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ABSTRACT

The use of porous materials in heat transfer has been increasing.
The egquations which describe heat transfer in porous materials with a
fluid flowing through the pores of the material are more complicated
than those for heat transfer through solids and into fluids at a plane
interface. Calculations of heat transfer in porous materials have been
hindered by fairly widespread misconceptions about this type of heat
transfer and by the lack of experimental data on the heat transfer
related properties of porous materials.

Among articles which have been published that discuss heat trans-
fer in porous materials, there are some which are now acknowledged to
contain errors. The erroneous conclusion of these articles, and other
reasons, have fostered an assumption that in a fluid cooled porous ma-
terial the sclid and fluid phase temperatures will be nearly identical.

The purpose of this study was to determine if an experimental
apparatus could be built that could be used for gas phase chemical
reactions in electrically heated porous tungsten and also to measure
the heat transfer coefficient in the porous tungsten using nitrogen or
helium gas as the coolant. The extent of the alleged similarity between
the temperature of the solid and the fluid could thus be determined. It
was proposed that the eguations for heat transfer in a fluid cooled, heat
generating porous solid be derived and used to analyze data from experi-
mental measurements on the porous system. These equations were not to be
based on or be restricted by the assumption of the essential equality of

the solid and fluid temperature in the porous wmaberial.



Appropriate experimental measurements were to be carried out in
order to measure four boundary conditions from which the three constants
of the equations and the heat transfer coefficient could be determined.

The equations were derived and incorporated into FPORTRAN digital
computer programs that were used to accomplish the data reduction. The
experimental apparatus was successfully built snd operated in spite of
extensive developmental problems associated with electrical contact
resistance at the mounts of the porous tungsten. Due to the lack of
data on the effective thermal conductivity of the porous tungsten, a
fifth boundary condition was measured from which a conduction correction
factor was determined for the porous tungsten.

The heat transfer coefficients that were measured in this study
show good agreement with other experimental measurements of heat transfer
coefficients. Correlations which had been suggested for heat transfer
coefficients and which were nobt generally based on experimental data
gave heal transfer coefficients that were larger than values measured
in this study by two or three orders of magnitude.

The assumption of such large heat transfer ccoefficients could con-
tinue to support the idea that the temperature of the solid and fluid
are nearly identical. Fven at the low Reynolds number of 10‘-l in this
study, solid and fluid temperature differences of hundreds of degrees F

were observed.
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INTRODUCTTON

The use and handling of porous materials has been a concern of
technology since its beginnings. Beds of granular materials and porous
solids have extensive use in chemical and petroleum processing. (4,26,
32) While metals have long been available in porous forms, it is only
within this century that powder metallurgy has become a significant
technology. (19) Powder metallurgy has been used in the fabrication
of high melting materials, such as tungsten, and in the preparation
of bearing materials which are desirable because of their oil-retaining
porous structure.

During the period around the second World War there was an
increased interest in heat transfer involving porous materials. The

N

development in this period of the rocket engine with its severe problems
in heat transfer led to consideration of film ccoling and transpiration
cooling. (6,23,30) Transpiration cooling, which has also been referred
to as "sweat cooling" and "effusion cooling," is accomplished by the
flow of a cooling fluid through a heat conducting material in a direc-
tion opposite to the flow of heat in the material. This technigue of
cooling by countercurrent flow of coolant and heat could in principle
be accomplished with coolant passages of any size. Porous materials
were used for some of these applications because they offered a large
surface-to-volume ratio and the low flow_rates generally used did not
create excessive pressure drops in the porous material. In addition

the porous material had a high degree of homogeneity that could not

be achieved by a system of tubes.



The development of nuclear energy in this period led to additional
problems in heat transfer. One reason for these problems was that in
nuclear reactor cores power densities were now available which were
generally larger than those that had existed before the advent of
nuclear technology. One technique that has becn suggested in con-
nection with the nuclear powered rocket is to use a reactor core that
is formed from porous materials so that a large surface area will be
available for the transfer of heat to the propellant that is passing
through the reactor core. (7)

The general advance of technology has led to systems with higher
operating temperatures and more critical problems in heat transfer are
now found in well establishecd *ields such as the cooling of turbine
blades. Another area of interest is in the use of a porous material
as a reactor for chemical reactions. When the porous material ig
heated internally by chmic or nuclear heat generation it should provide
a reactor with a large surface area in a small volume capable of per-
mitting reactions with short contact times. An enhancement to the
porous reactor might be obtained by fabricating the reactor from fis-
sionable material and operating it in or near the core of a nuclear
reactor where it would be subjected to a high neutron flux. The
reacting fluid flowing through the porous reactor could then be sub-
jected to direct fission fragment bombardment which would serve as a
catalyst for chemical reactions.

The number of areas which have an interest in heal transfer in
porous systems ccntinues to increase as the understanding of this tech-

nology has increascd and its application has spread.



At the present time there are at least two problems assoclated
with carrying out calculations involving heat transfer in porous
systems. The first problem is a misconcepticn regarding the solid-
fluid temperature difference in porous materials. The second probiem
is the shortage of experimental data on heat transfer in porous systems.

The background of the first problem 1s the following. Many of
these new technologics which use porous systems have either come into
existence or have received some major new impetus prior to extensive
application of the digital computer as a toolhfor problem solving.
This has created the problem of trying to solve the higher order, and
sometimes partial, differential equations of porous heat transfer by
various simplifying technique . Accordingly each problem involviug
porous systems has been simplified by assumptions which were designed
to allow relatively easy solution of the equations for the particular
case being studied. This procedure has created a variebty of aprroaches
to the general problem of heat transfer in porous systems and appar-
ently has fostered certain assumptions about porous systems which are
not generally true. In any case, the variety of simplified approaches
to the problem has not served to create a uniform set of definitions
for porous systems.

The difficulty in solving third order equations does not lie
simply in the need for an additional constant to be evaluated by the
measurement of a third boundary conditiocn. Rather, the problem occurs
because of the coupled nature of the eguations for heat transfer in
porous systems. In a problem with heat conduction up to a boundary
that was cooled by convective heat transfer it was generally possible

to separate the s301lid and fluid phases and treat cach as a separate



problem with coupling through the convective heat transfer coefficient.
The differential equation for the heat transfer in the solid phase
could be solved separately from the differential equation for the heat
transfer in the fluid phase. For heat transfer in porous systems the
heat transfer coefficient is involved in two different differcntial
equations which are combined to yield the third order heat transfer
equations. The phases are now no longer separavle in the sense of a
fluid contacting a solid wall along a geometric plane. Moreover,
the coupling of the phases is not in the algrbraic equations which
are the solutions of the differential equations. The coupling is now
in the differential equations thewmselves. This prevents the simpler
solution of the problem in parts and the combination of the results.
In addition the equations for the heat transfer coefficient are trans-
cendental and trial and error solutions are necessary for this parameter.
One early attempt to derive equations for the general problem of
heat transfer in porous systems was that of Weinbaum and Wheeler. (34)
This work assumed that the porous system could be considered to have
pores made up of many small tubes or pipes running through the porous
solid in the direction of fluid flow. The heat transfer coefficient
assumed in this work was therefore based on the flow of fluids in pipes.
This work had an error of sign in the derivation of the heat
transfer equations and the authors erroneously concluded that in a
great many systems the fluid would be heated to essentially the solid
temperature in a very small percentage of the flow length of the fluid
through the porous solid. It has been noted that this error was copied

explicitly in at least one other work (17) and several articles have
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referenced the article of Weinbaum and Wheeler without taking note
of the error in their derivation.

Purthermore, it will be shown that this assumption of essentially
equal temperatures in the solid and fluid phases of a porous system
has been widely used. While the assumption of egual solid and fluid
temperatures might not be directly attributable to the articles cited,
those erroneous conclusions may have prompted scme authors to maks this
same assumpticon in their work. In this connection it is noteworthy
that in the chapter in Schneider (28) on porous systems he cites cnly
two references;, one of which is Weinbaum and Wheeler, and the other of
which is Green (13), who also assumes the equality of the phase tcmper-
atures. Schneider notes that the use of the assumption of the equality
of the temperature of the two phases greatly simplified the analysis.
If egquality of phase temperature were true, or rather if this were an
assumption that would be sufficiently accurate, then it would he help-
ful since it effectively reduces the problem from one involving a third
order equabtion to one involving only a second order equation. In the
absence of scphisticated computing facilities the desire to use the
assumption of phase temperature equality is understandable.

Bussard and DelLauer (7) essentially assume identity of the solid
and Tluid phase temperatures citing Green as a reference. A more recent
article by Weiner and Edwards (55) treats simultaneous conduction, con-
vection, and radiation in a porous bted by initially defining the solid
and fluid temperatures to be the same. A still more recent article by
Koh and del Casal (21) surprisingly still cites Weinbaum and Wheeler,
and Green. While this work initially considers a temperature difference

between the solid and the fluid, a significant portion of this work



considers the case where the solid and fluid phase temperatures are
assumed to be equal.
The problem of the incorrect sign in the derivation of Weinbaum
and Wheeler did not, however, go entirely unnoticed. Bland (2) and
Grootenhuis (17) made a correct derivation of the problem. Bland
derived equations which coupled the flow equations with those for
heat transfer by assuming a correlation for the heat transfer coeffi-
cient in the porous material. While this correlation, based on work
by Grootenhuis (15) was probably reasonable, it does point out the lack
of experimental data on porous systems, a fact which is explicitly noted
by Grootenhuis. These two works point up the second shortcoming of the
state of this art which was the lack of experimental measurements on
porous systems. The difficulties in solving higher order equations
which more accurately described the porous system often led to treat-~
ment of the porous systems by extrapolation from other models. Among
others it was postulated that a porous solid was equivalent to many
small tubes or that it resembled a packed bed. (1,34) Some of the con-
cepts of parameters in porous systems will now be considered.
Experimental values for the thermal conductivity of porous materials
were generally unknown and Grootenhuis in fact comments on the general
lack of experimental data in this area. More recently, Koh and del Casal
(21) have reiterated this complaint. The guestion of the thermal con-
ductivity of porous materials is related to the question of how the
area for heat conduction should be defined. Many of the authors (7,28,
34) state that the cross sectional area available for thermal conduc-
tivity is based on the geometrical area for conduction. The geometrical

area for conduction is generally taken to be an area evaluated by



multiplying the complement of the volumetric porosity by the bulk
cross sectional area of the porous material. A notable exception to
this assumption is the work of Koh and del Casal (21) on nickel
Foametal.

A variety of assumptions are made with regard to the correlation
to be assumed for the internal heat transfer coefficient as well as
the method to be used to evaluate the area within the pores. Bland
evaluates the heat transfer coefficient on the basis that the pores
correspond to a system of small tubes. Moreover he relates this to
pressure drop during flow measurements in that he calculates the size
of a group of small pipes which would produce the observed pressure
drop. He then uses these tulcs as the basis for both the heat transfer
coefficient and the internal area of the porous material.

Grootenhuis has sought to determine an experimental correlation
between a volumetric heat transfer coefficient and the flow rate. The
volumetric heat transfer coefficient is the product of the classical
heat transfer coefficient and the internal area per unit bulk volume
of the porous material. Grootenhuls evaluates the internal surface
area of any porous solid by assuming that specific surface varies as
a linear function of one minus the porosity.

While the case of a heat generating solid phase in a porous
system has been considered in some articles (13), there do nol appear
to be many experimental studies in which this effect cccurs. This
suggests a need in this area since internal heat gencration is the
mechanism which would be employed in a porous nuclear reaclor core and

in a porous chemical reactor. Another difficulty in obtaining a well



defined set of equations for heat transfer in porous systems is due to
the desire by some authors to couple the heat transfer problem with

the fluid flow problem. This is being done without firm data on the
relation of flow rates to the heat transfer coefficients in porous
materials. With the large area of uncertainty in porous heat transfer
it would probably be better if the problems of heat transfer and fluid
flow could be considered separately until better solutions for the indi-
vidual problems are established.

Studies on heat transfer in porous systems have remained relatively
scarce in the sensc that there are relatively few articles in this gen-
eral area which are applicable to the concept as it is examined in this
study.

A relatively new area of study involving heat transfer in porous
materials is the heat pipe. (9) Present studies on the heat pipe are
more concerned with fluid flow through the capillaries of the wick and
problems of entrainment during vaporization than they are with problens
of heat transfer through the porous wick. This is to be expected be-
cause the heat transfer problems are not the most critical problems
found in heat pipes at the present time. However, it has been noted
(8) that future developments in heat pipes will need to consider prob-
lems such as the heat transfer through the fluid and the wick in high

performance heat pipes.
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PURPOSE AND SCOPE

Cne purpose of this study was to build and operate an experimental
apparatus that could be used to perform research on porous systems.

e apparatus was to be used for studies of the kinetics of gas phése
chemical reactions in a heat-generabting porous reactor. It was also
to be used to measure heat transfer coefficients in heat-generating
porous materials.

The development and use of the apparatus for kinetic studies has
been described by Farber. (10) The present thesis will describe the
development and use of the apparatus for the purpose of experimentally
measuring heat transfer coefficients within a gas-cooled, heat-
generating porous solid. The method for the determination of the heat
transfer coefficient will use only a rimited number of assumptions and
in particular this methoed will take into account some factors which,
through neglect, omission, or error, appear to have led to certain
erroneous assumptions regarding heat transfer in porous systems.

The present study also proposes to examine correlations which have
been suggested for porous materials, but which are based on extrapo-
lation from nonporous models, in order to determine the agreement
between these proposed correlations and experimental data.

The porous material used in both the kinetic studics of Farber and
in this work was porous tungsten in the form of hollow cylinders approxi-
mately cne and a half inches long, 5/8 inch in outside diameter with a
wall thickness of 1/16 inch. The heat generation within the porous
tungsten was obtained from direct current that was supplied from a

selenium rectifier of the type used for commercial electroplating
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operations. In the present study the heated tungsten was cooled by
nitrogen or helium gas which flowed radially outward through the pores
of the hollow tungsten cylinder.

Measurements of the porous system were taken when it was in a
state of dynamic equilibrium in which heat was being generated within
the porous tungsten at the same time that heat was being removed by
the heating of the gas that was flowing through the wall of the hollow
cylinder. Under these conditions a number of boundary conditions of
the porous system were determined. More boundary conditions were
measured than were required by the order of the differential equations
that describe the porous system and the unknown heat transfer coef-
ficient could then be found from the overdefined system of equations.

Analysis of the experimental data was carried out using third
order differential equations to describe the porous system. The use
of equations of this order assured that the analysis would not impose
any constraint on the heat transfer coefficient such as results when,
for example, differential equations of a lower order are used to
describe the porous system.

Porous systems have been described by models that consider the
porous material to consist of many small pipes or to resemble a packed
bed. Correlations obtained from these models will be compared to

experimentally measured data.
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THEORY

Heat Transport in Porous Systems

There are many materials which have been described as porcus, which
literally means that the material contains a number of small openings.
This concept of porosity will be retained in this study but additional
qualifications will be added. In porous materials, dimensions of the
pores are usually small relative to the extensive dimensions of the
material. Also the pores are usually uniformly distributed through-
out the material. When the term porous is applied to a material, that
material is still considered to be uniform but its extensive properties
(mass, heat capacity, conductivity, etc.) are now treated as having been
reduced by some factor. Oll-bearing strata, a fluldized bed, urethane
foam, a car radiator, and turbine blades formed by sintering powered
metal are examples of porous materials.

Porosity is a parameter used to describe porous materials. It
specifies the fraction of a particular extensive property that is
missing from the porous material. Volume is the extensive property
generally referred to when porosity is used. 1In this sense porosity is
a measure of the amount of vold in a porous solid. Volume porosity has
the dimensions of cubic feet of woid volume per cubic feeb of bulk
volume. These dimensions have been specified for porosity in other
references.  There are other kinds of porosities such as solid~area-
nermal-to-conduction per bulk area and solid-length-parallel-to-
conduction per bulk length. The first of these porosities is generally
assumed to have the same numerical value as one minus the volume porosity

while the sccond is generally assumed to have a numerical value of one.
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On this basis, the effective area for conduction through a porous solid
would be numerically equal to the bulk area for conduction multiplied by
one minus the volume porosity. However, an example will show that all
porosities are not the same as the volume porosity. Two materials may
have the same volume porosity but the one may be a bed of hard spheres
that touch only at the points of contact while the other is a solid
block of material that has a number of parallel holes drilled through
it. The conductivity through the drilled block parallel to the drilled
holes and the conductivity through the bed of hard spheres would cer-
tainly be quite different. There would probably also be a difference
in the conductivity through the drilled block parallel to the holes and
the conductivity through the drilled block perpendicular to the holes.
Porous materials have a certain degree of homogeneity due to the
uniformity of their pore structure. However, the ability to analyze
porous materials by the method used in this study is dependent on the
following considerations. Porous material is clearly heterogrneous when
it is examined at a level corresponding to the dimensions of the par-
ticulate structure. A rigorous analysis of the heat transfer through
a number of such particles would be analogous to an attempt to analyze
the heat transfer in the bricks of a regenerator by defining finite
difference eguations for all of the bricks in the regenerator.
The analysis can be greatly simplified if the porous system can
be analyzed on a scale that is at least one or two orders of magnitude
larger than the dimensions of the particles of the porous structure.
In this case it may now be possible to consider the porous material to
be homogenecus and possessed of extensive properties that are reduced in

magnitude.
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This method for analyzing systems has a clear precedent in the
ordinary heat conduction problem in which the problem of defining
energy transfer between atoms is avoided by assuming that the con-
duction problems will consider the material on a scale where the signifi-
cant dimensions of the conducting material are much larger than the dimen-
sions of the atoms comprising the material. Thus, treating solid material
made of atoms, and porous material made of particles as both being homo-
geneous involves only a quantitative and not a qualitative difference.

A real porous system will be a mixture of solids and voids. A
significant nmumber of these voids may be connected to form passages.
The voids may contalin a fluid. The model of the porous system used in
this study treats the porous system as one composed of two phases that
occupy the same bulk space but in which each phase is present at a
reduced density. The solid phase and the fluid phase are each consid-
ered to be homogeneous, continuous, uniformly dispersed through each
other, and in contact with each other. In this model the extensive
properties of each phase are proportional to the volume fraction of
that phase in the porous system.

In order to justify the assumption that a real heterogeneous
porous system can be considered to be homogeneous, the Biot number should
be determined for the particles in the material. The Biot number is hr/k
where h is the heat transfer coefficient at the surface of the particle,
r is the radius, or characteristic dimension of the particle, and k is
the thermal conductivity of the solid material comprising the particle.
The Biot number is the ratio of the midplane thermal internal resistance
to the surface Tilm resistance. (5) The Biot number is exactly the

ratio of the conduction temperature gradient over the convection
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temperature gradient for the case of a plane of thickness r with thermal
conductivity k and heat transfer coefficient h at one surface. The Biot
number is twice this ratio for a slab, a cylinder, or a sphere when the
solid material is uniformly generating heat. (24) With the exception
of the factor of two, the Biot number can be used to determine the ratio
of the temperature difference from the center of the particle to the
edge of the particle divided by the temperature difference from the edge
of the particle to the bulk temperature of the fluid stream.

