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LIST CGF SYMBOLS

thermal accommodation coefficient.

area perpendicular to heat flow.

alternating current.

American Wire Gage.

radiating surface area in Equation 69.

Boltzmann constant,

British thermal unit.

Birmingheam Wire Gege.

centimeter.

heat capacity at constant pressure.

heat capacity at constant volume.

heat capacity of gas at constant pressure.

heat capacity of gas at constant volume.,

distance between close parallel plates—Equations 62 and 66.
particle size.

direct current.

diameter

lower point of truncation of a population-——page 52.
upper point of truncation of a population—page 52.
mean particle size.

effective inter-particle distance for radiation——Equation T2.
solid length parallel to heat flow—Figure 32(a).

median particle size,
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hr

in.

ID

constant = 2.71828 ...

electromotive force.

coefficient of linear expansion.
semi-principal axis of ellipsoid.

foot.

factor defined by Equation 8.

angle (or "view") factor in Equation 69.

emissivity factor in Equation 69.

number of series geas lengths associated with a unit representa-

tive length of solld.
heat transfer coefficient—Equation 39.
hour.
an integer.
inch.
inside diemeter,
temperature Jump distance—Equation 62.
thermal conductivity.
kilovolt-ampere.
thermal conductivity defined by Equation 12.
thermal conductivity of continuous phase,
thermal conductivity of discontinuous phase.
effective thermal conductivity of two-phase body.
effective thermal conductivity calculated by Equation 11.
contribution of forced convection to ke.
thermal conductivity of bulk gas.
epparent thermal conductivity of gas defined by Equation 66.

modified gas thermal conductivity defined by Equation 68.



gsc

contribution of gas and solid in series and in parallel to ke-
Equation 67.

mean thermal conductivity over a temperature range-—Equation 3L,

- contribution of natural convection to ke.

contribution of radiation to ke.

contribution of particle-to-particle contact to ke.
length; in particular the distance between potential taps.
logarithm to base e,

logarithm to base 10.

empirical constant in Equation 15.

empirical constant in Equation 1k,

mass of solid.

empirical constant in Equation 15.

index of refraction.

empirical constant in Equation 1h4.

_nc
Prandtl number = 'E?E %

outside diameter, ®

a quantity defined by Equation 13.

absolute pressure,

breakeway pressure defined by Equation 8l.

degree of packing defined by Equation 32.

standard deviation of P,-—Equation 28.

length occupled by discontinuous phase per unit length.
area occupled by discontinuous phase per unit area.
volume occupled by discontinuous phase per unit volume,
heat flow per unit time.

heat transfer per unit time by radiation-—-Equation 69.
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q° heat flow per unit time per unit area given by Equation 62.
Q heat flow per unit time.

Q heat flow per unit time through gas and solid in series and in
gsc parallel.,

R radius.

S solid area perpendicular to heat flow—Figure 32(a).

Sln logarithmic (to base e) standard deviation.

t temperature.
- average temperature = 1/2 (ti + ti+l)'

to temperature at zero time.

T absolute temperature.

TC thermocouple,

u function defined by Equation 30.

v function defined by Equation 28.

v volts.

Vd volume fraction discontinuous phase.

Vi mip Dinimm volume fraction solid—procedure on page 56.

Vi payx Deximm volume fraction solid—procedure on page 56.

VT volume of test cylinder.

W coefficient in Equation 18,

b4 space coordinate.

X length of representative cell of two-phase body.

Y space coordinate; in particular the depth of a thermocouple in

the test cylinder.
Z space coordinate.
Z constant in Equation 66.

o] a shape factor defined by Equation 51.
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an angle defined by Equation 21,

ratio of gas heat capacity at constant pressure to gas heat

capacity at constant volume.
finite difference.
finite difference.
emissivity.
constant = 1.7811 ...
viscosity of gas.
time,
mean free path of gas molecule-—Equation 65.
quantity defined by Equation 2k,
term to indicate order of magnitude——Equations 36 and 39.
constant = 3.14159 ...
density.
density of pore-free solid,
Stefan-Boltzmann constant.

thermal diffusivity =

X
oCp °

molecular diameter of gas as determined from viscosity.
sphericity in Equation 86.

quantity in Equation 19.

quantity in Equation 19.
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SUMMARY

Attempts to understand how heat 1is transferred through powder-gas
systems usually devolve to attempts to determine the systems' thermal
conductivities. There are an unlimited number of powder-gas "systems"
possible, even for a single solid in a single gas, and appeal is gen=
erally made to some theory which predicts thermal conductivity in order
to reduce the number of experimental measurements required. Reliable
thermal conductivity measurements on sufficiently well characterized
powder-gas systems over a wide range of conditions are needed for an
understanding of the basic phenomena governing heat transfer in these
systems. Also, such measurements permit meaningful evaluations of
theories proposed to predict thermal conductivity of two phase systems
from more easily measured properties and existing tabulated properties
of the pure constituents.

This study presents measured thermal conductivities for ex=
tensively characterized magnesia, alumina, and zirconle powders.
Thermal conductivities of the powders in dry air at atmospheric pressure
were determined at volume fractions solid varying from 0.49 to 0.70 as
a function of temperature from about 200°F to ebout 1500°F. Particle-
size distribution (by several techniques), chemical composition, x~-ray
diffraction pattern, weight loss on heating, pore-free density, and
surface area of each powder were measured. Mean particle sizes of the

powders varied from about 211 to 1023 microns.
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The thermal conductivities of the various powders were determined
by a steady-state method employing radial heat flow in & hollow cylinder
and by an unsteady-state method based on the model of heating a cylinder
of a perfect conductor surrounded by an infinite amount of the material
whose thermal conductivity is being measured. The unsteady-state method
was used to corroborate a few of the results obtained by the steady-state
method; it provided an independent check on the results. The uncertalnty
of the steady-state measurements was estimated to be about 110 per cent;
and the uncertainty of the unsteady-state method, about i1l per cent.
Reproducibility of the observations was about I3 per cent. These measure-
ments are the basis for the following conclusions: (a) the conductivity
of the powder in air at atmospheric pressure increases with temperature
for each material; (b) the thermal conductivity increases with increas=-
ing volume fraction solid for a given powder at e fixed temperature;

(c) the thermal conductivity is critically dependent on volume fraction
solid near the maximum volume fraction solid obtainable with a powder;
(d) a sorbed film increases the conductivity of the powder above that of
the powder after it has been treated to remove the film below about 850°F
for megnesia and alumina and below about 1050°F for zirconia; (e) mechani-
cal pressure (as distinguished from gas pressure) on the powder enhanced
the conductivity of the powder; (f) an alumina powder had a slightly
lower conductivity than a magnesia powder at the same volume fraction
solid with essentially the same shape factor in accord with predictions
of the theory proposed in this work; (g) two magnesia powders having the
same volume fraction solid and close to the same shape factor but dif-

ferent particle-size distributions, mean particle sizes, and points of
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truncation had the same effective thermal conductivity, in accord with
predictions of the theory proposed in this work.

Prediction of the thermal conductivity of a powder-gas system is
possible in principle for single-sized particles of known shape in a
fixed spatial arrangement if the thermal conductivities of the con-
stituents are known. However, for most real powders the particles are
not single sized, the shape is not known, and the spatial arrangement
is not fixed. Theoretical relations based on idealized models of these
real powders generally relate the thermal conductivity of a powder-gas
system to the volume concentrations of the constituents and thelr
thermal conductivities. Implicit in the derivations are assumptions
of particle shape and spatial arrangement. Ofttimes to force these
relations to fit a broad spectrum of experimental data recourse has
been made to empirical constants. Too much reliance on empirical and
semi-empirical relations leads awey from an understanding of the funda-
mental heat transfer processes taking place in powders, and often leads
to the conclusions that heat transfer through powders is hopelessly
complicated and not amenable to sound mathematical treatment. Too
little use appears to have been made of the well-established small
particle technology and filrm mathematics describing small particle
relationships.

In view of the foregoing, a theoreticel expression is presented
to relate the effective thermal conductivity of statistically describable
two-phase systems to the conductivities of the pure phases, the volume
concentrations of the phases, and a shape factor. Auxiliary equations

to relate bulk gas conductivity and small inter-particle distance and
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to predict a radiation heat transfer contribution to effective thermal
conductivity are derived. The shape factor is a property of the dis-
continuous phese and is related to the two-phase body only through the
volume balance. In the derivation of the expression no assumptions are
made concerning particle shape, size, or spatial arrangement. However,
the derivation is based on a simplified model in that the isotherms in
the model are assumed to be planes perpendicular to the heat flow. In
exact solutions of the heat flow equation, no assumptions are made re-
garding the heat flow or temperature pattern. On the other hand, exact
solutions have been effected only for simple shapes in fixed arrange-
ments that seem to fall far short of describing actual powder-gas
systems.

The shape factor required for solution of the equation proposed
in this study was obtained from the particle-size distribution of the
powders. Results calculated by the proposed equation agree well with
the measured effective thermal conductivities. Predicted and experi-
mentel conductivities generally sgreed within 5 per cent.

Comparison of the experimental conductivities with an exact solu-
tion of the heat flow equation in which the particles are as;umed to be
ellipsolds far enough apart so as not to interact showed that this exact
solution underestimates the measured effective thermal conductivities.
Comparison of the experimental conductivities with a simplified solution
in which the particles are assumed to be spheres and the heat flow lines
are assumed to be straight parallel lines showed that the simplified

_solution gave falr agreement depending upon the value of a constant set

by the geometry of the model.
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The results of this investigation suggest that the effect of
particle parameters, the effect of mechanical (not gas) pressure, the
effect of sorbed films, and the effect of radiation heat transfer on
the thermal conductivity of powders are interesting areas for further
work. Powders having known particle-size distributions, surface areas,
shape factors, etc. should be synthesized or blended sc that the in-
fluence of these parameters may be investigated systematically. Better
control of particle parameters will permit more meaningful inter-

comparisons between different investigetions of heterogeneocus systems.
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CHAPTER T
INTRODUCTION

Knowledge of the facility with which heat 1s transported through
matter and through a vacuum is important in the consideration of many
applied and theoretical problems. Perhaps the transport of heat through
porous media is the least amenable to mathematical analysis. Certainly
the literature of the field is large and difficult to interpret. To
reconcile the results of different investigators and to find an accord
in the various proposed models and analyses 1s even more difficult,
This study presents experimental heat transfer data on a variety of
porous materials which have been extensively characterized, and success-
fully correlates these date as well as all the literature data that are
adequately characterized in terms of a proposed model for heat transfer

through porous media.

Heat transfer is conventionally described in terms of the "co-

efficient of thermal conductivity" or more commonly, the "thermal con=-
ductivity." It is that property of a material which determines the
temperature gradient under fixed heat flow. The definition of thermel
conductivity, k, is contained in the generalized statement of experience

with heat flow called Fourier's law or equation

dt
Q= k= (1)

where the heat flow per unit time, @, and the temperature gradient, dt/dx,

are perpendicular to the area A.



Thermal conductivity may be measured by either static or dynamic
methods. In static methods the sample is allowed to come to steady-state
conditions; i.e., the temperature is a function of a space coordinate
only, and the temperature at two or more positions 1s measured. The
thermal conductivity is then determined from an integration of Equation
1. In dynamic methods the sample is in an unsteady-state; i.e., tem-
perature is a function of a time coordinate as well as a space coordinate,
and the temperature change with time at one or more positions is measured.
The thermal diffusivity, 1, is then usually determined from an appropriate
(though approximate) solution of the equation which relates thermal con-
duction to temperature history. For a homogeneous isotropic material,
containing no heat sources or sinks, if thermal conductivity is constant

and if the small difference between Cv and CP is negligible

dt Bat % %
BT gobes # =l (2)
ox oy oz
where 6 = time,
T = p% = thermal diffusivity,
P
p = density, and
Cp = heat capacity at constant pressure.

Although most unsteady-state methods determine k indirectly from t, some
offer the possibility of determining both k and 1 from a single experi-
ment.

Thermal conductivity depends on the chemical composition, physical
structure, and the state of a substance. It is not a constant for any

one material, but may be a function of a number of variables. Factors



which may influence the thermal conductivity of nonmetallic solids have
been very well summarized by Austin (l)* as follows:

(a) chemical composition, molecular structure in pure compounds,
and impurities in solid solutions;

(b) physical texture: (1) porosity, total void space and size
and shape of pores with solid phase continuous, size and shape of grains
with gas phase continuous; (2) presence of a vitreous or liquid phase,
total amount and distribution of phase; (3) development of ceramic bond
and sintering, time at temperature level; and (L4) anisotropy and direc-
tional effects;

(c) temperature;

(d) pressure, stress or strain; and

(e) heat flow.

The thermal conductivities of most metals, at ordinary tempera-
tures, show a small and nearly linear decrease with increase of tem-
perature, but a few (e.g., aluminum and platinum) show the opposite
effect, as do also many alloys. The thermal conductivity of most non-
metallic meterials varies considerably with temperature (see for example
Kingery (2) and Figure 1). The thermal conductivity of many crystalline
materials decreases with increasing temperature, being in general pro-
portional to the reciprocal of the absolute temperature. The thermal
conductivity of an amorphous body, such as fused silica, increases with
increasing temperature (Figure 1). However, the temperature dependence
of k cannot be predicted with certainty, and thermal conductivity data

cannot be reliably extrapolated to higher or lower temperatures.

*
Numbers in parentheses refer to references listed in the Bibliography.
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Fig. 1. Variation of Thermal Conductivity of Dense Solids with
Temperature (2).



Among the many factors that influence thermal conductivity of
nonmetallic solids, physical texture causes great variation. Speaking
broadly, there are two types of porous materials, cellular and granular,
A cellular material is a two-phase system in which the solid phase is
continuous and the gas phase is dispersed. A refractory in which voids
(cells) are formed by the volatilization or combustion of some ingredient
during firing is representative of this type of substance. A granular
material is a two-phase system in which the gas phase is contimuous and
the solid phase is dispersed. Snow, sands, wools, and dusts are repre-
sentative of this type of substance. In general, a granular material has
a lower conductivity than a cellular one of the same material and
porosity.

Factors influencing thermal conductivity are treated in more detail
by Austin (1), Barrett (3), Kingery and McQuarrie (4), and Powers (5) as
well as most standard texts on heat transfer.

A survey of the literature on thermal conductivity reveals that
steady-state methods of measuring k are more widely used than unsteady-
state methods; however, unsteady-state methods have become more widely
used since instruments for accurately recording rapidly changing tem-
peratures as well as computers for handling the more complex solutions
of Equation 2 have become available. Steady-state methods determine
thermal conductivity directly while unsteady-state methods generally deter-
mine thermal diffusivity so that a knowledge of density and heat capacity
is required before thermal conductivity can be determined. The so-called
"thermal conductivity probe" is an unsteady-state method that permits

direct measurement of k. It is based on the heating of a cylinder of



perfect conductor surrounded by an infinite amount of the material whose
conductivity 1s being measured. Other unsteady-state methods permitting
direct measurement of k, as well as T, are discussed by Carslaw and
Jaeger (6). Since confidence in unsteady-state methods is usually
based on agreement with steady-state methods, the use of steady-state
methods appears to be desirable until a fairly comprehensive collection
of reliable data has been acquired.

In steady-state methods for measuring thermal conductivity the
principal problem is achleving a heat flow pattern which corresponds to
that assumed in solving Equation 1. Test specimens may take a shape
for which an exact solution of Equation 1 is possible. These shapes
are a plane plate (slab), a sphere, a cylinder, and a prolate spheroid.
In flat plate arrangements heat flows through a sample of constant cross
section whose lateral surfaces are, ideally, covered with a nonconductor
of heat. Since there is no perfect thermal insulator, a technique
frequently used to reduce lateral heat flow to negligible values is to
provide heat guards (separately heated portions of the test material)
whose temperature profile matches as closely as is practical the tem-
perature profile of the test sample. To obtain adequate guerding for
accurate determinations of k, quite large samples are required in this
arrangement, Radial flow through a hollow sphere or prolate spheroid
is an attractive arrangement since no heat losses occur except through
the leads to the heater and thermocouples, but the forming of uniform
heat sources and fabricating of hollow samples is frequently a difficult
requirement. Cylindrical arrangements lose heat at thelr ends. A

technique to reduce axial heat flow in a cylinder to negligible values



is to provide end heat guards. Another technique to reduce axial heat
flow in a cylinder is to use a sample which is long compared with its
diameter and to work only in the center section where the isothermal
surfaces are essentially cylindrical.

In unsteady-state methods the principal problem i1s knowing how
nearly the boundary conditions in an experiment match those postulated
in solving Equation 2. Boundary conditions in unsteady-state methods
are achieved by guard methods and/or sample configuration. Advantages
of unsteady-state methods are that some permit very rapld measurements
and that some may be used in situ which is a distinct advantage for
materials such as snow, rocks, and moist solls. Accurate temperature
measurement, especially at very high temperatures, 1s a problem common
to both methods. Standard texts such as Jakob (7), Carslaw and Jaeger
(8), and Kingery (9) present some of the advantages, disadvantages, and
mathematics of established steady-state and unsteady-state methods of
measuring thermal conductivity. Ross (10) presents an excellent survey
on methods of measuring thermal conductlivity.

Each method and arrangement of apparatus indicated above has
certain limitations and the cholce of one over another is governed by
physical structure, temperature, and conductivity. However, thermal
conductivity can be measured with equivalent results by both steady-state
and unsteady~-state methods, by different arrangements of apparatus, and
by different investigators. This fact is indicated by the results of
Woodside (11) on silica aerogel using both steady-state and unsteady-
state methods and by Powell's comparison of the thermal conductivity of

iron measured by several investigators (12). It is further indicated by



the results of Adams (13) and of Kingery (14) on the determination of k
for aluminum oxlide using steady-state radial heat flow in a hollow
prolate spheroid, sphere, and cylinder.

Fram & consideration of the advantages and limitations of the
various satisfactory arrangements outlined above, an apparatus utilizing
radial flow in a hollow=-cylinder was chosen to measure the thermal
conductivity of varlous porous materials as a function of temperature
and volume fraction solid under steady-state and unsteady-state con-
ditions. To reduce heat flow out the ends of the cylinder, both a

sample long compared with its diameter and heat guards were used.



CHAPTER II

REVIEW QF THE LITERATURE ON THEORETICAL EQUATIONS FOR THERMAL
CONDUCTIVITY OF MIXTURES

A powder may be defined as a heterogeneous system in which solid
particles are surrounded by a fluid or, in the case of a vacuum, by
empty space. In the limits the solid and surrounding fluid may be
considered to be either in series or in parallel with each other.
Surely in a real porous body part of the fluid is effectively in series
and part in parallel with the solid, so the true effective conductivity
may be assumed to be between these limits. Assuming no convection in
the pores and no radiation between solid surfaces, the effective thermal

conductivities for these limiting distributions of material are
k,= (1-V) k_+ Vi, (3)

for parallel layers or laminae and
(L-v,) v

1 d
P (4)
ke kc kd.

for series layers or laminae where

ke = effective thermal conductivity of the two-phase body,
kc = thermal conductivity of the continuous phase,

kd = thermal conductivity of the discontinuous phase, and
V. = volume fraction of the discontinuous phase.
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For a given Vd’ if kc and kd are approximately equal, Equations
3 and 4 show that the distribution of material mskes little difference
in the effective thermal conductivity. However, for most powders kd
is large compared to k., so that some account must be taken of the
ratio of series to parallel laminae. For example, a porous material
with a V, of 0.58 and a kd/kc of 1000 has a k_ for parallel laminae of
580 k, and a k for series laminae of 2.4 k . For the same Vd with
kd/kc equal 50, k_ for parallel laminae is 29 k_ and k_for series
laminae is 2.3 kc. This may be contrasted with the case, again with

Va

and ke for series laminae is 1.4 ke

= 0.58, which for kd/kc equal 2, k_ for parallel laminae is 1.6 k,

Equation 3 may be viewed as a volume fraction-weighted arithmetic
mean of the separately determined kd and kc, and Equation 4 may be viewed
as a volume fraction-weighted harmonic mean of the separately determined
kd and kc' Since the effective thermal conductivity of a powder, as=-
suming negligible radiation and convection, should be found between the
upper limiting wvelue, Equation 3, and the lower limiting value, Equation
4, several investigators have considered the intermediate weighted geo-
metric mean to describe the effective conductivity of a powder.

