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ABSTRACT

The heat-transfer characteristics of flowing and stationary packed-
particle beds have recently become of interest in connection with
conceptual designs of fusionwreactor blankets. A detailed literature
survey has shown that the processes taking place in such beds are not
fully understood despite their widespread use in the chemical industry
and other engineering disciplines for more than five decades. In this
study, two experimental investigations were pursued.

In the first, a heat-transfer loop was constructed through which
glass microspheres were allowed to flow by gravity at controlled rates
through an electrically heated stainless steel tubular test section.
The falling bed was treated as a pseudofluid and extensive data for
the local convective heat-transfer coefficient and Nusselt number were
obtained for the thermal~entrance region of heated tubes. Comparisons
were made with theoretical predictions based upon a fully developed

flat-velocity~profile assumption. Several predictions of the static
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effective thermal conductivity obtained from the literature apolied to
flowing beds were utilized in this regard. Experiments were conducted
for various particle sizes, flow channel diameters, and particle flow
rates.

In the second, an annylar packed bed was constructed in which heat
was applied through the outer wall by electric heating of a stainless
steal tube. Cooling occurred at the inner wall of the annular bed by
flowing air through the central tube. A second air stream was allowed
to flow through the voids of the packed hed. An error-minimization
technique was utilized in order to obtain the two-dimensional
one-parameter effective conductivity for the bed by comparing the
experimental and theoretically predicted temperature profiles.
Experiments were conducted for various modified Reynolds numbers less
than ten.

The information obtained in this study are necessary for the
design of flowing-bed-type fusion reactor blankets which serve the
dual purposes of heat transport and tritium breeding as well as for

stationary-bed-type blankets where the purge gas acts only as the heat-
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transport medium.

ajye



PREFACE

This thesis consists of three parts: i) problem definition; ii)
literature survey; and iii) experimental results. In Chapter 1, the
problem is defined and the detailed research program is outlined. An
in-depth literature survey is presented in the following three
chapters, Methods used in analysis and correlation of experimental
data for stationary packed particle bed heat transfer are reviewed in
Chapter 2. Various theoretical and semi-empirical models that have
been proposed to predict stationary packed bed behavior are presented
in Chapter 3. Previous work on falling particle Sed heat transfer is
discussed in Chapter 4. The falling particle bed experiments are
discussed in Chapter 5. Finally, the stationary annular packed

particle bed experiments are discussed in Chapter 6.
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CHAPTER 1

INTRODUCT ION

Packed particle heds have been a subject of interest for over
five decades. The chemical industry has made extensive use of such
systems in order to carry out catalytic reactions. The productivity
of catalytic converters depends heavily upon the ability to
efficiently remove the heat produced in the reaction. The
temperature in the bed must generally be prescribed to within narrow
Timits; a knowledge of the heat transfer in the packed bed is thus
necessary in order to maintain the temperature in the desired range
and to avoid local sintering of the particles. In the latter case,
the cooling characteristics may be drastically altered and the
reaction process may cease.

Mqre recently, packed particle beds made of various forms of
1ithium compounds have been proposed for use as fusion reactor
blankets. In these conceptual design proposdls, the particles in
the bed serve as the tritium breeder and sometimes also as the heat
transport medium. Knowledge of the heat transfer characteristics of
these systems is necessary since realistic estimates of the
temperature distribution within the blanket structure are of utmost
importance. Knowledge of the temperature distribution is needed in
order to estimate the stress levels within the blanket. In
addition, the heat transfer characteristics have a direct impact on
the design of the tritium recovery system inasmuch as the diffusion

coefficient is a strong function of temperature.



Analysis of the performance of these blankets, associated power
cycles, and tritium recovery equipment has been hampered by lack of
heat transfer data and by their dependence on the different design
and operational parameters. Lack of heat transfer data sometimes
forced the use of crude approximations in order to design these
conceptual fusion reactors. Any calculations based upon these data
can therefore only be treated as first order estimates. To this
end, this investigation has been undertaken in order to provide the
needed heat transfer data.

In particular, two blanket designs have providzd the motivation
for this study. The first, proposed by the Lawrence Livermore
National Laboratory (LLNL), incorporates a stationary packed

particle bed where tritium is bred and most of the fusion neutrons'

.energy is deposited, The second blanket design, proposed by the

University of Wisconsin, incorporates a falling particle bed that
serves as the heat transport medium and tritium breeder,

These two blanket designs will be briefly reviewed in Section
1.1, The abjectives of this research program are summarized in

Section 1.2,

1.1 Reactor Design Studies

The Magnetic Fusion Engineering Division (¥FE) at the Lawrence
Livermore National Laboratory (LLNL) has completed a conceptual
design of a Tandem Mirror Reactor {TMR) utilizing a stationary
particle bed blanket (Carlson et al. (1979)). The TMR blanket

consists of several rows of tubes called "pods" arranged in an



annular ring about the central cell as shown in Figure 1.1-1, The
diameter of these pods increases with distance away from the center
line of the machine so that the largest amount of breeding material
mav be incorporated. Groups of either six or ten pods are organized
into smal) subassemblies that allow for simple remote maintenance;
pods are removed by a moving service car operating down the bore of
the reactor. A cross sestion of the blanket and shield is presented
in Figure 1.1-2. The shield consists of pourec lead concrete inside
a steel case. The helium coolant flows through inlet and exit tubes
passing through the outer shield.

A cutaway view of a hlanket pod can be seen in Figure 1.1-3.
Helium at 350°C enters the pod near its center and flows outward
through the shell of the pod. At the ends, the coolant reverses its
direction and flows back to the central plenum through several tubes
where it exits at 550°C. The space inside of the pod's shell, but
outside of the coolant return tubes, is filled with granules of
Tithium oxide, A small purging flow of helium at the same pressure
as the main coolant, 60 atm, removes the tritium from the packed
bed. Tritium is expected to be easily extracted so Tong as the
particles are between 10 and 100 gm in diameter. Such particle
sizes and the corresponding modified Reynolds numbers (which are
based upon the particle diameter) are considerably smaller than

those generally discussed in the chemical engineering literature.



The SOLASE laser fusion reactor desigred by the University of
Wisconsin utilizes a gravity flowing particle bed bianket {Conn et
al, 1977). The SOLASE blanket consists of a spherical shell made
entirely of graphite with honeycomb-type construction. Lithium
oxide particles between 100 and 200 um in diameter flow under the
influence of gravity through these honeycomb-Tike channels. The
particles thus serve as both tritium breeder and heat transport
medium. A schematic diagram of the SOLASE cavity is given in Figure
1.1-4,

The blanket is made of several sections; i cutaway view of one
of these sectons is presented in Figure 1.1-5. Lithium oxide
particles enter the top of the blanket at 400°C and flow through
one of six zones arranged as concentric spherical shells. The
average particle velocity in the inner five zones is arranged by
flow control baffles to attain a uniform exit temperature of
600°C. This is done to match the loca) heat generation due to
neutron deposition which decreases radially away from the first
wall. The outer zone which contains 2% of the total flow rate is
used for tritium extraction, The exit temperature of this zome was
chosen as 850°C, compatible with tritium extraction. Tritium
extraction from the relatively large particles is expected to be
feasible so Tong as they are porous.