The Biot number for the particles of a porous material may be used
to determine the temperaturec gradients which will be created within the
particles hy the convective heat transfer coefficient of the system.

The assumption has been made that the solid phase temperature varies
uniformly across the wall of the porous material. This means that a
certain temperate gradient will exist across the width of a single
particle of the porous material. In order to justify treating the

porous system as 1if it were homogeneous the central and surface temper-~
atures of the particles should vary less than an amount that could per-
turb the tewmperature gradient which may be imposed on the porous material.
The temperature change within the particles should also be small encugh
not to significantly effect any temperature dependent physical parameters
of the particle material since they have been assumed to be independent
of temperature in this model.

Heat transfer in porous systems, as defined in this study, involves
a stationary porous solid phase and a fluid phase that is flowing
through the connected pore structure of the porous solid. Heat is being
generated within the solid phase material. Threc nmodes of heat trans-

port arec involved. Heat is being transferred through the solid phase
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by conduction and is being transferred with the fluid phase by mass
transport. In addition to these two modes, heat is being exchanged
between the solid and Tluid phases by convective heat transfer across
the solid-fluid interface. This intcrface is the internal surface area
of the porous solid.

The configuration which may be used to study heat transport in
heat generating porous systems consists of a generating, conducting,
infinite, porous flat plate coocled with a nongenerating, nonconducting
fluid flowing through the connected pores in the plate. The flow through
the plate is taking place in the one finite dimension. Figure 1 shows
the heat flows used to derive the equatlions for steady state heat trans-
fer in such a system.

The quantities ql and qj represent respectively the heat conducted
into and out of the element dx of the solid phase of tha porous system.
Since no cenduction through the fluid phase i1s considered there is no
comparable effect in the fluid phase. This assumes the heat trans-
ferred by conduction in the fluid is negligible compared to other heat
transport effects in the fluid phase. The quantities q5 and g represent
the heat transported into and cut of the element dx of the fluid phasze of
the porous system by fluld flow. Since there is no movement of the solid

phase there 15 no comparable effect in the solid phase. The guantity g

av}

represents the heat generated in the element dx of the solid phase of
the porous system due to ohmic heating. Since there is no ohmic heating
of the [luid phase there is no comparable effect in the fluld phase.

The guantity a, represents the heat transferred by convective heat

transfer from the solid phase to the fluid phase. This transfer takes

place acrcoss the interphase boundary existing in the dx element.
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Qg =HEAT OUT OF FLUID BY FLUID TRANSPORT.

Pigure 1

Heat Flow in a Differential Element of Porous Material
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Heat balances around the solid and fluid differential elements

yield the two related differential equations

kyé(dQT/dxg) + Tyz = he(T - t) (1)

he(T - t) = FCpag(dt/dx). (2)

The full derivation is given in Appendix A.

The physical parameters are treated as being independent of
temperature, and are therefore handled as constants in the equations.
The solution of this system of differential equations gives for the

solid and fluid phase temperature distributions

r.x rox raX
T(x) = Cle + Ce + CBG + jx . (3)
and
X r, X X
t(x) = Ble R B2€ " Bie + jx . ()

where the r (n =1, 2, 3) are the roots of the operator equation in m

m3 + bme - cm =0 (5)

and where

b = he/FCp62

0
i

he/ky2

[
it

Fyi/FCpEE .

The Bs are related to the Cs by



18

B =C [—2—) (n=1,2,3) (6)

Equations (3) and (4) are the form of solution that is charascter-
istic of generating porous systems. The solid phase temperature and the
fluid phase temperature are found to depend on a complementary function
involving three undetermined coefficients and on a particular integral
involving the ohmic heat generation. The three undetermined coefficients
arise since third order differential equations are produced in solving
the system of two differential equations (1) and (2). The constants of
integration (Cl’ C2, and 05) can be found from three boundary conditions
involving T, t, or their derivatives with respect to x. If the wvarious
physical parameters involved in formulating (1) and (2) are known, the
porous system would now be fully described.

For a porous plate whose x dimension is I ft., the simplest boundary
conditions, and ones which provide a convenient means for the study of
porous heat transfer, are t xso:to (specifying the inlet fluid temper-
ature which sets the temperature regime of the system), dT/dx|X: =0

0

and dT/dx|X:Z=O (adiabatic walls on the porous solid).
Due to the nature of the experimental apparatus used in this study

it was not possible to use these simple forms of the heat transfer

equations to analyze the experimental system.

Basic Heat Transport in the Experimental Porous System

While the infinite flat plate system with the simple boundary
conditions just described provides the most ideal model for describing

porous heat transfer, systems used for experimental studies are of



19

necessity less ideal. For this reason it was necessary to consider the
experimental system being used and to modify and extend the heat trans-
port equations accordingly.

The porous solid used in this experimental study was tungsten.
The porous tungsten was manufactured by sintering tungsten powder at a
temperature where physical bonding of the particles occurred wibthout
eliminating the porous nature of the compacted powder. The powder used
to form the porous tungsten was 20 micron powder. The porosity of the
sintered tungsten was approximately one half. The characteristic dia-
meter both of the solid structure and the void space was taken to be
that of the powder diameter.

The thermal conductivity of solid tungsten is approximately
102 B.t.u./hr.—oF-ft. It will be shown the convective heat transfer
coefficient at the particle surface in this study is much less than 1.0

B.t.u./hr.—°F~sq.ft. and since 20 microns is approximately 6 x lO~b 't.

the Biot nmumber (hr/k) for these particles is approximately 3 x 107,
This shows that efen with a solid to fluid temperature difference
on the order of 105 CF, as found in this study, intraparticle temper-~
ature varlation is of the order of lO—LL OF and the central and surface
particle temperatures are effectively the same. No significant change
in temperature dependent physical parameters would take place in this
small a temperature difference and this temperature difference is also
negligible compared to a gradient of a few degrees of temperature per
particle which the temperature gradient across the porous material may
impose.

The size of the Biot number indicates that this porous solid is

very well suited for consideration as a homogeneous porous solid.
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Consideration of the porous tungsten in a homogeneous sense is further
enhanced by the fact that the characteristic dimensions of the sintered
tungsten (a hollow cylinder) ranged from an axial length of 1.5 in.
down to a wall thickness of 0.07 in. Thus, the porous material harc
dimensions at least two orders of magnitude larger than the character-
istic diameter of either the particles or the voids of the porous
material.

The fluid flowing through the connected pores of the porous
tungsten was either nitrogen or helium gas. The Reynolds number in
the pores was approximately 10"l and the Peclet number was therefore
of approximately this same order of magnitude.

The system is operating .. solid phase temperatures around 1500 OF.
Radiative heat transfer consideratlons involving the fluid phase may be
neglected due to the transparency of nitrogen and helium to radiation.
Radiative heat transfer at the boundaries of the porous tungsten cylinder
are considered but interparticle radiative heat transfer may be neglected
since the fine pofous structure effectively makes the cylinder a wall
consisting of approximately 102 radiation shields. Further justifi-
cation for neglecting this effect will be presented later.

In order to define the experimental porous system it is necessary
that the parameters used in equations (1) and (2) be known and that
three boundary conditions be measured. This would allow evaluation of
the Cs, and therefore the Bs, so that the system would be completely
defined. However, the volumetric heat transfer coefficient is an un-
known parameter in this study. The method of finding this parameter

will be to measurc four boundary conditions rather than three and then
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solve a system of four equations in four unknowns. The four unknowns
will be the three coefficients and the volumetric heat transfer

ceoefficient.

Specilal Considerations for the Experimental Porous Sysbem

Coordinate Transformations

The experimental porous system used in this study was a thin-walled,
hollow porous tungsten cylinder. Study of this system was facilitated
by treating the hollow cylinder as a flat plafe. Since the ratio of the
radii of the cylinder was ~pproximately 1.5, the error introduced by the
use of the arithmetic mean area rather than the logarithmic mean arvea
was less than 2 percent. Additional justification for this simplifying
assgumption will be found in the discussicn of results.

The transformation from cylindrical to rectangular coordinates
was performed as shown in Figure 2. The cylinder radius corresponded
to the x dimension of the porous system in which temperature was related
to x position according to equation (3). The radial wall thickness was
taken to be egual to the rectangular wall thickness. The cylinder axis
corresponded Lo the rectangular z dimension. The axial cylinder length
was taken to be equal to the rectangular z length.

The cylinder angular dimension corresponded to the y dimension of
a rectangular system and due to symmetry no temperature variation in
the y dimension was considered. The y dimension of the rectangular
model isg therefore limited by adiabatic walls. Further, the magnitude
of the y dimension was taken to be the quotient of the volume of the
noilow cylinder divided by the product of cylinder wall thickness and

axial cylinder length. The volume of the porous tungsten, the axial
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Figure 2

Bguivalent Flat Wall Model of the Cylinder



length, and the wall thickness thus remain unchanged across the

coordinate transformation.
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Cylinder Axis Temperature Gradient

Because of the experimental difficulties in preventing a tempera-
ture gradient along the cylinder axis, it was necessary to formulate
differential equations that took the axial or z dimension solid phase
temperature gradient into account.

The fluid phase z dimension temperature gradient is nol considered
since fluid phase heat conduction has already been neglected and since
no z direction fluid flow is considered. The‘extension of equations

(1) and (2) to the two dimensional cases for the solid phase gives

kY, v 4 PYB =he (T -t)=FCp 5, at/ax . (7)

A solution of equation (7) is obtained by assuming the x and z

components of T are separable, i.e.,

T(x,2) = X(x) z(z) (8)
and further that
2
a7z 2
2 = - A Z (9)
dz
or
7" = - 22 7 (10)

Equations (9) and (10) are satisfied for the case where the function Z

is a Fourier series. The solution of equation (7) gives

[ee]

quz}i Xi(x) Zi(z) + jx (11)
i=1

where rox r_2x r
N i1t r .. et i3
Xi(x) =C. e i2 + ci5 e (12)

and the Zi(z) are the terms of the Fourier series.



Experimentally the observation of the cuter surface of the tungsten
cylinder will be limited to a fixed number of peoints. Thesge points
correspond to the holes in the Marinite disks through which the tungsten
surface is viewed with an optical pyrometer. Since there are five holes
in the Marinite disks the z axis temperature distribution will be repre-
sented by a truncated series using the first five terms of the Fourier
series. This should be a very adequate approximation of the axis tem-
perature function in view of the fact that the norm for the z axis
temperature gradient is zero and a few terms of the series are typl-
cally used to characterize perturbations. Equation (11) therefore be-

come s
>
T ) % () 7 (e) 4 (13)

i=1
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Temperature Dependence of Electrical Resistivity

With one exception, all physical parameters in the porous system
were taken to be temperature independent and a parameter value corre-
sporiding to the mean temperature of the material was used. The one
exception was the electrical resistivity of tungsten. A linear
temperature dependence was used to describe this parameter. The volu-

metric heat generation term Py3 was replaced by G(T) where

G(T) = Go + of. (14)

The differential equations describing the porous system are now
kv, Ve G(rT) = h (T - t) = F Cp Sgdt/dx (15) ana (16)

The solution becomes, using the first 5 terms of the series,

2,
T = Z Xi(x) Zi(z) - Go/a . (17)

The use of the first five terms appears to give a satisfactory descrip-
tion of the axial temperature profile as will be discussed later.

The volumetric heat generation terms now occur not only in the
constant term in equation (17), but also in the operator equation, (5),

which now takes the form of

Wb - (e - (@fivy) +2T) m- b (7 - (ofky,)) = 0 (18)
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A similar solution exists for t. The complete derivations are given in
Aopendix A.

The reason for the use of a temperature dependent physical parameter
is to lacilitate the computations involved. The necessary calculations
could be performed without allowing the temperature dependence. However,
introduction of this dependence does not increase’the order of the
equations invelved and thereby makes better use of data available to
describe the tungsten. The mean solid temperature is used ‘to evaluate
appropriate zcre and first order terms for electrical resistivity as
used in equation (14).

The computations that involve the electrical resistivity (and
thermal conductivity) are performed in order to evalnate the electrical
(and by implication the thermal) conductance of the porous tungsten at
the operating temperature of the tungsten cylinder. The need for this

evaluation will now be considered.
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Length Over Area Conduction Correction Factor

A porous material is considered to have intensive properties that
have been reduced in proportion to the extent, and the nature, of the
porosity. The thermal and electrical conductivity are two such prop-
erties of particular interest in this study.

If the pores in a porous material were a series of uniform
straight, parallel holes running through the solid in the direction of
energy flow (Figure 3a.) then the conductance, which involves the length,
area, and conductivity, could be evaluated simply by applying a volumetric
porosity correction factor to the area in the form

A(l—S5)
Keer ™ Fomax 77T (19)

where

K . = effective conductance
ef'f

kbulk = bulk conductivity per unit (area over length)

L = bulk length for conductance
A = bulk area for conductance
85 = volume porosity, cu. ft. void/cu. f£. bulk

However the real nature of most porous solids, including the ones
in this study, is more nearly as shown in Figure 3b. In particular, in
the case of sintered materials formed from powders, the channels are in
fact formed from the interstices between the powder grains. This implies
that the effective length of the conduction path and the effective arca
of the conduction path can no longer be described by the simple relaticn

shown in equation (19). A new cquation is needed to describe the

zituation, thus
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K - AQLS5) £y (20)
eff kbulk L fL
where
fL = a correction factor to obtain the effective length for conduction.
fA = a correction factor to obtain the effective area for conduction

(excluding the volume porosity factor).

A schematic representation of these factors is shown in Figure 4.
This figure shows a hypothetical, idealized, porous solid composed of
staggered rods and having a volumetric porosity of one half. The orien-
tation of the rods that comprise the material are not parallel to the
direction of conduction. The actual length over which energy travels
in moving a distance I in the direction of conduction is 1.33L. This
length factor will reduce the conduction by a factor of 0.75, i.e.
fL = 1.33.

The cross sectional area of these rods will be assumed to vary.
The ares for conduction will "neck down" at points of contact between
particles. The simplest example of this effect may be seen by assuming
that 1 of every 5 rods has a cowmplete breask at some point aloung its
length. Since this removes this rod as a conductor the available area
for conduction is reduced by 0.8, i.e. £, = 0.8.

Since the effective conduction is proportional to the area and
inversely proportional to the length, these two factors combined will
reduce the conduction by a factor of 0.6. 1In combination with the
volume porosity factor of 0.5 the overall effective conductivity now
becomes 0.3 that of the conductivity of solid material and the porous

material may now bce considered as a homogeneous material, characterized

by extensive properties such as bulk area and bulk length but possessed
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of a reduced conductivity. The effect of this factor on the evaluation
of the heat transfer coefficient will be considered later.
The volume porosity is readily obtained from measurements of weight
and volume of the porous material. While the length and area factors
are separable in the example of Figure 4 they may not be as easily
separated in real materials. Determination of the combined length-
over-area conduction correction factor could be found from experimental
steady state measurements of the conductivity of the porous material.
In principle the length correction factor could be found from experi-
mental unsteady state (transient) measurements of the conductivity of
the porous material. However, since this study deals only with steady
state problems, the two factors may be considered together as the length-
over-area correction factor, fL/A’ which eguals fL/fA.
Information on the effective thermal and electrical conductivity
of the porous tungsten used in this study was not available from the
manufacturer. Apparatus for independent thermal and electrical conduc-
tivity measurements at the operating temperature of 1500°F was not
aveilable. Accordingly, the length-over-area conduction correction
factor for electrical conduction was determined during each run at the
actual operating temperature from experimental data taken during the run.
This tyve of correction factor is applicable to both the electrical
and the thermal conduction problem. It is assumed that the length-over-
area correction factor for thermal conduction is equal to that for
electrical conduction. This appears to be a wvalid assumption in view
of the direct analogy between the thermal and electrical conduction

mechanisns.
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The similarity of the mechanisms for thermal and eléetrical con-
ductivity is not found in similar temperature coefficlents for thermal
and electrical conductivity. The temperature coefficient of thermal
conductivity (k) for tungsten is in fact negative while the temperature
coefficient of electrical resistance (p) for tungsten is positive.. This
behavior is in fact necessary in order that the Lorenz number (kp/”°K)
remain essentially constant which is known to be the case for metals.
(24} The Lorenz number for tungsten varies by only one percent over a
range of 800°K that includes the temperatures found in this study.

The thermal and electrical conductivity are thus related as shown
in the Lorenz equation and the agents that are responsible for this
relation are the free electrons of the metal. (1)

There have been experimental measurements that tend to verify the
assumphbion that a similar correction factor may be used for thermal and
electrical conduction in porous metals. (16) The chapter in Schneider
(28) on FExperimental Analogic Method gives extensive treatment to elec~
trical analogy in heat conduction problems noting that this analog has
a Adirect mathematical similarity to heat conduction and is the best

xnown and most widely used analog for these types of probleums.

Fifth Boundary Condition

It was pointed out that the volumetric heat transfer coefficient,
he, was to be found along with the three unknown coefficients that
resulted from sclution of the differential equation. Measurement of
four boundary conditions allowed evaluation of he The combined length-
over~area conduction correction factor is a parameter that occurs in the

electrical and thermal conduction terms in the original differential



Sh

egquations describing the porous system. It is treated as a value that
is unknown and is to be found from the measurement of a fifth boundary
condition. This fifth boundnry condition is the average temperature of
the solid phasc of the porous tungsten cylinder in the region betwecn
the two voltage probes (TAB)' Measurement of five boundary conditions
will now permit the evaluation of the three unknown coefficients, he,
and the length-over-area conduction correction factor.

The length-over-areca conduction correcticn factor becomes another
parameter the value of which is initially assumed and which is then usecd
in iterative calculation until the calculated value matches the assumed

value.
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EXPERIMENTAL WORK

Experimental Apparatus -~ General Description

The experimental apparatus consisted of equipment that could gen-
erate heat within porous tungsten and that could also remove the heat
with gas flowing through the pores of the tungsten. The heal was gen-
erated within the porous tungsten by direct current that was supplied
by a rectifier. The direct current circuit from the rectifier used
copper bus bars of 1 sg.in. cross section to carry the current to the
porous tungsten. The heat generating porous tungsten was cooled by
passing nitrogen or helium gas through the pores of the tungslen.

The experimental runs were carried out by establishing a heat gen-
eration rate and a coolant flow rate. When the apparatus reached a
state of dynamic equilibrium, measurements were made of parameters that
defined five boundary conditions. The heat transfer coefficient within
the porous tungsten and the conduction correcﬁion factor for the porous
tungsten were calculated from these boundary conditions.

The study was carried out with hollow porous tungsten cylinders
fabricated by sintering 20 micron tungsten powder. These tungsten cyl-
inders were obtained from the Kulite Tungsten Co., Ridgefield, New
Jersey. The cylinders were approximately 1.5 in. long. They were
hollow, having an 0.D. of approximately 0.415 in. and an I.D, of approx-
imately 0.275 in. The cylinders had a weight of approximately 18 grams

and a volume porosity of approximately 45 percent.
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Blectric Power Circuit

The electric power used to heat the tungsten cylinder was obtained
from a selenium rectifier manufactured by the Rapid Electric Company,
Serial Number 68025. The power was direct current flowing in a circuit
that passed axially through the tungsten cylinder. All heating effects
were due to ohmic (resistance) heating. The electric power circuit is
shown in Figure 5.