Lichtenecker (15) presented such an empirical relation as follows

v (1 - vd)

k, =k, © ok " (5)

Woodside and Messmer (16) found that for packed beds of quartz sand, glass

beads, and lead shot (va = 0.41 to V, = 0.81) in verious fluids (ranging

a
from Freon-12 to water) Equation 5 overestimated ke when kd/kc exceeded

20.
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Numerous theoretical expressions have been derived for evaluating
the effective thermal conductivity of a heterogeneous body. These deri-
vetions seem to fall into two categories: the first of which contains
no assumptions about the heat flow and temperature patterns and the
second of which contains an assumption about either the heat flow or
the temperature pattern. Expressions in the first category are some~
times referred to as accurate, rigorous, or exact solutions. Expressions
in the second category are referred to as "simplified" or approximate
solutions. The words accurate, approximate, etc. refer to the mathematics
of the solution and not necessarily to the effective conductivity pre-
dicted by the solution. 1In an excellent survey of theoretical relations
for determining the effective conductivity of heterogeneous substances,
Powers (17) clessifies theoretical relations as equations based on flux
laws (the first category above) and as equations based on Ohms law (the
second category above). Babanov (18), Gorring and Churchill (19),
Laubitz (20), and Woodside and Messmer (16) review some of the schemes

used 1n deriving relations to predict ke.

Exact Solutions

Although many of the exact solutlions have evolved from work in
electricity, magnetism, hydrodynamics, etc. they apply equally well to
any case of mass or energy flow under a potential difference or driving
force.

Maxwell (21) derived an expression for the effective conductivity
of a heterogeneous body composed of spheres of one conductivity embedded

in a matrix of another conductivity. His equation is
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N kd+2kc-2vd (kc-kd). 6
e c kd + 2kc + Va (kc -'de

It is assumed that the spheres are so far apart that they have no in-
fluence on one another. Lord Rayleigh (22) considered the interactions
between particles for the cases of uniform spheres and cylinders in
"rectangular order" (spheres in a cubic array and cylinders in a square
array). For small values of A the Rayleigh equation for spheres is
identicel to Equation 6 (Mexwell's equation).

Many expressions have been derived based on modifications and
extensions of the Maxwell and Rayleigh equations (23, 24, 25, 26, and 27).
Burgers (23) and Fricke (24) developed more general solutions for parti-
cles embedded in a matrix by assuming the particles to be ellipsoids.
With the assumption also that the particles are far enough apart so as
not to interact, Fricke obtalned

k

d
l+Vd(F-k—--l)

e C .
ke =5 | T3 Vs ¥ -1 | L

for spheroids (fl = £, # fé)

-1
/ il 4y . (8)
F = 1/3 YL g
1=1 kc 3
and
if=l. (9)
i=li

The factor F represents the ratio of the overall average tem-

perature gradients in the two phases. The factors fi are the semi-
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principal axes of the ellipsoid. If fl = f2 = f3, i.e., the particles
are spheres and Equation 7 reduces to Maxwell's equation. In calculating
the thermal conductivity of soil, de Vries (28) took £, =1, = 1/8 and

£y = 3/4. Woodside and Messmer (16) found that Equation 7 with de Vries'
values for fi gave falr agreement with their experimental conductivities
for beds of quartz sand, glass beads, and lead shot in various fluids

at about 86°F. They concluded that Equation 7 with de Vries' values

of f, underestimates k_ when kd/kc is very large (from their data,

"very large" kd/kc appears to be about 100).

Equations of the Maxwell-Rayleigh type usually yield results that
correspond falrly well with experimental results for cellular material
and emulsions. Gorring and Churchill (19) compared a large body (99
systems) of literature data with equations of this type and found good
agreement between experimental and calculated results. However, exact
solutions have usually not ylelded good agreement when compared with
experimental results on powders. ]Perhaps the difficulty is, as pointed

out by Laubitz (20), that although the mathematics is exact the model

is so artificial that it radically departs from real powders.

Simplified Solutions

Assumptions about the heat flow or temperature pattern, i.e., the
assumption of a more restricted model, can reduce the problem of cal-
culating the effective thermal conductiyity of a hetergeneous system
from that of solving a partial differential equation to that of solving
an ordinary differential equation (Fourier's law). Simplified solutions
are generelly of two types: 1in the first the heat flow lines are as-

sumed to be straight and parallel, and in the second the isotherms are
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assumed to be planes perpendicular to the heat flow. Solutions of the
first type are sometimes said to be based on the assumption of linear
heet flow, the assumption of zero sidewise conductivity, or the as-
sumption that the conductivity of the components is vanishingly small

in directions perpendicular to the heat flow. Solutions of the second
type are sald to be based on the assumption of linear isotherms, the
assumption of infinite sidewise conductivity, or the assumption that

the conductivity of the components is infinite in directions perpendicular
to the heat flow, Lichtenecker (29 and 30) derived expressions for the
electrical conductivity and the dielectric constant of aggregates for
several models (squares, triangles, circles, and ellipses in & square)
using both of the above assumptions. His solutions were two dimensional,
i.e., independent of the third dimension.

Linear Heat Flow

For cubes in a cubic array with the assumption of linear heat

flow, the expression for effective thermal conductivity is

k
(1 = le/3 £ V) + é (vdl/3 - v,)

1/3 ¢ 1/3

(L = V) = U

d

This expression was derived by G. S. son Frey (31) to describe the elec-
trical conductivity of binary aggregates., Lichtenecker's (29) two-
dimensional model corresponding to this case gives an equation which is
easlly converted to the above equation, showing that the model is in-
dependent of the third dimension. For most powders encountered in

practice, Equation 10 gives results which are factors of 2 to 3 lower



15

than experimental results. Tsao (32) presents a more general form of this
equation assuming the particles to be parallelepipeds.

Schumann and Voss (33) derived an equation based on a two-dimension-
al model in which the solid is bounded by & rectangular hyperbola. The

expression they obtained is

3 3
k, =k, (1-vd) +[1-(1-vd)]ka (11)
where
k k p (L+p) (k =-k.) k (1 +p)
k= ‘(’kd =7 |1+ kckdlnck (12)
B g TP A8y = By e TPk, - ky) PX4
and
(1-V) = (" +p) mBE=-p. (13)

Since the calculation of ke from kc’ kd, and Vd is somewhat involved,
Schuman and Voss presented s graph of k.e/kc versus kd/kc with (1 - Vd)
as a parameter to permit rapid estimetion of ke.

Wilhelm et al. (34) observed that, on the average, experimental
conductivities were larger than those computed by Equation 11. They
hypothesized that this difference in calculated and experimental con-
ductivities could be explained by the neglect of solid-to-solid contact.
They deduced an expression to correct the effective conductivity as cal-
culated by Equation 11.

Their suggested correction is

log(ke-k ) =M+ N (14)

esv 1=V
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where kesv = effective thermal conductivity calculated by Equation 11 end
M and N = constants obtained empirically from experimental measurements.
For k_ in Btu/hr+£t+°F, M = -1.759 and N = 0.0129.

Preston (35), from a study of his data plus the data used by
Wilhelm et al., suggests the following modification of the Schumenn and

Voss equation:

k =m (k, )", (15)

where for ke in Btu/hr'ft'oF, m= 1,536 and n = 0.959.
Deissler and Eian (36) derived the following expression, velid
for V4 = m/6, for the effective thermal conductivity of spherical

particles in a cublic array:

m
k 2
2(-9- - 1)
Ba

They alsc derived an expression for cylinders in a square arreay,

kc kc TFI
- l) Lo 1n — + l - - (16)
K, ky In

valid for V, = /4, with heat flow perpendicular to the longitudinal

axis:
k

c
- sin l

2

{-- — 1) (17)

Since this is a two-dimensional model, Lichtenecker's (30) equation cor-

—-.--l) 3——--
d

responding to this case can be converted to Equation 1T.
Using the two Equations, 16 and 17, above plus the fact that at

Vd =1, ke = kd and at Vd =0, ke = kc, Deissler and Eian constructed
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a log-log plot of ke/kc versus kd/kc with (1 - Vd) as a parameter. Values
of (1 - Vd) intermediate to the four known values are determined by inter-
polation. They found good agreement between conductivities estimated by
thelr analysis and experimental data from both their studies and the

data compiled by Wilhelm et al. Laubitz (20) generalized Equation 16

for V., equal to or less than w/6. Equation 17 may be easily generalized

da
for V, equal to or less than m/4 in similar manner.

Gorring and Churchill (19) developed an expression for effective
thermal conductivity for a cubic array of particles bounded by parabo-
loids of revolution. They obtained fair to excellent agreement with
experimental data (56 systems) on packed beds and powders. The form

of thelr equation which they used in these comparisons is

1/3
 oox | L2 [Za (18)
e “c|.2/3 |k
W c
where W 1s a coefficient obtained through a volume balance of the phases.
Willhite, Kunii, and Smith (37) derived an equation based on & two-
dimensional model which 1s a modification of the one used by Kunii and
Smith (38) which, in turn, is similar to the model used by Yagi and
Kunii (39) for uniform spherical particles. The relationship for ef=-

fective conductivity proposed by Willhite, Kunii, and Smith is

lic Q kc ;
ke=kc[1+vd(1-k—+vd(a] (1-?)] (19)
d d
where k \@
c . 2
1l- T sin” B
1 d (20)
®©=3 K, [k k_ ’
ln—-[—- cosB}- l-— [l-cosps)
k k k
c c d
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(21)

and the quantity O 1s proportional to the egquivalent length of the path
for heat transfer through a given spherical particle by conduction.
They took Q equal 2/3 for spherical particles of low conductivity. For
nonspherical particles and spherical particles of high conductivities
they found that using Q equel 1/2 improved agreement between calculated
and experimental conductivities. The number of points of contact in
beds of spherical particles, (sin2 B)-l, 1s taken from the experimental
work of Smith, Foote, and Busang (40). Willhite, Kunii and Smith found
good agreement between predicted and experimental results for a large
body of data in the literature (33, 35, 41, 42, 43, and 44)., Masamune
and Smith (45) present a further variation of this model with terms to
predict the effect of pressure on bulk gas conductivity and to evaluate
a solid-to-solid heat transfer contribution to effective thermal conduc-

tivity.

Linear Isotherms

For cubes in a cubic array with the assumption of linear isotherms,

the expression for effective thermal conductivity is

k
2 2
(1-vd/3) +E‘§Va/3
k =k b (22)
e c k
(1 - vd2/3 + vd) »«k—‘1 (vd2/3 - vd)

c

This expression was first derived by G. S. son Frey (31) to describe the

electrical conductivity of binary eggregates. Russell (46) later obtained
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the same result for thermal conductivity and it is referred to in the
literature — as well as in this study — as Russell's equation.
Lichtenecker's (30) two-dimensional model corresponding to this case
gives an equation which is easlly converted to Equation 22 above.
Russell's equation yields results that correspond falrly well with ex-
perimental results for cellular materials and emulsions, but generally
¥ields results for powders that are about a factor of two low. Laubiltz
(20) found that he could explain his experimental results on powders,

Vg4 = 0.290 to V, = 0.475, of magnesis, alumina, and zirconia in air
satisfactorily by doubling k.e predicted by Russell's equation and adding
a term to account for radietion. Austin (1) concludes that Russell's
equation and Maxwell's equation give substantially identical results for
the same system (see Appendix I).

Topper (47) derived an expression, valid for Vg=0to V= /6,
for the effective conductivity of uniform sphericeal particles in a cubic
array. Webb (48) derived an expression, valid for Vg = 7/6, using this
model also., Woodside (49) obtained an expression, equivelent to Topper's,

for this model which is

6V 1/3 2 -1
- - | - (X =2 vxl
k, =k, (1= |= 1 - ]mv_l (23)
where
L 1/2 "
v = (1 + & 2
EQ 6Vd_ 2/3
m k" T

Woodside found that values for the effective thermsl conductivity of snow,

calculated using Equation 23, asgreed fairly well with experimental values.
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Laubitz (20) compared his results for masgnesia, alumina, and zirconia
powders with Equation 23 and concluded that the calculated results were
larger than his experimental ones.

Shimokawa (50) derived an equation for an orthorombic packing
(Vd = 'rr/3 \/3_\ ) of uniformly sized spheres. His relation for effective
thermal conductivity is

2

k k k
T d d d T
k = k —— prieharad e In—| = ——) 4+ ] = b (25)
e c ;—\3 kd-k.c kc kd kc > ,—13

He found that his measured electrical conductivities (of ilon exchange
beds) compared favorably with a modified Maxwell equation; however, he
found the comparison even better with his equation. This expression
may be generalized for V, equal to or less than /3 B Ve

Deissler and Boegli (51) suggested that it might be possible to
obtain an expression for effective thermal conductivity and account for
the irregular arrangement and shape of the particles by using the heat
conduction equation in conjunction with statistical methods. They did
not apply their suggestion to a model. Tsao (32) derived an equation
for randomly sized and distributed particles using a statistical approach.

His expression for effective thermal conductivity is

-1
1 dap
_ 1
B, =k, L kd (26)
1+ 5~ l] P2
c
where
2
L ¥ /2
P2 = };, d\", (27)
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P. =P
ve—=3, (28)
s
— length occupied by phase d
1 unit length :
p = &rea occupied by phase d ,
2 unit area
— volume occupied by phase d
By unit volume 5

PS = standard deviation of Pl'
Warren and Messmer (52) question the validity of Tsao's mathematics.
Aside from the doubt cast upon Tsao's mathematics, the fact remains
that PS is probably as difficult to obtaln experimentally as 1s ke it-
self. Nevertheless, Tsao's approach to calculating the effective
thermal conductivity of heterogeneous media by applying statistical theory

seems velid, and a variation of his epproach is presented in Chapter IX.

Comparison of Linear Heat Flow and Linear Isotherms Solutions

A discussion of simplified expressions for predicting effective
thermal conductivity would be incomplete without a comparison of "linear
heat flow" and "linear isotherms" solutions for a given geometrical model
under similar conditions. Consider, for example, cubes 1n a cubic array
with linear heat flow (Equation 10) and with linear isotherms (Equation
22) at kd/kc = 1000 and V, = m/6. The linear heat flow solution predicts
that k., = 3.69 k, and the linear isotherms solution predicts that k_ = 5.12
kc under these conditions. This may be contrasted with spheres in a cubic
array, again with k,/k = 1000 and V4 = /6, for which the linear heat
flow solution (Equation 16) gives k, = 9.51 k_ and the linear isotherm

solution (Equation 23) gives k, = 97.5 k. Comparisons such as these
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lead to the conclusion that, all other conditions being equal, a simpli-
fied expression to predict ke based on linear heat flow gives lower
results than one based on linear isotherms for the same geometrical
arrangement of particles. The magnitude of the difference depends on
kd/kc and V, since obviously as kd/kc approaches unity and V, approaches

zero any theoretically sound expression considering heat transfer by

conduction only predicts that ke approaches kb.
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CHAPTER III

EXPERIMENTAL METHODS AND APPARATUS

Experimental Methods

Radial heat flow in a hollow-cylinder was chosen with which to
measure thermal conductivity under steady-state and unsteady-state
conditions. Much more work was done in this study with the steady-
state method of operation than with the unsteady-state. The unsteady-
state method was used to corroborate a few of the results obtained by
the steady-state method and to provide an independent check on the

results. The principles of each method are briefly reviewed below.

Steady-State Method

The steady-state method is based on a model having radial heat
flow outward through a cylinder of material whose thermal conductivity
is the unknown. For materials that are not rigid, e.g., powders, the
semple 1s held between two concentric tubes or cylinders to achieve
and maintain the desired sample shape. Heat, usually produced by an
axially located electrical resistance heater, is conducted radially
outward through the sample. It is generally considered advisable to
cover the heater with another tube of a good thermal conductor to equalize
the temperature over the heater surface. Use of a thin wire as the
central heater—Schleiermacher's method (53)—has not been successful
with powders at high temperatures because of bowing of the wire caused

by thermal expansion (54). In determining the thermal conductivities of
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alumina and glass powders, Weininger and Schneider (55) used a glass tube
wound with platinum wire inside a Monel tube as a central heater. For
their work on uranium oxide powder, Deissler and Boegli (51) used a
carbon rod inside a ceramic tube as a central heater. Measurement of
heat input per unit length in both cases was accomplished by connecting
leads for voltege measurement across a known length of heater.

The temperature at two or more known radial distances must be
determined in order to evaluate thermal conductivity. Weininger and
Schneider (55) silver soldered thermocouples to the inner Monel and outer
steel tubes which confined their powder samples. Deissler and Eian (36)
in determining the thermal conductivity of a magnesia powder used four
groups (90° apart) of five radially positioned thermocouples located in
a plane across the center of thelr test section. Mica spacers located
on either side of the thermocouple junctions aided in maintaining the
distance between thermocouples.

Cylindrical arrangements lose heat at their ends and some means
mist be provided to minimize longitudinal heat flow. One way to compen-
sate for longitudinal heat loss is to make the cylinder long and measure
only in the central portion where the isotherms approximate those of an
infinite cylinder. This is the approach used by Weininger and Schneider
(55). Another way to reduce longitudinal heet flow to negligible propor-
tions is to use "heat guarding". Heat guarding may be accomplished by
nonuniform heater winding; i.e., the windings on the ends of the heater
are more closely spaced than those in the middle so that a region with
negligible axial temperature drop may be achleved in the sample. Heat

guarding may also be accomplished by placing auxiliary coils above and
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below the main cylindrical arrangement to produce temperatures in a
central zone which approximate those which would result from radial heat
flow alone. Deissler and Eian (36) used end guard heaters on their
central heater in order to achieve essentially radial heat flow.

To achieve high mean temperatures without severe temperature
gradients between thermocouples in the same plane but at different
radial distances, the entire cylindrical assembly may be covered with
insulation or may be placed in a furnace. Iaubitz (20), in measuring the
thermel conductivity of magnesia, alumina, and zirconia powders at tem-
peratures up to about 1800°F, used what emounted to a long cylindrical
furnace as his outer container.

To summarize, use of a system having radial heat flow outward
through a cylinder of powder is a straight-forward method of measuring
thermal conductivity. Operated in a steady-state mode it is simple in
principle, and it has the advantage for powders that the cylindrical
sample shape 1s easy to achieve. However, it does require care to ensure
that the heat flow approximates radial flow in an infinite cylinder. The

mathematics of the method are treated later in Chapter VI.

Unsteady-State Method

The unsteady-state method is based on the assumption of a model
which employs heating & cylinder of a perfect conductor surrounded by
an infinite homogeneous medium whose thermal conductivity is the un-
known. From suitable solution of the heat flow equation, the thermal
conductivity of the medium (sample) is deduced from e record of the

temperature change of the perfect conductor (heater) as a function of
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time. This method is variously referred to as the "transient line heat

source," "thermal conductivity probe," or "transient needle" method. A

heater made of a good thermal conductor is generally treated to a first

approximation as a perfect conductor, although sometimes corrections are
devised to correct for the fact that the heater has a finite conductivi-
ty (56).

