 - 0.07144 = 0.92856

(ot~total (0,92856) = (178.6) (0.92856) = 165.84 B

kD = (165.84) T D

1 144 f-2
144 ) - 9.179 ft

kD = (165.84) ,456.9 (9.179)

= BTU-In.
kD = (0.18148) (9.179) = 1.666 2

hr-ft 2.F
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