One of the main advantages of the flowing particle bed blanket
is its ability to "decouple" the first wall and blanket coolant

temperatures as a result of the relatively low heat transfer
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coefficient obtained {~ 2000 W/mZK). The first wall can therefore
be operated at temperatures significantly lower than the blanket
breeder and coolant; this is important from a radiation damage
viewpoint. Meanwhile, the temperature of the cooiant is chosen on
the basis of power cycle efficiency requirements. Such gravity-
flowing particle bed systems have generally not been discussed in

the Titerature,

1.2 Research Program Objectives

As will be discussed in the next few chapters, the heat transfer
data required for the design of the two types of particle bed
blankets presented in the previous section are not available in the
Titerature. Thus. this experimental investigation has been
undertaken to examine the heat transfer characteristics of
stationary and flowing particle bed type fusion reactor blankets.

A1l of the predictive models and many of the experiments which
have been presented for stationary packed beds correlate only the
contributions to heat transfer when the gas in the voids is
stationary. The turbulent contribution to heat transfer due to gas
flow is then left to be determined by experiment; most of these
experiments utilize particles larger than the range of interest for
blanket designs such as that for TMR. In all cases, the modified
Reynolds number for each experiment was greater than 10, the upper

limit of the range of interest here.



In order to model stationary particle bed blankets of the TMR
type, an experiment has been constructed where an annular packed bed
of soda-1ime glass microspheres contained by two concentric stainless
steel tubes is cooled by air flowing down through the central tube.
Heat is added to the bed at the outer wall of the annulus by
electrical heating of the stainless steel tube. The helium purge
through the blanket is modeled by a second, separate flow of air
passing upward through the annular packing. The aim of this
experiment has been to obtain heat transfer data for packed beds
similar to the TMR blanket design as a function of the various
design and operational parameters, namely coolant velocity, purge
gas velocity, and particle size. The effect of heat flux has also
been studied to separate out the radiant contribution., The outline
of the research program is presented in Table 1.2-1 vhich 1ists the
various combinations of exﬁerimenta] variables examined.

The literature presenting the heat transfer data for falling
particle beds is scant. In designing such systems the effective
thermal conductivity for 4 stationary packed bed with stagnant gas
is generally used. The validity of this assumption was not

previously known and has been assessed in this program.

Glass microspheres were allowed to flow by gravity through
stainless steel tubes of various diameters. The tubes were heated
electrically and the heat was transported away by the particles ;
themselves. The aim of this experiment has been to obtain heat w

transfer data for flowing particle bed blankets of the SOLASE type y



as a function of the various design and operational parameters,
namely bulk particle velocity, particle size, and channel diameter.
Variation with heat flux has also been studied to separate out the
effect of radiation, The outline of the research program for this
apparatus is presented in Table 1.2-2 where the various combinations

of experimental variables examined are listed.



Table 1.2-1 Combinations of Experimenta) Variables Studied

in the Stationary Packed Bed Experiments

Purge Air Particle Size Range (um) Power
Superficial 177-250 420-590 590-840 Leve}
Velocity (cm/s) Coolant Air Velocity (em/s) (W)
200 | 500 | 200 | 5001 200 | 500
10 . X X X X X X 100
X X X 150
X X X X X X 100
20
X X X 150
X X X X X X 100
30
b b b X 150




Table 1.2-2 Range of Experimental Variables Studied in the

Flowing Particle Bed Experiments

Tube Particle Size Range {(um) Heat
Size 177-250 420-590 590-240 Flux
(mm) Bulk Particle Velocity Range (cm/s) (w/cmz)

(4) 4.4-11.61 (4) 3.0-10.9 4) 2.1-10,7 | 2.55

7.75 | (3} 7.7-13.3| (3) 6.2-12.3 (3) 4.7-10.4 | 3.35
(3) 7.6-11.8} (3) 5.8-10.9 (3) 5.5-11.5 | 4.20

(9) 3.5-11.84 (9) 3.7-13.3+ 2,55

13.8 (8) 4.4-13.94 (9) 2.4-14.3+ 3.35
(8) 4.9-15.3% (9) 3.7-15.1+ 4.20

(6) 1.3-3.7 (5) 0.9-3.0 2.10

24.8 (7) 1.3-7.2 (6) 1.1-3.7 (4) 1.8-3.6 2.55
{12) 1.8-6.6% | (5) 1.8-3.8 {3) 2.2-3.5 3.3

(#) Number of data points collected in the indicated range of

velocity.

* Etire range of data repeated to demonstrate reproducibility.
+ Radial exit temperature profiles collected.
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Figure 1.1-2, TMR blanker and shisld obtained from Carlson et al. (1979),
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CHAPTER 2
EXPERIMENTAL METHOOS IN PACKED BED HEAT TRANSFER

Research into the heat transfer aspects of packed bed systems
has generally been attacked using the “pseudohomogeneous” approach.
The solid-fluid system is treated as if it were a single phase
through which all the heat transfer occurs. Although the physical
properties expressed in the defining differential equations and
boundary conditions are greatly simplified by this process, they are
merely mathematical simplifications to the true system; thus, they
are generally termed the effective properties of the packed bed.
These ideas have been reviewed by Yagi and Wakao (1959), Baddour and
Yoon (1961), Specchia, Baldi, and Sicardi (1980}, and especially by
Kuikarni and Doraiswamy (1980).

The earliest studies attacked the situation in a one-dimensional
fashion analogous to that of flow through empty tubes. An overall
heat transfer coefficient for the system, ho, was defined based
upon the log-mean temperature difference between the average gas
temperatures in the inlet and exit planes and the wall temperatures
at these planes. The heat transfer coefficient hO obtained in
this fashion dépended on the particle to tube diameter ratio and was
generally proportional to a fractional power of the modified Reynolds
number of the gas stream, which was based upon the particle diameter

and the average superficial gas velocity.
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The previous method defined the overall system behavior quite !
well, but did not provide the opportunity to predict the temperature
distribution within the bed., Such predictions became necessary when
the temperature in the packed bed was to be prescribed within narrow
limits so as to obtain the most efficient conversion in a chemical
reaction or to avoid sintering which would cause grave changes in
the heat transfer characteristics of the system. To this aim,
two-dimensional methods have been developed incorporating one, two,
or three parameters to describe the temperature profile. These
parameters were obtained by matching as closely as possible the
experimental and pseudohomogeneous theoretical temperature profiles
or differential equations.

The first of these two-dimensional models incorporated an overall
effective thermal conductivity, ko’ The early investigators treated
the superficial gas velocity, and therefore the averall effective
thermal conductivity, as constant across the tube diameter. Later
investigations demonstrated that the velocity profile in fact varied
with radius exhibiting a peak near and decreasing at the tube wall.
This peak was attributed to the increase in void fraction near the ‘3
wall which was caused by forcing the bartic]es to conform to a
specific boundary. The decrease at the wall was attributed to skin
friction. Thus, modifications of the two-dimensional one-parameter
method have been conducted relaxing the assumption of constant
velocity. In this aim, reported isothermal profiles or simultaneously
measured nonadiabatic velocity profiles were utilized and pointwise ié

values of the overall effective thermal conductivity were computed
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based upon these data. The distribution of the overall effective
thermal conductivity with tube radius obtained in this fashion was
then similar to the velocity profile. The studies also showed that
the assumption of constant velocity became increasingly valid for a
given tube diameter as the particle diameter was decreased. The
overall effective thermal conductivity k0 was found to be dependent
upon the modified Reynolds number and the particle to tube diameter
ratio.