When the system, comprised of heater, sample, and contalner, is
et uniform and steady temperature, a constant, known power is supplied
to the heater, and the temperature rise of the heater is recorded.
Thermal conductivity is calculated from the power input and the time-
temperature record.

Since only redial heat flow 1s assumed in this method, longitudinal
heat flow must be reduced to a negligible value. Techniques to achieve
radial heat flow are the same as those used in the steady-state method
above; viz., samples with very large length-to-diameter ratios (57), or
heat guards are used.

While the theory applies to an infinite medium, the method 1s ap-
plied to finite samples by using only that portion of the heating time
during which the heat front does not "see", i.e., is unaffected by, the
extent of the sample. Errors introduced by supplying varying power to
the heater (caused by change in heater resistance with temperature) can
be made negligible by using resistance wire with a low temperature coef=-
ficient of resistance, or by using a constant-power power supply.

This unsteady=-state method has been used fairly extensively for
powders at temperatures close to embient (11, 16, 56, 58, and 59). How=

ever, it has been used by DeNee (60) to determine the thermal conductivity
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of quartz sand packs at liquid nitrogen temperatures, but it does not
appear to have been used much at temperatures sbove amblent. The develop-
ment of the method is reviewed by Woodside (11). Sources of error in the
method are treated in deteil by Blackwell (57). The theory of the method
is presented by Blackwell (57) and by Carslew and Jaeger (61). An ab-

breviated mathematical treatment 1s presented later in Chapter VI.

Experimental Apparatus

The experimental apparatus consisted basically of an upright
cylindrical sample container with a central heater to provide a radial
tempersture gradient and a furnace to maintain temperature level. The
central heater was elther a platinum-wound resistance heater for steady-
state measurements or a stalnless steel tube resistance heater for un-
steady-state measurements. An isometric drawing of the sample container
and steady-state central heater is given in Figure 2. A schematic diagram
of the sample container in place in the controlled-temperature furnace
is given in Figure 3. The principal components of the sample container
and associated equipment used in carrying out the conductivity measure~
ments (viz., the central heater, central heater power supply, power
measuring equipment, and temperature measuring equipment) are shown
schematically in Appendix II (Figure 47) for the steady-state mode of
operation. The equipment set-up was the same for the unsteady-state
mode of operation with the substitution of the stainless steel tube
resistance heater for the platinum-wound heater and a recording potenti-

ometer for the manual potentiometer.

A basic requirement of the apparatus used in both modes of opera-

tion was that it include & centrally-located test zone having isotherms
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which were very nearly concentric cylinders. The isotherms were adjusted
to this configuration and maintsined by guard heaters which could be
sensitively trimmed by adjustable voltage supplies. Twelve thermocouples
were located in the test zone in a clrcular pattern in two ranks concen-
tric with the central heater (Figure 4). Each rank had six thermocouples.
The temperatures of the thermocouples in the two ranks were measured, and
an average temperature was determined for each rank by taking an arith-
metic average of the temperatures indicated by the six thermocouples in

that rank.

Sample Contalner

The sample container was fabricated from Inconel pipe and was
sbout 4 inches in inside diemeter, 4-1/2 inches in outside diameter, and
about 24 inches long. The container accommodated e l-inch Inconel tube
(14BWG) that was about 22 inches long and was welded to the center of
the top flange. The Inconel tube was centered at the bottom by an
Inconel spacer or "spider" in which the tube was free to turn (Figure 5).
The spacer was prevented from turning by two small lugs projecting from
the side wall of the container. The top flange held six pairs of thermo-
couples which were spring-loaded to prevent them from bowing under expan-
sion. This was found to be necessary to maintain their radial positions
in the container (Figures 5 and 6). To prevent any motion of the portion
of the thermocouples outside the container being transmitted to the por-
tion of the thermocouples inside the test zone, ceramic spacers in the
upper portion of the container were necessary (Figures 5 and 6). The
ceramic spacers were machined from Lava "A"—an aluminum silicate——and

were spring-loaded to maintain their longitudinal position. The top and
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bottom flanges were sealed to the sample container using corrugated

stainless steel gaskets. ¥Five containers were fabricated and used.

Furnace

The 5 kva controlled-temperature furnace was used to maintain e
chosen temperature level as well as to establish vertical cylindrical
isotherms in the test zone. The furnace was constructed of four resis-
tance heater bands clamped to a high-chromium steel tube. Each heater
band or zone was about 6 inches high and was powered separately (Figure 3).
The temperatures of the top and bottom zones were controlled by off-on
pyrometer type temperature control instruments with proportional and re-
set action. The middle two zones, although powered separately, were
controlled by the same thermocouple. In two furnaces the temperatures
of this middle zone were controlled by off-on null-balance temperature
recorder-controller instruments with proportional and reset action. In
the third furnace, temperatures of the middle zone were controlled by the
pyrometer type instruments mentioned above. An over-all view of the
controls for the three furnaces is shown in Appendix II (Figure L8).
The three furnaces behaved similarly. Under steady-state conditions the
furnaces as operated gave temperatures in the test zone constant to ap-
proximately #0.2°F at about 200°F and constant to approximately 11.5%

at about 1500°F for periods up to 72 hours.

Central Heater

For steady-state measurements the platinum-wound resistance hester-
Appendix II, Figure 49(a)~~was lightly coated with alundum cement and in-

serted into the l-inch Inconel tube. The platinum wire was wound on a
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ceramic core made of Lava "A". For unsteady-state measurements the top
and bottom flanges were modified to accommodate insulating glands to
isolate electrically the 1/8-inch, 347 stainless steel tube, resistance
heater—Appendix II, Figure 49(b) and (c)==from the sample container.
Three platinum-wound and three stalnless steel tube resistance heaters

were constructed and used.

Central Heater Power S\_.I.BR_]:X

Direct current power to the central heater, elther platinum wound
or stainless steel tube, was supplied by a solid state power supply of
the transistor-magnetic type. The model used (Appendix II, Figure 48)
had an output which was continuously adjustable over the range 0-36

volts and O-20 amperes.

Power Measuring Equipment

Power to the central heater was determined from measured voltage
and current. The potential drop across the portion of the heater in the
test zone was measured using a potentiometer (Rubicon Type B) in conjun-
tion with a volt box (Appendix II, Figure 47). The current in the heater
was measured using the potentiometer in conjunction with a standard shunt

in a current lead as well as with the volt box (Appendix II, Figure 4T).

Temperature Measuring Equipment

All temperatures were measured with chromel-alumel thermocouples
which had been caelibrated to within 0.25 per cent of the values given in
NBS Circular 561 at the steam point and aluminum melting point or checked
against those which had been calibrated. The thermocouples distributed

throughout the test zone were swaged assemblies of either 28 or 30 AWG
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wire with megnesia insulation and with 1/16 inch outside dismeter sheath-
ing tubes of either 310 stainless steel or Inconel. The Inconel sheathing
was more satisfactory than the 310 stainless steel because of Inconel's
better resistance to steam corrosion. The thermocouple welded to the
wall of the "probe" heater was 24 AWG wire.

The emfs of the thermocouples in the powder sample were determined
with the potentiometer, and the emf of the "probe" thermocouple was record-
ed on a self-balancing variable range potentiometer with a chart speed
of four inches per minute. All thermocouple emfs were converted to tem-
peratures using NBS Circular 561. An over-all view of the cold junctions,

potentiometer, and accessories is shown in Appendix II (Figure 50).
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CHAPTER IV

CHARACTERIZATICN OF MATERIAIS

Selection of meaningful methods to characterize particle matter
is a problem common to many fields of science and englneering. The
properties of a multicomponent two phase system, such as a powder made
of solid and geas, cannot be adequately described without taking into
account such factors as totael volid fraction, particle size, particle=-
size distribution, surface characteristics of the particles, shape
factors, pore size, and pore-size distribution. The gross properties
of powders are determined by three major sub-classes of properties.
The first class is described by the properties of the pure bulk com=
ponents. These properties are retained by the components in the mixture,
Examples are thermal conductivity and heat capacity of the bulk solid
and the gas; and hardness, coefficient of linear expansion, and x-ray
crystal pattern of the bulk solid. The second class is described by
properties created by subdividing the solid, Examples are particle
size, particle-size distribution, surface characteristics, shape
factors, pore size, and pore-size distribution. The third class is
described by properties belonging to the solid-gas system. Examples
of this class are bulk or apparent density, effective thermal conductivity,
permeabllity, and other transport properties of the system. In the
measurement of properties in classes two and three above it is assumed
that the powder is isotropic (i.e., no preferred orientation of the

particles) and that the sample examined or measured is large enough so
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that selection of another similar sample or a larger sample will not
meterially change the measured velues.

The behavior of a powder (or any particulaste matter) should be
determined by the properties of the pure components, the particle param-
efers, and the manner in which they are combined as stated above. How=~
ever, it is difficult to determine which of the pure component properties
and particle parameters are most important, and even more difficult to
determine how each affects the behavior of the multlicomponent system.
Much of the data in the literature on the effective thermal conductivity
of systems which appear similar (based on kc" kd, Vd and particle size)
actually vary widely. For example, Schotte (62) compares data on five
glass beads-air systems at temperatures not too far apart and with almost
the same void fraction and finds that the results differ by a factor of
2.4. One of the principal tenets of the present work is that such dif-
ferences found in aepparently similar systems may easily be real, and are
explicable in terms of more subtle factors such as particle-size dis-
tribution, surface conditions (roughness, cleanliness, adsorbed films,
etc.), mechanical (not gas) pressure on the system, and other factors.
To promote and support this belief, powders used in this study were ex-
tensively characterized.

The solid materials used for thermal conductlivity measurements
were magnesia, alumina, and lime-stabilized zirconis powders that were
produced from the respective electrochemically refined (fused in an
electric furnace) oxides which had been crushed. The supplier of the
materials, Norton Company, Worcester, Massachusetts, designates the

alumina as Alundum, Type:38; the magnesia as Magnorite, Type: Electrical;
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and the zirconia as Lime Stabilized (Cubic) Zirconia, Type: "H". The
as-recelved magnesia and zirconia powders were individually blended in

a Patterson-Kelly twin shell laboratory blender before any measurements
wvere made. The purpose of blending was to ensure homogeneity since
there seemed to be a floating of fines during shipment of the powders.
With the exception of this blending, the magnesia powders designated
Mg0 (E-98) and MgO (E-227) and the zirconia powders designated zZro,
(H30F) and zr0, (H14F) were used as-received. The alumina powder
designated,A1203 (E-98) was prepared by mixing appropriately sized
fractions of powder to give a powder having a particle-size distribution
like that of the Mg0 (E-98) powder. The alumina powder designated A1203
(B45F) was obteined by teking a selected cut of an as~received alumina
powder. The designations 1n parentheses following the chemlcal formuls
of a powder are codes used for convenience in thils study and correspond,
in most cases, to the supplier's code,

Analysis by X-ray diffraction indicated that the materials were
magnesia, alpha-alumina, and cubic zirconia. Spectrochemical analyses
of the oxides indicated that the principal impurities in the magnesia
were aluminum (0.01-0,1%), iron (0.01-0.1%), and silicon (0.01-0.1%);
that the principal impurities in the alumina were iron (0.01-0.1%),
sodium (0.01-0.1%), and silicon (0.01-0.1%); and that the principal
impurity in the zirconia (exclusive of the CaQ added to stabilize the
Zr0, in the cublc form) was aluminum (0.01-0.1%). Analyses by flame
photometry indicated that the Zro, (H30F) contained 3.58 weight per
cent Ca0 and that the ZrO, (HLLF) contained 2.57 weight per cent CaO.

Thermogravimetric analyses indicated that the weight losses of the
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powders on heating to 1832% varied from 0.024 to 0.134 weight per
cent (Table 1). The complete thermograms for each powder are pre-
sented in Appendix IIT (Figure 51). The surface area per unit weight,

as determined by BET nitrogen adsorption, and the "absolute, true," or
"pore-free" density, as determined by pycnometric techniques, of the
powders are given in Table 1. The surface area and density measurements
indicate that the particles have few or no closed internal pores as
would be expected for fused and crushed material. The particles are
irregular in shape. However, they are neither plate-like nor needle-
like, which are shapes that tend to destroy homogenelty of packing
structure (Figure 7).

For irregular particles the term "particle size" 1s arbitrary,
but should be unambiguous. The particle size measurements used in this
work were selected using the excellent treatments of small particle
measurement techniques, thelr ranges of applicability, and limitations
by DallaValle (63), Orr and DallaValle (64), or Herdan (65) as a guide.

The particle size as determined by sleving is taken to be the
arithmetic average of the sizes of the openings of the screen which
passes the particle and that which retains it. The logarithmic-
probability plots of cumuletive welght in per cent versus size for the
powders used are shown in Figures 8 to 13. The tabular data from which
these plots were made are given in Appendix III (Tables 6 to 8). The
median particle size, logarithmic (to base e) standard deviation, and

mean particle size for each powder obtained from these data are given

in Table 2.



Table 1. Properties of Magnesia, Alumina,and Zirconia Powders.

Minimum Maximm
Weight Loss Volume Volume

Pore=free Surface on Heating Fraction Fraction
Density® AreaP to 1832°F soligd Solid®
Powder (g/cc) (m?/g) (%) Vi min V3 pax
Mg0 (E-98) 3.59 0.076 0.058 0.4ok 0.651
Mg0 (E=-227) 3.58 0.062 0.125 0.452 0.610
Al,03 (E-98) 3.98 0.0L43 0.134 0.457 0.633
Al503 (B4SF) 3.95 0.03k 0.079 0.426 0.528
Zr0," (H30F) 5.60 0.116 0.030 0.534 0.764
Zr0, (H14F) 5.63 0.081 0.024 0.573 0.801

Determined as follows:
® Gas pycnometer.
" BET nitrogen adsorption.
¢ Thermogravimetric analysis.

4 Procedure on page 56.

€ Procedure on page 56.

™
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Table 2,

Parameters of Magnesia, Alumins, and Zirconia Powders Obtained from Screen Analysis

Median Logarithmic Mean
Particle (to base e) Particle Points of Truncation
Size,® Standard Size, © Lower, Upper, Dy _,2
Ds Deviation, Dg Dy, g su/2
Powder (microns) Sin (microms) (microns) (microns) 5 o
Mg0 EE-98) 180 0.892 268 23 328 0.739
Mgo (E-227) 235 0.949 369 19 432 0.735
Al 03 5 ; 166 0.959 263 13 308 0.737
03 (BhSF 211 0.055 211 e e e
(H30F) 198 0.880 292 36 555 0.853
Zro2 (HLUF) 333 1.499 1023 20 1950 0.851

Determined as follows:

& Fifty per cent value of D from logarithmic probability plot of particle size versus cumulative
welght per cent.

R Sln = 1ln [Dna:tﬁh.l3 ] using straight line portion of logarithmic plot of particle size versus

cumulate weight per cent.

c

Dm = DEO%

91/2 (SJ.Il)2 .

& Procedure on page 52.

€ Distribution has too few points for meaningful determination of points of truncation.

61
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The size of particle as determined by sedimentation 1s expressed
as the diameter of a sphere that would fall with a velocity equal to the
observed falling velocity of the particle, This method gilves the so-
called apparent Stokes' diemeter. These results are tabulated in Ap=-
pendix IIT (Table 9).

The sieving and sedimentatlon techniques given above yleld weight
or volume fractions of the various sizes. For purposes of comparison,

a linear measure of size as a function of the number of particles, as
determined by microscopic measurement of one powder, Mgo (E-98), is
presented in Appendix III (Table 10). As a general rule, if the number
distribution of particle size obeys a specific distribution law, the
welght distribution does not, and vice=-versa. However, the logarithmic
normal distribution is one of the distribution laws for which, if the
weight distribution is logarithmic normal, the number distribution is
logarithmic normal with the seme logarithmic standard deviation (66).
The results of MgO (E-98) as determined by sieving and microscopy are
compared in Figure 14. It may be seen that the distributions follow a
logarithmic normal law with logarithmic (to base e) standard deviations
of 0.892 and 0.936, as determined by sieving and microscopy, respectively.

Although a complete population was used as & sample in the opera-
tions which gave the informetion plotted in Figures 8 to 1k, the individual
values of observations below a smallest particle size, D,» and above a
largest particle size, Db’ are not specified. A distribution of this
type 1s called a censored distribution because the obtainable information

has in a sense been "censored" either by nature or by the observer.
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In other words a logarithmic normal distribution with parameters, D5O%

and sln’ describes a system with

f+°° e-ue/.?
- du =1 (29)
Naw
where
u=z— ln5—, (30)
In  “50%
D = particle size,
DBO% = median particle size, and
Sip = logarithmic (to base e) standard deviation.

Apy real powder represents only & portion of the above integral. Deter-
mination of the points of truncation of a population (the smallest and
largest particles in this case) is mathematically very difficult. For
instance, see the treatment of censored distributions and truncated
populations given by Hald (67) or Kendall and Stuart (68).

The scheme used to obtain points of truncation for the powders of
this study was as follows: (a) The original size analysis (Appendix III,
Tebles 6, 7, and 8) of each powder was plotted on arithmetic (Figure 15)
or semi-logarithmic paper (Figure 16) as particle size versus cumulative
weight (or volume) per cent. (b) The best straight line through the
points was extrapolated to 0% and 100% to obtain values for D, and D,
respectively. It was assumed that any particle sizes excluded from the
distribution by this scheme occurred so infregquently that theilr exclusion
did not significantly alter the heat flow pattern of the powder and that

they could be considered not present at all.
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For each powder studied the points of truncation as determined by

the scheme given above are tabulated in Table 2. The value of the integral

du

an e-u2/2
e AET
where Da = lower point of truncation and D’b = upper point of truncation
for each powder is tabulated in Teble 2.
The interrelation between volume fraction solid and partlcle shape
is complicated. For single-sized spheres the volume fraction solid in a
povwder is a function of arrangement only and can be calculated from
geometry for the six orderly arrangemente possible (69 and 70). These
are theoretical packings, and in practice the volume fraction solid for
single-sized spheres may be less than the most open packing (cubic)
because groups of spheres may arch and leave gaps. However, in any
statistically describable packing of spheres there will be a packing
pattern, made up of combinations of the six theoretical arrangements
and arches, which is repeated in identical form throughout the body
of spheres. For packings of unequal spheres a wider range of volume
fraction solids is possible, since the smeller spheres are able to fit
into the openings between the larger spheres. For packings of ir=-
regularly shaped end non-uniformly sized particles almost any volume
fraction solid is possible. For a given powder, the amount which can
be put into a given contalner can be increased by compacting, for
instance, by tepping the container. This increase in volume fraction
solid in the contaeiner is caused by factors such as the breaking of

arches, the better fitting-together of particles, (for example, a
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concave surface of one particle slips into the convex surface of another),
and the filling up of voids between larger particles by smaller ones (T1).

In order to determine for each powder what range of volume fractions
to expect, a "minimum volume fraction," Vi min’ and a "maximm volume
fraction, " Vs max® VeTe determined for each powder (Table 1).

?d min Ves determined by filling a funnel, having a spout which
extended to the bottom of a graduated cylinder, with a charge of powder.
The funnel was raised slowly so that the powder would fall through es=-
sentially no distance in filling the cylinder—obviously the emergent
powder is under some head because of the unsupported weight of the
column of powder in the spout. In practice a 500 gram charge of
powder was placed in a 600, 15 centimeters diameter funnel with a 35
centimeters extension spout having a one centimeter inside diameter.