Input to the rectifier was 230 volt, 60 cycle, 3 phase, alternating
current (A.C.). Output from the rectifier ranged from O to 12 volts,
and from O to 6000 amperes, direct current (D.C.). Control of the out-
put voltage on the rectifier, as manufactured, was obtained by means of
three, 7-position tap switches. Each of these tap switches controlled
the output from the high voltage transformer for one phase of the input
alternating current. The direct current output voltage was proportional
to the output of the high voltage transformers.

A modification was made to the rectifier circuit in order to obtain
continuous, as opposed to stepwise, control cf the output voltage.

Three 250 volt Variacs were inserted in the rectifier input circuit
between the 230 volt laboratory power supply and the three high voltage
transformers. The three Variacs were connected along a common axis and
were operated in tandem. Continuous output voltage regulation was ob-
tained by using the combination of Variacs and tap switches.

The electric power supply was monitored by means of several instru-
ments. The rectifier had been delivered with a D.C. voltmeter and a
D.C. ammeter Lo monitor the output current. Three A.C. ammeters were

connccted to the three output lines from the three Variacs in order to
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monitor the current in these circuits. An A.C. voltmeler was set up to
selectively monitor the voltage across each pair of A.C. input lines.

Two A.C. wattmeters were connected across the three lines supplying
power from the Variacs to the high voltage transformer of the rectifier.
The wattmelters were equipped with phase reversal switches and were used
to monitor the power input to the rectifier. Probes were connected to
the direct current cireuit at several locations in order to take measure-
ments of voltage at these points in the circuit. The probes attached
across the D.C. ammeter shunt were used to measure the D.C. current

with high accuracy by means of a high precision potentiometer.

Mechanical Assembly

The direct current was carried from the rectifier terminals to
the tungsten cylinder through bus bars consisting of several solid
copper bars bolted together. The bus bars were 1/4 in. thick, 4 in.
wide and from 8-1/2 in. to 12 in. long. See Figure 6.

A copper bus block was bolted to the terminus of each bus bar.
These two bus blocks served as the platforms for the mounting of the
tungsten cylinder. These bus blocks were solid copper, 1 in. thick,

4 in. wide, and 5 in. long. See Figure 7. Each bus block had a 1/8 in.
diameter hole drilled through it at the center of the block. A high
pressure fitting was silver soldered into one face of each bus block

in a position over the 1/8 in. diameter hole in the bus block. The
faces of the blocks containing this fitting faced away from the tungsten
cylinder and were known as the outside faces of the bus blocks. These

high pressure fittings had an I.D. of 1/8 in. A hollow stainless steel



[
MY

igure 6

il

Equipment

imental

xper

f the E

ograph o

t

Pho



Lo

Figure 7

Fhotograph of the Mounted Tungsten Cylinder Without
Marinite Insulation and Instrumentation
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piler was bolted to the other face of each bus block. The faces of the
blocks onto which the piers were bolted face toward the tungsten cylin-
der and are known as the inside faces of the bus blocks. The T.D. of
the piers was 1/8 in.

There was a groove in the end of each pler that held a graphite
washer. The hollow porous tungsten cylinder rested on the graphite
washers. Access to the interior of the tungsten cylinder was through
the 1/8 in. diameter hole running through the high pressure fitting, the
bus block, and the pier. BSee Figure 7.

The direct current used to heat the ftungsten cylinder flowed from
the rectifier through the circuit consisting of the copper bus bars, the
copper ‘bus block, the stainlres steel pier, the graphite washer, the
tungsten cylinder, and then back to the rectifier through the other
washer, pler, block and bus bars.

The mechanical connection between the two bus blocks was provided
by four 3/8 by 16 stainless steel studs, each 10 in. long. Thess studs
passed through four matching 1/2 in. diameter holes in the four corners
of each bus block. These studs were electrically isolated from the bus
blocks by means of Mycarta sleeves and washers. A Mycarta sleeve l~5/52
ir. long, 1/2 in. 0.D. and 5/8 in. I.D. was placed in each of the four
holes in both bus blocks. Each sleeve protruded from either side of
the bus block by from 1/16 to 1/52 in. Mycarta washers, l/l6 in. thick,
1_1/8 in. 0.D. and 1/2 in. I.D. were placed on the bus block, around tho
portion of the Mycarta sleeve that protruded from the surface of the
bus block. The insulating Mycarta washers were held in place by steel

washers 5/64 in. thick, 7/8 in. 0.D. and 25/64 in. I.D. Steel nuts
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surmounting the steel washers were used to form a riglid connection
between the four stainless steel studs and the upper bus block.

The stainless steel studs were not connected rigidly to the lower
bus block. Through a system of compression springs provision was made
for small relative movements of the two bus blocks parallel to the
common axis of the stainless steel studs. The compression springs were
formed from steel wire 0.080 in. in diameter with an axial length of
2-3/16 in. and with an I.D. of 1/2 in. Steel washers were modified by
the addition of collars 1/2 in. 0.D. and 7/16 in. I.D. These collars
were brazed to the steel washers. The compression spring was positioned
on the stud with the collay of a collared washer inserted into each end
of the spring. This assembly formed the interface between the lower
Mycarta washer and the steel nut. See Figure 8. The springs provide
the pressure used to hold the tungsten cylinder in place. Since the
mounting was spring loaded, it allowed for thermal expansion of the
tungsten cylinder and other parts under essentially constant load.

Since there was no rigid connection belween the studs and the lower
bus block a lightly loaded spring system was used to keep the Mycarta
washers in place on top of the lower bus block. These Mycarta hold-down
springs were formed from 3/64 in. stock, and were 5/16 in. long with an
I.D. of 19/32 in. Additional collared washers were prepared by brazing
a collar onto regular steel washers. The collar was 19/32 in. 0.D.,
25/64 in. I.D. and 1/8 in. long. The collars with the hold-down springs
were positioned on the studs above the lower bus block as shown in

Figure 8.
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Figure 9 shows the stainless steel piers that were used to hold the
tungsten cylinder during opcration. A neoprene O-ring 11/52 in. 0.D.,
13/64 in. I.D. and .070 in. thick was seated in a spotface at the base
of the pier to provide the gas seal between the pier and the bus block.
The spotface was created using an 11/32 in. drill to a wall depth of
.012 in. The lowest step on the pier was 1-3/L4 in. in diameter, 1/16 in.
thick, and contained three holes that were used to bolt the stainless
steel piers to the bus block by means of three 5/52 x 32 bolts each
5/16 in. long. The three holes in this step of the pier were 11/6L in.
in diameter on a 1»1/2 in. bolt circle. The next step of the pier was
1l in. in diameter and 5/16 in. thick. This step served as the base for
the Marinite insulating disks. The major portion of the pier was 1/2 in.
in diameter and 1~l/2 in. long. A 1/8 in. diameter hole was drilled
through the length of each pier. The top of the pier contained a trench
that was used as a seat for the graphite washer. The trench was approxi-
mately 0.264 in. I.D., 0.438 in. 0.D. and 1/16 in. deep. The outer wall
of the trench was 1/52 in. lower than the inner wall. Four thermocouple
wells 1/16 in. in diameter were drilled along the cylinder axis.

The graphite washers were prepared from Number 2 Graphitar by
drilling a 17/64 in. (5 0.265 in.) hole in a quantity of stock which was
then turned to 0.425 in. 0.D. Washers were cut off from this stock with
a thickness of approximately 1/16 in. and they were subsequently ground
to thickness of from 0.035 in. to 0.060 in. as needed. Figure 9 shows
these washers in position in the trench at the end of the stainless stecl

pier.
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The weight of the bus blocks is supported by two 1 in. 0.D. wooden
dowels which rest on the floor and support the lower bus block. The
weight of the upper bus bars is supported by a short 1 in. 0.D. wooden
dowel located between the upper and lower bus bars approximately one-
third of the distance from the rectifier terminals to the bus blocks.

Figure 7 shows the tungsten cylinder mounted between the stainless
steel piers but without the insulating Marinite disks or various instru-
ments in position. In addition to the two dowels that support the bus
blocks, two other dowels may be seen in Figure 7. A wooden dowel below
the lower bus bar and the short wooden dowel between the upper and lower
bus bars are only used tc raise the upper bus bar and bus block during
the positioning of the tungsten cylinder. These two dowels are removed
during cperation of the experimental apparatus. This may be seen by
comparing Figure 7 with Figure 6 or with Figure 10.

Figure 10 shows the assembly of the tungsten cylinder with the
insulating Marinite disks in position. The Marinite disks are 1-3/L4 in.
0.D. and 1/2 in. I.D. There are ten disks which are numbered 1 through
10 counting from the bottom up. Disks 1 through 3 and 8 through 10 are
each 1/2 in. thick. These disks enclose the lower and upper stainless
steel piers. Disks 4 through 7 are each 3/8 in. thick. These disks
enclose the tungsten cylinder.

The Marinite disks function in several capacities. They provide
thermal insulation around the tungsten cylinder. They keep a blanker
of the coolant gas around the tungsten cylinder during operation there-
by keeping atmospheric oxygen away from the hot tungsten surface. They

provide the mounting to hold the stainless steel hypodermic needles that



Figure 10

Photograph of the Mounted Tungsten Cylinder with Marinite
Insulation and Instrumentation
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serve to mecasure the voltage drop across the length of the tungsten
cylinder. They provide the mounting to hold the stainless steel
sheathed thermocouple number 16 in position against the exterior of
the tungsten cylinder.

There are a number of small holes in the disks which serve a
varlety of purposes. There are 1/16 in. diameter holes in disks 1, 2,
3, and 8 which allow thermocouples 2, 3, 4, and 5 to pass through the
Marinite disks and be inserted in the 1/16 in. diameter thermocouple
wells in the stainless steel piers. There are two 0.028 in. diameter
holes in Marinite disks 4 and 7 for the stainless steel hypodermic
needles and a 1/16 in. diameter hole in disk 6 for the stainless steel
sheathed thermocouple number 16. Disks 4, 5, 6, and 7 have a series of
1/16 in. diameter holes drilled through them in the plane of the disk.
These holes are drilled at angles such that they prevent direct radia-
tive heat loss from the tungsten cylinder to the surrounding rocom. The
holes allow the effluent coolant gas to leave the region around the
tungsten cylinder. See Figure 11.

There are five 1/16 in. diameter holes in disks 4, 5, 6, and 7
(two in disk 7) drilled radially in the plane of the disk. Thesc holes
afford the means of observing the surface of the tungsten cylinder with
an optical pyrometer. See Figure 12. There are holes in disk number 5
where thermocouples & and 7 are positioned at two different radii within

the Marinite disk.
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Figure 12

Photograph of the Assembled and Instrumented Tungsten Cylinder
Showing the Optical Pyrometer in Position for Viewing
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Gas System

The gas used to cool the tungsten cylinder was either high purity
nitrogen or helium. The pressure of the gas was regulated and provision
was made Tor measuring the pressure, flow, and temperature of the gas.

A pressure sensing switch was included in the system to shut off the
eleciric power to the apparatus in the event of a loss of pressure in
the gas system. The layout of the gas system is shown schemabically in
Figore 15.

Gas was supplied from commercial 2000 lb./sq.in. compressed gas
cylinders. From the cylinder the gas passed through = preésure regu-
lator where the gas pressure was reduced to approximately 15 lb./sq.in.
gauge. After passing through two control wvalves, the gas passed through
two rotameters in ssries and from there into the interior of the hollow
tungsten cylinder via the high-pressure fitting on the lower bus block.

The connections between the various components of the gas system
were made by high-pressure air hose coupled by means of guick-disconnect
fitbings. (as pressures were measured bty means of Bourdon type pressure
gauges on the gas cylinder pressure regulator, a pressure gauge on the
output of the first rotameter, and a pressure gauge connected to the
hollow tungsten cylinder at the high-pressure fitting on the upper bus
block. For precision pressure measurement up to approximately 80 cm.
of mercury above atmospheric pressure, a mercury manometer was connected
throupgh a valve to the output frbm the second rotameter. A Mercoid
pressure controlled switch was connected to the high-pressure fitting
on bhe upper bus block. The function of this Mercoid switch was to

turn off the rectifier power in the event gas pressure was lost within
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the hollow porous tungsten cylinder during an experimental run.
Several components of the gas system can be seen in Figure 14. The
gas lines and other parts of the’gas system can be seen in Figure 6.

Gas temperature was measured by means of a gas thermometer in the
gas inlet line at a point just before the gas;entered the lower bus
block. See Figure 6. Calibratién of the two rotameters used to measuure
the gas flow was done by means of a wet test meter.

The integrity of the gas system was verified periodically by re-
placing the hollow porous tungsten cylinder with & hollow cylinder of
solid brass and by replacing the’graphitar washers with nebprene O-rings.
Gas was introduced into the now closed system at a pressure in excess of
that used in actual operation. The system was then isolated from the
gas supply and observed for pressure loss over a period of several
minutes. The absence of pressure loss during this period verified the

integrity of the gas system for the purposes of this study.

Instrumentation

A number of instruments were used to measure parameters of the
experimental system. Temperatures were measured by means of thermo-
couples, thermometers and an optical pyrometer. Two potentiometers
were used to measure the thermocouple voltages and the voltage drop
across portions of the direct current heating circuit. Measurements
of the gas flow were made by means of rotameters, pressure gauges, and
a mercury manometer. Other instruments were used during assembly of
the experimental apparatus in preparation for runs and to monitor the

operation of the rectifier.



\J1

Figure 1h

Photograph of the Contrcls and Instrumentation of the
Experimental Apparatus



Thermometers and Thermocouples

Temperatbures were measured at several locations within the experi-
mental apparatus. The temperature of the coolant fluid was measured
by an immersion thermometer in the gas inlet line just below the lower
bus block. See Figures 6 and 13. Chrome-alumel thermocouples with an
ice-water reference junction were used to measure temperatures at 11
points within the apparatus. Temperatures were measured at the points
designated in Figure 15 as 1 through 8, 14, and 16.

Two potentiometers were used to measure the voltage produced in the
thermocouples. A portable, laboratory type potentiometer with self con-
tained batteries, standard cell, and galvanometer was used for rough
measurements, and for measuremenﬁs when the temperature of the system
was changing rapidly. When the system was close to dynamic equilibrium
a Leeds and Northrup X-3 precision potentiometer was used in conjunction
with a Leeds and Northrup ballistic galvanometer for more precise meas-
urements. An external standard cell was used for the calibration of
the K~3 potentiometer and an externsl 2-volt storage battery was used
to provide the bridge power supply. A double pole, double throw switch
enabled either potentiometer to be connected to the output of a 20

position thermocouple selector switch.

Cptical Pyrometer and Cathetometer

Measurements of the surface temperature of the tungsten cylinder
were taken with a Leeds and Northrup potentiometer type optical pyrom~
eter, model number 8621-C. This optical pyrometer was attached to the
telescope mount of a cathetometer by means of an especially designed

mount. The optical pyrometer mounted on the cathetometer is shown in
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Figure 6. The lens of the optical pyrometer was 11 in. from the sur-
face of the porous tungsten cylinder. The surface of the lungsten
cylinder was observed through five radial holes in the Marinite disks
that enclosed the tungsten cylinder. See Figures 11 and 12. These
holes were 1/16 in. in diameter and 5/8 in. long. The relative verti-
cal position of the optical pyrometer at each of the five observation
holes was measured in hundredths of cm. from the cathetometer scale.
These temperature and position measurements, in conjunction with the
relative vertical position of the lower end of the tungsten cylinder,
described the tungsten cylinder surface temperature distribution along

the cylinder axis.

Voltage and Amperage Probes

The ohmic power generation in the tungsten cylinder was determined
by measuring the direct current flowing through the tungsten cylinder
and the voltage drop over a known fraction of the cylinder length.

The two potentiometers used for thermocouple voltage measurements were
also used to measure the current flow and voltage drop in the tungsten
cylinder. Amperage was determined by measuring the voltage drop across
the ammeter shunt provided within the rectifier. The shunt factor of
the ammeter was 120. amperes/millivolt.

The voltage drop along the tungsten cylinder was measured using
two hypodermic needles as probes. The needles were stainless steel,
size B-D 22, which had an 0.D. of 0.023 in. The original 2 in. length
of the needles was cut down to 7/8 in. which also served to blunt the
needles. These probes passed through two radial holes in'the Marinite

disks that had been drilled with a number 70 drill (0.028 in. 0.D.).
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These holes were in disks 4 and 7. Sece Figures 10, 11, and 15. The
needles touched the tungsten cylinder at two points approximately

1.1 in. apart. This generally represented approximately 5/4 of the
total cylinder length. The precise separation of the two visible con~
tact points on the tungsten cylinder was measured following a run.

The ohmic power generation in the region of the cylinder between
the probes was calculated directly from the current and probe voltage
drop. Through the use of other data the ohmic power generation in the
entire tungsten cylinder was calculated. A linear extrapolation of the
power generation between the probes to that of the entire cylinder was

a good first estimate of the total power generation.

Other Instrumentation

A Teeds and Northrup Kelvin Bridge, model 4340, that measured
resistances on the order of 100 microhms was used to measure the resis-
tance between the two bus blocks measured through the tungsten cylinder
and graphite washers. The Kelvin Bridge is shown in Figure 14. These
measurements were made during the mounting of a tungsten cylinder in
preparation for a run and provided a useful means of determining empiri-
cally when the tungsten cylinder and graphite washers were in uniform
and stable contact with the piers. Figure 7 shows the tungsten cylinder
mounted on graphite washers between the stainless steel piers. The two
leads from the Kelvin Bridge are connected to terminals on the upper and

lower bus blocks. For a run the leads from the Kelvin bridge are dis-

connected from the bus block terminals as may be seen in Figure 10.

Power for the Kelvin Bridge was supplied by a 12-volt storage battery.
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The Kelvin Bridge was not used during runs when the rectifiecr was in
operation.

The portable, laboratory type potentiometer was used in conjunction
with the Kelvin Bridge to measure resistance in the circuit formed by
the bus blocks, piers, washers, and the tungsten cylinder. Use of the
Kelvin Bridge was necessary because the resistance of the circult made
up of the tungsten and graphite was too small to be measured by an ordi-

nary vacuum tube volt-ohm-milliammeter by a factor of from 100 to 1000C.

Experimental Procedure

The experimental procedure is described below.

1. Prior to the start of a run the ends of the tungsten cylinder
were ground flat and perpendicular to the axis of the cylinder, as
needed, in order to remove any rngh spots that may have resulted from
thermal stresses during the shutdown from the previous run. The dimen-
sions of the cylinder were measured and the cylinder was weighted. The
flat faces of the graphite washers were ground in order to achieve
smoothness as well as to obtain the desired washer thickness.

2. The tungsten cylinder was assembled in the apparatus and an
acceptable contact resistance was established using empirical measure-
ments with the XKelvin bridge as a guide.