For packed beds with a practical particle to tube diameter ratio,
the experimental results tended to show that the superficial gas
velocity and the thermal resistance varied significantly, although
only within a particle diameter of the wall. Thus, a two-parameter
method was developed which incorporated an effective thermal
conductivity, ke’ constant throughout the packed bed. In addition,
the increase in thermal resistance near the wall was accounted for
by an additional wall heat transfer coefficient, hw’ effective
only in this narrow zone. Again, ke was an integral part of the
defining differential equation but hw was introduced through a
boundary condition at the wall, This method described the radial
temperature profile much better than the one-parameter method. The
effective conductivity was generally found to vary linearly with the
modified Reynolds number. The exact dependence of hw on the
modified Reynolds number has been a source of considerable

disagreement.
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The effective thermal conductivity incorporated the affects of
conduction, convection, and radiation between the different solid,
stagnant film, and gas region combinations and did not relate
specifically ta the conductivity of the solid kp or that of the
gas kg. The natural extension, therefore, was to segregate ke

into two parts, k . and kez’ acting in the radial and axial directions

er
respectively, Axial conduction was usually negligible in comparison
to bulk flow and such extension to three-parameter methods became
useful only for shallow beds or for flow at low gas velocities.

The purpose of this chapter is to review these experimental
methods and their results which served as a basis for theoretical
treatment, Discussion of the specific models proposed will be
deferred to the next chapter. Section 2.1 reviews the overall heat
transfer coefficient. The overal) effective thermal conductivity is
reviewed in Section 2.2, Next, the two-parameter method is

extensively reviewed in Section 2.3. Finaiiy, Section 2.4 briefly

discusses the three-parameter method.

2.1 Overall Heat Transfer Coefficient

The earliest experimental analyses of packed beds paralleled
those of fluid flow in tubes., Heating as well as cooling experiments
have been conducted. In all of the heating experiments, gas was
introduced to the packed bed and was heated by means of a steam
jacket which surrounded the tube and held the tube wall at constant
temperature. In the cooling experiments, the packed bed system was

surrounded by 2 constant temperature liquid jacket. The gas, which
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was introduced at a higher temperature, was thus cooled by the bed.
The correlations obtained from heating and cooling experiments
conducted in the same packed bed were found to be identical.

The studies which will be discussed here are 1isted in Table
2.1-1 along with the various paramaters of the system studied. All
of the particles used in these studies were quite large, being on
the order of a few millimeters. A1) of the tube diameters were
Tikewise small, the Targest being about 80 mm. The particle to tube
diameter ratio was therefore large, a parameter of great importance
as will be discussed. Metallic as well as Jower conductivity ceramic
particles of various shapes have been studied. When the actual
particle dimensions were not obtainable an equivalent diameter, as
defined by the respective authors, was tabulated. Various gases
have been studied, air being the one most often encountered,

The overall heat transfer coefficients are calculated from:
qQ-= hoAAtln (2.1-1)

where ( is the heat input or output from the packed bed, A is the
inside surface area of the packed tube, and aty s the Togarithmic
mean temperature difference between the air and the tube wall at the
inlet and exit of the bed, The correlations for h0 that have been
presented are listed along with their respective ranges of
applicability in Tahle 2.1-2.

Colburn (1931) was perhaps the first to study heat transfer in

packed beds. Colburn's correlation was presented in terms of a, a
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function of dp/Dt (Figure 2.1-1}, Colburn argued that the effect

of the particle to tube diameter ratio was based upon its effect on
the void fraction, Forcing the particles against a specific boundary
at the wall caused a localized increase in the void fraction compared
to the center of the bed. As dp/[)t was increased, a greater
proportion of gas flowed next to the wall increasing ho' As dp/Dt
exceeded 0.15, Colburn argued that the particles did not pack closely
in the center of the tube and increased the void fraction there. The
flow next to the wall, and therefore ho’ then decreased.,

Leva (1947) conducted experiments similar to those of Colburn and
correlated the overall heat transfer coefficient in terms of the
modified Reynolds number. The correlation depicted a maximum in h0
for dp/Dt = 0.15 which was found experimentally and also agreed with
the results of Colburn. Leva claimed that no correlation existed
between ho and the void fraction in the range studied; however,
the void fraction did correlate with pressure drop. For a constant
pressure drop through the bed, the superficial gas velocity increasad
with increasing void fraction. For constant Go’ the pressure drop
increased with decreasing void fraction.

The correlation predicted that h0 was proportional to (kg/ug) 0‘90,
a sole property of the gas. Leva tested the packed bed using both
air and carbon dioxide; large variations in Prandt! number were not
analyzed.

Leva and Grummer (1948) extended Leva's original work., They

tested particles of various physical shapes and thermal conductivities.

PR
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Leva's original correlation was then slightly modified to take these
changes into account.

The effects of surface characteristics were first studied using
particles of approximately the same thermal conductivity as Leva's
earlier work. Leva's 1947 correlation was assumed to apply to the
data and was used to calculate an effective dp. For beds with
spherical particles of nonuniform sizes,‘the correlated value of
dp was found to agree closely with the arithmetic average diameter
obtained on a volume basis. For Raschig rings it was found that the
nominal diameter should be used, while for cylinders the best
agreement was obtained when the average diameter of an equivalent
volume sphere was used for dp.

Data for particles with widely different thermal conductivities
were then obtained. For aluminum, cast iron, copper, and zinc the
observed values of h0 were considerably higher than predicted
using Leva's original correlation; therefore, the correlation was
multiplied by a function of kp. This function f1 is reproduced
in Figure 2.1-2. Leva and Grummer stressed that f1 was approximately
equal to unity for many materials of interest such as ceramics.

Leva, Weintraub, Grummer and Clark (1948) developed a correlation
similar to that of Leva (1947) hut for cooling of hot air iﬁjected
into the bed. A slightly different dependence upon the modified
Reynolds number was observed. The variation with particle to tube
diameter ratio was also different in comparison to the heating

case. The maximum in h0 was observed for dp/Dt = (.153, An attempt
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was made but no correlation between the overall heat transfer
coefficient and the tube length to diameter ratio was found.

Leva (1950) was concerned with extending his eriginal correlation
of 1947 to systems where the particie to tube diameter ratio exceeded
0.35. The power of the modified Reynolds number variation was taken
to be 0,75 and only the variation with dp/Dt was correlated,

Campbell and Huntington (1952) studied the heating and cooling
of natura) gas. Results similar to those found above were observed.
In place of the particle diameter, the reciprocal significant length
was taken as the surface area per unit volume of particles, S. The
effect of the Prandti number was not studied.

Chu and Storrow [1$52) analyzed the heating case and found results
that were much more complicated than previously obtained. Two
different correlations for the husselt number were presented for the
regions above and below a critical Reynolds number, based on the
tube diameter, of approximately 1600. These Nusselt numbers were
again correlated as functions of the modified Reynolds number and
dp/Dt but correlation with tne tube length to diameter ratio was
3lso found. As all the runs were made with air, the effect of
Prandt] number was not studied.