The spout extended to the bottom of a standard 500 milliliter graduated
cylinder. The funnel was raised at about 0.06 centimeter per minute and
the powder allowed to flow out. The flow was sporadic because of the
intermittent slipping nature of the powder. At no time, however, did
the spout pull free of the released mound of powder before additional
powder was released from the spout. Results obtained by this method
were very reproducible. A drawing of the apparatus is glven in Appendix
IIT (Figure 52).

Vd max BB determined by placing a 500 gram charge of powder in a
steel cylinder 17 centimeters long and 5.2 centimeters inside diameter.
The cylinder was raised 0.6 centimeter and dropped to a metal plate 120
times per minute. Dropping was continued until the volume of powder

ceased to diminish — usually about three hours. A drawing of the ap=-

paratus 1s given in Appendix III (Figure 53).
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CHAPTER V

EXPERIMENTAL PROCEDURE

Procedures for sample holder calibration, sample preparation,
and equipment operation were standardized in the interest of producing

consistent results.

Sample Holder Calibration

The radlal distances of thermocouples from the wall of the l-inch
Inconel tube were determined by taping a glass microscope slide to the
Inconel tube and a pair of thermocouples on the same radius (Figure 17).
The sllde was then sprayed with acrylic base lacquer. After the lacquer
dried, the slide was removed, and the distances from the edge of the
slide to the unlacquered strips which had been shielded by the thermo-
couple were measured with a micrometer. The distance from the center
of an unlacquered strip to the l-inch Inconel tube plus one-half the
diameter of the tube gave the radial location of the thermocouple (Figure
17). Of the numerous measuring techniques tried, including methods using
x=rays of the assembled and filled contalner, this spraylng technique
proved most satisfactory. The volume of the assembled sample contalner
was determined by filling it with water. The nominal volume of an as-

sembled semple container was L4.35 liters.
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Sample Preparation

The powder to be tested was poured into the sample container
through the open bottom (steady-state) of the inverted container, or
through a hole in the top flange (unsteady-state). The mass of powder
added to achleve a desired volume fraction solid was chosen to satisfy

the relation

Mé
VvV, = (31)
4 pPFV&

where MS = mass of solid,

Opp density of pore-free solid (Table 1), and
Vip

In practice, the mass of solid (determined using a platform

volume of test cylinder,

balance) was taken as the mass of powder measured in eir, since the
meximum error that can be introduced into Vd by neglecting the mass of
air is on the order of 0.02 per cent for the systems studied. The
sample container was tapped while the powder was being added. In order
to differentiate between the several volume fractions obtalnable with

the same powder, the following convenient expression was used

V. -V
P = d d min (32)

s ’
d Va max V4 min

where P. is defined as degree of packing,

d
Vd = observed volume fraction solid,
Vd sl ™ minimm stable volume fraction obtalnable (as determined by
procedure in Chapter IV), and
Vd — maximum volume fraction obtainable (as determined by procedure

in Chapter IV).
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In systems with low degrees of packing—sabout 0.2, tapping the contalner
with the side of the fist was sufficient to put all the powder into the
sample contalner. In systems with an intermediate degree of packing——
about 0,5, tepping with a rubber mallet was sufficient to put the powder
into the sample container. In systems with a high degree of packing—
approaching unity, tapping with a hard plastic or steel hammer was
required to put the powder into the sample container. After filling

the container, the end flange was fastened to the sample container which
was slowly rotated end-over=-end in a specially designed tumbling assembly
(Figure 18) at sbout 10 rpm. Powders at low degrees of packing settled
under their weight during rotation so that the container was not com-
pletely filled. Zr0, (H30F) at V; = 0.58 1s the only powder used in
this study with such a low degree of packing; it was not rotated.

Powders at intermediate degrees of packing were rotated from 6 to 8
hours. Powders at high degrees of packing were rotated for about 2k
hours. The longer rotating times were necessary to eliminate density
varlations in the system. A measure of whether or not density variations
existed in a system was the closeness of readings of thermocouples at

the same radial distance fraom the heater but at different axial posi=-

tions.

Steady-State Measurements

The filled container, after rotation, was placed in the furnace.
The platinum-wound heater was inserted down the inner tube, and power
supply leads were attached to it. The various heater voltage taps and

thermocouple lead wires were attached. The dry air supply line was
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UNCLASSIFIED
PHOTO 60566

Fig. 18. Sample Container Tumbling Assembly.
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connected to the bottom of the sample container and air forced through
the can at 30-40 milliliters per minute. The temperature of the system
was raised to about 850°F for megnesia and alumine and to about 1050°F
for zirconia. The system was held at the appropriate temperature, with
air flowing through the powder, for ebout 24 hours to insure complete
removel of sorbed water. With typical power imputs to the furnace and
heater, the system reached essentially a steady~-state At between thermo-
couples in about 45 to 60 minutes. The steady-state temperature was
essentially reached in 4 to 6 hours. However, at least 24k hours were
allowed to elapse between any two successive sets of readings. ©Sets of
measurements or readings were made at approximately each 200°F interval.
After reaching steady-state, the air supply was continued until about

30 minutes before taking readings. The following measurements were made:

(1) The voltage drop across that section of the platinum heater
located in the test zone.

(2) The voltage drop across the standard shunt used to determine
the current in the platinum-wound heater.

(3) The voltages of the thermocouples in the test zone.

Unsteady-State Measurements

The filled containers were rotated and placed in the furnace.
The power leads to the stainless steel heater and the thermocouple
lead wires were attached. As with the steady-state sample containers,
the air supply line was attached and air admitted to the can at 30-40
milliliters per minute. The system was heated to about 850°F or 1050°F
and held for asbout 24 hours at this temperature. At steady-state tem~

perature, the alr flow was stopped and power was supplied to the heater.
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The millivolt reading of the thermocouple welded to the heater at the
center of the test section was recorded on the self-balancing potenti-
ometer. The voltage drop across the portion of the heater in the test
section and the current through the heater were measured at about 30

second Iintervale. The power to the heater was usually supplied for

about five minutes.
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CHAPTER VI

CALCUIATICON (QF THERMAL CONDUCTIVITY FROM EXPERIMENTAL DATA

Steady-State

For steady-state radial heat flow in a hollow cylinder Fourier's

equation for heat flow gives
dt
Q= =k (EHEL) &R (33)

Integrating for a cylinder of length L between the limits of radius Rl

at temperature t, and radius R2 at temperature t2 gives

1

R

2
I'.'.m = EEETT%I:EET 1ln ﬁI (3%)

where km 1s the mean value of k over the temperature range tl to tg.

The value of km is defined by

ftekdt

ko= . (35)

2 1

The true conductivity cannot be evaluated without knowledge of the
relation between k and t. If kx varies linearly with temperature, the
mean conductivity 1s also the true conductivity at the mean temperature.
For materials whose temperature-conductivity curve has small curvature

the mean conductivity calculated assuming linear variation of k with t
will closely approximate the true conductivity if the temperature interwval
is small. All the k's reported in this study are averaged km's and will

be designated by ke. The value of km calculated assuming linear veriation
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of k over the temperature increment between thermocouples-—about 20 to
LOCF—are arithmetically averaged at each temperature level to give ke.
A sample calculation to illustrate how steady-state data are used in

the evaluation of ke's is presented in Appendix IV.

Unsteady-State

For a solid of infinite extent, initially at zero temperature,
with a constant heat flux through any internally contained cylindrical
surface, the temperature rise of the surface for large values of T9/R2

is given by Carslaw and Jaeger (72) as

i

7€

- 98
Rl el ) (36)

kTB) -
(R

where { = constant = 1,781l ...,

and the & term indicates a temperature whose order of magnitude is 32/19.
A sample calculation to illustrate the megnitude of the & term is pre=-
sented in Appendix IV. In the range of times where Equation 36 applies,
a plot of 1nf versus At should yleld a straight line according to the

equation:

e
-8 152
If @ and L are known, the thermal conductivity may be obtained from the

slope (linear asymptote) of the plot of 1né versus At using the expression

= Q 2
¥ & T 4 (38)
e lwn (t, - t;) 8
If a thermel resistance exists between the hested tube and the solid

media, Equation 36 is modified to the following equation (61):
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2
2k L6 R
t = ik I:(E—-ﬁ) + 1ln -;_1-\',_2-] + & j@) (39)

where h is a heat transfer coefficient and Equation 37 may be obtained
from Equation 39 as well as from Equation 36. A sample calculation to
illustrate how unsteady-state data are used in the evaluation of ke's

is presented in Appendix IV.

Fitting of Data

The wvalues of km calculated using Equation 34 for each pair of
thermocouples were arithmetically averaged at each temperature level to
glve ke. These ke's and temperatures (Appendix IV, Table 11) were fitted
by least squares to polynomiels of degree one through four. Examination
of the results so obtained lead to the conclusion that there was little
to be gained by going to a polynominal of higher than second degree;
and in fact that higher degree fits followed the data polnts more
scrupulously than experimental scatter and the inherent rates of changes

of such systems warranted.

Accuracy and Precision

Accuracy is taken to be the square root of the sum of the squares
of the uncertainties in observed quantities. The sign of the uncertainty
is assumed Just as likely to be positive as negative. Precision is taken
to be the reproducibility of a glven result when performed repeatedly in

the same manner in the same equipment, or in similar equipment.
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Steady-State Measurements

Thermal conductivity was calculated from measured or observed
quantities using Equation 34%. If RQ’ Rl’ and L are dimensions measured
et room temperature, or any convenient temperature t, then Equation 34
can be expressed as follows to account for linear expansion of the
components
R, (1 + Eete)

) R, (1 + Eltl)
e 2wl (1 + E3t3) At

Q In

k (40)

vhere Ei = coefficient of linear expansion (length/unit lengthe+degree

of temperature) between t and Ty
Q is calculated from measured current and voltage of the resistance
heater. The error in measurement of current is estimated at }0.25 per
cent, The error in measurement of voltage is estimated at 10.15 per
cent. These errors arise from degree of regulation (#0.1%) end ripple
(%0.005%) in the power supply plus the inherent accuracy limits of the
standard shunt (f0.1%), the volt box (f¥0.0L%), and the potentiometer
(10.01%). This leads to an overall error in Q of 0.4t per cent.
The maximm uncertainty in the location of a thermocouple junction
is one sheathing diameter (1/16 inch), so that the total uncertainty in
(R2 - Rl) is about one-eighth inch; therefore, the error in ln(RQ/Rl) is

about 9 per cent. If t, and t, are not far epart, then ln(RQ/Rl) is es-

2
sentially equal 1n [R2 (1 + Eete)/Rl (1 + Eltl)].

Estimating the point of electrical contact between two wires which
are welded together in order to set an error limit on L is difficult.

However, 2 per cent 1s probably a reasonable estimate for the heaters
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used in this study. The magnitude of this uncertainty overshadows the
error introduced by neglecting the (1 + E3t3) correction of L. At the
highest temperature (1500°F) this correction would be about 0.3 per cent
for the ceramic heater.

The thermocouple emf readings were checked against each other at
room temperature, the steam point, and the aluminum freezing point. The
variation of any thermocouple from the average of all the emfs at the
highest temperature was equivalent to a temperature variation on the
order of O.5°F. From a consideration of this wvariation, it is concluded
that the At's are accurate to about 3 per cent at the lowest At and
highest temperature. The square root of the sum of the squares of the
above error estimates is approximately 10 per cent. Typical variations
in km calculated from different thermocouple pairs are exemplified by
a specific example in Appendix IV (Table 12). Values of ke plotted in
the figures in Chapter VII were obtailned by averaging the individual

km's from the six pairs of thermocouples arranged as shown in Figure k4,

Unsteady=-State Measurements

Thermsl conductivity was calculated from measured or observed
quantities using Equation 38. If L is the distance between voltage taps
at some temperature t then Equation 38 may be expressed as follows to

account for linear expansion

8

In — . (41)
) At 8,

k

. g

- t
e Lmn (1 + E3 3
The error in measurement of Q, L, and At is estimated to be ap-

proximately the same as those for steady-state measurements. The errors
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in time measurement were undoubtedly negligible. However, the power
supplies used in this study were constant voltage instruments and not
constant-power instruments, as is required in the solution leading to
Equation 38. This introduces an additional uncertainty of perhaps

110 per cent into Q, since an average power was used over the interval
during which 1n6@ versus At was approximately linear. Again, the
magnitude of this uncertainty more than overshadows the correction for
linear expansion which for the steel heater amounts to about 0.5 per
cent at lSOOoF. The square root of the sum of the squares of the above

error estimates 1s approximately X1l per cent.,

Experimental Determination of Reproducibility of Measurements

To check the reproducibility of observations, Mg0O (E-98) at
Vd = 0,58 was studied using the steady-state measurement method in dif-
ferent containers, in different furnaces, and with different sets of
thermocouples. The experimental results from the two experiments are
compared in Figure 19. Agreement between the two sets of data 1s within

about f3 per cent.
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CHAPTER VIT

RESULTS AND DISCUSSION QF RESULTS

A total of ten individual loadings of magnesia, two of alumina,
and four of zirconia were studied. ZEach loading was studied at about
nine temperatures although considerable variation existed among load-
ings. Of these sixteen loadings only four were studied using the un-
steady-state method.

The experimental thermal conductivities of magnesia, alumina,
and zirconia powders in dry air at atmospheric pressure between ap-
proximately 200°F and lSOOOF as determined by the steady-state method
are plotted in Figures 20, 21, and 22, respectively. The equation for
effective thermal conductivity as a function of temperature for each
material as determined from steady-state data is presented in Table 3.
The method of curve fitting is discussed in Chapter VI, The effective
thermal conductivities determined by the unsteady-state method are
presented in Table 4, These data are the basis for the following

discussion and analysis.

Effect of Temperature

The conductivity of the powder increases with temperature for
each material. Since the thermal conductivity of both theoretically
dense zirconia and of alr increase with temperature, the effective
thermal conductivity of a zirconia powder would be expected to increase

with increasing temperature., However, the thermal conductivities of
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Table 3. Equations for k., Resulting from Least-Squares
Fitting of Steady-State Data®

Mg0O (E-98)

v, = 0.58 k_ = 0.1788 + 0.284) x 1073 ¢ - 0.644k4 x 1077 t°.

v, = 0.61 k_ = 0.2139 + 0,3634 x 107 t - 0.9763 x 1071 £2.

v, = 0.6k k_ = 0.2840 + 04709 x 1073 ¢ = 1.396 = 107 4%,

v, = 0.65 k_ = 0.3205 + 0.5032 x 107 t - 1.53% x 1071 t2,
Mgo (E-227)

v, = 0.61 k,_ = 0.2089 + 0.3507 x 1073 ¢ - 0.9097 x 1077 £,
Al203 (E-98)

V, = 0.58 k_ = 0.1740 + 0.2942 x 107> t - 0.8070 x 1077 ¢,
A1203 (B4SF)

vV, = 0.49 k_ = 0.1355 + 0.2129 x 1073 ¢ - 0.5083 x 1077 4
zro, (H3OF)

v, = 0.58 k_ = 0.0960 + 0.1622 x 1073 ¢ - 0.3630 x 1077 2.

v, = 0.6k k_ = 0.1283 + 0.1728 x 1073 ¢ - 0.3274% x 1071 2,
Zro, (H1LF)

v, = 0.70 k_ = 0.1692 + 0.2102 x 1073 ¢ - 0.3530 x 1077 £°.

% a1 powders in
Fahrenheit.

ary air, k_ in Btu/hr+ft-°F, and t

in degrees
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Table 4. Values of k., Obtained by Unsteady-State Method

Powder Vd t ke
(°F) (Btu/hr.£t.OF)
Mgo (E-98) 0.58 215.5 0.250
Lhs5,0 0.290
5T70.5 0.319
698.7 0.349
843.5 0.382
983.3 0.398
997.3 0.385
Mgo (E-98) 0.64 212.0 0.367
339.0 0. L1k
LL6.0 0.454
T67.5 0.567
901.0 0.581
1056.7 0.588
ZrOp (H30F) 0.64 158.0 0,168
315.0 0.196
1045,0 0.285
1130.5 0.302
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theoretically dense magnesia and alumina both decrease with increasing
temperature (over the range of temperatures studied); a priori argument
would not necessarily predict that the effective conductivity of these
powders would increase with increasing temperature. The fact that thelr
conductivities do increase with increasing temperature means that the

gas conductivity has more influence on the conductivity of the composite
body then does the solid conductivity. This is an important qualiltative
observation, and has been recognized by such investigators as Smoluchowski

(73), Aberdeen and Laby (T74), as well as others.

Effect of Volume Fraction Solid, Vd

The date for magnesia (Figure 20) are replotted in Figure 23 as
volume fraction solid versus effective thermal conductivity. It should

be noted that this powder has & V of about 0.49 and a Vs of

d min
about 0.65 (Table 1). Thus, extrapolation beyond these limits should
not be attempted. It should also be noted that with increasing Vd
the.sensitivity of ke to Va increases until, at wvalues near Vd —
ke is critically dependent on Vd.

The thermal conductivities of powders of a given solld often are
plotted versus porosity. This type of plot is useful because a range
of porosities may be obtained with a given solid. However, in many
instances the different porosities on a single plot were obtained using -
solids having different particle sizes and different particle-size dis-
tributions. Thus, the plot obtained is not truly representative of the

conductivity of a specific powder at various porosities. Further, since

there 1s a limited porosity range that is physically attainable, it is
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possible to extrapolate such plots into an unreal porosity region for
any given powder. This point is illustrated in Figure 23 for a magnesia
powder at 800°F and atmospheric pressure. Extrapolation by means of a
smooth line to zero per cent solid (k = k of air at 800°F) will permit
estimation by interpolation of the conductivity of this magnesia powder
at, say 0.40 volume fraction solid. The error in this extrapolation

is the failure to take into account that the minimm volume fraction
solid that this powder can have without fluldization is about 0.49.

At the other extreme, the maximum volume fraction solid obtainable

with this powder is about 0.65. Extrapolation to higher volume fractions
goes into regions not physically reellzable. Obviously, systems having
higher and lower volume fractions are possible with other magnesia
powders. The polnt is that these systems cannot be expected to have
conductivities which are continuations of the solid line shown in

Figure 23. Nelther should the conductivity curves be expected to

overlep exactly the curve in Figure 23. Each powder will have its own
characteristic particle size, particle=-size distribution, and points

of truncation, and will yleld its own characteristic ke versus V&
curve,

The data in Figure 23 are replotted in Figure 24 as effective
thermal conductivity versus Pd' Several more points on the curve pre-
sented in Figure 24 would permit reasonably good extrapolation into
regions known to exist. Since V

d min
but depend on the mode of determination, they may be somewhat poorly

and Vd are not exact properties,

defined; however, they are fairly reproducible, and they do present the

date in a form convenient for extrapolation for comparison with other
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powders. Such comparisons are more meaningful than those obtained from
the extrapolation of customary plots, since these partially compensate
for the wvariability in conductivity brought about by powder characteris-
ties. If Vd iy and.Va » no matter how determined, are known, the
apparent density of the system may be back-calculated from Pd'

Any significant change in V

4 min and Vd for a powder indicates

that the powder has changed characteristics. Thus they serve as quick,
rough checks on variation in the particle size and particle-size dis-

tribution of a powder.