3. When the turgsten cylinder had been mounted in a configuration
which afforded a good probability for a successful run, the final instru-
mentation was installed on the tungsten cylinder. This included putting
into place Marinite insulators, thermocouples, voltage proves, internal
and external sheathed thermocouples, and the Marinite disk hold-down

springs.
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4. The gas flow was started through the cylinder. If no gas leak
developed at the ends of the cylinder, electric heating of the cylinder
was begun. The heating of the cylinder was allowed to proceed slowly
until a heat generation rate and gas flow rate were reached at which
measurements of the system were to be made.

5. With the system at or near dynamic equilibrium, measurements
were made of those variables necessary to evaluate the heat transfer
coefficient. 1In the event that an adequate approach to equilibrium
could not he obtained, due to contact resistance problems, it was then
necessary to shut off the electric power, cool the system with the
coolant gas, and begin again at step 1 or step 2.

6. When sufficient measurements had been made at one electric
power level and gas flow rate the system could be shifted to another
equilibrium condition by altering either the electric power level, or
the gas flow rate, or both. When the new equilibrium had been obtained,
measurements could be resumed at step 5.

T. When the measurcments had been finished the system was shut
down by turning off the electric power and letting the gas flow until

the cylinder tempcrature had been reduced to near room temperature.
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DISCUSSION OF RESULTS

Experimental Developments

The major difficulty in developing the experimental apparatus
which was used in the study by Farber (10) and in this work was obtain-
ing and maintaining wniform mechanical and electrical contact between
the porous tungsten cylinder and its mounting. Mechanical contact wag
needed to obtain a gas seal between the tungsten cylinder and the
stainless steel piers. Electrical contact was needed in crder to main-
tain the heat generation within the tungsten cylinder.

Barly attempts at mounting the tungsten cylinder between the copper
bus blocks using stainless steel disks (approximately 1/4 in. thick)
demonstrated a number of problems. The tungsten cylinder tended to weld
to the stainless steel. The electrical metal fo metal contact resistance
was very unpredictable. Gas leakage occurred at the metal to metal inter-
faces. A significant axial temperature gradient indicated that there was
an appreciable heat loss from the cylinder into the stainless disks and
the copper bus blocks. The consideration of the axial heat flux intro-
duced a significant increase in the complexity of the analysis needed to
evaluate the heat transfer coefficients. While it was not possible to
entirely eliminate the considerabtion of the axial heat flux it was desir-
able to reduce this effect as mach as possible.

All of the preceding problems were alleviated to the degree nec-
essarykto obtain successful operation of the éxperimental apparatus by
the introduction of graphlte washers between the tungsten cylinder and
the stainless steel mounts. The stainless steel mounts were wmodified

from disks to piers and a washer seat was cut in the end of the piler
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which served to position the graphite washer. The outer lip of the
washer secal was lower than the upper surface of the graphite washer

when the washer was in place in the pier. This prevented contact and
therefore welding between the tungsten cylinder and the pier along the
outside wall of the tungsten cylinder. No major welding problems
developed between the interior lip of the graphite washer groove and

the inside wall of the tungsten cylinder even though this lip protruded
above the upper surface of the graphite washer by approximately 0.015 in.

The relatively soft washer reduced the uhpredictability in the
contact resistance, and essentially eliminated gas loss at the ends of
the cylinder. This was verified by replacing the hollow porous tung-
sten cylinder with a hollow solid brass cylinder of the same dimensions.
The brass cylinder was mounted between the piers using the graphite
washers to provide the seal between the cylinder and the piers. The
gas system was pressurized to a value above that found within the tung-
sten cylinder during experimental runs. The gas system was closed and
found to show no pressure loss for a test period of several minutes.

The washers also provided a high electrical resistance and therefore
served as a heat source at the ends of the tungsten cylinder. This
served to flatten the axial temperature gradient by reducing heat loss
from the tungsten into the piers. Even with the use of the graphite
washers the remaining unpredictability of the contact resistance resulted
in significant axial temperature gradients. During the experimental runs
the axial heat Tlux into the ends of the tungsten cylinder ranged from
7 to 108 percent of the heat generated within the cylinder by clectric

heating.
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Since the experimental apparatus was described by third order
differential equations the determination of the heat transfer coeffi-~
cient in the porous tungsten required the evaluation of a ﬁotal of five
boundary conditions. These five boundary conditions allowed evaluation
of the five unknown coefficients. These coefficients were the three
coefficients of integration of the differential equation, the heat trans-
fer coefficient and the conduction correction factor for thermal and

electrical conduction.
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Boundary Conditions and Method of Solution

First Boundary Condition

In measuring the first boundary condition radial symmetry was
assumed for the tungsten cylinder which resulted in no consideration
of y dimensional parameter variation for the flat plate model of the
hollow cylinder. The flat plate model was considered to be limited in
the y dimension by adiabatic walls.

The axial surface temperature variation was observed with an optical
pyrometer through five 1/16 in. diameter holes in the enclosing Marinite
disks. These temperature-position pairs were analyzed to obtain the
coefficients of a truncated Fourier series (five terms) that provided a
description of the z dimensional temperature variation. 'The optical
pyrometer holes in the Marinite disks were assumed not to perturb the
assumption of radial symmetry. It was also assumed that the small radia-
tion loss from these holes allowed them to be treated as viewing holes
for a black body. While this assumption would be strictly true only in
the case of a body which has unitary emissivity or from which there was
no net heat transfer to the walls of its enclosure, it was believed that
the radiative shielding of the Marinite disks, the roughness of the po-
rous tungsten surface, and in particular the slight oxide or nitride
coating on the tungsten surface would all combine to justify the assump-
tion of unitary emissivity.

Tables of correction factors for optical pyrometric temperature
measurements show that in the temperature range of 800°C to 1000°C the
error in the tempcrature measured is from 5°C to 8°C for a spectral

emissivity of 0.9 and from 19°C to 27°C for a spectral emissivity of 0.7.
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A1l radiabtion considered in this study was assumed to be gray body
radiation.

The observations of the outside wall of the tungsten cylinder gave
the solid phase temperature as a function of z position and provided one

boundary condition, T(Z)lxzz'



Second Boundary Condition

A network of holes were drilled in Marinite disks number 4 through
7 which surrounded the tungsten cylinder in order to provide an exit
for the coolant gas which was emerging from the outer surface of the
tungsten cylinder. Thus there was no axial gas flow along the outside
wall of the tungsten cylinder and convective heat loss from the cylinder
was neglected. In order to evaluate the radiative heat loss from the
tungsten to the Marinite, a second series of Fourier coefficients were
developed which described the z dimension variation of (T°R)h. These
coefficients were needed in order to obtain a mean value of (T"R)br that
was needed to evaluate the radiative heat transfer. The mean of (T"R)L’L
is not necessarily equal to the fourth power of the mean of T°R.

The inside wall temperature of the Marinite was determined indi-
rectly by measuring the temperature at other points in the Marinite
disks and solving a heat balance involving the heat flow radially out-
ward through the Marinite disks. Thermocouple number 7 was located in
a 1/16 in. diameter vertical hole in Marinite disk number 5. This was
one of four holes which were drilled in each of the four central disks
to reduce the mass of the Marinite disks and improve their insulating
properties. The hole containing thermocouple number 7 was separated
from the inside wall of the Marinite disk by less than 1/16 in. of
Marinite. Thermocouple number 6 was located near the outer edge of
Marinite disk number 5.

The heat flow through the Marinite and the inside wall temperature
of the Marinite disk was evaluated by two methods. The first method was
to solve a conduction heat balance using the temperatures of thermo-

couples 6 and 7 which were imbedded in the Marinite disk. This was the
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simpler method but some mechanical deterioration of the Marinite disks
resulted in cracking of the thin web between the inside wall of the
Marinite disk and the hole containing thermocouple number 7. This
thermocouple was then exposed to some direct radiation from the
tungsten cylinder as well as to some of the effulent coolant gas from
the tungsten cylinder.

In order to avoid the possible inaccuracies which could result from
the exposure of thermocouple number T to this variety of temperature
sources, a combined radiation and conduction heat balance was solved
using the temperature of the tungsten cylinder, the thermal conductivity
of the Marinite disks and the temperature at thermocouple number 6 in the
Marinite disk. This resulted in a quartic equation which when solved
provided the inside wall temperature of the Marinite disk. The radiative
heat loss from the tungsten surface could now be evaluated.

Since there wias only one pailr of thermocouples imbedded in the
Marinite disks, the values obtained for the inside wall temperature of
the Marinite at the axial position corresponding to the imbedded thermo-
couples was taken to be the mean temperature for the entire inside wall
of the Marinite disks. No axial heat flux in the Marinite was considered.
This was probably a good estimate because thermocouple number 6 was lo-
cated axially near the center of the tungsten cylinder. Also any axial
temperature gradient in the Marinite would tend to be flattened by the
heating of disks number 3 and 8 due to the heat these two disks received
from the region at the tops of each of the stainless steel plers. The
graphite washers produced & heat source in this region of the pier which
served to reduce conduction heat loss from the tungsten cylinder. This

heat was transTerred to disks number 3 and 8 which were at the ends of
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the four disks which actually enclosed the tungsten cylinder.
Since the heat loss from the tungsten surface to the enclosing
Marinite disks could now be calculated, the second boundary condition,

dT/dx(z)|x:£, could now be evaluated.

Third Boundary Condition

The third boundary condition was the temperature of the fluid at
the point of entry into the vorous wall from inside the hollow cylinder,
t(z)IX:O. No z axis variation in the inlet fluid temperature was con-
sidered. This temperature corresponded to the use of a single constant
term in a Fourier series. It was considered necessary to take into
account the heat absorbed by the gas from the time it entered the lower
bus block at essentially room temperature unitl it entered the inside
wall of the porous tungsten cylinder.

The passage of the gas into the interior of the hollow cylinder
involved two preheating phases. The first occurred as the gas passed
up through the relatively cool bus block into the lower pier. One end
of the pier was at a temperature comparable to that of the tungsten.
The thermocouple wells in the lower pier provided a temperature profile
along the entry path of the gas. The temperature of the pier at the
end of the pler where the gas left was estimated to be equal to the
temperature of the lower end of the tungsten cylinder. This assumption
was made in spite of the fact that the graphite washer in the end of
the piler probably produced a hot spot in this region but the tungsten
end temperature was *he only value available.

The calculations for the preheating of the gas were based on the

assumption that laminar flow had been established in the 1/8 in.
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diameter gas inlet passage in which the Reynolds number was on the
order of 107%. Equations cited by McAdams (2h) were used to estimate
the value of the heat transfer coefficient in the 1/8 in. entry passage.
A series of preheating calculations were carried out assuming a linear
variation of the temperature in the bus block and the pier between each
of the thermocouple wells. The gas preheating in the pier for nitrogen
was found to be from 120 to 230 degrees F. The pier preheating for
Helium was from 360 to T4O degrees F.

The other gas preheating consideration was the assumption that
after the incoming gas left the pier it would absorb all of the heat
transferred to the sheathed stainless steel thermocouple number 14 by
radiation from the inside wall of the tungsten cylinder. This was
considered the most reasonable assumption since the nature of the flow
over this thermocouple was not well known. While the axial flow of the
gas entering the cylinder and absorbing heat from the inside cylinder
wall and the coaxial sheathed thermocouple could conceivably produce
an axial gas temperature profile, this factor was neglected. Since
axial flow effects were neglected no consideration was given to any heat
loss from the inside wall of the tungsten cylinder directly into the in-
coming gas. The error analysis at a later point in this work will show

that these assumptions are justified.

Fourth Boundary Condition

The fourth boundary condition was the temperature gradient in the
tungsten at the inside wall of the tungsten cylinder, dT/dX(Z)lx:O'
The temperature gradient was evaluated by two methods. The first method

was to solve a radiative heat balance between the inside wall of the
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tungsten cylinder and the stainless steel sheathed thermocouple number
4. This method required an estimate of the temperature of the inside
wall of the tungsten cylinder.

It was found that the tungsten cylinder wall temperature profile
was very flat and that the inside wall temperature was within a few
degrees of the outside wall temperature at any given position along the
cylinder axis. Accordingly the z axis temperature profile at the inside
wall of the tungsten cylinder was taken to be the same as that of the
outside wall.

Estimates of the radiative transfer from the tungsten wall to the
coaxial thermocouple were complicated by the fact that the thermocouple
sheath extended into the interior of the tungsten cylinder for only about
half of the length of *the tungsten cylinder. This problem was circum-~
vented by assuming a pseudo thermocouple in the form of a coaxial cylin-
der that extended the entire length of the tungsten cylinder. This
pseudo thermocouple had the same surface area as the portion of the real
thermocouple inside the tungsten cylinder, and the pseudo thermocouple
had a correspondingly smaller radius.

The mean of (T°R)u at the inside wall of the tungsten cylinder was
used in the radiative heat transfer calculations. The entire length of
the pseudo thermocouple was assumed to be at the temperature of thermo-
couple number 1. From the rough, oxidized, and blackened condition of
the sheathed thermocouple its emissivity was estimated toc be 0.95 and
unitary emissivity was again assumed for the tungsten.

The second method for evaluating the temperature gradient at the
inside wall of the tungsten cylinder was to remove the sheathed thermo-~

couple number 14. This created a radiative black box inside the tungsten
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cylinder in which the net temperature gradient at the inside wall of the
tungsten cylinder would be zero. However, since there was generally an
axial temperature gradient along the outside wall of the tungsten cylin-
der, and since this gradient was propagated through the tungsten wall,
there would generally be the same axial gradient along the inside wall
of the tungsten cylinder. The inside wall of the cylinder would not
then be strictly adiabatic but it was assumed to be so since the effect
of’ the radiative exchange inside the cylinder would tend to reduce the
axial temperature gradients.

The use of this second method for establishing the fourth boundary
condition was reasonable and even desirable since it eliminated the need
for the radiative heat transfer calculations and also eliminated the need

for one of the two gas preheating considerations.

Fifth Boundary Condition

The conduction correction factor to be used in the equations for
thermal and eslectrical conduction was not known. In order to evaluate
this factor along with the volumetric heat transfer coefficients and the
three constants of integration it was necessary to measure a Tifth
boundary condition. The fifth boundary condition was the amount of heat
generated in the length of the tungsten cylinder between the two voltage
probes. By assuming that the thermal and electrical conduction correc-
tion factors are the same and knowing the temperature dependence of the
electrical resistivity, the length-over~area conduction correction factor
can be evaluated when the temperature distribution in the tungsten cylin-

der is known.
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Method of Solution

Since the heat transfer coefficient and the conduction correction
factor were contained in transcendental equations the method of solution
for the five unknown coefficients was the following. First, an initial
estimate was made of the heat transfer coefficient and the conduction
correction factor. Then, even though the equations defining the experi-
mental system assume that all parameters except for the electrical resis-
tivity are temperature independent, parameters were used which correspond
to those for the mean temperature of the material for which the parameter
applies. An initial estimate of the solid phase temperature of the porous
tungsten was cbtained from an average of the five optical pyrometer tem-
perature readings. An estimate was made of an average fluid temperature
during the passage of the fluid through the porous tungsten. Initial
values of parameters such as thermal conductivity and heat capacity are
estimated. BEvaluation of the heat transfer coefficient and the conduc-
tion correction factor require that values be chosen for these parawmeters.

When these values are inserted in the first three boundary con-~
ditions a set of equations results which can be solved explicitly for
the thrce constants of integration. The constants of integration are
then used along with the assumed heat transfer coefficient and the con-~
duction correction factor to calculate the fourth and fifth boundary
conditions. The calculated values of the fourth and fifth boundary
conditions are then compared to the experimentally measured boundary
conditions. Buccessive values for the heat transfer coefficient and
the conduction correction factor are chosen until sets of assumcd values
are found which yield calculated boundary conditions that bracket the

expcrimentally determined fourth and fifth boundary conditions.
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Successive iterations are then carried out in order to obtain conver-
gence to within a prescribed limit. Convergence to a tolerance of one
part in 10“ was facilitated bty the use of digital computer programs and
by the fact that the conduction correction factor was not particularly
sensitive to changes in the heat transfer coefficient. The conduction
correction factor was evaluated in the first two to three iterations
after which the iterations on the heat transfer coefficient could pro-
ceed.

When the comouter program obhtained a bracket on the heat transfer
coefficient the method of false position was used with a gquadratic
rather than a linear fitting method. Use of this technigue usually
gave convergence in from two .o five iterations. The stability of the
conduction correction factor was a result of its essentially singular
dependence on the solid phase temperature which defines the electrical
power gerneration equations. It has been noted that the porous tungsten
wall had a very flat temperature profile so that the initially observed
temperature profile of the outer wall of the cylinder was very nearly

the profile for the entire thickness of the tungsten wall.



Th

Summary of Results

The data from 38 experimental runs are tabulated in Tables 2
through 4 which are in Appendix C. Data in these tables represent the
values which served as input to the computer programs which calculated
the heat transfer coefficient and other parameters for each experimental
run. Table 1 tabulates parameters which were common to all runs as well
as physical constants. This table is in Appendix B. Tables 5 through
T contain the heat transfer coefficient and other values calculated from
the analysis of the experimental runs. These tables are in Appendix D.
A1l runs are designated by a two digit number ranging from 05 through
82. These numbers were originally related to the date on which the run
was made but are used only as reference.

Three different rorous tungsten cylinders were used in this study.
The four runs 05 through 08 were carried out using cylinder C. The
twenty-four runs 14 through 37 and 62 through 82 were carried out using
cylinder D. The ten runs 45 through 54 were carried out using cylinder
E. All of the cylinders weighed approximately 18 grams at the start of
a series of runs. The volume porosity of all the cylinders was approxi-
mately one half based on the dimensions of the hollow cylinders, their
weight, and the density of solid tungsten.

The coolant gas for the twenty-seven runs 05 through 54 was nitrogen
and the coolant gas for the eleven runs 62 through 82 was helium. The
nitrogen flow rates varied from approximately 7 to 19 standard cubic
feet of gas per hour and the helium flow rates varied from approximately
8 to 30 standard cubic feet of gas per hour.

The stainless steel sheathed thermocouple number 14 was inserted

into the interior of the tungsten cylinder for approximately one half of
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the length of the tungsten cylinder during 17 of the runs using nitrogen
as the coolant. 1In this configuration heat was transferred from the
interior wall of the tungsten cylinder to the thermocouple by radiation
where it was absorbed by the incoming coolant gas. The gas was thus
preheated by this amount of heat after leaving the end of the pier and
before entering the porous wall.

Thermocouple number 14 was withdrawn from the interior of the
tungsten cylinder during 10 of the runs using nitrogen as the coolant.
In this configuration thermocouple number lh‘was not involved in heat
exchange in the interior of the tungsten cylinder. The interior wall of
the cylinder was assumed to be adiabatic in these runs. All of the runs
using helium were made with *“ermocouple number 14 inserted into the
interior of the cylinder.