The authors indicated that for NRe < 160D there was no effect
of kp on ho; however, for NRe > 1600, kp did begin to correlate
with ho. This would tend to agree with Leva and Grummer (1948} who

ran most of their tests at high flow rates.



Gelperin and Kagan (1966) defined critical modified Reynolds
numbers and divided the flow into three separate regimes. These

were characterized as:

. NRe < 40 (1aminar flow)
. A0S Ny, < 1200 (unstable turbulent flow)
Née > 1200 (turbulent flow)

Both heztina and cooling experiments were run and correlated together.
The authors did not observe the maximum in ho as reported by Colburn
or Leva et al. They claimed that the error of previous authors
resulted from the fact that a single correlation should not be used
for both laminar and turbulent flow.

The authors then studied the effects of surface roughness on
the overall heat transfer coefficient and presented additional
correlations. To this aim, they defined an equivalent diameter
which takés into account the surface characteristics of the

particles and the tube:

4 €

de = ———-75——Sp+ D. A (2.1’2)

The critical Reynolds numbers based upon this equivalent diameter

then became dEGO/ug = 42 and 1200, respectively.



2.2 Qverall Effective Thermal Conductivity

To report heat transfer data in a form suitable for predicting
the temperature profile within a packed bed, the concept of the
overall effective thermal conductivity has been introduced. Several
assumptions are made in order to derive the governing differential

equation for such a system:

1. The.actua] heat transfer can be described by an egquivailent
mechanism consisting only of conduction and bulk gas flow;

2. at each point in the bed, the particle and gas temperatures are
equal;

3. radial conduction can be described by Fourier's Taw and the
overall effective thermal conductivity, ko, which may or may
not be treated as a constant;

4, axial conduction is negligible;

5. no heat is generated within the bed; and

6. the experiments are operated in the steady state.

Various schemes have been used in the literature to obtain ko
from the defining differential equation or temperature profiles
derived from the above assumptions. The first investigators assumed
that the superficial gas velocity and the overall effective thermal
conductivity were constant across the entire tube diameter (Section
2.2.1), The defining differential eguation could then be integrated
and comparison of the experimental and pseudohomogeneous theoretica?

temperature profiles yielded ko. Other early authors also assumed
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that the superficial gas velocity was constant but that ko varied
across the tube diameter (Section 2.2.2). Paintwise values of the
overall effective conductivities were then computed by directly
applying the defining differential equation to the experimental
data. Later investigators demonstrated that the superficial gas
velocity did indeed vary with radial position (Section 2.2.3).
Previously reported isothermal velocity profiles or simultaneously
obtained nonadiabatic velocity profiles were then utilized to modify
the existing correlations (Section 2.2.4).

Experiments have been run for both heating and cooling of gas
flowing in either the upflow or downflow directions. Each of the
methods described above will be discussed in turn, Table 2.2-1
lists the different studies to be reviewed in this section along

with the various parameters used.

2.2.1 Constant Superficial Gas Velocity, Constant k0

Early investigators assumed that the superficial gas velocity and
the overall effective thermal conductivity were constant across the

bed diameter. In this case, the defining differential equation is:

2
1ot , &%, .. ot
kO (FéF +6—r2') = GUCD 52 (2.2-1)

Equation (2.2-1) is easily integrated with a constant wall temperature
boundary condition; in addition, this solution is averaged over the

bed cross section to give:
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t -t
it = 4L el (2.2-2]
W 1 i 01.
where:
4 Lk0
- n-
T= m {2.2-3)
plo't

and the &, are the roots of Jo(ai) =0, The overall effective thermal
conductivity in this case is a truly average gquantity for the packed
bed. It is obtained by matching the experimental temperature profile
to the pseudohomogeneous theoretical equation presented in Equation
[2,2-2); the correlations obtained by this method are presented in
Table 2.2-2.

Verschoor and Schuitt {1951) studied the heating of air flowing
downward, The relevant parameter describing the reciprocal particle
length was taken to be the surface area of the particles per unit
volume of packed material, S. The size, surface characteristics, and
shape were thus accounted for and correlation with respect to SDt
instead of dp/Dt was presented. The effect of void fraction was not
studied. The correlation presented incorporated a static overall
conductivity effective even when there was no gas flow. The static
term was found to be proportional to a fractional power of kp/kg.

Hougen and Piret (1951) studied hot air flowing downward through
a packed bed cooled by a water jacket. Cylindrical as well as
spherical shaped particles were studied; the relevant particle

length was taken to be the square root of the surface area of the
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partic]e,\l‘s_p—.

The void fraction was accounted for and the solution for the
temperature profile was given by Equation (2.2-2) with T replaced by
€r. The overall effective conductivity was obtained by a méthod
incorparating the modified Graetz number:

¢ DZG

N, = a);f_kz (2.2-4)
The series on the right hand side of Equation (2.2-2) is denoted as
£ and can be plotted as a function of the modified Graetz number.
Such a plot, called an E-chart, is reproduced in Figure 2,2-1.
Since the temperature ratio in Equation (2.2-2) is determined
experimentally, the E-chart can be used to determine ko'

Note that the presented correlation does not predict a static
conductivity that would exist even when Go approaches zero. For
this reason, equations of this type have received considerable
criticism in the Titerature. The authors did not suggest using this
correlation outside the region of modified Reynolds number studied.

Molino and Hougen (1952) repeated the work of Hougen and Piret,
but for heating of air flowing downward. The authors stated that
their correlation determined for the heating case fitted the data of
Hougen and Piret {1951) for the cooling case quite well. Thus, they
suggested their correlation applied to bath heating and cooling, A
stagnant thermal conductivity was not presented. A variation with

particle to tube diameter ratio was not observed.
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2.2.2 Radially Varying k0

Other early investigators chose not to treat k0 as an average
quantity for the entire packed bed. Although Equation (2.2-1) is
based upon a constant ko’ it is used as the defining differential
equation for this case also. Graphical differentiation of the
gxperimental temperature profiles gives the quantities necessary to
evaluate pointwise values of ko directly from Equation (2.2-1).

In this method, the superficial gas velocity is treated as a constant
but the overall conductivity is found to vary with pesition throughout
the system. Correlations published by this qroup are presented in
Table 2.2-3.

Hall and Smith (1949} studied the upflow of air, The temperature
of the gas stream was measured at seven positions along a given
diameter at several bed depths. The particle temperature at these
same points was measured by inserting a thermocouple in the center of
a pellet. Smoothed radial temperature prafiles were then abtained
from a plot of the measured temperatures, The profiles were found
to be nearly parabolic and the difference between the particle and
gas temperature was small.

Originally, Hall and Smith tried to relax the assumption of
equality of particie and gas temperature. To this end they postulated
a solid to gas heat transfer coefficient and a separate overall
effective thermal conductivity for the solid and qas, kg and kg,
respectively. Analysis showed that wide variations in kg and kg

were caused by large fluctuations in terms centaining (tp - tg). A

P
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difference of only two degrees was found to cause more than 100%
change in the overall thermal conductivities calculated. They and
many other authors have discovered that the difficulty in accurately
placing thermocouples in their proper radial positions easily cause
errors of this magnitude.