Effect of Dry Air Purge

Initial experiments with magnesia and zirconia were conducted
without a purge of air that had been dried by passage through a CaSOh
tower. The differences between the purged and the unpurged powders 1s
shown in Figure 25 for two different packings of magnesia, It is clear
that careful work, especially at the lower temperatures, requires inclu-
sion of a gas clean-up procedure, and excluslion of untreated gas in
subsequent handling. From the thermograms of the powders and the as-
sumption that water is the principal sorbed species it may be calculated
that in every case there is more than enough sorbed water to result in
monolayer coverage. The assumption of water as the principal sorbed
species is supported by the fact that rapid weight losses on heating
occur at about the temperatures for Mg(OH)2 decomposition to MgO plus

H,0, Al(OH)3 decomposition to A1203 plus H.0, and Zr(OH) ), decomposition

2 2

to Zr02 plus HQO. It should be noted that once the powders hed been

purged with treated gas there was no effect of continued purging, even

if allowed to continue while measurements were being made.
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Effect of Temperature "Retracing"

Initial experiments were made with increasing temperature to about
lBOOoF and indicated an increase in conductivity with increasing tempera-
ture as expected (Figure 26, Curve A). From 1500°F the experiments were
continued in order of decreasing temperature and indicated that conduc-
tivity increased with decreasing temperature (Figure 26, Curve B). Al-
though the example in Figure 26 is from results on & sample which had
not been air-dried, the same behavior was observed on dried and undried
samples., Since the sample container had in no way been shaken or handled,
this anomalous behavior on cooling was totally unexpected. It is explica-
ble on the basis of a change in packing of the powder, as is apparent
from Figure 20. However, inspection of the powder through the top hole
used for container volume calibration showed no perceptible settling
of the powder. Rescreening of the powder indicated no change in particle-
size distribution. The powder was repacked and essentially the same
results were obtained (Figure 26) in experiments made with increasing
and decreasing temperature. A possible explanation of this effect is
based on the difference in expansion of the solid refractories and the
Inconel. At high temperature the powder may settle slightly (not
visibly perceptible), and as the system cools the powder 1s compressed.
This mechanical pressure onthe particles causes a better particle-to-
particle contact so that the effective conductivity of the powder is
enhanced. Since the linear expansion of Inconel is greater than that
of magnesia, alumina, or zirconia, such a compression of the powder is
possible. Also, sintering as an explanation of the effect does not seem

reasonable by virtue of the low temperature, and of the fact that the
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particle-size distribution of the powder did not change. The effect
was observed in every case in which the experiments were performed
with decreasing temperature after reaching the highest temperature.
The effect was more pronounced the higher the degree of packing of

the powder,

Comparison of Mg0 (E-98) and Mg0 (E-227)

Two magnesia powders with the particle-size distributions shown
in Figures 8 and 9 were packed to 0,61 volume fraction solid. The ex-
perimental thermal conductivities of the powders as a function of tem-
perature are shown in Figure 27. Within the limits of reproducibllity,
the two powders have the same thermal conductivity. It is interesting
to note that although these powders have different Vd min's and Vd mﬂx's,

they have the same V, 4 min TBDEE (Table 1). In addition, although

-V
max
they have different particle-size distributions, they have essentially

the seme value (Table 2) for the quantity

D 2
f b ~u/e

Da Ner

Comparison of MgO (E-98) and Al.0. (E-98)

A magnesia powder and an alumins powder with the particle-size
distributions shown in Figures 8 and 10 were packed to 0.58 volume
fraction solid. The experimental thermal conductivities of the powders
as a function of temperature are shown in Figure 28. The fact that the
alumina powder has a slightly lower conductivity than the magnesia

powder (Figure 28) can be explained by the slightly lower conductivity
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of the dense, polycrystalline alumina. The conductivity at 800°F of
alumina is about 7 and of magnesia is about 9 Btu/hr-ft'oF (Figure 1).
However, the above results are not conclusive, since the spread in
data 1s not outside the precision of the measurements. Also, the
surface properties of the two powders are not necessarily the same and

this may account for the differences observed.

Comparison of Steady-State and Unsteady-~State Methods

The steady-state and unsteady-state methods used to measure
thermal conductivity give results which agree to within about T per
cent (Figures 20, 21, 22, and Table 4). Contrary to the observation
of most investigators (working at ambient temperatures), the unsteady-
state method did not offer any time saving over the steady-state
method. The time-limiting factor was the same for both methods—namely,
heating of the system composed of sample, sample container, and furnace

to temperature level.
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CHAPTER VIII

COMPARISON WITH PREVIOUS EXPERIMENTAL RESULTS
In general, previously reported measurements have been made on
powders inadequately characterized to permit a meaningful comparison
with the present results. However, in the case of one specific packing
and particle-size distribution of magnesia such a comparison is possible.

The experimental results of the investigation with Mg0O (E-98) at V, = 0.58

a
in air at atmospheric pressure can be compared (Figure 29) with the data
of Deissler and Eian (36). Their magnesia powder had a similar particle-
size distribution and wes also packed to 0.58 volume fraction solid and
run in air at pressures varying from about 1l psia at 200°F to about
2l psia at 800°F. The screen analyses for the two powders are given
in Figure 30, They indicate that the two powders have, within the
limitations of a sieving technique, the same particle-size distribution.
Over the temperature range 200°F to 800°F in which the comparison
can be made, the results of the present study and those of Deissler and
Eilan are essentially the same, The tendency of the present data to
fall below that of Deissler and Elan may be explained on the basis of
pressure effects. Deissler and Elan observed that the "breakaway"
pressure for their powder was about 15 psia at 3HOQF and increased with
increasing temperature. The term breakaway pressure as used by Delssler
and Elan refers to that pressure below which the thermal conductivity
of a powder at & fixed temperature is reduced by reducing the gas
pressure. The fact that the present data falls below their data at LOO-

SOOOF i1s in accord with thelr observed breakaway pressures.
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CHAPTER IX

THEORETICAL DEVELOPMENT AND ILLUSTRATIVE EXAMPLE

An expression based on established theory that will not only ac-
count for measured effective conductivities but that will also predict
effective conductivity from the properties of the pure components and
the physical properties of the system is desirable in order to under-
stand heat transfer in powders. Many correlations have been reported
in the literature to predict the effective conductivity of such systems
(see Chapter II). As mentioned previously, most prediction methods ex-
press the thermal conductivity of a powder as a function of the thermal
conductivities of the two phases, the volume concentrations of the two
phases, and the distribution of the two phases in the system. These
expressions are either exact mathematical solutions for an assumed
geometrical configuration or simple integrations of Fourier's equation
for an assumed configuration with an assumed heat flow or temperature
pattern. Although the particles in a powder may be of uniform shape
and size they will not be arranged in an exact pattern., Construction
of a model that represents reasonably well the heterogeneous material
under consideration and calculation of the effective conductivity of

this model has proved difficult.

Heat Transfer in Powders

Heat transfer is assumed to occur in a powder by the following

mechanisms:
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(1) Convection by the fluld phase.

(a) Natural.
(b) Forced.

(2) Conduction through solid and fluid phases.

(a) Conduction by solid only.
(b) Conduction by solid and fluid in series and in parallel.

(3) Radiation between the solid surfaces.
Generally the contribution of each mechanism has been correlated in terms
of the properties that affect it, and the effective thermal conductivity
of the body is made up of the added contributions from each mechanism.
Assuming that the effective thermal conductivity, ke’ of a powder is made

up of additive contributions from the mechanisms outlined above

k =k +k,. +k +k + k (42)
e nc fc sc gsc T
where knc = conductivity by natural convection,
kfc = conductivity by forced convection,
ksc = conductivity by solid only,
kgsc = conductivity by gas and solid, and
kr = conductlivity by radiation.
Convection

For granular materials, 1f the sizes of the pores are small,
the contribution of natural convection to the over-all transfer of heat
is probably negligibly small., Waddams (44) concluded from his experi-
ments that natural convection is appreciable as a factor in the flow of
heat through granular materials only when the average diameter of the

grains is about one-fourth inch or greater. From a theoretical considera-
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tion of the majority of published (from year 1933 to 1948) thermal
conductivities on porous media, Wilhelm et al. (3L4) concluded that
natural convection is negligible for particle diameters of 3 to 4 milli-
meters, pressures up to 10 atmospheres, and temperatures up to about
600°F.

Kunii and Smith (75) studied beds with fluid flow in e direction
parallel and countercurrent to heat flow. The values of effective thermal
conductivity increased significantly with mass veloclty of the fluid.
For instance, the thermal conductivity of a glass bead bed (diameter of
bead about 1 millimeter) increased by a factor of about 3 when the
Reynolds number increased from O to about 0.6. Willhite, Kunii, and
Smith (37) showed from experimental data for beds of glass beads
(diameter of bead about 0.9 millimeter) that for heat transfer perpendic-
ular to the direction of fluid flow and Reynolds numbers from O to 6.6

there was no effect of flow on the conductivity.

Conduction

Heat transfer through the particles of a powder independent of
the gas phase or so-called "straight-through" or "residual" solid con-
ductivity has been approximated experimentally by evacuating the gas
phase (16, 33, 41, 73, and 76). Masamune and Smith (45) present a
semi-empirical method for predicting solid-to=-solid conductivity from
data on effective thermal conductivities in vacuum., These investigations
indicate that the "straight-through" conductivity for an in vacuo powder
is on the order of several thousandths to several hundredths of the con-
ductivity of the solid. Moreover, in explaining observed conductivities,

the success of correlations (19, 20, 33, 36, and 37) based only on point
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contact would indicate that "straight-through" conductivity or ksc is
significant only when other modes of transfer are effectively suppressed.
From their theoretical study of 53 systems with fluid phase centinuous-—
solid phase discontinuous, Wilhelm et al.(3%4) concluded that heat trans-
fer is almost purely conductive provided the particle size, gas pressure,
and temperature are not too high. They also concluded that the effective
conductivity of the mixture is more dependent upon the thermal conductivi-
ty of the continuous phase than upon the conductivity of the discontinuous
phase. For example, Deissler and Boegli (51) point out that the effective
conductivity of a megnesium oxlide powder measured in helium was sbout five

times that of the same powder in argon.

Radiation

Radiation mey contribute significantly at high temperatures
in coarse powders and at sufficlently high temperatures may predominate.
For a bed of 3.8 millimeters diameter alumine spheres the ratio of heat
transferred by radiation to that transferred by conduction was estimated
by Hill and Wilhelm (77) to increase with average bed temperature from
the order of 0.l at about 200°F, to 1.2 at about 1800°F. Theoretical
expressions (20, 62, 78, and 79) derived to account for radiant heat
transfer usually express an effective radiant conductivity in terms of
the geometry of the pore space, the emlssivity of the walls of the pore,
and the third power of the absolute temperature. These are reviewed

and compared by Chen and Churchill (79).

Simplified Model

In order to obtain a simplified system which will permit calcula-

tion of an effective thermal conductivity by summing series and parallel
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conduction through the fluid and solid phases, following Tsao's (32) lead,
a homogeneously heterogeneous powder (Figure 31) in which the isotherms
are planes perpendicular to the x-axls will be considered.

The heterogeneous material shown in Figure 31(a) is sliced into
many thin layers which are parallel to the x-y plane. Each layer is
of such thickness that it 1s essentially "full" of solid; i.e., there
is little or no pure series fluid associated with a particle in the z-
direction. In other words, the slices are as shown in Figure 31(c) and
not as shown in Figure 31(b).

The particles in each such slice are moved without rotation along
the x-axlis until they again touch each other. Assuming heat flow per-
pendicular to y-z plane, based on adding resistances in series, this
does not change the effective conductivity of the slice. This move-
ment does not destroy the particle distribution in the x-direction.
However, 1t does destroy the particle distribution in the y and z=-
directions. The body as modified above is sliced into many thin layers
which are parallel to the y-z plane. Each layer is again of such thick-
ness that it is essentially "full" of solid. Based on adding conductences
in parallel, the particles in each slice can be pushed into a pore-free
rectangle without destroying the effective thermal conductivity of the
slice, After these rearrangements, the model shown in Figure 32(a) is
obtained.

For the modified body shown in Figure 32(a), let

X = length of representative cell,
S = solid area perpendicular to heat flow, and
D = solid length parallel to heat flow.
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Fig. 31. Representation of the Gas-Powder System.
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Consider that portion of the simplified body shown in Figure 32(b).

Let

Qgsc - ql g q2 (43)

where q; = heat flow in fluid, and

5 heat flow in solid.

If kd = conductivity of sclid particles,
kc = conductivity of fluid in pores, and
Atl = temperature drop across Ds’
then
At
_ 2 1
q = -k, (x~ - S)'ﬁ;— ’ (k)
and
Atl
Q, = kg (8) 5= (45)
]
50
2 Atl
Qgsc = -[kc(x - S) + kd(S)]-D—;— . (1&6)

Now consider that portion of the simplified body shown in Figure 32(c).

For this portion of the simplified body

At
_ 2P
Qgsc N ch X—DS (&7)
where At2 = tempersature drop across X—DS.
But
At
2
B o, () et (L8)
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and

Oty poq = Oty + Ot (49)

Thus, combining Equations 46, 47, 48, and 49 gives

kC
gsc= D . (50)
x_s D
T * [l'fé
{1 5| ,.4(s
X2 kc X2

It may be shown that if DS = X, then S/X2 = Vd and Equation 50 reduces
to Equation 3 which is the expression for laminae parallel to the flow
of heat. Also, if DS = Vax, Equation 50 reduces to Equation 4 which is
the expression for laminae perpendicular to the heat flow,.

If the assumption is made that DS = le/3x then Equation 50 re-
duces to Equation 22 which is Russell's equation (46). It is interest-
ing to note that if the original powder were cubilcal particles in a
cubic lattice so that the true relation between Ds and X 1s Ds = Va}/BX,
the movement of particles used 1n arriving at the model given in Figure
32(a) does not destroy this relation.

In order to use Equation 50 a relation between Ds and X in the

direction of heat flow 1s needed. To obtaln such a relation define a

shape factor

(51)

Q
i
mtjm'm

Inspection of Figure 32(a) will show that a is a shape factor which
determines how much of the solid mey be conslidered to be in parallel with

the surrounding fluid and how much may be considered to be in series.
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Multiplying both sides of Equation 51 by Ds glves

a=—=. (52)
But, it may be seen from Figure 32(a) that

SD_ = vdx3 . (53)

Therefore, combining Equations 52 and 53 gives

1/3

D
. . (54)

s _|la
X

x

Considering again a cubical array of cubes (Russell's model), one sees
that o calculated from Equetion 54 equals unity as it should for this
array. This qualitatively explains why Russell's equation gives low re-
sults when applied to powders. In any real packing of cubes, o will be
less than unity since the cubes will be twilsted and turned in space.
Substituting Equation 54 into Equation 50 still gives an equation with
o as an unknown quantity. The quantity o is, however, a property of
the particles and can be related to the heterogeneous body through a
volume balance of the two phases. A varlety of methods are avallable
to obtain . The one used in this study 1s presented below.

Consider particles having a particle-size distribution obtained
by a technigue that gives weight per cent as a function of some character-
istic length., For example, with a screen analysls this is equivalent
to obtaining volume per cent as a function of screen openings, if the
density of the particles is known. Most crushed materials, as represented
by most of the materials in thils study, follow a logarithmic normal dis-
tribution (Table 2). For such materials, considering a representative

unit length of solid,
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D

b 2
f‘ e u /2 volume of solid

B, . (55)
a ~ﬁ§?ﬁ a normalizing volume of solid

That is, it is the fraction of the total volume (contained between the
1imits D = 0 and D = +w) which is contained between the limits D, end

D.; i.e., it is the volume between D_ and Db when
b a

+e0 2
[ e . (56)

Let Gs represent the number of series gas lengths associated with the

representative unit length of solid.

Thus,
3 _ volume of representative cell
(1 + Gs) " a normelizing volume of solid * (57)
Combining Equations 52 and 57 gives
2
-u-/2
3 s &
a_ _wvew _ volume of solid (58)
1+ Gs)3 volume of representative cell
which is Va.
Now, examining Figure 32(a) again, it may be seen that also
X - Ds
B
Cubing Equation 59 gives
3
X
(x & GS)?’ = ;E " (60)

s

Comparing Equations 54, 58, and 60 shows that
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D
J" b e-u2/2
p ——du=a (61)

a Jor!
for these materials. In some materials, for instance uniformly sized
materials such as the.A1203 (B4SF) powder (Table 2) used in this study,
the relation between DB and X may be difficult to determine.

So far in the derivation of Equation 50, the conductivity of the
gas in the pores has been assumed to be that of the pure bulk gas at the
temperature and pressure of the system. However the work of numerous
investigators (16, 33, 41, 45, 73, and 76) has shown that the thermal
conductivity of a powder-gas system is decreased by decreasing pressure
at a much faster rate than can be explained by the decrease in conductiv-
ity of the pure gas by reduced pressure. One theoretical approach to
the problem is through the use of the temperature jump distance (80).
Schotte (62) applied the relationship based on the heat transfer between
close parallel plates given by Kennard (81) to relate the normal thermal
conductivity of a gas to the apparent thermal conductivity. The derive-
tion which follows 1s essentially the one presented by Schotte. Kennard
gives the heat conducted per unit area per unit time through a gas of
conductivity kg between two parallel plates separeted by a relatively
smell distance d, per degree difference in temperature between them, as

B = _kﬁ_._ (62)
I
where Jl and Je are the temperature jump distances of the two surfaces,

Assuming that Jl and 32 are equel, the apparent conductivity of the gas

can be expressed as
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k
o o
k=qd=—5§—. (63)
® B

Kennard also shows that (82)

k
s

A (64)
nCVg

J:

xalzs

thermal accommodation coefficient for gas-solid surface,

where a

y = ratio of gas heat capacity at constant pressure to heat
capacity at constant volume,

n = viscosity of gas,

Cvg = gas heat capacity at constent volume,

A = mean free path for gas molecule = 5 = ¥ (65)

mp- P42

T = absolute temperature,

P = absolute pressure,

P = molecular diameter of gas as determined from viscosity, and
B = Boltzmann constant.

Combining Equations 63, 64, and 65

k
o _ g
lig_J.-rze'&" 4 ( z =
a 1+ 2
Pd §~ Np.
nC
where N__ = —L€ - Prandtl number,
Pr k
g
Cpg = gas heat capacity at constant pressure, and
Z = a constant = 5.08 x 10-2h for foot, pound, degree Rankine

units.
Solution of Equation 66 requires a knowledge of the accommodation
coefficient as well as the average heat transfer distance, d, between

particles. Experimental values of the accommodation coefficient (83,
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84, and 85) reported in the literature vary widely for any given gas
depending on temperature, pressure and strongly on the condition of the
surface, However, all measured values are greater than zero and less
than one, so that a reasonable estimate of accommodation coefficients
may be possible from a consideration of all the experimental values
available. For the simplified model presented in Figure 32(a) the value
of d is X = Ds.