The evaluation of a heat transfer coefficient in the generating
porous tungsten was possible in 30 of the runs. These values are pre-
sented in Table 7. A Nusselt number and a Reynolds number are calculated
for these runs and presented in Table 7. Figure 16 shows typical solid
and fluid temperature profiles within the wall of the porous cylinder.
The heat fluxes involved in the evaluation of these profiles are also
shown. Figure 17 presents the Nusselt-Reynolds correlation in graphic
form. Other experimental data correlations for heat transfer in porous
materials are shown in Figure 17. Correlations which have been suggeszsted

for heat transfer in vorous systems are also shown.
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Nusselt-Reynolds Data Correlation

Figure 17 is a log~log plot of Nusselt number versus Reynolds
number. The Nusselt number in this plot is h'd2/6k(l~f) where d is a
measure of the particle size, f is the porosity of the porous material,
k 1s the thermal conductivity of the gas passing through the porous
material, and h' is the volumetric heat transfer ccefficient in
B.t.u./hr.-~°F-cu.ft.

The volumetric heat transfer coefficient, h', is equal to he where
h is the classical heat transfer coefficient in B.t.u./hr.»sq.ft.m°F and
¢ is the surface area within the pores of the material per unit volume
measured on a bulk basis. The significance of h' is that it represents
a quantity which can be measured directly, as in this study, without the
need to know the internal surface area per unit volume of the porous
material. There are a wide variety of techniques for the measurement
of the internal surface area of a porous material. Comparisons of heat
transfer data using the classical h can be difficult since the different
techniques for the measurement of internal surface area can give different
results. The use of mercury porosimetry for example, gives different
values depending on the pressure used and the question then becomes which
of these values in fact represent the effective area for neat transfer.

The reynolds number in this plot is de/uf where d is a measure of
the particle size, GC is the mass flow rate per unit area of bulk porous
material, yu 1s the viscosity of the gas passing through the porous materi-
al, and f is the porosity of the porous material. The measure of particle
size, 4, is taken to be the size of the powder used in the manufacture of

the porous tungsten. This value is used in both the Reynolds number and
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the Nusselt number. The justification for this choice will be presented

shortly. The porosity term in the Reynolds number is introduced to give

a Reynolds number based more nearly on the true velocity of the fluid in

the pores of the porous tungsten. This correction has been made in other
studies. (1L7,11)

Since h' is a volumetric heat transfer coefficient, the conversion
to the area based heat transfer coefficient used in the Nusselt number
was accomplished by the use of the term 6(l-f)/d which is taken to be the
surface area per unit volume of the porous méterial.

The particular forms of the Nusselt and Reynoclds numbers chosen for
Figure 17 are designed to allow comparison of the experimentally deter-
mined heat transfer coefficirrzts from this study with other work. The
factor 6(1-f)/d does represent the surface area per unit volume for a
bed of spheres packed to obtain maximum porosity. It has been assumed
from the nature of the factor 1-f, that the surface area per unit volune,
based on porosity alone, would vary linearly from ﬂ/d at the maximum
porosity of approximately 0.476 to 6/d at zero porosity. While this
factor is not designed to apply to porosities above 0.476, the porosity
of material in this study is close to the limit of this range, and this
factor has been used in other work where the porosity was above 0.h76.

The use of the factor 6(l—f)/d gives a surface areca per unit mass
of approximately 0.0078 sq. meters/gr. for the porous tungsten used in
this study. This corresponds with the experimentally measured surface
area per unit mass of 0.0116 sq. meters/gr. for the porous tungsten.

This surface area was determined by nitrogen adsorption. This is a
good correspondence in light of the absence of any sphericity consider-

ations which would tend to increase the 0.0078 value. The agreement
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might be considered very good if the sphericity-porosity correlation in
Brown (4) is used. The sphericity value of 0.6 to 0.7 for packed beds
at a porosity of 0.5 would bring the value of 0.0078 into close agree-
ment with the measured value.

The thermal conductivity, viscosity, and heat capacity used in
the Nusselt and Reynolds numbers were evaluated at the mean fluid tem-
perature during the passage of the fluid through the porous tungsten.
The Reynolds numbers studied in this work are on the order of lOMl. The
Nusselt numbers corresponding to this order of Reynolds number are on
the order of 10~u. The use of the measured surface area per unit mass
of 0.0116 sg. meters/gr. gives heat transfer coefficients on the order

of 0.1 B.t.u./nr.-sq.ft.-°F.

Agreement with Other Fxperimental Data

Figure 17 shows the results of this study along with other experi-~
mentally measured heat transfer coefficients. The data of Grootenhuis
(17) for heat transfer from porous bronze to air is shown. This group
of data have Reynolds numbers on the order of lOO to 102. The results
found in this work give a correlation that agrees with the data of
Grootenhuis. A line through the data from this study and the data of
Grootenhuis has a slope slightly greater than one. This is curve E in
Figure 17. This line would also correlate well with other reported
experimental data cited by Grootenhuis and in particular with the data
of Furnasl on heat transfer from beds of iron and iron ore to air. These

2
latter points have Nussell numbers on the order of 10 and Reynolds

Loitea by Grootenhuis (15).
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numbers on the order of 107 and 10”.
The correlation line through the data of this study, the data of

Grootenhuis, and the data of Furnas has the equation

Nu = 2.0 x 10’5(Re)1'58 s (21)

where the Nusselt and Reynolds number are those described previously.
Grootenhuis suggests that a correlation line should not have a slope
greater than one which is presumably based on the Graetz analysis.
Equation (21) is not a violation of this principle since the Graetz
analysis is not particularly applicable to these porous systems as will
be shown. In any event, equation (21) should be considered an empiri-
cal correlation.

It is difficult to describe the flow regime in porous materials.
Friction factor data on porous systems do not show a distinect transi-
tion from laminar to turbulent flow. It has been suggested that the
rough nature of the flow channels in porous material leads to a graduval
increase in the number of channels which are in turbulent Tlow. The
fact that the data on packed beds have a transition at a Reynolds
number of 50 (l) suggests that a different type of flow regime has
been acknowledged. Tt has veen suggested that there are multiple tran-
sitions at Reynolds numbers around 42 and 1200 (11) for other data on
packed beds.

The laminar vortion of tube or pipe friction factor curves are
dependent on L/D. Tt has been found (22) that for L/D around § the
laminar friction factor curve joins the turbulent friction factor curve
with only a small transition. This same characteristic is seen in the

continuous friction factor curve for porous materials. A porous
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materlal might therefore be considered to have a small value of L/D,
possibly as small as one.

Thus, to whatever extent the flow in porous materials is laminar,
the use of the Graetz analysis would still call for a uniform wall tem-
perature, undistorted laminar flow, no viscosity dependence on temper-
ature, end some value for L/D in a porous system.

Since it would probably be hard to meet these requirements, it
would seem that a correlation with the Graetz analysis should not
necessarily be the basis for accepting or rejecting a correlation line
of slope greater than one.

In general the points in Figure 17 lie further below a line of
slope one as the Reynolds number decreases. The particle diameter of
3

_l
to 1071 ft. The particle

P

the bronze particles is on the order of 10
diameter of the tungsten particle is approximabtely 6.5 x 107 ft. It
has been suggested that the correlation line is actually of slope one
but that the loss of surface area, during the forming of porous materi-
als, is greater for particles of smaller diameters. Thus, the factor
6(1-F)/d is an overestimate of the actual surface area with a resulting
lowering of the Nusselt number values.

The bronze data vary in particle diameter over one order of mag-
nitude and they do show an indication of this dependence on particle
size. The iron ore data of lurnas have particle sizes on the order of
10“1 ft. The Nusselt values for the data of the present study do fall
further below a correlation line of slope one than do data based on
larger particle diameters. Curve D in Figure 17 is a line of slope one

that was used as a reference by Grootenhuis since it gave a good corre-

lation with data of Furnas snd others at Reynolds numbers of lO2 and
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5 to lOu.

Nusselt numbers of 10

It should 2lso be noted that the ratio of wall and bulk viscosities
has not been included in the evaluation of the ordinate in Figure 17
or in equation (21). The effect of this term as a multiplier of the
Nusselt number would be to move the data points in this study closer
to the correlation line of slopé one, curve D.

An evaluation of the wall viscosity in the porous tungsten was made
at the average solid phase temperature. The viscosity correction factor,
(p,v‘,/p,b)O'lLL has been used for both laminar and turbulent flow. The cor-
rection which would be introduced by the ratio of the wall and bulk vis-
cosities to the 0.14 power is on the order of 1.05 to 1.1.

If, following Bird (l), the diameter to be used in the Reynolds
nunber was evaluated as four times the hydraulic radius of the porous
material the diameter would be approximately 13 percent smeller than
the diameter used in the Reynolds number which was assumed to he the
particle size of 20 microns. Also if the diameter used in the Nusselt
number were evaluated as 6/av where a, is the specific surface of the
porous material, the diameter would be approximately 33 percent larger
than the particle size diameter of 20 microns which was used in the
Nusselt number. These corrections would lower the value of the Reynolds
number and raise the value of the Nusselt number. Both of these effects
would move the data points observed in this study toward the correlation
line of slope one in Figure 17.

These evaluations were not made because their use would not effect
the evaluation of the heat transfer ccefficients and because there was
no specific surface data available for the porous bronze and the iron

ore. 1In addition, the use of a hydraulic radius is questionable for
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laminar flow and the Reynolds numbers in this study are in the laminar
region.

Regarding the flow regime, the correlation line of equation (21)
or even a correlation line in the vicinity of slope one offers some
indication that the nature of the flow in porous materials may be differ-
ent from that found in pipes at Reynolds numbers of 10_1. A correlation
line with a slope around one would be expected for high Reynolds num-
bers, turbulent flow, and a large relative roughness speaking in the
sense of flow in pipes. Porous materials show friction factor corre-
lations which correspond to low if not unitary L/D as the transition
region 1s approached from the laminar region. Correspondingly, porous
materials act in the turbulent region as if they were a pipe with a
large relative roughness. Some friction factor correlations show re-
lative roughnesses in the vicinity of 0.05. A porous material may well
have a relative roughness as large as the order of one.

The effect of the nature of porous materials on the friction factor
correlation is to lower the Reynolds number at which the flow in a porous
material begins to take on the aspects of turbulent flow. This should
also be true to some extend and possibly even to a greater extent for
heat transfer. This fact in conjunction with the correlation presented
in Figure 17 suggests that flow in porous materials may contain elements
of turbulent flow and that Nusselt-Reynolds correlations with a slope
of one are more reascnable than correlations based on laminar flow which

postulate correlation lines with a slope of from 1/3 to 1/2.
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Other Non-Experimental Correlations

Figure 17 also shows curves which have been suggested as corre-
lations that might be used to determine heat transfer coefficients in
porous materials.

Curve A in Figure 17 is a Nu;selt—Reynolds correlation based on
the small pipe model for porous materials used by Weinbanm and Wneeler.
(34) This curve was evaluated using values for parameters typical of
those found in this study. The characteristic diameter of both the
particles and the flow passages was 20 microns. The wall thickness or

he equivalent pipe length was 1/16 in. and the Prandlt number was 0.705.
This curve was calculated by assuming, as did Weinbaum and Wheeler, that
the wall-bulk viscosity correction could be neglected.

The equation used in the correlation of Weinbaum and Wheeler was
the empirical modification of the (Graetz theoretical temperature solubion
for fully developed laminar flow with constant wall temperature.
Weinbaum and Wheeler reference McAdams (24) for their source of this
equation. The slope of this correlation line is 1/5. Figure 17 shows
that this small pipe model does not describe the slope of heat transfer
correlation determined in this study. It also overestimates the heat
transfer coefficient by approximately three orders of magnitude at
Reynolds numbers of lO“l. The use of the correlation of curve A for
heat transfer in porous materials would not be recommended.

As has been noted previously, the use of the Graetz analysis 1is
guestionable in the case of porous materials since it is by no means
clear that the nature of the flow in the pores satisfies the Graetz

conditions. It is unclear how a value of L/D would be evaluated for a
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porous system in the sense in which it is used in this sanalysis.

The Graetz correlation was not designed for the low range of
Reynolds numbers encountered in this study. McAdams notes in his
commentary on the use of this correlation that there are large devia-
tions associated with the use of this correlation even in the casecs
being described. These cases include asphalt at temperatures of 300°F
flowing in 1 in. tubes at 2 ft./sec. with heat transfer coefficients of
30 B.t.u./hr.~sq.ft.«°F; Bird et al., (1) points out that there are sig-
nificant uncertainties in the use of this correlation at values of the
Graetz number less than 10.

The use of the correlation of Weinbaum and Wheeler could help to
propagate the idea that porous materials have essentially equal solid
and fluid phase temperatures since the use of the much overestimated
heat transfer coefficients obtained from this correlation could indeed
predict that the fluid temperature guickly reaches the temperature of the
solid phase.

Curves B and C in Figure 17 are based on a packed bed model of a
porous system that is described by Bird, et al., (1). Bird's correlation
was based on heat and mass transfer data for packed beds and it was
correlated in terms of the Colburn jH Tactor versus Reynolds number.
This correlation involved a particle shape factor, 1.0 for spheres and
less for other shapes. Curve B is based on a shape factor of 1.0 and
Curve C is based on a shape factor of O0.1. In both cases a Prandlt
number of 0.69 was assumed.

The slope of curves B and C on the Nusselt-Reynolds plot are 0.49
in a rangce of Reynclds number less than 50. Curves B and C have been

chosen for comparison to the experimental data cited in this study
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because they suggest one of the largest slopes proposed for the Nusselt-
Reynolds correlation line in materials of a porous nature.

from Figure 17 it can be seen that these two curves do not describe
the data points found in this study. Further, the slope of this corre-
lation is still too low to describe the data observed in this work and
by Grootenhuis and Furnas. Use of this correlation would also over-
estimate the healt transfer coefficient by two to three orders of magni-
tude at Reynolds numbers of 107

The correlation is presented in Bird et al. as being hased on large
amounts of experimental data on both heat and mass transfer in packed
beds. The primary reference to this data is described as a private
communication but the authors give a secondary reference to charts by
Hougen et al.l The charts give no indication as to how small a value
of Reynolds number could be described by their correlation. However,
the particle diameters explicitly discussed on the charts extend down
only to the order of 8.0 x lO"z‘L £t. which is still en order of magnitude
above the particle size in this study.

The fact that this correlation was designed for a wide range of
data and was seeking a correlation for not only heat transfer but also
for mass transfer suggests that it would not be applicable to the small
particle diameter and low Reynolds numbers found in this study.

Green (12) presents a correlation of heat and mass transfer data
in terms of a plot of j-factor versus Reynolds number. The slope of
this curve is on the order of -0.4% which would give a slope of 0.55

when presented on a Nusselt-Reynolds plot. The inadequacies of this

Yoitea by Bird et al. (1)
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corrclation in deseribing data cited in this work are essentially those
of the correlation from Bird et al.

Grecn does note that transient methods are generally used to measure
heat transfer coefficients in porous systems because of what he describes
as the difficulty of measuring the heat transfer coefficient in the
porous material directly. He does note that there are freguently dis-
cussed errors in the use of the transient method of evaluating the
heat transfer coefficient. Green cites, but does not use the data from
Grootenhuis in establishing his heat transfer correlation. The method
of Grootenhuis had been to continuously supply radiant heat at one sur-
face of a porous plate and thereby achieve a steady state system for the
measurement of the heat transfer coefficient in his apparatus. Green
does however use the concept of the volumetric heat transfer coefficient
in his calculations which was used by Grootenhuis.

A study by Han1 was considered by Green in establishing his heat
transfer correlation. Tt is interesting thalt Green rejected the data in
this study on the basis that it predicted heat transfer coefficients
which he considered abnormally low by about two orders of magnitude.

The results of this present work suggest that the heat transfer
coefficient at low Reynolds numbers should be much lower than those
predicted by correlations of the type used by Weinbaum and Wheeler,

Bird et al., and Green.

As noted, curve D in Figure 17 is a line of slope one which was

uscd by Grootenhuls to include the data of Furnas and to serve as a

suggested correlation line for the Nusselt-Reynolds correlation of data

Yoitea by Green (12).
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on heat transfer in porous materials.

Grootenhuis notes that his experimental data on heat transfer to
porous bronze have fallen below this line. It is this line toward which
he suggests his data could be moved if the loss of heat transfer surface
during fabrication of the porous bronze could be taken into consider-
ation.

The effect of small corrections to the data of the present study
would also tend to move the data points as presently reported in the
direction of curve D. These corrections have been cited and include the
effect of a viscosity correction, the evaluation of a more precise hy-
draulic radius for use in the Reynolds number, and a more precise average

particle diameter for use in the Nusselt number.
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Heat Balances and Temperature Profiles

Figure 16 presents typical heat balances around the porous wall of
the tungsten cylinder. At any given axial position, the solid phase
temperature profile through the wall of the cylinder is quite flat be-
cause of the high thermal conductivity of the tungsten and the low heat
transfer coefficient. The solid phase temperature curve has a slight
slope or is zero at the inside wall depending on whether or not the
sheathed thermocouple is inserted into the interior of the tungsten
cylinder. The slope of the temperature curve at the outside wall pro-
vides the heat lost by radiation to the enclosing Marinite disks.

A significant amount of heating of the fluid flowing through the
porous wall does take place within the porous wall but because of the
low value of the heat transfer coefficient, the fluid phase temperature
profile does not show the near step function of fluid heating proposed
by Weinbaum and Wheeler. It can be scen from Figure 16 that the assump-
tion that the temperature of the solid and fluid phases are nearly iden-
tical would be in error for the porous system used in this study.

The low value for the heat transfer coefficients found in this study
and correlated with cther experimental studies on heat transfer in porous
systems suggest that errors, which may be as large as two orders of meg-
nitude at Reynolds numbers of 10—1, may result from the use of porous
heat transfer correlations using Nussclt-Reynolds correlations with
slopes of 1/3 to 1/2.

There is an additional experimental verification of the fact that
the gas cxiling from the ocutside wall of the tungsten cylinder has not

been heated to the temperature of the tungsten wall. The stainless steel
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sheathed thermocouple number 16 was positioned at the axial position of
the optical pyrometer hole in Marinite disk number 6 on the opposite

side of the tungsten cylinder from the optical pyrometer and in contact
with the outside wall of the tungsten cylinder. The thermocouple was

in this position during the experimental runs. The temperatures recorded
by this thermocouple were generally Tound to be intermediate between that
of the tungsten wall with which it was in contact, and that of the cal-
culated temperature of the gas leaving the tungsten surface. In addi-
tion the temperature of the Marinite wall through which the thermocouple
was inserted was generally above that of thermocouple number 16 so that
the existence of an exiting fluid below the wall temperature would be
needed to explain these temperatures.

The effect of fluid phase heat conduction which has been neglected
in this study was examined and found to contribute only about T percent
of the heat transferred by fluid transport even at the low Reynolds
numbers of this study. HNeglecting this effect at nigher flow rates
would seem justified bub studies at lower flow rates will need to take
this effect into account.