Since the particle and gas temperatures were found to be nearly
jdentical, final data analysis was presented in terms of the single
Eonductivity, ko‘ Table 2.2-4 1ists the computed pointwise values
of kO for the 3.2 mm alumina cylindrical pellets studied. These
values were averaged over the bed depth at a given r/R and are also
reported in Table 2,2-4, Although the data were not conclusive, the
authors claimed that k0 decreased as the wall was approached.

The work of the previous authors was continued by Bunnell, Irvin,
Olson, and Smith (1949). This time, the superficial gas velocity
was varied,

The temperature of the gas and pellets at all positions in the
bed were found to be approximately identical. The radial temperature
gradients were again quite steep resulting in nearly parabolic
temperature profiles. The authors sugqgested this verified that heat
was carried off in bundles and did not mix readily in the radial
direction, Typical results of these two characteristics are presented
in Figure 2.2-2 for a bed depth of 152 mm-and various gas velocities.

The authors reported that the considerable variation with bed
depth was not consistent and was presumed to be due to local

nonunifermities in the packing, The overall effective thermal
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conductivity was thus first averaged over bed depth and these values
were then correlated; a 1inear dependence upon the modified Reynolds
number resulted. No variation of ko/kg with radial position was
reported for r/R less than about 0.8. However, as one approached
the wall, the data tended to show a decrease. This decrease in ko
was suggested to be due to the channeling near the tube wall caused
Dy the larger void space there. A correlation of k0 in the wall
region was not presented.

The data of Bunnell, Irvin, Olson, and Smith (i949) was reanalyzed
by Irvin, Olson, and Smith (1951). A slightly different way of
correlating ko was preseﬂted. Bunnell, Irvin, Olson, and'Smith
utilized the temperature gradients applied to Equation (2.2-1) to
first obtain (kO/ch). To obtain ko’ this ratio was then multiplied
by the specific heat and the mean value of the superficial gas velocity,
which was assumed to be a consfant, As was discussed above, straight
1ines were obtained from a plot of k0 versus Go' Irvin, Olson, and
Smith referred to studies of the velocity variation in packed beds
and explained these results as follows: G was actually not constant
across the bed cross section and thus what was actually being plotted
was (kO/ch) (cho) versus 6. This was simply plotting a
variable against itself, which of course gave a linear relationship,

This discrepancy was avoided by not applying the assumption of
constant gas velocity and correlating k0 directly in a ratio of
(kO/ch). This correiation was presented in terms of 3, 3 function

of r/R that was not presented. This was the first time that the
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superficial gas velocity was suggested to be other than a constant.
This idea motivated additional investigations to verify the exact
form of the radial velocity profile and its effect on the overall

effective conductivity, These will be discussed next.

2.2.3 Velocity Distributions in Packed Beds

As has been discussed, the variation of ko, especially near the
wall, has often been explained by the existence of a different void
fraction there than in the packing near the center of the tube. The
assumption of a constant gas velocity across the bed cross section
was therefore questioned also, For this reason, Smith and coworkers
analyzed the radial variation of G in isothermal beds.

Circular hot wire anemometers concentric with the tube axis were
used to measure the radial velocity profile. In this method,
nonuniformities in the bed were suppressed since the average velocity
at a given radial position was measured. Dependence upon the bed
height and depth as well as particle size was studied.

Morales, Spinn, and Smith (1951) argued the fact that (kO/ch)
varied with radial position provided additional evidence that the
mass velocity was not constant across the tube diameter, The
average velocity was measured at radial positions chosen by the

equation:

0.5
L= [‘ﬁm—l—‘] (2.2-5)

for n = 1 through 5. Use of these positions allowed the average
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velocity across the bed cross section to be computed from a single
arithmetic average. The thickness of the wire was sufficiently
smaller than the size of the peilets so that variations of the Flow
due to the presence of the anemometer were ignored. Reproducibility
was excellent for identical runs made on a given bed without repacking;
packing effects for thase beds with large dp/[)t ratios made
reproducibility difficult to achieve when disassembly and repacking
was involved.

Figure 2.2-3 shows typical resuits for the radial velocity
profile with G0 as a parameter, A decrease in the velocity at the
center of the bed as well as at the wall was observed with a maximum
located at approximately r/R = 0.7, The decrease near the tube wall
was attributed to skin friction and the decreate near the center of
the tube was attributed to a lower void fraction there than near the
wall. The packing depth was found also to be of importance. The
effect of skin friction near the tube wall was increasingly dampened
so that the velocity there increased with packing depth over that
found in the empty tube. Similarly, the effect of packing was found
to depress the velocity near the center of the tube so that the
velocity there decreased as the depth was increased.

The authors claimed a similarity hetween the radial velocity
profiles and the radial variations of (ko/ch) obtained by various
authors. This variation was postulated to be due at least in part

to the radial variation of G, Since the isothermal profiles could
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not be guaranteed to be independent of temperature, no attempts were
made to obtain ko from these data.

A more comprehensive investigation of this earlier study was
reported by Schwartz and Smith (1953), Their objectives wera to
obtain a correlation for the velocity profile and to determine the

effect of D,/d, i.e. when the assumption of a flat velocity

p!
profile would be approximately valid.

The anemometers were calibrated by measuring the velocity profile
in an empty tube via the usual laminar expression for the velocity

profile:

2
Ly [1 ] (%ﬂ (2.2-6)

Reproducibility of results was shown generally to decrease with
increasing dp/Dt. The bed was disassembled and repacked three times;
the average of these three tests was studied in each case. Divergence
from a flat profile was observed to increase with increasing dp and
decreasing Dt' For large values of Dt/dp’ the velocity profile was
quite flat in the core of the tube and exhibited a peak near the wall,
This peak was only about 20% higher than at the center for Dt/dp = 32,

For low values of Dt/d , the velocity profile exhibited large

p
gradients even near the center of the tube. For Dt/dp = 8, the

peak velocity was 100% above that at the center line, The peak near
the wall was observed to occur at approximately one particle diameter

from the tube wall independent of the particle or tube size. These
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results are compared in Figure 2,2-4, Following these observations,
it was concluded that deviation from the assumption of a uniform
velocity is less than 20% for Dt/dp greater than about 30.

The authors then derived a correlation for the velocity profile
based upon the Prandt] mixing length theory and experimentally
determined pressure drop data. This correlation is presented in
Table 2.2-5 and was compared with the experimenta) data as the solid
1ine in Figure 2,2-4, This correlation was shown to fit the

observed data quite well.

2.2.4, Effect of Velocity Distribution on k0

Because of the results presented in the previous section, various
authors have relaxed the assumption of constant mass velocity in
their computations of ko' Actual pointwise values of k0 can be
computed without the assumption of constant velocity by applying the
previously observed isothermal velocity profiles, or by simultaneously
observing nonisothermal velacity profiles, Both methods have been
attempted. Equation (2.2-1) assumes a constant overall effective
thermal conductivitv. Modification of this equation is thus required
to account for the variation of kO with r that was described above.
Allowing for variation of k0 and G with r, Equation (2.2-1)

becomes:

2 dk
16t , 9t 0ot _ ot
k(Fg?+ ) g & (2.247)
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The mathematical equations used by the various authors to analyze
the data and obtain k0 are listed in Table 2.2-6.