If Equation 50 is modified by substituting k; for k, in the space
between the solid surfaces, that is, in the volume which is (X—Ds) by

X by S/X of Figure 32(c), then

*
k
k = 5 & (67)
8 8
X P
K K ke f%
£ 1_&.—] +_..g'.._s]
* ¥*
k x2 k x2
g g
where
* 5 o (S
5l l-—§)+k(—. (68)
[ g ( X g x2

The radiation contribution depends upon the tempersature level and
gradient., The net radiation heat transfer between two bodies can be

expressed as

L L

Q@ = ni g FeFa Ar (Tl - T2 ) (69)

where n. refractive index of media between surfaces,

Q
]

Stefan-Boltzmann constant,

F = emissivity factor,
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F angle (or "view") factor, and

a,

A
r

L I 2 2
Factoring the term (Tl =T ) to (Tl - TE) (Tl % Te) (Tl + T, ), and

radiating surface area.

assuming that approximately, (Tl - T2) =2 T and (T12 + T22) = 2 TE, gives
2
Q. = hnr oFF A 3 AT (70)

Assuming that a particle surface area is small compared to the

"visible" surface of the enclosing particles, Equation 7O reduces to

3

q, = hni o €A T AT (71)

where € = emissivity.
Defining an effective radiation thermel conductivity by anaelogy

with Fourier's equation yields

™ R, %)- § (72)

Combining Equations Tl and T2 gives

k_=lnZ oD (73)

where Dr is an effective inter-particle distance for rediation. The
average radiating surface for heat flow in the x-direction is S. How-
ever, the average effective inter-particle distance in the x~direction
is not expected to be X-DS because the model giving the distance X-Ds
does not truly represent the physical system of particles for heat
transfer by radiation. It is desired to relate kr to the average

radiating surface in the x-direction in a manner more nearly representing
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the original random distribution of particles. This may be accomplished

by the following approach:

_ 3
sD.=(1-V) X%, (74)
and
SD = VX . (53)
s d

Combining Equations T4 and 53
D, = (F-1)D, . (75)
r Vd s

Combining Equations 73 and 75
k., = hni o€ (%E - 1) D, ™, (76)

Different techniques for measuring particle sizes can give dif-
ferent numbers for the same parameter. For example, the median particle
size as determined by sleving, sedimentation, or microscopy is not the
same (varying sometimes by factors of 2 or 3). For instance the median
particle size of MgO (E-98) was 180 microns as determined by sieving and
60 as determined by microscopy. Obviously the method of obtaining
particle size will influence the result from Equatilons 67 and 76. In
contrast in the equation for kgsc (Equation 50) all lengths occur as
ratios. Thus, 1f the method used to measure the relation between X and
D8 1s valid, it should glve essentially the same value for ;E as any
other method.

Since knc’ kfc’ and ksc may be assumed to be negligible for the

powders in this investigation, substitution of Equations 67 and 76 into
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Equation 42 gives

W
k
ke " Ds & -
—_— D
X # |1 & e
k k
- (1_8_ ! S_)
¥® *
k X2 k X2
g g

2 L
+l|'nr|3€ ('.g'd'-l) DST3. (77)

This is the equation used to compare with experimental results.

Illustrative Example

As a specific example of the calculations involved in the above
theory, consider a magnesia powder — MgO (E-98) — in air at atmos-
pheric pressure and having a volume fraction solid of 0.58.

The basic equation for calculating ke for such a system is
Equation 77 above. Auxiliary equations (repeated for convenience)

are

du (61)
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which is needed to evaluate Q;

D_ Val/3
T =l (54)
which is needed to evaluate DS/X;
* o (8
k" =k (1-55 42 (& (68)
g g [ x5 [ XE)
*
which is needed to evaluate l:;g ; and
(o] kg
kg - 2 - a Y T (66)
1+2 (= e [ E
pd 9 .

which is needed to ewvaluate kg.
All the properties of the bulk components in Equations 66, 68,

and 77 are in the literature for magnesia and air as well as for most

other common solids and gases. It should be noted that the accommoda
tion coefficient, a, is a possible exception to this statement. How-
ever, as mentioned previously, a reasonable estimate of accommodation
coefficients may be possible from a consideration of experimental
values which are available in the literature. Sources of wvalues of
properties used in calculation of this example are given in Chapter X.
It will be recalled that according to Equation 42 the value of
ke is made up of kgsc and kr’ vhich appear as the two principal terms
in Equetion T7. Further, knc’ kfc’ and ksc are not included in the
sum of terms comprising ke because of their negligible contributions

under the experimental conditions.
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1 4,84 Btu/hreft-°F and ¢ = 0.L42; for
air kg = 0.0408 Btu/hr+ft-°F, ¥ = 1.33, # = 10.8 x T foot, Ny

n, is taken as unity, and the accommodastion coefficient, a, is taken as

At 1500°F, for magnesia k

. 0718,

0.9.
From Table 2 the value of a (Equation 61) is 0.739 for this
megneslia powder.

From Equation 54

i 4 /3 1/3

D d . (9:29_) = 0.9224 .

s
X

a 0.739

Combining Equations 53 and 54

1/3
S o’
=V, |— x (78)
27"
From Equation 78 above
1/3
S _ 0.739 _
;E = 0.58 6?38_] = 0,629 ,

From Figure 32(a) it may be seen that

8

a =[]-’§; - 1] D (79)
or

- Al B« (80)

=]

1/3
|

= %—
a
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To determine d from Equation 80, a value must be assigned to Dge From
a particle-size distribution, many characteristic particle "sizes" may
be obtained—the median, the mean, the mode, and numerous "averages'.
Of these sizes, the mean (first moment of the distribution) is the only
one that weights volume with distance. Therefore, Ds i1s taken to be the
mean particle size. It should be noted that for the systems in this
study there is little difference in calculated values of ke if DS is
taken to be the median particle size. From Table 2 for this magnesia

powder

D =D = 268 microns
s m

and thus, from Equation 80,

d = 22.5 microns .

Now, substituting into Equation 66

9 0.0408 ,
& " Lrs. 080t k| [X33] | 1960

[0'9][2'33 1?116(22.5)(3.28x156)(10.8x1510)2(0.718)
kz = 0.0387 Btu/hreft-°F.

From Equation 68

kg* = 0.0408 (0.371)+ 0.0387 (0.629),
k; = 0,0395 Btu/hr-ft-°F.

Substituting the appropriate values above into Equation 77,
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e -
0.0L08 1,85 #1077
[o:03551 (©+37) + o355 (0-629)

+ b (1.73x169)(0.h2)(6%33 ~1)(268) (3.28x18%) (1960)3 ,

k
e

k
e

This predicted value of ke at lSOOQF compares well with the experimental

O.441 + 0.01kL,

i}

I

0.455 Btu/hreft-°F.

value shown in Figure 20. If the calculation above 1s repeated taking

Ds as the median particle size then

0.436 + 0.009,
0.445 Btu/nreft-°F.

k
e

k
e

n

n

For a comparison of kgsc’ kr, and ke calculated—for a different powder—
taking DE= to be the mean particle size and the median particle size see

Table 5.
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CHAPTER X

COMPARISON OF RESULTS WITH THECRETICAL EXPRESSIONS

Comparison of Experiments with Selected Earlier Correlations

The correlations (Chapter II) chosen for comparison with the ex-
perimental data are those of Fricke (24) with values for the semi-
principal axes suggested by de Vries(28) and of Willhite, Kunii, and
Smith (37). These are repeated below for convenience.

Fricke's equation is

B
% 4 va_(F T - 1)
Yo = o || } (M
1+V, (F -1) |’
for spheroids (fl = £, # f3)
1 kd .
i= ¢
and
ji £, =1. (9)
i=1

Fricke's equation is chosen as an example of an exact, 1l.e.,
mathematically rigorous, solution to the equation for disturbance of
steady linear flow of heat in a uniform medium by an object of dif-
ferent conductivity buried in it. Woodside and Messmer found that
de Vries' form of Fricke's equation, namely, f

1
showed falr agreement with their experimental wvalues for quartz sand,

= f, = 1/8 and £3= 3/h,
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glass bead, and lead shot packs (16). Thus, this equation represents
an exact solution which has been compared with experimental data for
several granuler materials.

Willhite, Kunii, and Smith's equation is

kc Q kc
ke=kc[l+vd (1--E-)+vd [a](l-i—]1 (19)
d d
where
2
k
[l - EE) sin2 B
1 a
=§ X K ] (20)
ln—d- [ d-l cos B) = [l-—-(-:-)[l-cosﬁ)
kc ‘E; kd
and
v
sin2 B = g (21)

13.23 V4 - 5.36 °

They took the quantity 0 equal to 1/2 or 2/3. In the present comparison
Q 1s taken as 2/3 since this value gave better agreement between the
calculated and the experimental conductivities of this investigation
than a velue of 1/2.

The correlation of Willhite, Kunii, and Smith represents an ap-
proximate solution to the problem of calculating heat transfer through
granular maeterial. It 1s based on an extension of the work of Kunii and
Smith (38) who had extended the earlier work of Yagi and Kunii (39) on
a model which assumed cubic and tetrahedral packings of uniform spheres
and linear heat flow. This correlation is chosen for comparison with
the experimental results of the present investigaetion since it has been

compared with good results to a large body of existing data on packed
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beds, and since it relates the number of points of contact in the
packed beds to the void fraction. This last fact 1s important because
the controlling factor in the flow of heat is probably the fluld in
the immediste vicinity of these points of contact.

The experimental results obtained in this study with magnesia,
alumina, and zirconia powders in alr are compared with the above cor-
relations in Figures 33 to 42. The thermal conductivities of dense
so0lid magnesia, alumina, and zirconia used 1n these calculations were
taken from Kingery et al. (86) and the thermal conductivities of air
were taken from Glassman and Bonilla (87).

It may be seen that Fricke's equation with wvalues for the semi-
principal axes suggested by de Vries gives wvalues for ke that are lower
than experimental values for the magnesia and alumina powders (kd/kc
varying from sabout 1200 to 100). Although the calculated k. 's do not
correspond to the experimental ones in absolute wvalue, they do cor-
respond fairly well in their temperature variation (Figures 33 to 39).
This suggest that the ke's calculated by Fricke's equation for the
magnesia and alumine powders can be brought into better agreement with
the experimental ke's in absolute value 1f the particles are assumed
to be spheroids with a ratio of major to minor axis scmewhat greater
than six (de Vries’value). For the zirconia powders (kd/kc varying
from about 60 to 30), the predicted k_'s and experimental k_'s are in
excellent agreement (Figures 40 to 42). These results are in agreement
with the observation of Hamilton and Crosser (88), namely, that the
factor F (Equation 8) will not depend strongly on particle shape un-

less the ratio of kd to kc is about 100 or more.
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It may be seen that Willhite, Kunii, and Smith's equation with
Q taken as 2/3 gives values for ke that tend to agree with the ex-
perimental values for the magnesia and alumina powders (Figures 33 to
39). The agreement is poorest for the two most densely packed magnesia
powders (Figures 35 and 36) and the uniformly sized alumina powder
(Figure 39) at the higher temperatures. It may also be seen that the
equation does not, and cannot, predict the correct variation of ke with
temperature for the magnesia and alumina powders in this study. For
the zirconia powders, the predicted and experimental ke's are in excel=-
lent to good agreement (Figures 4O to42).

The experimental results of this study were also compared with
the correlation (Chapter II) of Deissler and Eian (36). Their cor-
relation gives calculated ke's for the magnesia and alumina powders
that agree fairly well with the experimental ke's at the lower tem-
peratures (sbout 200 to 600°F). However, the agreement is poorer
than that obtained with the Willhite, Kunii, and Smith equation at the
higher temperatures. Typical results are shown in Figures 33 and 35.
For the zirconia powders, the Deissler and Eilan correlation gives
results inferior to those obtained with Fricke's equation or Willhite,

Kunii, and Smith's equation. Typical results are shown in Figure 40.

Comparison of Proposed Theory with Experiment

Using the method of calculation illustrated in the preceding
chapter, the values of ke shown in Figures 33 to 38 and 40 to 42 were
obtained. The value obtained in the illustration appears as the cal-

culated k_ value (open circle) at 1500°F in Figure 33.
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The values of & (Equation 61) used in the calculaetions are listed
in Table 2., No calculations were made for the A1203 (B45SF) powder since
a value of @ was not avallable for this powder. The thermsl conductivi-
ties of dense solid magnesia, alumina, and zirconia were taken from
Kingery et al. (86) as mentioned previously. The emissivities of
magnesia and alumine were taken from Sully, Brandes, and Waterhouse (89)
and the emissivity of zirconia was taken from Olson ard Morris (90).

The thermal conductivities and Prandtl numbers of air were taken from
Glessman and Bonille (87). The values of y for air are taken from
Hilsenrath et al. (91). The molecular diameter of air as determined
from viscosity is taken from Hirschfelder, Curtiss, and Bird (92). The
refractive index of air is taken as unity and the thermal accommodation
coefficient, from a consideration of measured values (83, 84, and 85),
is estimated to be 0.9.

It may be seen that the calculated and experimental ke's are
in excellent agreement in all cases.

To illustrate the calculated contribution of k. to ke’ values
of kgsc and kr as a function of temperature are listed in Table 5 for
one powder—Zzr0, (HIUF). It may be seen that at most (1500°F) the
calculated radiative contribution to ke is about 7 per cent if D, is
taken to be the mean particle size and about 3 per cent if DS is teken
to be the median particle size. This powder represents the greatest
difference in kr’s (and ke's) calculated taking DB to be the mean particle
size and to be the median particle size since it has the greatest dif-
ference in Dm and D5O% (Table 2). With either value for Ds the cal-

culated ke's are within the accuracy limits set on the experimental ke's.
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» k, and k, for a Zirconia Powder®

?e§§erature (Btu/§§?§t-°F) (Btu/hi?ft-QF) (Bt;/ﬁrs%t°o y

Mean Median Mean Median Mean Median
250 0.228 0.226 0.003 0.001 0.231 0.227
400 0.255 0.253 0.005 0.002 0260 0.255
600 0.289 0.285 0.008 0.003 0.297 0.288
800 0,317 0.313 0.012 0.004 0,329 0.317
1000 0.341 0.337 0.017 0.005 0.358 0.3Lk2
1200 0.363 0.358 0.022 0.007 0.385 0.365
1400 0.38k4 0.378 0.028 0.009 0.k12 0.387
1500 0.395 0.388 0.031 0.010 0.426 0.398

& Calculated for zrOp (HLLF) powder in air at atmospheric pressure
having a volume fraction solid of 0.70 using Equation T7.

particle size =
microns (Table 2).

1023 microns and median particle size =

333

Mean
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These results for kr and similar results for the other powders lead to
the conclusion that radiation is not important to this work because of
relatively low temperatures and small inter-particle distance. However,
it should be emphasized that heat transfer by radiation was not covered
experimentally in this work, and only in a conventional way theoretically.
In passing it should be mentioned that Equation TT7 was also
derived based on the assumption of linear heat flow. The agreement
between calculated and experimental thermal conductivities, using shape
factors as determined in Chapter IV, is not as good with the linear

heat flow assumption as with the linear isotherms assumption.

Comparison of Selected Previous Experiments with Correlations

The three theoretical expressions above are compared in Figures
43 to 46 with the results of Deissler and Eian (36) on a magnesia
powder at 0.58 volume fraction solid in air and in argon and with the
results of Eian and Deissler (93) on a different magnesia powder at
0.64 volume fraction solid in air and in argon. The properties of the
dense solid and of air used in these calculations are teken from the
references mentioned previously. The thermal conductivities, Prandtl
numbers, and velues of y for argon are taken from Hilsenrath et al. (91)
The molecular diameter of argon, as determined from viscosity, is taken
from Hirschfelder, Curtiss, and Bird (92). The refractive index of
argon is taken as unity and the thermal accommodation coefficient, from
a consideration of measured values (83, 84, and 85), is estimated to be
unity. The gas pressure at each temperature (for use in Equation 66)
is double that calculated from Deissler and Eian's expression for

breskaway pressure. Thelr expression 1is
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-21 hi I
P, = L.77 x 10 =, (81)
p~ D

]

where T = temperature in degrees Rankine,

molecular diameter (determined from viscosity) in feet,

©-
1

mean particle size (determined by sieving)in feet, and

w)
I

P, = breakaway pressure, in pounds per square foot.

The reason for doubling the calculated pressure 1s that Deissler and
Eien as well as Eian and Deissler indicated their pressures were, in all
cases, above those given by Equation 81. However, they did not indicate
how much above. Thus, the factor of twe is to insure that pressures
used in the calculations are equal to or greater than the pressures in
the previous experiments. Their experiments showed that at pressures
above the breakaway pressure the effective thermal conductivities of
the powders did not vary with pressure, From the reported screen
anaelyses, the shape factor « is taken to be 0.739 for the powder
used by Deissler and Eian and to be 0.728 for the powder used by Eian
and Deissler.

The expression of Fricke gives ke’s that are below the 1952
results of Deissler and Eian and considerably below the 1953 results
of Eian and Deissler. The expression of Willhite, Kunii, and Smith
gives ke's that tend to agree with the 1952 results of Deissler and
Eian. However, the expression gives ke's that tend to fall away from
the 1953 results of Elan and Deissler at the higher temperatures. The
theory proposed in this work gives ke's that are in excellent agreement
with the results of both the 1952 and 1953 studies. It should be

mentioned that Deissler and Eian as well as Eian and Deissler also
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carried out experiments in helium atmosphere. The results of these ex~
periments are not included in the present comparison because of the
unaveailability of measured values for the accommodation coefficient.
Extrapolation or interpretation of available information leads to a
value between about 0.3 and 0.7 for the accommodation coefficient.

For good agreement between results calculated by Equation 77 and ex-

perimental results a value of about 0.15 must be assumed.
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CHAPTER XTI
CONCLUSIONS

From this investigation of the effective thermal conductivities
of magnesisa, alumina, and zirconia powders in air at atmospheric pres-~
sure from 200% to 1500°F the following conclusions have been reached:

(l) The steady-state and unsteady-state methods used give
results which agree to within about 7 per cent.

(2) TFor the size of sample and the arrangement of apparatus
used, the unsteady-state method offered no time saving over the steady-~
state method since the time-limiting factor was the heating of the
system—sample, sample contalner, and furnace—to temperature level,

(3) The effective thermal conductivity of a specific powder
increases with increasing volume fraction solld until, at velues close
to the maximum obtainable with the powder, effective thermal conduc-
tivity 1s critically dependent on volume fraction.

(4) The influence of gas conductivity is greater than that of
the solid on the effective thermal cénductivity of powders, in agree-
ment with most previous 1lnvestigators.

(5) The effective thermel conductivity for each powder meesured
increased at a decreasing rate with increasing temperature, following
an approximately quadratic temperature dependence.

(6) The effective thermal conductivities of two magnesia powders

having different particle-size distributions and points of truncation
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but almost the same shape factor, &, were essentially the same at the
same volume fraction solid in accord with the theory developed in this
work.

(7) The effective thermal conductivity of a magnesia powder
was slightly higher than that of an alumina powder with almost the
same shape factor, «, and at the same volume fraction solid, in accord
with the theory developed in this work.

(8) The presence of a sorbed water film increased the effective
thermal conductivity of each powder up to temperatures corresponding to
the decomposition temperature of the respective hydroxides.

(9) Mechanical pressure on the particles caused by shrinkage of
the sample container upon cooling from high temperatures increased the
effective thermal conductivity by factors up to about two.

(10) A1l the data on effective thermal conductivity for the
powders studied can be correlated well by means of a derived equation
(Equation T7) which relates effective thermal conductivity to the con-
ductivities and concentrations of the constituent phases as well as to
a shepe factor.

(11) The extension of Maxwell's equation to ellispoids by
Fricke (Equation T) underestimates the effective thermal conductivity
of the magnesia and alumina powders when de Vries'values for semi-
principal axes are used but the agreement is excellent for the zirconia
powders.

(12) The equation of Willhite, Kunii, and Smith (Equation 19)
tends to underestimate the data when used with a constant required by
the geometry of the model of 1/2 but agrees fairly well when the

constant is taken as 2/3.
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(13) By theoretical analysis radiation was determined not to be
an important heat transfer mechanism in these powders because of low

temperature and small inter-particle distances.
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CHAPTER XII

RECOMMENDATIONS

The results of this investigation suggest some interesting areas
for further work. These areas include: effect of particle parameters,

effect of mechanical pressure, effect of sorbed films, and effect of

radiation.