In order to justify the exclusion of the fluld conduction term,
differential equation (2) for the fluid phase heat transfer was modified
to include fluid conduction terms. The result was a fourth order differ-~
ential equation. The resulting equations for the solid and fluid temper-
ature distributions now included four constants of integration and the
operator equation now included the fluid conduction terms. The small
magnitude of the fluid conduction terms could be ignored in the operator
equation where they were added to the existing terms. However, since the

operator equation was now of the fourth order, it was uncertain whether
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or not the four roots resulting from the solution of the fourth order
polynomial equation would describe the same temperature profiles ob-
tained with the third order operator equations. During the analysis of
each run, the roots of the fourth order operator cguation were evaluated
and compared to those of the third order equation. For two of the roots
that were found to be essentially common between the third and fourth
order operator equations, the differences were negligible. While this
suggested that the temperature profiles described by the fourth order
equations might not differ significantly from those described by the
third order equations, the best verification of this fact through the
use of the differential equations would be to solve the system of fourth
order equations and use an a%Qitional boundary condition to obtain
results which could be compared to the results of the solution of the
third order egquation. The equations involving fluid conduction are
derived in Appendix A.

To avoid the difficulties associated with this problem an estimate
of the magnitude of the heat flux from fluid conduction was made during
the evaluation of the data from each run. A check had always been run
on the heat balance at the points x = 0, z = 0 and x = £, 2z = 0. This
check calculated the heat flux in B.t.u./hr. at these points for each of
the hecat transfer mechanisms of conduction in the tungsten, heat trans-
port in the fluid, heat generation in the solid, and heat transfer from
solid to fluid. The evaluation of the heat flux due to conduction in
the fluld was added to these existing checks and the magnitude of this
effect provided the most realistic measure of the justification for

leaving the fluid conduction effect out of the presenl calculations.
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The conclusion reached in this study, that there is a large
difference between the solid and fluid phase temperatures, should not
be construed to be a conclusion that would be applicable to all porous
systems. There are probably many porous systems in which the solid phase
temperature is approached gquite closely by the fluid phase teumperature
and it is this effect in those systems that gives added weight to the
idea that this will be the case in all porous systems. Data for these
systems are usually at much larger Reynolds numbers than those con-
sidered in this study. An example of this would be the work of Koh

and del Casal (21) with Reynolds numbers above 60.



Conduction Correction Factor

The length-over-arca conduction correction factor was found to
vary from approximately 0.45 for a new porous tungsten cylinder to
approximately 0.22 for a used porous tungsten cylinder. These values
are presented in Table 7.

It has been widely assumed that the conductivity, both electrical
and thermal, of a porous material would be less than that of the solid
material. The factor most commonly used to evaluate this reduction is
the complement of the volumetric porosity. Grootenhuis uses this con-
cept and shows that points describing the thermal conductivity of porous
bronze lie on a straight line running from the conductivity of solid
bronze at zero porosity to zero thermal conductivity at a porosity of
0.476. However he does point out that certain data for porous stain-
less steels do not conform to this type of correlation and that another
correlation would have to be expected for these stainless steels and
other materials.

The conductance used in this work has been assumed to consist of
the conductivity, the bulk area for conduction, one correction factor
in the form of the complement of the volumetric porosity, and another
correction Tactor which is the length-over-area conduction correction
factor described earlier in this work. Since the thermal conductivity
of the porous tungsten could not be measured while the equipment was
running at the cpecrating temperature, the electrical conductivity of
the porous tungsten was measured under operating conditions and the
conduction correction factor for the electrical conductivity was

assumed to apply to thermal conduction.



As has been noted, this should be a good assumption because the
electrical and thermal conductivity are known to be related through the
Lorenz number. This relation has been verified experimentally for some
porous metals by Grootenhuis.

The electrical resistivity of the portion of the tungsten cyiinder
between the voltage probes is proporticnal to the average solid phase
temperature over that region, TAB' Since the electrical resistivity of
the tungsten is described as a polynomial in temperature, the resistance
of this section of the tungsten cylinder can 5e found once the average
temperature of that section has been evaluated. As has been noted, the
iteration to determine this value is carried out in the early stages
of the determination of the reat transfer coefficient.

Tungsten cylinder C showed conduction correction factors of approxi-
mately O.4h. This cylinder had been in use for development for some
time when these data runs were made. Tungsten cylinder D, after being
used for some development work, gave a conduction correction factor of
approximately 0.42 to 0.38. ILater, after being used at high tempera-
tures and showing evidence of physical deformation and a definite oxide
or nitride coating, this cylinder was found to have a conduction correc-
tion factor of approximately 0.22. Cylinder E was used in essentially
a brand new condition and initially showed a conduction correction
factor of approximately 0.45 but this value fell during the runs to
approximately 0.41.

Koh and del Casal (21) take specific notice of the fact that the
experimentally measured thermal conductivity of porous nickel Foametal

is less than the value predicted by the use of the porosity correction
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factor (one minus the porosity) by a factor of about six. The conduction
correction factor reported by Koh and del Casal for the nickel Foametal
matrices range from a value of 0.242 at a porosity of 0.42 to a value

of 0.151 at a porosity of 0.735.
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Analysis of Experimental Errors

Divergent Data

Two of the data points from this study which are shown in Figure 17
lie well below the main group of experimental data. There are also eight
data runs which are tabulated in Appendix € which did not converge. That
is, no value of the heat transfer coefficients was found from which a
fourth boundary condition could be calculated corresponding to the meas-
ured fourth boundary condition. The reasons for the scattered data
points and the lack of convergence of the other data runs are understood
and are symptoms of the major experimental difficulty encountered in this
study.

The uncertainties in this study stem from problems associated with
obtaining equilibrium conditions under which to take measurements of
the system. The instability of the experimental system was due, in turn,
largely to fluctuation in the electrical contact resistance at the inter-
faces between the tungsten, the graphite washers, and the pilers.

The experimental system could ve characterized as metastable. 1If the
system was initially stable with fairly uwniform contact between the tung-
sten, graphite, and piers, the tungsten would heat fairly uniformly and
a very good gas seal was obtained between the tungsten cylinder and the
piers. However, as the run proceeded it is reasonable to assume that
varicus thermal stresses developed throughout the experimental apparatus
as its components were heated by the power being generated in the appa-
ratus. Some stresses were handled by the system of spring loaded stain-
less steel studs used to maintain pressure on the tungsten and the
graphite. However, the metastable nature of the system appeared when

sivv niencoaxial load changed the pressure and therefore the contact
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resistance around the circumference of one face of a graphite washer.

The increased pressure and the resulting reduced electrical resistance

at the pressure point would generate more heat at this point because
power generation at constant voltage is inversely proportional to resis-
tance. ermal expansion at this point would then increase the magnitude
of the hot spot. Gas leakage at points other than the hot spot would

in turn selectively cool the balance of the circumference.

This pattern of operation was generally observed. In order to
gather experimental data it was necessary to bring the system from a
cold state into one operating near the desired conditions in a period
on the order of several minutes. During the fairly short stable period
of the apparatus it was necessary to take measurements, often while the
system was still fluctuating. The experimental run was invariably ter-—
minated by the onset of the unstable conditions describved previously.

It was very difficult to shift the experiment to a region of a different
gas flow rate or heat generation rate because this attempted shift gen-
erally terminated the run by initiating the onset of instability.

The two data points which lie approximately one order of magnitude
below the main group of data points at a Reynolds number of approximately
lO—l are data points taken during the start of a series of runs when the
experimental system had not yet approached very close to equilibrium.

In addition to the scattered data points there were two runs
using nitrogen as the coolant which did not converge. One of these
runs was made at a point in time adjacent to one of the runs which had
produced the scattered data point. The same reasons would seem to
explain why this run failed to converge. The second run using nitrogen

which failed to converge was being made as the power and the tempecrature
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in the system were falling rapidly Jjust before termination of the series
of runs. There were six runs using helium gas as the coolant which
failed to converge. Four of these runs were abt very low gas flow rates
of approximately % standard cubic feet per hour. These four runs were
the start-up runs for a series of runs and the system may not yet have
been in equilibrium. The effect of gas conduction would have needed to
have been considered in these runs since the run using helium at a flow
rate of 8 standard cubic feet per hour showed gas conduction effects
comparable to the effect of heat transfer by fluid transport. The
lowest flow rate in helium runs which did converge was approximately

8 standard cubic feet per hour which corresponded to a Reynolds number
of approximately 10_2. The other two runs using helium which failed to
converge had gas flow rates of approximateiy 50 standard cubic feet per
hours. ©Since this series of runs was terminated just after these two
runs due to the instability of the system described above, there is a
strong suspicion that the high flow rates of these two runs represent

the onset of leakage around the ends of the tungsten cylinder.

Misecellaneous Justifications

It has been noted that interparticle radiative heat transfer
effects within the porous tungsten have been neglected due to the fact
that the porous material forms a wall composed of a large number of
radiation shields. The neglect of the radiative contribution to thermal
conduchtivity is further justified by evaluating a correlation of

Damkohlerl thet estimates the radiative contribution to thermal

Yoitea by McAdams (2k4).
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conductivity in a packed bed of known porosity and particle diameter at
a given temperature. The radiative contribution to thermal conduction
in this study would be 1.5 to 2 orders of magnitude smaller than the
thermal conductivily of tungsten. Even by considering the thermal
conductivity of the porous tungsten when reduced by the volumetric
porosity factor and the conduction correction factor, the radiative
contribution to thermal conductivity would still be approximately an
order of magnitude smaller than the residual thermal conductivity.

The temperature profile through the cylinder wall is guite flat.
This fact contributes to the validity of the assumption that the co-
ordinate transform from cylindrical to rectangular coordinates is
Justified. It has been previously noted that the hollow cylinder was
sufficiently thin walled so that the difference between the mean areas
for cylindrical and rectangular conduction did not differ by two per-
cent. The flat temperature profile through the wall suggests that
there would not be any radial dependence on temperature in the solid
phase.

The Reynolds number will drop as the gas flows radially outward
through the cylinder wall because the cross sectional area for flow
at any given radius is increasing. The question then becomes whether
or not the use of a mean value for the Reynolds number is a satisfactory
method for determining the heat transfer coefficient.

While the heat transfer coefficient will decrease as the gas flows
outward through the wall, the volume of porous material available for
heat transfer at any given radius will increase. The heat transferred
by convective heat transfer at any radius will be proportional to the

product of the heat transfer coefficient and the volume of the cylinder
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at that radius since the heat transfer coefficient is a volumetric heat
transfer coefficient. For a slope of one on the Nusselt-Reynolds corre~
lation, the reduction in the heat transfer coefficient is offset by the
increase in the volume with a resulting uniformity in the heat transfer
at any given radius. Since the slope of the Nusselt-Reynolds corre-
lation is close to one, the flux across the cylinder wall should have
hearly the uniformity of a flat wall.

The thinness of the cylinder wall, the flat wall temperature pro-
iile, and the nature of the volumetric heat transfer coefficient should
all combine to justify the assumption that the cylinder wall can be
replaced by an equivalent flat wall.

The axial temperature proiile was approximated by the first five
terms of a Fourier series. The use of this number of terms would seem
to be justified after examining the magnitude of the coefficients for
each of the five terms of the Fourier series.

The fifth term of the series was found to be contributing only a
few percent of the sum represented by the terms of the series. This
would generally indicate that the major components of the series had
heen described by the first four terms and that no major change in the

series would be expected by the inclusion of additional terms.

Effect of Errors in Selected Variables

In order to determine the effect of experimental uncertainties on
the results of this study, various components of the input data for one
run were altered by 10 to 50 percent in order to represent the effect
of experimental errors. The effect of these changes on the calculated

neat transfer coefficient are considered.
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The tempcrature of thermocouple number 14 which was located inside
the hollow tungsten cylinder was decreased by 10 percent which corre-
sponded to a temperature reduction of approximately 109°F. The effect
of this change on the heat transfer coefficient was negligible. The
value of the heat transfer coefficient was only reduced by 1 percent.
This error of 109°F represents a much larger error than would be expected
for the stainless steel sheathed thermocouple. However, it can be secn
that even for errors of this magnitude the effect on the heat transfer
coefficient is quite small.

The temperature of this thermocouple does not appear to be critical
because the heat loss to this thermccouple from the tungsten cylinder is
relatively small in the overall heat balance, only about 7 percent of
the heat flux from the tungsten cylinder. The small significance of
thermoccuple number 1 should justify the runs in which this therno-
couple was removed from the inside of the tungsten cylinder and an
adiabatic inside wall was assumed for the cylinder.

The temperature of thermocouple number 6 which was located near
the outer edge of the Marinite disks was decreased by 20 percent which
corresponded to a temperature reduction of approximately 123°F. The
effect of this change was to reduce the heat transfer coefficient by
approximately 14 percent. An error of 123°F would be a large error,
even for a bare thermocouple pair. The significant effect of this
parameter on the value of the heat transfer coefficient would seem to
be due to the faclt that this temperature is used in the evaluation of
the heat balance through the Marinite disks which is in turn related to

the radiative heat loss from the outside wall of the tungsten cylinder.
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Since the radiative heat loss from the outer tungsten wall is
approximately 37 percent of the heat flux from the tungsten cylinder,
the parameters which play a part in the calculation of this heat flux
could have a significant role in the determination of the heat transfer
coefficient.

The average value used for the heat capacity of the gas during its
passage through the porous tungsten was increased by 10 percent. The
effect of this change was to reduce the calculated value of the heat
transfer coefficient by approximately 7 percent. This is not a par-
ticularly critical parameter since its value as a function of temperature
is well known and it should be possible to construet models in which the
temperature dependence of the heat capacity of the gas was taken into
account.

The thermal conductivity of the tungsten was reduced by 10 percent.
This resulted in a reduction in the calculated value of the heat trans-
fer coefficient of approximately 15 percent. The sensitivity of the
heat transfer coefficient to the thermal conductivity might seem strange
in view of the very flat temperature profile within the wall of the
tungsten cylinder. However, the thermal conductivity is directly in-
volved in the determination of the temperature gradient at the walls of
the tungsten cylinder. This does point up the need for more nearly
adiabatic walls on the porous material in order to reduce the dependency
of the heat transfer coefficient on this value. 1In addition to the
involvement of the thermal conductivity in boundary conditions at the
inside and outside walls of the tungsten cylinder, in this particular
run there is a heat flux into the cylinder from both piers which

amounts to half of the heat flux from the tungsten cylinder.
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Accordingly the thermal conductivity is directly involved with the flow
of this heat into the cylinder. Again, the point can be made that axial
heat flows such as these should be held to a minimum in order to reduce
the need for consideration of such effects.

Since the length-over-area conduction correction factor is always
found in conjunction with the thermal conductivity the previous obser-
vations regarding thermal conductivity are equally applicable to the
conduction correction factor. The sensitivity of the heat transfer
coefficient to these parameters should further support the observations
made in this study and cited elsewhere that there is a need for experi-
mental data for the determination of what values should be used for con-
duction in porous materials.

It should be noted that the values of thermal conductivity used in
this study, while taken as a constant value for the entire tungsten
cylinder, were evaluated as a function of temperature based on the
average temperature of the tungsten cylinder.

The amount of preheating that the incoming gas underwent in the
lower stainless steel pier was increased by 50 percent based on the
present pier exit temperature in °F. This increase in preheating of
the gas amounted to approximately 96°F. The effect of this change was
to raise the calculated value of the heat transfer coefficient by
approximately 16 percent. The preheating normally experienced in the
pier had been calculated to be approximately 128°F.

The incoming gas passed through a 1/8 in. diameter pipe in its
passage into the interior of the tungsten cylinder. This 1/8 in.

diameter pipe was approximately S to 6 inches long and consisted of the



inside of the high pressure fitting on the lower bus block, one inch of
passage through the bus block, and l—5/h in. of the inside of the lower
stainless steel pier. The Reynolds numbers for the flow through this
pipe were on the order of 10‘1.

While it would be difficult to say what the effect on the flow
would be of the various junctions in the 1/8 in. inlet passage it was
assumed that they would be negligible. Thus, the preheating consider-
ations were based on the temperature profile of the last three inches
of the 1/8 in. pipe assuming that laminar flow had been developed in the
first few inches of the pipe. The last three inches of the pipe were
used for the preheating calculation because there was no significant
neating of the high pressure fitting which extended below the lower bus
block. The heated three inches were assumed to start just as the gas
entered the lower bus block.

The heat transfer coefficients under these conditions are described
by McAdams and the values of nD/k which are cited for the various modes
of flow do not vary by more than a factor of two. The effect of the
calculation using an increased preheating value of 96°F may therefore
ve indicative of the effect that variation in the heat transfer coeffi-
cient might produce in the gas preheating.

The change in the heat transfer coefficient due to gas preheating
effects is also indicative of the effect that gas absorption of the heat
from thermocouple number 14 would have on the heat transfer coefficient.
The increase in the temperature of the gas due to the absorption of the
heat radiated to thermocouple number 14 is approximately 98°F. This
further suggests that the absence of thermocouple number 14 is not only

a justified but a desirable condition.
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The effects of the changed heat transfer coefficient due to the
increased gas preheating also slightly reduces the Reynolds number for
the flow (due to the higher viscosity during the passage through the
porous tungsten) and increases the Nusselt number. One result of such
an adjustment would be to move the data points from this study toward
alignment with curve D of slope one in Figure 17. However, such changes
would not change the order of magnitude of the heat transfer coefficient
and in the case of the helium runs, even with several hundred degrees
of preheat, the heat transfer coefficients remain quite small. In these
cases the effect of large preheating effects does not appear to be alter-
ing the primary correlation between Nusselt number and Reynolds number
that was found in this study.

The five optical pyrometer temperatures were increased by 10 per-
cent which amounted to approximately 145°F. The result of this change
was that the calculated value of the heat transfer coefficient was
decreased by approximately 20 percent. A large change such as this
would be expected since nearly all parameters in this study are depend-
ent on the temperature of the tungsten. In addition, these temperatures
control the radiative heat loss at the outside wall of the tungsten
2ylinder and it has been noted that this is a significant portion of
the heat flux from the tungsten cylinder.

However, an optical pyrometer temperature error of this magnitude
would require that the spectral emissivity of the porous tungsten be
much smaller than could be reasonably expected from a rough, oxidized

surface.
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The effect of introducing simulated experimental errors into the
calculations for this study show that the evaluation of the heat trans-
fer coefficient was subject to various uncertainties that could introduce
errors that may be estimated to be on the order of 15 to 20 percent.
However none of these experimental errors would alter the magnitude of
the heat transfer coefficients which have been found in this study.

The position of the data in the Nusselt-Reynolds correlation shown in
Figure 17 would be essentially unchanged by errors that might reasonably

be associated with this study.

Maximum Overall Error Estimates

A "worst case' error calculation was carried out by combining five
of the individual errors into one case where all of these errors com-
bined to raise the calculated heat transfer coefficient. The effect of
raising the calculated heat transfer coefficient was chosen because a
major assertion of this study i1s that heat transfer coefficients in
porous systems are (at low Reynolds numbers) significantly lower than
would be predicted by other correlations in the literature. Thus, this
"worst case'" analysis would give some indication of the extent to which
the conclusions of this study are dependent on experimental errors.

The following changes were made for the "worst case" analysis.