Schuler, Stallings, and Smith (1952) studied a system which was
identical to that used by Bunnell, Irvin, Qlson, and Smith (1949) in
their studies of the temperature profile. It was also identical to
that used by Morales, Spinn, and Smith (1951} to study isothermal
velocity profiles. Equation (2.2-7) is a first order differential
equation in the unknown k0 with all of the coefficients, fl(r)
and fz(r) (Table 2.2-6), known at any radial position. Thus, a
numerica: so]ution_resulted in the radial variation of ko'

In carrying out the above procedure, the nonisethermal velocity
profile of Morales, Spinn, and Smith (1951) was first converted to
account for nonisothermal conditions. To do this, the pressure drop
in @ nonisothermal bed was assumed to be the same as that in an
isothermal bed operating at the same bulk temperature and variation
of the friction factor was taken to be proportional to the -0.25
power of the Reynolds number. Such a correction leads to a very
moderate change of the results presented in Figure 2.2-3 or 2.2-4.

Resu}ts of k0 obtained in this fashion are reproduced in
Figure 2,2-5. The authors noted the similarity between this and the
radial velocity profiles presented previously. The mass velocity of
the gas remained an important parameter. Again, as dp/Dt decreased,
the radial variations in velocity became insignificant except near

the wall,
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Kwong and Smith (1957) developed a Sturm-Liouville salution to
the problem so that numerical integration of Equation (2.2-7)
resulted in ko' In this method, the necessity of first graphically
differentiating the temperature profile was eliminated. Only
Tc =(t° - tw) and TL =(tL - tw), the radial temperature difference
profiles 3t the entrance and at scme axial position L, were required,
Here, L wes not necessarily the bed exit.

Only - radial variation of k0 was assumed; a proper choice of
the axial position z = L had to be made. If L was too small, errors
in neglecting higher order terms were significant., If L was too
large, the temperaturé profile was found to be so flat that sizeable
numerical arrors involved in Eomputation were introduced, The
isothermal velocity profile data of Schwartz and Smith (1953) were
used in the computational process. It was assumed that the velocity
prafile was independent of temperature,

Results of the radial profile of ko were similar in form to
those discussed eariier, k0 was found to decrease near the wall
and in the zenter of the bed with a peak being exhibited at about
one pellet diameter from the wall. The radial profile for kn was
found to be invariant with axial position above a bed height of
approximately 0.05 m, The usual increase of ko with increasing
Go was observed and no variation with temperature for the
temperatura levels studied was found. Since the particles themselves
offered only a small part of the thermal resistance in the bed, the

vesulting effect of k_ on k, was observed to be small. The

p
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higher ¢ of ammonia was found to result in a sizable increase in
ko’ A correlation for their results was not presented,

Schertz and Bischoff (1969) computed k0 in the same fashion as
Kwong and Smith. However, simultaneous nonisothermal velocity
profile data and a correlation for ko were obtained. Typical
results for the measured radial velocity profile are presented in
figure 2.2-6; the isothermal profile is also shown for comparison.
Large differences between the isothermal and nonisothermal pfofi]es
were observed. The variations were found to be most pronounced when
a temperature gradient existed throughout the bed and when the
center of the ved was hotter than the edge.

A hydraulic radius was defined in order to correlate the velocity

profile to the physical properties of the system:

r, = (2.2-8)

Such a definition allowed the hydraulic radius to vary with r as is
shown in Figure 2.2-7. To obtain Figure 2.2-7, Schertz and Bischoff
used the data of Benenati and Brosilow (1962) and the data of Roblee,
Baird, and Tierney (1958). The velacity correlation is presented in
Figure 2.2-8. Here u is the viscosity of the gas at the hydraulic
radius in question and at the temperature measured there, H, is
the viscosity of gas at room temperature.

Smoathed temperature profiles and the equation listed in Table

2.2-6 were used to obtain ko‘ Results for the correlation of ko
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are pictured in Figure 2.2-9. A linear relationship with the modified
Peclet number was suggested and a static overall effective conductivity
was observed, A correlation was also presented (Table 2.2-6) where it

was approximately calculated that: kg/kg=7 and c2=0.055.

2.3 Effective Thermal Conductivity and Wall Heat Transfer Coefficient

Failure of the assumion of constant overall effective thermal
conductivity and the inherent complexities of utilizing a radially
varying conductivity led other researchers to expand their analyses
to two-dimensional methods which incorporated two parameters, For
most packed beds of interest where Dt/dp exceeds 30, the superficial
gas velocity is nearly corstant across the core of the bed. The first
of these two parameters, called the effective thermal conductivity ke,
is therefore treated as a constant. This has the advantage of retaining
mathematical simplicity in the defining differential equation. The
decrease in the thermal resistance near the tube wall is then accounted
for by the following method. The second parameter, called the wall heat
transfer coefficient hw, is postulated to occur simultneously with
ke in the narrow zone near ths wall, Assumption of a constant
effective thermal conductivity and a simultaneous Qa11 heat transfer
coefficient describes the temperature profile much more accurately than

the one-parameter method. The differential equation used is:

2
lot , at). at ]
ke(Fa—r' ! arz) 8% 52 (2.3-1)
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The boundary conditions are now modified to account for the wall
heat transfer coefficient, Table 2.3-1 summarizes the parameters of
the packed beds which will be discussed in this section. -Again the
same form of presentation is used as in Table 2.1-1.

Various methods have been utilized to obtain the two parameters
from the experimental data. These include applying simple energy
balances to the packed bed, graphically differentiating the data and
applying the defining differential equation, and analytically or
numerically integrating the differential equation and matching the
solution to the observed temperature profile. Since these are all
simply different methods of obtaining results for the same model,
they will all be discussed here. The specific correlations are
listed in Table 2.3-2.

Quinton and Storrow (1956) have presented perhaps the only
experimental study utilizing a constant wail heat flux instead of a
constant wall temperature, They found various advantages in such a
method: i) The variation of surface temperature along the length of
the tube was easy to measure. ii) The temperature profiles obtained
were pirabolic in nature and this fact could be exploited to
conveniently find average temperatures. They argued that a parabolic
profile was not actually obtained by the constant wall temperature
heating m2thod and that the magnitude of error varied with the fluid
Graetz number. i) The axial temperature gradient in Equation

(2.3-1) became a constant independent of r for large z.
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Values of ke and hw were determined as follows: Beyond a
certain entrance length, 8t/0z became a constant independent of r/R.
Solution of Equation (2.3-1) for constant §t/dz is then straight
forward. An energy balance over a section of the bed then relates
the constant wall heat flux to the constant axial temperature
gradient so that ke could be written in terms of known quantities.

Hanratty (1954) reviewed the Ph.D. theses of Felix (University
of Wisconsin, June 1951) and Plautz (University of [1linois, November
1953). The wall heat transfer coefficient for both of these authors
in systems with heating of air flowing upwards through beds of
spherical particles was found to be independent of dp/Dt and
proportional to a fractional pawer of the modified Reynolds number.
This independence of the wall heat transfer coefficient on particle
to tube diameter ratic was not observed with cylindrical particles.
Also, a different dependence on the modified Reynolds number was
observed. The results of Felix for cylindrical particles were
written in terms of a constant, crs which depended on dp/Dt as
reproduced in Table 2.3-3. No trend with dp/Dt was observed.