Effect of Particle Paresmeters

Obviously, for any powder studied, the wider the range of particle
parameters; e.g., particle size, particle-size distribution, surface ares,
the more light will be shed on the influence of each parameter on the
effective thermal conductivity of powders. Also, the wider the range
of parameters studled, the wider the range of applicabllity of proposed
theoretical expressions which correctly predict ke.

Powders having known particle sizes, perticle=-size distributions,
etc., should be synthesized or blended so that the influence of these
parameters may be investigated systematically. Better control of particle
parameters will permit more meaningful intercomparisons between different
investigations of heterogeneous systems. Specifically, & powder similar
to that used by Eian and Deissler (93), with a small mean particle size,
say 40 microns of less, should be investigated at modest pressure (at-
mospheric or several atmospheres) in gases such as helium or hydrogen.
Such studles would demonstrate the interrelation of pressure, temperature,

and particle size. A maximum in ke versus temperature should result,
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as observed by Eian and Deissler. It should be emphasized that the ex-
periments of Eian and Deissler were under gas pressures up to about 18
atmospheres so that in theory they should not have observed the maximum
which they did observe in fact. Assuming that the accommodation coef-
ficient is fairly constant for a glven powder-gas system over the tem-
perature range studied, Equation 77 predicts that for such a system
at a pressure of several atmospheres a maximum in a temperature versus
effective thermal conductivity plot could exist. Although the bulk
conductivity of gases at constant pressure increases with increasing
temperature, small inter-particle distances combined with increasing
mean free path as temperature increases can lower the apparent conduc-
tivity of the gas in the pores (see, for instance, Equation 66). This
lowering can be large enough to more than override the increased gas
bulk conductivity. By operating under increasing pressure with increas-
ing temperature, Eian and Deissler essentially hed a situation wherein
the decrease of mean free path with increasing pressure compensated for
the increase of mean free path with increasing temperature-——assuming that
the accommodation coefficlent 1is affected little by temperature and pres-
sure over the range studied.

Powders having, in so far as possible, the same particle size,
particle-size distribution, and points of truncation (which implies
the same shape factor, @) should be blended from solids with widely
different thermal conductivities. For example, an alumina powder having
the same particle parameters as the ZrO2 (H30F) used in this study could
be blended. The effective thermal conductivity of these powders

meesured in the gas at modest pressures and temperatures will permit
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better evaluation of the role played by solid conductivity in the con-
ductivity of powders.

Powders of a given material having widely different o's but
close to the same mean particle size should be blended. In addition
these powders should have Vd —— Vd mip FoREes that overlap so that

systems having the same volume fraction solid may be packed with each.

For exsmple, the AL,0 (E-98) with a mean particle size of 263 microns

3
used in this study had an a of 0.T74., If an alumina powder were blended
with particle parameters like the ZrO2 (H30F), with a mean particle

size of 292 microns, it should have an o of 0.85. If these two alumina

powders 1n air at atmospheric pressure were packed to Vd = 0,58,
Equation 77 predicts that at BOOQF, k,  for the one with a = 0.74 would
be 0.36 Btu/hr-ft-°F, while for the alumina powder with o = 0.85,

ke would be 0,2L4 Btu/hr-ft-oF. As has been mentioned previously, one
of the principal beliefs propounded by this work i1s that such a dif-
ference in the effective thermal conductivity of apparently similar

systems 1s real, and can be explained by factors such as .

Effect of Mechanical Pressure

Studies in regions where crushing, coalescence, deformation, etc.
of the particles are negligibly small seem desirable to elucidate the
effect of mechanical pressure on the effective thermal conductivity of
powders., The results of this study suggest that compression of the
powder might be used to improve heat transfer rates through the powder.
On the other hand, if the powder is being used as an insulator, compres-
sion should be avoided. It is worth noting that the effective thermsl

conductivity of a magnesia powder at 400°F (Figure 26) was increased
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almost 90 per cent after heating to about lBOOoF and cooling back to the
lower tempersture. This effect is here attributed to compression of

the powder by the shrinking metal sample container upon cooling.

Effect of Sorbed Films

Not only water at atmospheric pressure, as observed in this work,
but also films of other sorbed fluids such as carbon dioxide, can prob=-
ably enhance the conductivity of powders. In this connection, the
work of Weininger and Schneider (55) on beds of alumina and glass
powders should be noted., They attributed the marked increase in ef-
fective thermal conductivity with increasing carbon dioxide pressure
(about 1 atmosphere to 65 atmospheres) to an increase in gas adsorption,
Results such as these suggest that films might be used to "dope" powders
and improve their effective thermal conductivities. For example, a
powder similar to any of those used in this study, which had been
appropriately treated to remove sorbed films of such fluids as water
and carbon dioxide, could be used as the solid phase for a series of
experiments. Alr from which water vapor and carbon dioxide had been
removed could be used as the continuous phase. Carbon dioxide (or
steam) could be added in controlled amounts to the continuous phase.
The effective thermal conductivty, at fixed temperature and pressure,
could be determined as a function of the amount of carbon dioxide added.
Carbon dioxide present as a film could enhance the effective thermal
conductivity of the system. However, carbon dioxide present in the gas
phase should only lower the effective thermal conductivity of the
system, since the thermal conductivity of carbon dioxide (up to about

1450°F) is less then the thermal conductivity of dry air.
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Effect of Radiation

Powders used in this study were of fairly small particle size so
that inter-particle distances were small. Also temperatures were not
very high in these studies. Thus, the contribution of radiation to heat
transfer through the powders was probably small. Studies with larger
particle sizes at higher temperatures with continuocus phases of both
non-absorbing and absorbing gases, such as water vapor, carbon dioxide,
and the Freons will aid in interpreting the radiative contribution to
effective thermal conductivity. Radiation is a function of shape but
not of length of path. Therefore, when heat transfer by radiation is
expressed in terms of an equivalent effective conductivity, and length
of pore is introduced as a varilable, particle size with all its subtle
meanings and implications becomes important. As mentioned several
times previously, the effective conductivity ascribed to radiation may
vary by factors of 2 or 3 simply because of the technique used to
measure "particle size". In addition, from the results of a size
measurement, numerous ''particle sizes" are possible==the median, the
mean, the mode, as well as countless "average" particle sizes. Thus,
experimentation is probably the only gulde as to how to measure and use
particle size in the correct relation to pore length. Effective thermal
conductivities of powders with mean particle sizes of several thousand
microns should be determined at low pressures (several atmospheres to
subatmospheric) and at temperatures of several thousands of degrees
Fahrenheit., The radiation contribution to heat transfer for such
powders should be large enough so that parametric studies of the radia-
tion term in Equation T7 should lead to a better understanding of the

role played by radiation in the overall heat transfer through powders.
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APPENDIX T

COMPARISON OF EXACT AND SIMPLIFIED SOLUTIONS TO THE HEAT FLOW EQUATION

Comparison under Certaln Limiting Conditions

Austin (1) has given an interesting treatment to the relationship
between an exact and a simplified solution to the heat flow equation.
From a consideration of his data on alumina and silica bricks, as well
as most of the data available to him (year 1939) on refractory solids,
he concluded that Russell's simplified solution and Maxwell's exact
solution of the heat flow equation yield essentially the same results
for any specific system.

He also pointed out that if kc/kd is small Maxwell's equation

reduces to

d
ke = kc v—27-3—-—v—' . (83)

d d

Expressing Vd2/3 as (l - (1 = Vd)}2f3, expanding the binominal, and
assuming that the first two terms of the expansion are a reasonsbly
good epproximetion of the series, Austin showed that Equation 82 is
equivalent to Equation 83.

It may easily be shown that for large kc/kd, Russell's equation

reduces to
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2/3
1 - Vd

kK =k (8k)

e c

/3 )
Lo Wy Vg

Expressing Vd2/3 as [1 - (1 - Vdie/% expanding the binominal, and, fol=-

lowing Austin's lead, assuming that the first two terms of the expansion
are a reasonebly good spproximation of the series, one gsees that Equation
84 is equivalent to

1=V

e c |1+ 0.5V, *

Equation 85 follows from Maxwell's exact solution under the as-
sumption of large kc/kd, es Austin has shown.

An objection to Austin's comparison of Equations 82 and 83 and the
present comparison of Equetions 84 and 85 is that the approximation made
by teking the first two terms in the expansion is good only in the range
where Vd equals about 0.5 or greater., For example, taking Vd = 0.2 it
is found that Va2/3 = 0.34 and the value of the first two terms in the
binominal expansion is 0.47. Whereas, taking Vs = 0.5, 1t is found
that vd2/3 = 0.63 and the first two terms in the expansion equal 0.67.
On the other hand, in the range where Vd equal about 0.5, the system
is no longer composed of non-interacting particles so that Maxwell's
assumptions are violated, and his equation may not be applicable.
Another objection to these comparisons is that Maxwell's equation is
based on dispersed spheres, while Russell's equation is based on dis-
persed cubes. Therefore, unless the shape factor can conclusively be

shown to be of no consequence, elther in fact, or in the derivation of

the equations, the comparisons are suspect. There is considerable
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evidence suggesting the importance of the shape factor, so the derivations
must be examined for lmplied shape restrictions which are not actually
required for the solutions of the equations. In fact, as has been stated
earlier Russell's equation can be obtailned from Equation 77 (Chapter IX)
without assuming the particles are cubes. The only requirement is that
the shape factor @ be equal to unlty—a requirement that is not neces-
sarily true for random cubes.

Notwithstanding these criticisms, it is significant that under
certain conditions an equation based on an exact solution and an equation

based on a simplified solution can be shown to be equivalent.

Comparison Using Empirical Shape Factor in Terms of Sphericity

Hamilton and Crosser (88) found that their measured effective
thermal conductivities could be correlated using Maxwell's equation
in the form
k. o+ (3.1 k - E-1) v, (k-k)

d__ v c___ v d ‘e d
)

: (86)

ke = kc 3
kd+($_l)kc+vd(kc_kd

Sphericity ¥ 1s defined as the ratio of the surface area of a sphere
having a volume equal to that of the particle, to the surface area of
the particle itself. They studied systems of aluminum spheres, cylinders,
or parallelepipeds and balsa wood disks or cubes dispersed in rubber.
Values of V, renged from 0.1l4 to 0.275.

Equation 77 with o expressed (quite arbitrarily) as 3 we cor=
relates the data of Hamilton and Crosser as well as their modification
of Maxwell's equation above. The purpose of this comparison is not to

encourage empliricism but to emphasize the importance of shape factor.
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An additional purpose is to show that even for emulsions or dispersions
Equation 77 can be made to give essentially the same results as Maxwell's

equation in its various forms.
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APPENDIX II

ADDITIONAL DIAGRAMS AND PHOTOGRAPHS OF EXPERIMENTAL APPARATUS
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Fig. 47. Schematic Diagram of Principal Components Used to Measure
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PHOTO 60567R

1. lce bath selector switch.
2. Thermocouple selector switches.

3. Central heater voltage tap
selector switch.

4. Central heater current-voltage
selector switch,

Fig. 50. Temperature and Power Measuring Equipment.



153

APPENDIX TIT

SUPPLEMENTARY INFORMATION FOR CHARACTERIZATION OF MATERTAL
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Table 6. Screen Analyses of Magnesia Powdersa

) Scre?n Weight Per Cent %etained
Mesh Size Opening on Screen
(U.S. Standard) (microns) Mg0O (E-98) MgO (E-227)
25 707 0
30 595 0 0.13
35 500 0.09 0.15
Lo 420 0.20 L.6h
k5 354 4.23 20.70
50 297 12.0L 12.92
60 250 13.25 11.05
70 210 1h.94 T.95
80 177 9.30 7.09
100 1k9 TTT T.38
120 125 7.23 L.67
140 105 6.91 5.27
170 88 5.36 4,03
200 Th 3.93 3.45
230 63 3.79 2.85
270 53 2.66 1.92
325 L L.07 2.23
Loo 37 171 1.48
Pan -~ 2.50 2.09

o Analyses maede using 250 gram samples, O-inch diameter standard full
height sieves, and Fisher-Wheeler Sieve Shaker at 900 revolutions
per minute for 20 minutes.

b Average of four separate determinations—normalized.
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Table 7. Screen Analyses of Alumina Powdersa

Screen Weight Per Cent Retained
Mesh Size Opening on ScreenP
(U.S. Standard) (microns) A1203 (E-96) A1203 (BLSF)
35 500 0
Lo L20 0.12 0
L5 354 2.99 0.51
50 297 9.20 0.4k
60 250 13.26 4.38
70 210 12.98 88.50
80 177 11.40 5.65
100 149 8.77
120 125 5.42
140 105 6.51
170 88 5.90
200 Th 5.34
230 63 k.97
270 53 3.19
325 b 5.26
400 37 1.70
Pan - 2.99 0.52

® Analyses made using 250 gram samples of Al,0; (E-98) and 100 gram
semples of Al,03 (BU5F), 8-inch diameter standard full height
sieves, and Fisher-Wheeler Sieve Shaker at 900 revolutions per
minute for 20 minutes.

Average of three separate determinations for Al,0, (E-98) and of
two separate determinations for A1203 (B4YSF ) =ndrmalized,

b
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Table 8. Screen Analyses of Zirconia PowdersEL

Screen Welght Per Cent Retained
Mesh Size Opening on ScreenP
(U.S. Standard) (microns) Zr0, (H30F) zr0, (H1LF)
¥ 2830 0
8 2380 0.43
10 2000 2.4k2
12 1680 3.59
1k 1410 h.L4O
16 1190 5.19
18 1000 L.66
20 8h1 4,18
25 707 5.01
30 595 0 h.64
35 500 6.52 527
4o L20 11.24 5.73
k5 354 9.88 5.29
20 297 T.73 4,20
60 250 T.56 L,22
70 210 7.98 k.24
80 177 8.07 4,30
100 149 9.28 5.83
120 125 6.33 3.43
140 105 5.07 3.63
170 88 5.69 1.94
200 Th Lohh 2.50
230 63 2.92 2.0k
270 53 1.89 1.49
325 Ly L.09 5.29
400 37 1.26 5.66
Pan — 0.12 0.42

5 Anslyses made using 250 gram samples, 8-inch diameter standard full
height sieves, and Fisher-Wheeler Sieve Shaker at 900 revolutions
per minute for 20 minutes.

Average of four separate determinations-——normalized.
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Table 9. Sedimentation Analyses of Magnesia, Alumina, and
Zirconia Powders
Welght
Apparent Per Cent

Stokes! Less Than

Diameter Indicated
Powder (microns) Size
MgO (E-90) 97 12.6
137 20,9
168 28.6
206 L.k
237 61.5
375 85.9
Mg0 (E-227) 68.3 4.3
96.5 10.0
136 19.2
190 45,0
329 77.0
465 98.5
A1,0 (E-98) 80 8.7
3 139 47.8
196 62.0
253 78.14
310 91.4
A1203 (BU4SF) 179 14.0
196 33.0
219 56.1
253 78.3
310 91.3
zr0, '(H30F) 178 15.8
ol 31.7
343 52,5
397 62.2
492 82.9
Zro, (HLLF) 11k k6
198 16.3
343 22.5
532 37.9
91k 52.4
1075 67.7
1391 778
89.6

1870
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Teble 10. Particle-Size Distribution of Mg0 (E-98) Powder
by Microscopy

Number of
Particles Less
Than Indicated

Size (microns) Size
21 60
42 167
63 232
8L 293

105 332

126 359

147 380

168 397

189 Log

210 418

231 k23

252 428

273 432

294 435

315 438

336 4h1

L20 448

525 453

630 L57

92k 460
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APPENDIX IV
EVALUATION OF ke FROM EXPERIMENTAL DATA

Sample Calculation Using Steady-State Data

As a specific example of the calculations to evaluate ke from
steady-state data, consider a magnesia powder—MgO (E-98)~in air at
atmospheric pressure and having a volume fraction solid of 0.58. The
data for this system are given in Appendix IV (Teble 12). The ex~
pression to be used to calculate ke 1s derived from averages of values
for km.

km is given by

Q Ry
S (%, - t,) in - (34)

In particular, consider the data indicated on page 172. For the first

pair of thermocouples listed, R, = 2.14l centimeters, %y = 848.0°F,

1
32 = 4,142 centimeters, and t2 = 815.50F. The current in the heater

was 2.7304 amperes. The voltage drop across the portion of the heater
in the test zone (L = 0.25 foot) was 3.1035 volts.

Substituting the above values into the expression for k (Equa-
tion 3L)

gives

_ (2.7304)(3.1035) (3.4122) b, 142
m ~ T2)(3.1516)(0.25) (B46.0-B15.5) ~ 2.14% ’

where 3.4122 is the conversion factor from absolute watts to Btu per

hours, thus
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0.3731 Btu/hr+ft:%F ,

W
1]

at

. _ 848.0 + 815.5 _ 831.8% .
avg 2

Similar calculations give values of km and tavg for the other five
pairs of thermocouples in the test zone. The effective thermal con-
ductivity, ke, at temperature, t, is obtained by averaging the six km's
evaluated as illustrated above, That is,

k
e

_ 0.3731 + 0.4068 + 0,3510 + 0.3960 + 0.384L + 0.3626
N 6

k_ = 0.379 Btu/hr-ft.°F,

at

_831.8 + 835.3 + 835.7 + 831.2 + 836.9 + 836.4
h 6

t

t = 834.5°F .

The values of ke at t obtained in this menner are tabulated for
this system, and all the other systems studied, in Table 11l. It is
these values of ke and t which were fitted by least squares to poly-

nomiels (Chapter VI).

Sample Calculation Using Unsteady-State Data

As a specific example of the calculations to evaluate ke from
unsteady-state data, consider a megnesia powder—-Mg0O (E-98)—in air at
atmospheric pressure having s volume fraction solid of 0.58 and being
at a temperature to = BhS.SQF. The expression to be used to calculate

k 1is
e
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e

1n gg : (38)

l) 1

- Q
ke ~ L (t2 -

At some time, taken as zero time, power is supplied to the central
heater (stainless steel tube) and the temperature of the heater is re-
corded as a function of time. If temperature rise of the heater, At =
t—to, is plotted versus time the curve shown in Figure 54 is obtained.

From the early linear portion of the curve, at 6. = 10 seconds, (&t)l

1
= 64.2°F and at 92 = 100 seconds, &St)e = 153-20F. The average current
in the heater during the first minute was 21.007 amperes and the average
voltage drop between potential taps (L = 2 inches) was 0.43151 volt.

Substituting the above values into the expression for ke under
these conditions (Equation 38)

gives

- {1.007)(0.43151) (3.4122) , 100

X
® 4(3.1&16)(%5)(153.2-6u.2) 10

or

k, = 0.382 Btu/hre£t-°F,
This is the manner in which all the unsteady-state values of
k_ reported in Table i were calculated.
As a specific example of the magnitude of the § term in Equation
36 (or Equation 39), consider again the data presented in Figure 5k
for the MgO (E-98) powder in air at atmospheric pressure having a volume
fraction solid of 0.58 at a tempersture T, = 843.5°F. Applying Equa-

tion 36
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2
t =,+—§ﬁln§—g+ 5[1:—9) (36)

at temperatures 6, and 6, and subtracting the results at Bl from the

1
results at 92 gives
e 2
Q 2 R (1 1)
At = In — + & |— |[5— - =]| |. (87)
b1k 91 T 92 91

The radius of the "probe" heater is 1/16 inch and, as before,
the average current in the heater during the first minute was 21.007
amperes and the average voltage drop between potential taps (L = 2 inches)
was 0.43151 volt. Taking k_ of the powder as 0.382 Btu/hr-ft-oF and T
as 0,018 fte/hr at 843.5°F and substituting these values plus the above
values into Equetion 87 at 20 and 4O seconds gives
2
(2 * 1)
_ (21.007)(0.4315)(3.4122) . ho ‘1§ " 12 3600 3600
a4t = 2 In 26 * —0.018 o ~ 20 |’
u(3.1h16)(§)(0.382) .