The temperature of thermocouple number 14 was increased by 10 percent.
The temperature of thermocouple number 6 was increased by 20 percent.
The average value of the fluid heat capacity during its passage through
the porous tungsten was decreased by 10 percent. The thermal conduc-

tivity of tungsten was increased by 10 percent. The amount of gas

preheating in the stainless steel pier was increased by 50 percent.
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No change was made in the five ocbserved optical pyrometer tem-
peratures for the "worst case" analysis for the following reason. The
five parameters that were perturbed for this analysis might reasonably
be suspected of errors which could vary symmetrically about the true
value; i.e., errors might be either positive or negative. The possible
errors in the optical pyrometer temperatures would, however, be markedly
asymmetrical since the observed optical pyrometer temperatures repre-
sent a lower limit from which the true value could only vary upward.

It would be extremely unlikely for the true surface tewmperature of the
tungsten to be less than the observed value. Therefore, due to the
nature of the optical pyrometer temperature measurements and the fact
that increasing the observed ouptical pyrometer temperatures would, in
fact, decrease the calculated heat transfer coefficient, the least
decrease in the calculated heat transfer coefficient can be obtained by
not changing the observed optical pyrometer temperatures for the "worst
case' analysis.

The result of the "worst case" was to raise the calculated heat
transfer coefficient by a factor of approximately 2.5.

Thus, as was observed for the individual errors, the results of
the "worst case" error would still not change the magnitude of the heat
transfer ccoefficients calculated in this study nor would it change the
general nature of the heat transfer correlation for porous material

that was determined in this study.
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CONCLUSIONS

It was possible to build and operate a simple experimental
apparatus for studies involving heat generating porous materials using
porous tungsten heated by direct current. The major problem in the use
of this apparatus was that of obtaining uniform and reproducible contact
resistances at the tungsten-graphite stainless steel interfaces. This
disadvantage was offset by the advantage of being able to use less
expensive individual components for experimental studies. The use of
separate tungsten, graphite, and pier components allowed great flexi-
bility. This would not have been possible if the porous tungsten had
been welded or otherwilise mechanically attached to the piers. In par-
ticular, the reduction of the axial temperature gradient by the use of
the graphite washers as combinabtion heat sources and thermal conduc-
tivity insulators would not have been possible.

The equations for heat transfer in a heat generating, fluid cooled,
flat porous plate were derived. These equations were successfully
extended to describe the hollow porous tungsten cylinder used in this
study.

The heat transfer coefficients found in this study show good sgree-
ment with other experimental measurements of heat transfer in porous
materials. The data for the porous materials examined in this study
show that heat transfer ccoefficients on the order of lO-l (for Nusselt
numbers on the order of lO'h) are found at Reynolds numbers on the order
of 10—1. In comparison with other correlations for heat transfer in
porous materials which are extrapolated from heat transfer dala in

small tubes or in beds of granular material, the results of this study
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found heat transfer coefficients two or three orders of magnitude lower
than those predicted by these correlations. The use of correlations
which predict high values of heat transfer coefficients can continue

to foster the basically incorrect idea that the temperature of the solid
and fluid phase are essentially identical in porous materials. Differ-
ences of several hundred degrees F between the solid and fluid tempera-
ture were computed for the porous tungsten in this study.

The effects of fluid phase heat conduction which were neglected
in the study were found to account for only a small percentage of the
fluid heat transport effect in the majority of the cases studied.

It was possible to evaluate a length-over-area conduction correc-
tion factor in this study and to apply it to the determination of the
heat transfer coefficient in porous tungsten. The conduction correc-
tion factor that was computed indicates that the effective conduction
of porous tungsten should be reduced by a factor of from 0.25 to O.h
over and above corrections based on the volumetric porosity of the

tungsten.
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FUTURE WORK

ture studies should consider eliminating the graphite washers

from the experimental system. The graphite washer did serve a useful
purpose in providing a mechanical seal and serving as a thermal barrier
at the ends of the tungsten cylinder. However, the problems of fluc-
tuating contact resistances at these washers suggest thab future studies
should use large porous specimens which can be welded or otherwise
nechanically attached to a supporting pier. -Larger porous specimens
would be desirable since the welding process would modify the porous
structure adjacent to the weld and this modified region should occupy
only a small percentage of the porous specimen. Other techniques for
obtaining a flat axial temperature profile, such as separate electrical
heating circuits for the piers, should be considered.

The measurement of the surface temperature of porous materials
by the use of optical pyrometry has eliminated any possibility that
the nature of the porous medium was altered at the point of temperature
measurement. However, in order to eliminate problems which are associ-~

ated with the operation of a porous system at high temperature, con-

sideration should be given to the use of temperature measuring devices
which could be attached to the surface of the porous material and allow
operation at a lower temperature.

If there is a need for operation of the porous system at high bewm-
perabures, the use of two color optical pyrometers would eliminate the
need for extensive emissivity corrections in temperature measurement and

provide better values for use in radiative heat transfer calculations.
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Direct measurement of the conduction correction factors for
electrical and thermal conduction in porous specimens should be carried
out prior to utilizing them in experiments. This information would be
particularly useful if the apparatus was to be operated at temperatures
which corresponded to that at which the correction factor was measured.

The use of heat generating porous materials as a device for the
measurement of the heat transfer coefficient should be continued and
extended as this apparatus eliminates the problems associated with the

measurement of heat transfer coefficients by transient means.
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APPENDIX A

Derivation of Equations
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All parameters are independent of T, t, x, and z. The solid and

fluid temperatures are a function of x and z.

T = T(x,z) (22)

t = t(x,z) (23)

At steady state with no accumulation of heat the heat balance

for the solid phase of the dx element in Figure 1 is heat in = heat
2
out. Net heat in by conduction = ky2§7 T. Heat in by generation

= Ty5. Heat out by convective heat transfer = he (T-t).

kygng + I‘-Y5 = he(T-t) (2k4)

At steady state with no accumulation of heat the heat balance
for the fluid phase of the dx element in Figure 1 is heat in = heat
out. Heat in by convective heat transfer = he(T-t). Net heat out by

fluid transport = F Cpd, dt/dx.

P2
he (r-t) = F Cp 8, at/ax (25)

The volumetric heat generation rate is expressed as a linear

function of solid phase temperature.

Ty, = G = a(T) = Go + aT(x,z) (26)

The volumetric heat generation rate is therefore a function of x and z.

These functions are assumed to be separable.

G = G(x,2) = X(x) z(z) (27)

The following relations may be derived:

T = ¢/a - Go/a (28)
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V2T=:V2G/a

VEG = X"Z + Xz"

Equation (24) now becomes
2
ky, VG + Go = he(G - Go - at)
and equation (25) becomes

he(G - Go - at) = QaFCPd,, at/ax

(29)

(30)

(31)

(32)

Differentiation of equation (31) with respect to x and the substitution

of the X and Z components of G gives

kye(X"'Z + X'Z") +aX'Z = he(X'Z - adt/dx)

Solution of equation (33) for dat/dx gives

ky
:;l__};___ & _____?; i Iy aLl
at/ax (? he)xz e (XM 7+ xr2")

Substitution of dt/dx from equation (34) into equation (32) gives

upon rearrangement

X7+ vX"2 - (c - a) X'Z + X'Z" + baXZ + bXZ" =0
where
a = a/ky2
b = he/FCp52
and

c = he/ky2

(33)

(3h4)

(35)

(36)

(1)

(28)
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In order to scparate the Z function from equation (35) a form of 7

function is chosen which will satisfy the condition:

7" = A7 (39)

The Fourier series satisfies this condition. Substitution of

equation (39) in equation (35) gives, after canceling %,
i 1" 2 2y
X" +bX" - (c-a+AN)X -b(-a+r)X=0 (40)

The solution of equation (40) is

X=20, e + C, e r o, e’ (41)

where the r are the roots of the operator eguation

m5 ¥ bn° - (¢ - a+ Kg) m - b(-a + xg) =0 (42)

The Cs are the constants of integration.

One solution for G in equation (27) is now

¢ =x() 2(z) = (c et 40 et +oge” ) 2(z) (13)
or
3 r X
G = E: C e 7(z) (44)
n—1
Having found one of an infinity of solutions the general solution
for G is

o f 3
G = 2 Z Ciy © n) g () (45)

1
i=1\n=1
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where the r., are the n roots of the ith operator equation using Ki

where the first five As are:

A, =0 A= = /L (46)

1 o =Ny = /L N, = X

5

where L is the z length of the cylinder (wall) and where the first

five Zi are:

Zl =1

22 = cos kQZ

Z3 = sin h5z

ZM = co8 kuz

25 = sin ksz (47)

Converting back to T and approximating the Fourier series by

the first five teruws.

°f 2 v x
r=)[) ¢ ™)z - wfa (48)
i=1\n=1

By a similar process a solution for t is found to be

*
t = Z: (x; 2,) - co/a (49)
i=1 .
where
T, X T, X T, X
B il i2 i3 .
X, =B, e + B, e + BiB e (50)
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The relation between the coefficients of the t equation and the
T equation is feound by substituting the solution of the T eqguation
back into equation (24). This shows that

- _ .2 2
Bin ) Cin (C at ki h I‘in )/c (51)

or that

B, Cinb/(rin+ b) (52)

Equation (49) thus becomes

5 3
t = E: E: (?EEEE> Cin © o 2;(z) - Go/a (53)

=1\ n=1 \

The evaluation of the conduction correction factor, fL/A’ is
based on the following analysis. The volumetric heat generation rate

is expressed in the following:

G = JTv = JI°R (5k4)
and
poLf a'Lf T
.2 L/A L/A
¢ =JI1 A5, + A(L-S,) (55)

Solution of equation (26) in connection with equation (55) shows that

‘5 2
'3l L fL/

A(l—SE} 2 (56)

a =
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Since

Jiv

AB -
Q= & . _AB (57)
e PO 7
o ) o' AB
The value of fL/A can be found from equation (57) once the average
value of the solid phase temperature between voltage probes A and B
can be found.
When thermal conduction effects in the fluid are included,
equation (25) becomes
he(T - t) = F Cp at/dx - k 5 dgt/dxg (58)
fluid "2
Equation (40) then becomes
(b/c')x"™ + X"+ v(L + (c - a + xg)/c')X"
2804 2y -
(e -2+ AKX - b(-a+A")X=0 (59)
where
| J— - 7~
e he/kfluid 5, (60)

This equation differs from equation (40) only in those terms which

involve ¢' and in the fact that this is now a fourth order equation.
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APPENDIX B

Experimental Data
Common Values and Physical Constants
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Table 1

Common Parameters and Physical Constants

Rectifier Current Shunt Factor

Stefan-Boltzmann constant 0.1712 x 10_8

Total Emissivity of
Total Emissivity of
Total Emissivity of
Spectral Emissivity

0.65 micron wave
Spectral Emissivity

0.65 micron wave

Marinite Disks:

Thermocouple number 14
tungsten

Marinite

of tungsten at

length

of Marinite at

length

Thermal Conductivity B.t.u./hr.-ft.-°F

Inside Diameter

Outside Diameter
Thermocouple numb
Thermocouple numb

Tungsten:

Density of Solid

er ( ~ radius position
er 6 - radius position

Tungsten

Cecefficient of thermal expansion

Electrical resist

0.1479 + 4.2378 x lO"uT°F + 3.725 x 10~

ivity (ohm-ft.)

B.t.u./sq.ft.~hr.-°R

120. amperes/millivolt

L

-9

0
.8

OO

1.0

0.8

0.12 + 5.0 x 1077 T°F
0.5 in.

1.75 in.

0.3%02 in.

0.750 in.

19.3 gr./cu.cm.
h.hs x 10”6/°F

-12
8T°F2-2.09u x 107 Epe g’

Thermal Conductivity (B.t.u./hr.-ft.-°F)

T°K
1100

78.52
1200

76.96
1300

T7-87
1400

77173
1500

78.81

1600

- .0099 (T°K)

.0086 (T°K)

1

.0093 (T°K)

.0092 (T°K)

L0099 (T°K)
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Table 1 (Continued)

Porous Tungsten:

Measured internal area by gas adsorption 0.0116 sqg. meters/gr.
Original Powder Size 20 micron = 6.56 x 1077 rt.

0.06726 1b.-mass/Standard Cubic Foot - Nitrogen
0.01034 1b.-mass/Standard Cubic Foot - Helium

Viscosity:
uNg(lb-—mass/ft.-hr.) = 0.04017((t°F/L91.7) + o.95u9)0'756

by (1o--mass/Tt.-hr.) = 0.04525((L°F/491.7) + 0.93149)0 O47

Heat Capacity(B.t.u./SCF-°F at Constant Pressure)

6

cp (nitrogen) = 1.513% x 107% + 2.426 x 1077 t°R - 2.557 x 10

Cp (helium) = 1.289 x 10'2

Thermal Conductivity ~ at t°F:

Ky (620°F) Cpy, (t°F) By (t°F)
2 2 2
CpN2(620 F) MN2(620 F)

k..'N (B.t.u./hj('.—f‘t,..c’]_?) B

2

3 kHe(620°F) pHe(t°F)
Hife (6200 F)

kHe(B.t.u./hr.—ft.~ F)

~-10 +

RE
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APPENDIX C

Experimental Data
Individual Run Data



INDIVIDUAL RUN DATA

TABLE 2

OPTICAL PYROMETER TEMPERATURES AND CYLINDER POSITION PAIRS

POS{TION ON TUNGSTEN CYL{NDER IN (M.

OPT ICAL PYROMETER TYEMPERATURES --

RUN
IDENTIFICATION

05
06
a7
08
14
15
l6
24
25
26
31
32
33
36
35

CYLINDER
TOP BCTTOM

M.

54 .29
64 .29
64 .29
64 .26
64 .47
64 . 47
64,47
64,51
64 .51
64 .51
64 .23
64,23
54 .23
54423
54 .23
54423
64,23
64,19
64 .16
64.19
64,19
64,16
64,19
64 .19
b4 .16
&4 . 19
54 .19
64409
o4 . 09
04 4 S
54 4 L9
64 .49
64 .{9
64 .L9
64 .L9
[ ]
&6 . L9
& o {9

CM,

€0.67
60.67
£0.67
6C.67
€C.59
50.69
&C.69
6C.72
6L.72
6C.72
6C.58
6C.58
6C.58
674,58
60.58
€0.58
60.56
€0.39
6L.39
5C.39
$C.39
£C.329
6C.39
6L.39
6£.39
£0.39
€L.3¢
6J.44
5{.44
50.44
6L 44
5L.44
$0.44
£C.44
5C.44
404
6C 04
L e04

HOLE 78

CM,

64430
64.30
64430
64430
64,21
64421
644,21
HL 4 26
b4 .24
64424
64413
64.13
64413
66,13
64,12
64,13
64,13

€2,98 1

63.98
62.68

62.98 1i
53495

$2.95%
62,98
52.93
62.¢%
62,98
64 .02
64402
544,02
64,02
64,02
54402
54,02
54,02
54,02
64402
64402

T(C)

10ba.
1060.
102%.
932.0
856,90
758.9
758.0
759.9
759.0
868.9
885.0
B82.0
882.0
882.0
33540
94 8.0

DEGREES C

HOLE 7A

[

63.55
63.56
63.55
63.55
63.45
63.45
63.45
63.48
63.48
63.48
63.38
$3.38
$3.38
53.38
$3.38
63,33
63,38
63.22
63,22
63,22
£3.22
£3.22
$3.22
63.22
63.22
63.22
63.22
$3.25
63.25
63425
©3.25
53,25
$3.25
63.25
63.25
62.25
62,25
63.25

T{C)

%08.0
811.0
929.0
11€é.
962.0
933.0
95640
82540
809.0
840.0
8567.0
881.0
870.0
858.0
881.0
387.0
904.0
870.0
971.0
1072,
1085.
1069.
1902,
983.0
953.0
854G
896.0
818.0
8l8.0
795.0
735.0
919.0
938.0
923.0
$23.9
923.0
911.0
91640

HOLE
M,

62.62
€2.61
52461
52.62
52.54
£2.54
£2.54
62.57
62.57
62.57
62.46
£2.46
S2.46
£2.46
€2.46
€2.46
52.46
£2.29
£2.29
62.29
62.29
62.29
62.29
62.29
£2.29
82.29
£2.29
62.3%
52434
$2.34
£2.34
52424
$2.354
€2.34
62434
52.34
62.34
62.34

6
T(C}

776.0
794.0
939.9
ilesg.
971.0
912.9
927.0
870.0
804.0
E48.0
857.0
869.0
855.0
835.0
850.9
82640
862.0
758.0
860.0
991.0
1051.
i010.
G14.0
R58.0
£56.0
TET0
#515.0
B6.0
B86.0
R45.90
845.0
940.90
843,90
923.0
92340
923.0
876.0
887.0

HOLE
CM.

61.70
61.68
6169
6l.71
6l.61
6l.61
61.61
51 .64
6l.64
61.64
61.54
61.54
€l.54
61.54
61.54
6l.54
61.54
61.37
61437
61437
51437
614327
61437
61437
61.37
61437
61.37
6l.62
61l.42
6le62
61l.42
6le42
61.42
€i.42
6l.42
6l.42
61l.42
ble62

5
TiC}

824.0
B46.0
991.,0
1273,
1038.
971.0
1000.
915.0
863.0
B9S .0
901.0
912.0
S07.0
898.0
915.0
209.0
©29.0
840.0
2919.0
1009.
1053.
1010,
903.0
£879.0
&841.0
T7€.0
200.0
228.0
928.0
886.0
§86.0
§5649
951.0
93540
935,90
°35.0
969.0
980.0

HOLE &

CM.