Plautz suggested that the difference in dependence on Go results
from the method of contact between the spherical or cylindrical
particles and the wall, The spherical particles possess only point
contacts whereas the cylinders may greatly obstruct the flow there.
The possibility for such a "noncontinuous" liquid film to exist is
therefore much greater. Using a mathematical treatment developed by

Dankwerts for such a case and using certain order of magnitude
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escimates, Hanratty developed a theoretical correlation identical to
Felix's correlation, It is interesting to note that the value of

¢ derived was equal to 0.95, the same as in three of the five

cases reported in Table 2,33,

Plautz and Johnstane (1955) reported similar results for Plautz's
work. A copper-constantan high velocity probe was used to measure
the radial variation of the bed temperature at various depths. Eight
readings 450 apart at a single radial position were averaged together
to give the gas temperature at that position.

The wall hgat transfer coefficient was calculated from an energy
balance on the entire column, No variation of hw with L was found,

A trial and error method was used to obtzin ke incorporating these
values of hw. A value of ke was assumed and a finite difference
scheme was used to solve Equation (2.3-1). This process was continued
until the predicted and observed temperature profiles matched closely.
The effective thermal conductivity was found to vary by less than 10%
up to a distance of one particle diameter from the wall.

Perhaps the earliest and most quoted work incorporating two
parameters was that of Coberly and Marshall (1951). High velocity
copper-constantan thermocouples were used to measure the temperature
profiles at numerous radial locations for various bed depths. The
observed temperature profiles were first plotted, then smoothed.

Such smoothed plots were reported to fit the data more closely than
the original curves. These smoothed curves were then graphically

differentiated to obtain the effective conductivity. Since this
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procedure was identical to that used to obtain the overall effective
conductivity, variation of ke with position was observed, The
average of ke obtained for each gas velocity and particle size was
used as the constant k, assumed in Equation (2.3-1). It was these
values that were subsequently used and correlated. A graphical
determination of the second derivative with respect to axial
position verified that axial conduction was indeed negligible.

To obtain values of h» further mathematical t{reatment had to
be presented, Since this mathematical treatment is perhaps the
authors' greatest contribution, it will be briefly reviewed.
Equation (2.3-1) is integrated to give a Sturm-Liouville solution
that is used to compare with experimental data. The boundary
conditions used and the series solution are presented in Table
2.3-4. Here t0 is constant across the inlet plane and tR is the
temnerature of -the qas extrapolated to the inside surface of the
wall. For ﬁlz greater than about 0.2, the authors stated that the
series converges so rapidly that only the first term needs to be
retained. A semilogarithmic plot of the temperature ratio versus
axial position yields the slope -tﬁki. Since ﬁﬁ is defined in terms
of ke and other known parameters, Al, and therefore hw, is obtained
from the eigencondition.

The effective thermal conductivity was correlated with respect to

the modified Reynolds number based upon the square root of the particle

surface area. The authors claimed that isothermal velocity measurements

verified the assumptions of constant G0 throughout the bed.
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The apparatus of Campbell and Huntington (1952) was mentioned
previously when they analyzed their data to arrive at overall heat
transfer coefficients., They aliso presented two-parameter data.
Since the axial temperature profiles were obtained along the
centerline of the bed, a specialized form of Equation (2.3-1) was
used to graphically differentiate the observed temperature profiles.
Qutside of this discrepency, their method of data analysis was
identical to that of Coberly and Marshall (1951). The authoés quoted
a minimum probable error in graphical differentiation of 20%. They
claimed that their correlation for kE applied not only to their
data using natural gas, but also to the data of Coberly and Marshall
(1951) using air.

Calderbank and Pogorski (1957) calculated ke and h, in the same
manner as Coberly and Marshall (1951). In carrying out the analysis,
radial velocity measurements confirmed that 6 was approximately
constant across the tube diameter for Dt/dp greater than 10. The
peak was again observed at one pellet diameter from the tube wall.
The results for ke obtained confirmed those presented by Coberly
and Marshail; the correlations were almostlidentical. The results
obtained for the wall heat transfer coefficient were closer to those
found by Coberly and Marshall than by Hanratty (1954). The mean
deviation of both of the correlations was expected by the authors to
be about 10%.

Yagi and Wakao {1959) studied packed beds with various packing

materials, including higher conductivity metals. The mathematical
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analysis used was identical to that of Coberly and Marshall. Only
two points were considered necessary on the semilogarithmic plot of
temperature ratio versus axial position, thus only two packing

depths were used.

Except for some scattering at relatively low modified Reynolds

numbers, the effective conductivity was correlated as:

L= E s (ag) Ny N (2.3-2)

Again a Tinear relationship with the modified Reynolds number was
obtained. The stagnant contribution was obtained by extrapolation
of the best fit line to no flow conditions. Yagi and Wakao stated
that (eg8) is the parameter characterizing the radial fluid mixing
and is defined as the inverse of the modified Peclet number due to

turbulent diffusion of the fluid:

dch
Npg = —E—g-" (2.3-3)
k
e
where:
kg = K0 + k: (2.3-4)

In the theoretical developments of Chapter 3, equations similar to

Equation (2.3-2) will be encountered repeatedly, It is for this reason
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that the correlation is listed here, The values of kg/kg and (of)
obtained are listed in Table 2.3-5. The value of kg/kg for metal
spheres is twice that for glass spheres and cement clinker particles.
Yagi and Wakao thus concluded that kg is dependent upon kp itself,
The correlation presented for hw was found to be equally valid
for the data of Plautz and Johnstone {1955) and of Felix (1951). No
variation of hw with kp was observed, The effect of the gas
Prandt1 number was not studied.
Phillips, Leavitt, and Yoon (1960) used the same defining equation
for the temperature profile as Coberly and Marshall but also used a
different method in which graphical differentiation became unnecessary.
They studied systems using various different gases and studied the
effect when these gases were actually adsorbed by the packing material.
Airki was graphically obtained in a similar fashion as Coberly
and Marshall, 1In (tw - to)/(tw - t) was plotted as a function of 2
for various &, The slope of these lines gave ﬁlkf. The value
obtaiﬁed for each line gave a check on the consistency of the data.
The magnitude of the vertical distance between any 1ine and the line for
£=0was equal to In Jo(Ale). Thus Ay could be used to determine
k- Previously, graphical differentiation to evaluate k; was
necessary so that Al could be calculated. Again Al and kE were used
to obtain hw'
The static contribution to ke was obtained in transient
experiments with stagnant gas contained in the packed bed. The

differential equation describing the process is similar to Equation
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(2.3-1). This differential equation, the initial conditions, and
the solution are presented in Table 2.3-6. The same method is used
to obtain kg as was described above for the steady state flow

case, The only difference is that plotting was done versus @ and

the slope is equal to p'xf. Of course since these experiments

0

e

The static conductivity was correlated with two contributions

were run with static gas, ke =k

one of which depended on the gas conductivity. The propane and
methane gases were adsorbed to a significant extent by the molecular
sieve pellets but the correlation was found to apply equally well to
the case of nonadsorbed gases. No presentation of hw was made.

Yagi, Kunii, and Wakao {1961) utilized the analytical temperature
profile derived by Coberly and Marshall in a similar fashion as
previous methods to obtain ke and hw‘ The data were again
correlated by Equation (2.3-3). Results for kg/kg and (@) are
presented in Table 2.3-7.