At = 26.78%F - 0.14%%.

The approximations which must be made in applying the unsteady-state
method more than overshadow the error introduced by neglect of the §
term above. Therefore, the neglect of this term in the calculations

is completely justified.
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Table 11. Values of t, ke, and Corresponding Least=Squares Equations

t ke
Powder vy (°F) (Btu/hre £t °F)
Mgo (E-98) 0.58 229.6 0,242
291.0 0.248
459,54 0.305
630.3 0.328
811.8 0.363
83L4.5 0.379
835.3 0.373
835.9 0.381
994 .6 0.400
1016.8 0.402
1017.7 0.390
1190.6 0.k4o7
1193.1 0.420
1370.5 0.L446
1371.2 0.446
151kL.7 0.L467
1517.1 0.u6h

k, = 0.1788 + 0.284k x 1073 ¢ - 0.6k x 1077 t2.

t Ke 5
Powder A (°F) (Btw/hr- ft-°F)
Mg0O (E-98) 0.61 209.7 0.286
300.2 0.311
L49,8 0.364
624,5 0.396
795.0 0.443
976.3 0.481
1152.6 0.505
1334.6 0.511
1515.6 0.547

k, = 0.2139 + 0.363k x 1073 ¢ - 0.9763 x 10™( £,




168

Table 11. Values of t, ke, and Corresponding Least=Squares Equations

(Continued)
; ke
Powder vy (°r) (Btu/hr-ft«°F)
MgO (E-98) 0.64 205.4 0.387
322.6 0.408
562.2 0.498
660.6 0.534
823.4 0.578
828.8 0.587
1005.3 0.615
1185.7 0.642
1361.7 0.6Th
1543.3 0.673

k, = 0.2840 + 0.4709 x 1073 ¢ - 1.396 x 10”7 t2.

ty ke
Powder vy ("F) (Btu/hr-ft-°F)
Mg0O (E-98) 0.65 209.3 0.416
Lh1.2 0.514
616.6 0.576
769.7 0.628
977.6 0.669
1151.0 0.681
1508.5 0.736

k_ = 0.3205 + 0.5032 x 1073 ¢ - 1.53% x 1077 £°,

t kg
Powder vy (°r) (Btu/hre £t °F)
Mgo (E-227) 0.61 210.2 0.278
319.4 0.309
L88.4 0.360
66T.7 0.L40o4
794.0 0.433
839.6 0.438
977.0 0.475

9T7.5 0.456
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Table 11. Values of t, k , and Corresponding Least-Squares Equations

(Continued)
ke
Powder v, (°r) (Btu/hr-ft«F)
Mg0O (E-22T7) 0.61 1150.6 0.493
Continued 1150.6 0.500
1148.9 0.483
1331.9 0.502
1333.7 0.521
1425.9 0.526
1435.5 0.512
1510.9 0.5k45
1511.0 0.530
e, = 0.2089 + 0.3507 x 1073 t - 0.9097 x 10'7 A7
t ke
Powder Vq (°r) (Btu/hr-£t-°F)
A1,0. (E-98) 0.58 220.9 0.238
3 300.2 0.250
L7i.k 0.298
616.6 0.327
802.3 0.356
982.8 0.383
1154.8 0.409
1344.8 0.k422
1526.0 0.436

k, = 0.1740 + 0.2942 x 1073 ¢ - 0.8070 x 1077 tE.

t k

Powder vy (°r) (Btu/nrs £t °F)
A1203 (BU4SF) 0.kg 237.2 0.181
306.3 0.195
Lhg,1 0.226
5734 0.238
711.6 0.263
805.5 0.276

978. 0.300
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Teble 11. Values of t, k , and Corresponding Least-Squares Equations

(Continued)
to ke o)
Powder L ("F) (Btu/hr-ft+ F)
A1203 (B45F) 0.49 1160.5 0.311
Continued 1325.4 0.319
1553.8 0.350

k = 0.1355 + 0.2129 x 1073 ¢ - 0.5083 x 10™7 .

t ke,
Powder v, (°F) (Btu/hr* £t °F)
Zr0, (H30F) 0.58 190.4 0.124
W72.1 0.168
663.8 0.189
8L0.1 0.205
1061.7 0.224
1139.4 0.233
1200.2 0.239
1378.5 0.253
1533.5 0.259

ke = 0.0960 + 0.1622 x 1073 t - 0.3630 x 10’7 2.

to ke (o]
Powder A ("F) (Btu/hr-ft+ F)
Zr0, (H30F) 0.6k 227.6 0,166
312.8 0.178
672.0 0.231
848.9 0.252
1022.6 0.272
1197.7 0.286
1382.8 0.302
1567.0 0.321

k, = 0.1283 + 0.1728 x 1073 ¢ - 0.32T4 x 107" %,
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Table 11. Values of t, ke’ and Corresponding Least-Squares Equations

(Continued)
% ke
Powder vy (OF) (Btu/hr'ft'oF)
zr0, (H1LF) 0.70 226.6 0.218
300.1 0.225
654.6 0.293
837.4 0.322
1009.1 0.343
118L4.3 0.370
1371.0 0.390
1552.2 0.411

k, = 0.1692 + 0.2102 x 1073 ¢ - 0.3530 x 1077 ¢°.




172

Table 12. Values of k, Calculated from Different Thermocouple Pairs for
Powder at V, = 0.58. Mg0 (E-98)

k
o t t At R R
Btu BVE 1 2 2 1 ¥ L .
(et o7) (%) °r)  (°F) °r)  (em) (em.) (im.)  (ft.) ~ AMPS  VOLTS
C.3972 1215.0 1632.7 997.2 35.5 L.l42 2.144 14,0 [C.2500 2.8358 3.4785
C.u4336 1718.4 1535.6 1001.1 34,5 L.2uB 24104 13.2 0.2500 2.8358 3.4785
C.3784 1018.C IC37.5 998.4 39.1  L4.288 2.1u49 2.5 0.2500 2.8358 3.4785

Col128 1201243 1329.9 99u4.,.7 35.1  u.l62 2.122 12.5 G.2500 2.8358 3.4785
O.uiCch 1018.9 1036.9 1007.9 36.7 u.265 2.1h2 (1.7 2.2500 2.8358 3.4785

Cu3BL7 1717.9 136l 999.5  36.9 4.20C 2.166 11.C 0.2500 2.8358 3.4785
0.3668 BR35.3 852.3 B817.7 3.6 4.182 2.144 14.0 0.250C 2.8632 3.1043
C.3953 836.8 853.9 B819.8 3.1 u.248 2.1i4 13,2 0.2500 2.8632 3.1Cu3
£.3486 B35.9 855.0 BI16.7 8.2 U4.288 2.149 12,5 T.2500 2.8632 3.1043
0.3953 B31.9 BUB.4 B[5.5 32.9 UL.162 2.122 (2.5 C.2500 2.8632 3.1043
C.3721 836.7 854.6 RIB.,9  35.7 L.265 2,142 (|.7 {.2500 2.8632 3.1043
C.3619 PR35.6 B853.3 B818.0 35.3 4.200 2.166 11.0 0.2500 2.8632 3.1043
C.3747 834.2 850.8 B8I7.7 33.2 L.142 2.1%% 4.0 0.2500 2.8042 3.0992
G.u090 B37.3 B53.4 82142  32.2 W.248 2,114 13,2 C.2500 2.8042 3.0992
£.3539 B836.7 BA55.1 BIB.3 36.8 u.288 2.149 12.5 C.2500 2.8042 3.0992
G.3971 832.4 BUB.YM Bl6.4  32.0 4.162 2.122 12.5 C.2500 2.8042 3.0992
0.3883 837.6 B854L.YW B2C.9  33.5 L.265 2.142 1.7 D0.2500 2.8042 3.0992
C.3643 837.0 B5u4.1 B819.8 34.3 4,200 2.166 11.C 0.2500 2.8042 3.0992
DATA USED IN ILLUSTRATIVE EXAMPLE
G.3731 831.8 Bu4B.0 B15.5 32.5 L.142 2.144 |4.0 [.2506 2.7304 3.1035
0.4068 835.3 B851.0 BI9.5 31.6 u4.248 2,114 13.2 0.2500 2.7304 3.1035
0.3510 B35.7 B53.8 BI7.6 36.2 u4.288 2.149 (2.5 0.2500 2.7304 3.1035
C.3949 P31.2 Bub.8 BIS.S 1.3 b.162 2.122 12.5 G.2500 2.7304 3.1035
C.3841 B36.9 853.4 B23.4 33,0 1,265 2.142 1)1.7 0.2500 2.7304 3.1035
C.3626 836.4 B853.2 BI9.6 33.6 4.200 2.166 11.0 G.2570 2.7304 3.1035
C.2586 228.6 242.6 214.5 28.2 UL.198 2.134 |4.0 0.2570 2.5488 1.,9452
C.2369 229.3 2u44.8 213.8 31.1 4.222 2.130 13.2 0.2500 2.5488 1.9452
0.2358 231.5 247.2 215.8 31.3 4.248 2.139 12.5 05.2500 2.5U88 |.9u452
[.2462 228.8 242.8 2i4.9 27.9 u4.238 2.238 12.5 0.2500 2.5488 1.9452
C.2127 232.0 249.3 214.7 34.6 U.305 2.175 11.7 0.2500 2.548B |.9452
C.2591 227.2 241.2 213.2  28.0 4.312 2.196 11.0 0.2500 2.5488 |.9452
C.3827 1016.9 1035.3 998.6  36.7 u4.142 2.144 (4.0 0.2500 2.8286 3,473
0.4223 16G19.5 1037.1 1001.9  35.2 4.248 2114 13.2 21,2500 2.8286 3,473
C.3663 ICI8.8 1038.9 998.7 u40.2 4.288 2.149 2.5 G.2500 2.8286 3.473]
C.3986 1013.2 1031.3 995.2  36.C u4.162 2.122 12.5 0.2500 2.8286 3.473)
£.3958 IC19.4 IC38.0 I00C.8  37.1 14.265 2.142 11.7 ©$.2500 2.8286 3.4731
0.3733 I018.5 10374 999.6  37.8 4.200 2.166 11.0 C.2500 2.8286 3.473]
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Table 12. Values of kj Calculated from Different Thermocouple Pairs for
Powder at V, = 0.58. Mg0 (E-98)

(Continued)
“ t t At R R
L 1 2 2 1 ¥ L
e o P Cp CF)  (em)  (em) (i) (£t.)  AMPS VOLIS

D.u545 1516.2 1531.5 15C1.C 305 hLalb2 2.144
C.5131 152t.1 15%5.4 1550.8 2B.6  L4.24B  2.114
C.u733 1520.9 1536.2 1505.5 30.7 4.28B8 2.149

1 0.2500 2.4942 3.8861

|

|
Call34 153943 1526.4 1492.2 3.2 L.l62 2.122 )

|

1

)

e

2 0.2500 2.u49u42 3.8861
5 T.250C 2.4942 32.8861
5 0.2500 2.4942 3.8861
7 C£.2500 2.u942 3.8861
C G.2500 2.u4942 3.8B86I

C.LBO1 1519.5 153u4.3 150u4.6 2%.6 W.265 2.142
Geli378 151546 1531.5 1499.7 a8 4,200 2.166

G461 1513.8 1529.0 1498.7 30.2  4.142 2.144 4.0 G.25CC 2.5104 3.89C1
C.5241 151847 1532.8 15Cu.6 28.2 L.248 2.114  13.2 0.253C 2.5104 3.89C1
C.u782 1518.4 1533.7 1503.1 30.6 4.288 2.1u49 12.5 (0.250C 2.5104 3.8901
Calil34 1506.9 1524.2 1u489.6 3hob H.162 2.122 12.5 0.2500 2.5104  3.89C1
C.u921 1516.9 1531.8 1502.0 29.B 4,265 2.142 1.7 J.25300 2.5104 3.8901
L4352 1513.5 1529.6 1497 .4 32.3 4.20C 2.166 (1.0 C.250C 2.5104 3.8901
C.ub28 1372.7 1389.7 1355.7 3.1 mM.1b2 2,184 (u.C G.2500 2.7068 3.4987
D498 1375.5 1391.8 1359.2 32.6 uL.248 2.1'4 3.2 (C.2500C 2.7068 3.8987
C.u455 137Lh.L4 1392.2 1356.7 35.5 L.288 2.149 12.5 0.25C00 2.7068 3.89%987
Call 73 136404 1382.9 [1345.9 37.5 balb2 2.122 12.5 C.2500 2.7068 3.8987
C.u633 1372.3 1389.3 1355.3 34.C o265 2.142 11.7 0.2500 2.7068 32.8987
D.4137 1368B.0 138643 1349.6 36.7 L.,20C 2.166 11.0 D.2500 2.7068 3.8987
C.uu3) 1373.3 1390.4 135%6.2 34.2 h.142 2.144 4.0 C.2580 2.7108 3.9070
DL.49C7 1375.5 1391.9 1359.2 32.7 L.248 2.01014 13.2 0.2520 2.7128 3.9070
D.uk73 1373.9 1391.6 1356.1 35.5 4.288 2,149 12.5 G.2500 2.7108  3,907C
C.4183 1363.6 1382.1 1345.1 37.0 u.162 2.122 12.5 G.2520 2.7108 3.907C
C.u59? 1370.9 1388.1 1353.0 34.h 4,265 2.142 11.7 3.25C0 2.7108 3.9G70
O.u162 1365.7 1384.0 1347.4 36.6 L.200 24166 11.C C.25C00 2.7108 3.9G70
C.ul129 1190.7 1206.8 117h.7 32.0 L. 142 2,044 I4.C D.2500 2.6814 3.457C
U574 119447 121240 1179.4 307 u.248  2.114 13,2 G.2500 2.6814 3.u4570
Oabl124 1195.5 1211.9 117841 33.7 ha288 2.149 . 12.5 0.25C0 2.68B14 3.u4570
O.uCLY 1187.6 1224.3 1172.8 33.5 h.162 2.122 12.5 0.2500 2.6814 3.4570
Col38L 1195, 121122 117946 3le6 Lo265 2.142 1.7 C.25C0 2.6814 3,u4570
Ce3925 112540 121241 11ITEL] 3.5 u.200 2.166 11.C C.2500 2.6814 3,.4570
C.u215 1190,5 1226.8 1174.2 32.6 b.l42 2,144  |4,C 0.2500 2.77Tu46 3.L4664
D.4732 1193.3 12C8.7 1177.9 30.8 L.248 2.0014  13.2 0.2500 2.7746  3.466L
Qoul6? 1192.9 1213.2 1175.5 3.6 4,288 2.149 12.5 C.2500 2.7746 3.b664
C.ub?7 1185.1 12C2.2 1167.9 a2 b 162 2.122 12.5 C.2500 2.7746 3.4b6Yy
D.b415 1192.1 1278.4 1175.8 32.6 hb.265 2.142 11.7T T.2500 2.7T7ub  3.u4664
Ca3963 1190.0 1207.4 1172.5 3.9 L.20T7  2.146 11.C 2.2500 2.7746 3.u66U



Table 12.
kﬂl
(B _y bavg
hr-ft-ﬁs (QF)
Da2617 29047
0.2417 291.3
C.2437 293.6
D.24%929 290.1
L.2236 293.1
C.2689 287.0
C.3084% u58B.9
02967 LEGLU
0.3042 U621
0.2974 458.8
0.28335 Lé&1.4
D.3410 L55.3
0.3175 630.3
0.3172 631.9
0.3290 633.2
0.3121  629.7
G.3108  631.6
C.3790 625.3
J.3522 ©993,3
C.3795 996.5
C.u197 998.1
D.3647 994,.0
0.3957 995.8
0.48546 989.6
D.33u5 BAC9.4
0.3518 B812.8
0.3735 8Bi14.6
Ca3366 BI11.4
C.393 A14.0

0.4323

RiB.6

t
1
(°F)
308.6
310.8
313.0
367.8

314.2
30u,.3

L77.5
U7?.6
4B1.2
u7r.0
4a1.9
47241

650.L
652.1
652.8
64B.9
652.3
6L2.0

1012.9
1ICI4.9
10147
Icit.g
1013.3
IC23.8

827.9
837.7
831.5
828.8
831.8
822.9

17k

Values of km Calculated from Different Thermocouple Pairs for

Powder at V, = 0.58. Mg0 (E-98)

(Continued)
EE o Ro R y L
(°F) (°F) (em.) (cm.) (in.) (£t.) AMPS VOLTS

272.9 35.7 4.198 2.134 1L.0 0.2500 2.7762 2.2907
271 .8 39.1  wa222 2.130 13.2 0.2500 2.7762 2.2907

274 .1 38.9 L.248 2.139 12,5 Q.2500 2.7762 2.2907
272.5 35.3 4,238 2.238 12.5 0.2500 2.7762 2.2907
272.1 42.2 L.305 2.175 11.7 0.2500 2.7762 2.2907

269.6 3u.6 4.31G 2.196 11.0 0.2500 2.7762 2.2907

yud.2 37«3 4.198 2.134 14.0 0.2500 2.9692 2.6344
Lud.u 39.2 4.222 2.13C 13.2 0.2500 2.96%92 2.63u44
Bu42,.9 38.3 he248 2.139 12.5 0.2500 2.9692 2.63u4
Lyd.b 36.5 u4.238 2.238 12.5 C.2500 2.9692 2.6344
wuf.9 BO.9 L4.305 2.175 1le7 D0.2500 2.9692 2.63u44
L438.5 33.6 WJo3I10 2.196 1.0 0.2500 2.9692 2.63u44
6100, 3 uj.D W.198 2.134 (k.0 G.2500 2.8512 3.0329
611.6 4D.5 4.222 2.130 13.2 0.2500 2.8512 3.0329
613.6 39.2 4.248 2.139 12.5 D0.2500 2.8512 3.0329
61G.5 38.4 u.238 2.238 12.5 0.2500 2.8512 3.0329
611 .0 Li.2 L.305 2.175 1.7 0.2590 2.8512 3.0329
608.6 335.4 u4.310 2.196 1i.0G 0.2500 2.8512 3.0329
?75.8 37.1 4.198 2.134 (4.0 0.2500 2.7424% 3.4189
978.2 36.7 u.222 2.130 13.2 D.2500 2.7u424 3.u41B9
981 .4 33.3  L.248 2.139 12.5 0.250C 2.7424 3.4189
9T6 .1 35.6 4.238 2.238 12.5 0C.2530 2.7424 3.4)189
976.2 35.1 uw.305 24175 11.7 D.2500 2.7424 3.4189
975.5 2B8.2 4.310 2.196 11.0 0.2500 2.7424 3.4189
79C .8 37.1 w.198 2.134 4.0 0.2570 2.7524 3.0679
795.0 35.7 w.222 2.130 13.2 0.2500 2.7524 3.0679
T97.8 33.7 hH.288 2,139 12.5 0.2500 2.7524 3.C679
Tou .G 34.8 u.238 2.238 12.5 0.2500 2.7524 3.0679
T96.1 35.8 B.335 2.175 11.7 0.2500 2.7524 3.0679
Tou.3 28.6 u.310 2.196 11.0 C.2500 2.7524 3.0679
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