50.76
6G.76
60,77
50.78
60.73
€0.73
60,73
60.76
60.76
40.76
50.65
60.65
60.65
5C.55
60.65
60.65
60.65
60.47
60407
60.47
60.47
50.47
50.47
50.47
60.47
50.47
60.47
60.51
60.51
60.5%
60.51
60.51
60.51
50.51
80.51
50.51
50.51
60451

TRCH

926.0
954,0
1074,
1256.
1022,
502.90
100:.
936.0
909.0
931.0
904.0
915.0
927.0
G22.0
945,0
972.0
97640
10490,
1095,
1123.
1G96.
1072,
992.0
964.0
935.0
862.0
375.0
A6 7.0
897.0
871.0
871.0
96D.0
884.0
B73.C
B73.0
873.0
943.0
Sa8,.0

9ct



TABLE 3

INDIVIDUAL RUN DATA
THERMOMETER AND TrERMOCOUPLE REACINGS

ALL TEMPERATURES [N DEGREES F

THERMOCOUPLES-~-~ LOWER INSIDE QUTYSIDE AREA QOF
LOWER PIER TEMPERATURES MARINITE BUS  TUNGSTEN TUNGSTEN THERMOCQUPLE
RUN RO CM INLET GAS OQUTER INTER BLOCK CYLINDER CYLINDER NUMBER 14
I0ENTIFICATION TEMPERATURE TEMPERATURE NOo 1 NGo 2 ANGe 3 NO. & NOo &6 NOO 7 NOo B NOO 14 ND. 16 (SQeFT4}
05 86 o4t 75. 0 250, 387. E85.0 956.0 613, 1122. 112, 108, 1210, .001022
(4233 86 .4 75 262 406 71 8. 1001, 617, 1132, 115, 10390. 1211, .001023
07 85 .8 The 320. 458, 887. 1254, 743, 1428, 127. 1361 1545, «0ci02:
o8 82 .4 72. 407, 613. 1095. 1550. 899, 181<c, 135, 1734, 2003. . 001023
14 7846 73, 323. £03. 1079. 1345. 765, 152¢, 1l46. 131 6. 1600. «001025
15 777 73, 268, 482, 865, 1090. 650. 1161. 139, 933, 1229, «00.022
18 77. 73 312. 580. 1038, 1299. 749, 1455, 12, 11e 7. 1«82, «00102:2
24 86 80.9 313. £55. 945, 1168. 561, 1165. 125, 1481, 1291, .001023
25 82,7 76.9 2T4a 475, 808. 994, 602. 1117, 120. 1045, 1260. «001022
26 83.3 7604 285, 487. 82%5. 1007. 594, 1143, 126 1165, 1205, .001022
31 TBe8 T4s5 308, 526 8¢ 8. 1129. 644, 1271. 130, 1135, 135¢. «001023
32 78.8 T4a 5 308, 526, <8, 1129. ©ba4, 1271. 120, 1135, 1252, .001022
33 7848 The 324. 546, 922. 1162+ 705. 129%., 138, 225, 1233, «001022
34 78.8 Tée 324, 5456, G22. 1162. 705. 12%9%. 138, G36a 1232, «0010Q22
35 . 80.6 7845 336, 555, 250, 1105, 748, 1336, 143, 840 1350. .001022
36 82.64 7845 355. 600, 10¢8. 126%9. 819, 1420. 148, 857, 1020, «001022
37 BZ2e4 7845 355. 500, 1008, 1269, 819. 1420, 148, 857, 1420, 001022
45 B4 .4 82. 37¢. 620. 563, 1385, 967, 1547, 145, 1920, 1574, O,
45 B4 .4 824 273, 620 S63, 1385, 967, 1547, 145, 1920. 1574, 0.
&7 84 .6 8245 385. Cid, 99 1. 1409. 1007 1710. 156, 1014, 1777, 0.
48 B84 o4 82.5 37¢9. 627. 958. 1342, 943, l164f. leél. 1834, 1782, Q.
49 B4 .2 8245 367 6504 . 922, 1313. @&78. 1541. 161, 1829, 16€2. 0.
50 84,2 82. 334, 555. 839, 1190. 819, 1299, 157, 1784, 1464, Q.
51 84,2 82. 334, £55. 839, 1160. 819, 13290, 157, 1754, 1454, Ce
52 8442 824 322. 526. 794, 1126. 783, 1300. 152, 1706, 1430. O.
53 82,8 82. 295, 478, 65 1025, 671, 1tel. 140, 1585, 1288, O.
54 83.8 81.5 295. 478. 692, 1025. 671, 116, 140, 1555, 12¢e. 0.
62 B6.5 79. 309. 565. BB, 1262. 669, 1295, 134, 1716, 1270, «001022
&4 85 .4 79 309. 5565. G88. 1262. 666, 1295, 134. 1716, 1327Q. «0G1 022
&6 86 .4 79.5 309. 555, 588, 1262. 69, 1295. 134, 1724, 1361, « 501022
68 BH oS 7G.5 309. 565 $88. 1262. 659, 1295, 124, 1734, 13561, £0019022
70 85 o4 80. 286, £36. 9327, 1231. 769, 1428, 131, 1601. lacl. «001022
72 86 o4 80. 286. 536. 937. 1231. 779. 1435, 131, 1560, 1465, -0010272
74 Bbab 80. 280. 523 915. 1214e 783, 1445, 130, 1484, 1650, «001 0232
76 85 .4 80. 28G0. 523. Sl5. 12144 783, 1449, 130. 1684, 1460, «001023
78 8644 §0. 274, 512. 9CG 0. 1194, 783, i4ac, 129, 1484, 1460, «001022
80 6. 79 282. 528, 934, 1256, 874, 15G1. 130. 1186, 1460. «001023

82 86, 79, 282. 528. G4, 125¢, 881, 1520. 1320, 1196, 1490, »001022

PR AN



TABLE 4

INDIVIDUAL RUN DATA
TYLINDER SPECIFICATICONS, FFAT GENERATION AND FLUID FLOW

CYL INDER CYLINDFR SPECIFICATICNS HEAT GENERATION VOLTAGE PFOBE
RUN LENGTH MASS 0.D. 1eDa AMMETER SHUNT CYLINDER PPOBE Z-PCSITION(FT.) FLOW-STANDARD
IDENTIFICATION (1IN {GR.) {ING3 {IN.) MILLIVOLT DROP VOLTAGE DROP A B CU. FTa/22,
C 05 l1e431 17.643 <416 276 1.686 1455 «0683 -.,047¢ 10.72 N2
C q6 1,431 17.642 416 .276 1.648 01422 «0482  -,047F% MNZ
C 07 le4dl 17.647 416 «276 2.150 . 2285 <0482 -.0478 n2
C 08 l.4%1 17.€43 415 276 2.87¢ « 3686 L0682 -,0475 12.¢ N2
D 14 1.4€2 18.204 416 276 2.19 .236¢ «0483 -.0475 7.22 NZ
D i5 1.4G2 184306 415 276 2.286 2335 20482 ~,0475 12452 N2
ol i6 1.492 1€.30¢ 416 275 1.949 .1802 «0483 -.0475 {2.10 N2
D 24 1.487 17.51% e4ll <275 1.503 «15857 0482 -,0675 6.72 NZ
0 25 1.487 17.51% <41l 276 1.752 £1711 J0&83  -.067F 10.7 N2
b 26 1.487 17.511 Wb1l .275 le722 1788 .0483 -.047% 11.5% N2
o 31 1e434 18.78< <405 277 le762 2062 <0483 -.0475 6.67 N2
N 32 1.434 15.784 405 £277 l1.763 « 2062 <0483 -,0475 67 N2
n 33 1.434 1£.784 «405 $277 l.B84 £ 2242 L0483 -,0475 A.G¢ N2
o] 34 Le&34h 1C.784 <405 .277 1.884 2242 «0482 -,047C BeQs N2
D 35 LebZ 4 1£.78¢ «405 £277 2.0549 .228¢ «0483 -.,0475 10.27 N2
D 36 1e634 1£.784 «405 277 2.256 £ 262 «0483  -,0475 1¢a2s N2
n 37 l.434 iE.78¢ 405 277 2.346 . 2807 $J082 -,0475 le.28 N2
S 45 14504 184400 416 275 2ea4ll « 2045 20483 - ,0478 1S, N2
£ 46 1.504 18,400 415 <275 2.411 2172 «0483 -.0475 1c. N2
£ 47 1.504 3 8.400 «41b 275 2.837 «250R «0483  ~,047F le. N2
= 45 1.504 18.400 <416 «275 2.383 «274C «0683 -.0475 12. N2
£ 49 1.504 18.400 416 <275 24396 .270% «0482  -,0475 12, N2
£ 50 1.504 184400 416 275 24353 «2425 .0483  ~,0475 15 Ne
£ 1 1.504 18,400 416 «275 2.353 « 2425 «0483 -.0475 15, N2
£ 52 1.504 18.400 416 .275 2.289 « 2265 20483 -,0475 1 6. N2
S 53 1.504 18.400 418 «275 2.103 .1780 «0483  -,0475 15, N2
£ 54 1.504 184400 4ls 275 24116 1952 «C6B3 -.047% 15, N2
D 62 letd4 12,784 «405 27 1.285 «2382 «0459 -,048 2. HE
3 64 le434 1£.784 405 2277 1.266 «2166 0450 - ,048 3a HE
[ 56 le434 1E.784 4GS $277 1.209 2072 «045C  -~.06% 2. HE
D 68 l.434 1€.784 <405 £277 1.209 .2132 .0450  ~,048 ER HE
0 70 l.a24 1£.784 <405 $277 l.411 .2980 «04589  -.048 9 e HE
0 12 lo434 1£.784 «405 « 277 le3al «3031 «0459 -.04R 9.5 HE
D Ta 1.434 1£.784 gl 277 14213 « 3085 .06459 -,048 11.25 HE
D 75 1.434 f.TEL 405 277 1.13 .1425 «Ge59 -.068 11425 HE
D 78 1e434 1E.784 <405 $277 l.198 «225% 0459 - ,04R 11e2% HF
B 80 lab34 1£.7864 405 «277 1.813 «2779 0459 - ,048 20. HE
&} 82 1.434 1£.784 405 £277 1.821 <3777 L0459 -,048 27, HE

gctl
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APPENDIX D

Regults of Individual Run Analysis



TABLE 5

INDIVIOUAL RUN ANALYSIS
HEAT BALANCES

ALL FEAT FLUXES(Q) IN BeT.U./HR.

Q GENERATED IN CYLIADER + Q INTO CYLINDER (TGP AND BUTTOM)
- Q OUT AT CYLINDER WALLS (INSIDE AND GUYSIDE} = C ABSORBED IN GAS.

R]UN
IDENTIFICATION Q{(GENERATED) Q(IN TOP) QUIN BOTYOM) Q{CUT x=L) QI{0UT X=03 Q{ABS. IN GAS)
05 128.1 78.2 60.8 100.¢€ 16.1 15043
Gé 122.2 6442 63.9 93.2 17.3 140.0
o7 254 . € 47.8 27.5 108.5 23.5 208.2
08 543,56 -9.1 -57.8 152.4 47.2 277.1
14 277.8 -22.2 -39,.9 110.1 2842 67.3
15 286.8 -27.4 -25.¢ 116.9 32.4 7443
24 124.1 -20.6 -4.8 79.1 6.° 2.7
25 160.56 -10.9 0.7 86.2 17.8 46,9
26 164.¢ -10.6 1.9 92.6 17.8 45,5
31 186.7 -34.4 -390.0 S7.8 19.8 4.9
33 217.¢ -25.0 —2i46 G2.¢ 25.0 53.8
34 217.56 ~Z8.3 ~25.4 89.5 23.7 49.9
35 24245 -23.7 -25.3 92.4 27.5 732.1
36 209.°5 -20.0 -12.1 85.8 27.5 164.2
37 341.1 -21.3 -17.1 G0.6 29.5 182.7
45 278.2 95.8 103.5 87.5 -0.0 390.4
46 292.2 57.0 89.7 105.7 0.0 333,1
47 397.0 14.0 £8.5 117.5 -J.0 362.3
438 355.C 2.8 21.3 126.5 0.0 252.8
49 252, ¢ 10.0 31.4 134.8 -0.0 259.1
50 212.2 19.53 52.2 129.3 -0.0 254,.1
51 312. € 2545 47.7 128.8 -0.0 257.0
52 28444 28.8 57.9 124 .8 -0.0 24643
53 205.2 37.1 63.6 li2.3 -0.0 193.8
54 225.8 cled 47.8 120.3 0.0 17¢.8
70 218.9 -22.2 -26.5 99.2 6et 64.0
72 21047 -25.7 -29.6 104.0 10.2 40.8
74 194, -19.8 -25.0 101.5 11.4 7.0
30 360.¢ -17.2 “41.3 97.0 2442 180.9

82 261 . E ~13.0 -41.% 99.5 24.9 182.7

0ET



TABLE 6

INDIVIDUAL RUN ANALYSIS
SOLID AND GAS TEMPERATURES

RUN ALL TEMPERATURES ARE [N DEGREES F --

{DENTIFICATION TUNGSTEN TH4ERMUCOUPLE INSIDE WALL EXIT GAS INLET GAS GAS AFTER GAS AFTER HEAT

WALL AT NUMBER 16 MARINITE AT BELCW PREHEATING ABSORBED FRGM

THERMO, NO. 1é THERMO., NO. 16 PIER IN PIER THERMO. NO. 1¢
05 1425, 1210. 1356. 1061. 75 196, 286.
06 1461, 1211. 1306. 1041, 75. 203, 301.
o7 170¢. 15454 1545. 1335. T4a 220. 328.
08 2172, 2008. 2025. 1526. 72a 226, 420,
14 178C. 1600. 1578. 1039, 73. 292. 518.
15 1674. 1229. 1514, 686, 73. 167, 350,
24 1598, 1291. 1145. 392. 8l. 308. 368,
25 14765, 1260. 1239. 612, 77. 265. 364,
26 155¢8. 1305. 1279. 522. Té6e 2032, 294,
31 1575, 1358, 1365. 513. 75 296, 471,
33 1571. 1333, 1389, 759. Ta, 253. 41¢,
34 1535, 1333, 1370. 722, Téa 252, 410.
35 1562. 1350. 1438, 793. 77 240, 308,
36 1537, 1420, 1453, 944, 79. 206. 320.
37 1584, 1420. 1489, 1032, 79. 206, 328.
45 139¢, 1574, 1613, 1187. 82. 166. 16€.
46 1580. 1574. 1748, 1074, 82. 167, 167,
a7 181¢. 1777. 1875, 1273. 83. 179, 179,
48 1924, 1752, 1877. 1430. 83, 239, 23¢.
49 1850, 1662. 1874, 1339. 83. 224, 224,
50 1677, 1454, 1774, 1136. B2 195, 19¢g,
51 1630. 1454, 1770. 1153, 82. 210. 210.
52 1572, 1430, 1705. 1033, 82. 183, 183,
53 144¢<, 1288, 1501, 901. 82. 177, 177.
54 1496, 1288, 1560. 834, 82. 177 177,
70 1724, 1461, 1502. lé644, 80. 943, 1005.
72 172%. 1465, 1547, 1327. B0. 901. 985,
T4 16912, 1460. 1533, 1156. 80. 820. 898,
80 16905, 1460, 1591. 935. 79 442 504,

82 1625. 1490, lel6. 1030. 79. 474, 5454

TET



TABLE 7

INDIVIDUAL RUN ANALYSIS
HEAT TRANSFER COEFFICIENTS AND CONDUCTION CORRECYION FACTOR

HEAT TQANSFER (GEFFICIENTS

RUN BeVola /HRe~F~=-
IDENT IFICATION REYNGLDS NUSSELTY VOLUMETRIC CLASSICAL LORRECTION FACTOR
NUMBER NUMBER === CU.FT, -=-- SQ.FT. FOR CONDUCTICN
05 £1112 . 0001678 3189, « 0947 «4445
06 .1101 . 0001487 2809. .0835 «4511
o7 .1065 .0001898 4054, .1202 4191
08 01225 .0001632 3800. .1123 6338
14 0663 . 0000490 1000. « 0294 <4201
15 «14325 . 0000561 926. .0272 4265
24 08¢4 « 0000024 35. .0010 «4121
25 <1250 «0000451 717. .0213 «4193
26 .1451 -0000417 61l. .0181 4090
31 .0823 . 0000047 75. .0022 +«3870
33 L1021 . 0000522 919. .0270 .3816
34 .1027 . 0000492 B851. .0250 «3765
35 ~1163 . 0000702 1248, «0367 .4088
36 +15¢€2 «J001633 3023. .0889 .3921
37 .1514 .0001800 3458, «1017 .2881
45 «1822 «0C004193 8506. « 2484 «4525
4b .19328 .0502586 %918, «1435 45678
47 «1 744 .0002503 5063, .1475 .5343
48 «1104 - 0001744 3754, .1094 «4153
49 .1228 «0001801 3756. . 1094 4127
50 «1518 .0001577 3792. «1106 4167
51 «14¢8 .0002107 4104, «1198 <4078
52 «1681 . 0002066 3786. .1105 4110
53 «16¢€2 . 0001825 3135, «0916 LG b4
54 «1710 . 0001536 2553, « 0746 «4198
70 0058 « 0000320 3922, .1153 « 2234
72 0122 .0000113 1301. .0382 <2096
T4 <0182 « 00000990 985. . 0286 .1834
80 04¢€8 . 00003590 3318. «0976 2230

82 «04C6 « 0000364 3580. .1052 2260

2eT
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TABLE OF NOMENCLATURE

Cross sectional area for conduction - sq. ft. bulk

af kY,

Nth constant of integration in the fluid phase temperature
equation :

he/FCp52

Nth constant of integration in the solid phase temperature
equation

Heat capacity of fluid - B.t.u./lb.mass.-°F
k
he/ky,
Characteristic diameter in laminar flow - ft.
Particle diameter - ft.
Pore diameter - ft.
Derivative
Exponential function
Fluid flow rate - lb.mass./hr.
Porosity - cu.ft.void/cu.ft. bulk
Conduction correction factor to obtain effective conduction
area from bulk conduction arca (excluding the volume porosity

correction factor)

Conduction correction factor to obtain effective conduction
length from btulk conduction length

Ratio of the factors - fL/fA
Volumetric heat generation rate - B.t.u./nr.-cu.ft. bulk

Constant term in the temperature dependent expression for G -
B.t.u./hr.-cu.ft. bulk

Mass flow rate - lb.mass./hr.—sq.ft.
Heat transfer coefficient - B.t.u./hr.~sq.—ft.°F

Volumetric heat transfer coefficient he
B.t.u./hr.-cu.ft.-°F
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Current - amperes

Conversion factor - 3.41276 B.t.u./hr.-watt
Ty, /TCpS,

Conductance - B.t.u./hr.-°F

Thermal conductivity of solid or fluid material
(nonporous form) -~ B.t.u./hr.-ft.-°F

Characteristic length in laminar fiow - ft.
Axial cylinder length - ft.

Length for conductance ~ ft.

Thickness of porous wall - ft.

Variable of the operator eguation

Heat flux - B.t.u./nr.

Resistance - ohms

Particle radius ~ ft.

Nth root of the operator equation - ft.-l
Volumetric porosity - cu.ft. solid/cu.ft. bulk
Solid phase temperature - °F

Fluid phase temperature - °F

Bulk volume - cu.ft.

Voltage - volts

The x dependent component of T(x,z) or G(x,z)
Dimension - ft.

Distance - ft.

Variable

Dimension - ft.
Distance - ft.

The z dependent component of 7(x,z) or G(x,z)
Dimension - ft.

Distance ~ ft.
Variable
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Subscrigts

AB = Variable measured over the range between the voltage probes
A and B

b = Bulk fluid temperature

i = Designates parameters associated with the ith term of the

Fourier Series

n = Designates parameters associated with the nth root of the
operator eguation

w = Wall temperature

Superscripts

1

Designates the derivative with respect to the
single variable of the function

!
I
i

Indicates an average value of the function

N

Greek Letters

o = Coefficient of temperature dependence in G
B.t.u./hr.-cu. ft.°F

o = Coefficient of temperature dependence in p - ohms/ft.-°F
I == Volumetric heat generation rate

B.t.u./hr.-cu.ft. solid

Yo = Bffective area for solid phase heat and electric
conduction - sq. ft. solid/sq.ft. bulk
y5 = Effective volume for heat generation - cu.ft. solid/cu.ft.
bulk
6? = Effective area for fluid flow - sq. ft. flow area/sq.ft.
- bulk
€ = 1Internal surface area of porous material

sq. ft. area/cu.ft. bulk
A = Coefficient in the argument of the Fourier series - nﬁ/L

1 = Gas viscosity - 1b.mass./ft.-hr.
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i = Constant - 3.14159

Resistivity - ohms/ft.

©
Il

po = Zero order resistivity term - ohms/ft.

Special Symbols

v = Nabla operator
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