Agnew and Potter (1970) mounted bed thermocouples only along the
tube axis. Coberly and Marshall's analytical temperature profile
equation evaluated at r = 0 was used to analyze the data. The data
were correlated by Equation (2.3-3). Values of kg/kg and (af) are
reported in Table 2.3-8, The values of kg/kg obtained agreed
closely with the predictions of theory to be presented in Chapter 3,
{@B) was in the range of that reported by Yagi and Kunii (1957).

DeWasch and Froment (1972) utilized a system similar to Coberly

and Marshall, and Calderbank and Pogorski. Dt/dp varied between
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10.4 and 27.6. A *bump” in the temperature profile was obtained at

approximately one particle diameter from the tube wall due to the
range of Dt/dp used,

The authors claimed that the graphical differentiations involved
in the method of Coberly and Marshall could introduce scattering as
high as 40%. For this reason, a scheme was utilized to minimize the
sum of the squares of the difference between the predicted and
observed temperatures along the exit cross section.

The procedure was as follows: ke and hw were estimated so
that m (Table 2.3-4) could be obtained. - The An were then obtained
from the transcendental eigenconditions and the predicted temperature
ratio was computed. The first three terms in the series were used
and convergence was rapid. The parameters ke and hw were then
iterated to minimize the above error.

Thé correlations for ke and hw were both presented in a form
which incorporated static contributions. The static contributions
are presented for the different particles in Table 2,3-9. Fiqure
2,3-1 reproduces the radial exit profile for the 9.5 mm V205 pellets
in the 157.5 mm diameter 1.345 m long tube. Good agreement between
the predicted and measured values was obtained except for adjacent
to the tube wall.

Specchia, Baldi, and Sicardi (1980) averaged the temperature
profile presented by Coberly and Marshall aver any given bed cross
section and it was this equation that was matched to the experimental

data. A minimization scheme similar to that used by DeWasch and
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Froment (1972} was used to obtain the values of kg and h . The
first seven terms were necessary to obtain good convergence. The
best fit of the radial temperature profile for a bed of 6 mm glass
spheres is presented in Figure 2,3-2. The solid line predicted by
the two-parameter method is seen to fit the data quite well. The
broken line represents the best fit predicted for the one-parameter
_ method. This line was predicted by DeWasch and Froment (1972) but
was not discussed previously. As can be seen, the one-parameter
method is less accurate.
An extensive analysis of the literature was used by the authors
largely to modify theoretical treatment of ke and develop theoretical
treatment for hw' Discussion of these will be delayed until the next
chapter. Correlations for ha were, however, given {Table 2.3-2).
The flow reqime was divided into two separate regions and correlations
were presented for each. The modified Reynolds number was based upon
do’ the diameter of a sphere with the same external surface area as
the actual particle.
Although many investigators have used the method of Coberly and
Marshall, data reduction was very complicated, For this reason, three
experiments were conducted where the temperature profile could be
expressed in a much simpler fashion.
Yagi and Kunii (1960) criticized the correlations presented by C
Hanratty, and Yagi and Wakao for hW as they predicted that hw =0
for no flow. Yagi and Kunii sought to correlate hw in a form

incarporating a stagnant contribution,
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Yagi and Kunii claimed that these earlier studies revealed radial
temperature distributions which approached that of the constant wall
temperature, They thus designed an annular packed bed where the heat
flowed purely radially, ance there was no variation in the temperature
with axial position, the temperature profile was described by the
simple composite wall conduction expressions.

The temperature difference at the guter wall was found to be too
small to correlate hw there. Only hw at the inner wall was reported.
The effective thermal conductivity was correlated according to Equation

(2.3-2). Again, kg/kg was found to vary with k_. The experimenta’

o'
values agreed closely with the theoretical predictions of Yagi and
Kunii (1957) which will be discussed in Cﬁapter 3. Table 2.3-10
1ists the results of kg/kg and (af) ohtained for the different
packing materials, The quantity (@) was found to vary with De =2
as shown in Figure 2.3-3.

A static contribution to the wall heat transfer coefficient was
found and a linear variation with the modified Reyrolds number was
obtained. hzdp/kg and a are reproduced in Table 2.3-11. Assuming
there were no differences between annular and cylindrical packed
beds, Yagi and Kunii (1960) successfully applied their correlation
to the data of Felix, Plautz and Johnstone, and Yagi and Wakao. The
values of hwdp/kg and a, are also reported in Table 2.3-11, Yagi

and Kunj attributed the different values of aw to differences in

the packing states of the two systems. The data of Coberly and
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Marshall for cylindrical celite particies were found to have too
much of a spread to be correlated easily by Yagi and Kunii's
correlation.

Kunii and Suzuki (1966) studied a system similar to that used by
Yagi and Kunii {1960), The effective thermal conductivity was
correlated by Equation {2,3-2), (&) was again a function of dp/De
but the values obtained were somewhat higher than was reported in
Fiqure 2,3-3. Instead of presenting hw, heat transfer near the wall
was presented in terms of the effective thermal conductivity in the
near wall region. This was defined in terms of the temperatures
evaluated at dp/2 from the wall, t', and extrapolated to the tube
wall, tR, which were ysed in farming the gradient, kew was

correlated in an analogous fashion to kgt

ko0
eW _ ew . .
6 F W (2.3-5)

0 0 :
The vaiues of ke/kg, @B, kew/kg’ and obtained from the
experimenta) data are summarized in Table 2.3-12. Since the average
wall heat flux could be written in terms of kew and (tw -t} or ke

and (tR-t'), a relationship between hw’ ke’ and kg, Was obtained:

h d

-
LN PR S (2.3-6)
kg [Zkew/kg; zke/kg}
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Kunii, Suzuki, and Ono {1968) continued with the above treatment
in systems with high modified Reynolds numbers. This time a cylindrical
packed bed was used,

Equation {2.3-5) for the effective conductivity in the wall region
was found to be only approximate. It applied only to systems in
which the modified Reynolds number was considerably less than 1000.
Equation (2.3-6) was still found to be valid with the following

change in the definition of kew:

0
:‘ei : %ﬂ et wR "’ (2.3-7)
g q A prRe wp g
where
h*d
o Y g 20
9

Here, h; was called "the heat transfer coefficient of the boundary
layer an the wall." In calculating ke and b, an analysis similar

to that of Phillips, Leavitt, and Yoon was used, Again ke correlated
as Equation {2,3-2) where kg/kg = 14.0 and (@8) = 0.12. The
extrapolated value of kgw/kg was 8,0 as compared ta a theoretical

value of 9.0 calculated by the Yagi-Kunii model to be presented in
Chapter 3. Since Equations (2.3-5) through (2.3-8) will be encountered
again in the theoretical development of Chapter 3, they have been

listed here,
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2.4 Axial Effective Conductivity

The assumption that the effective thermal conductivity is identical
in the axial and radial directions is seldom found to be in serious
error. In certain cases, however, some authors have found it
necessary to divide ke into two components. The first is the usual
radial effective thermal conductivity, ker' The second is the
axial effective thermal conductivity, kez' Since axial conduction
is often neglected, few authors have expressed any interest in kez'
Those few papers dealing with kez which can be found wi”1 briefly
be discussed here.

In the case of the three-parameter model, axial conduction is

not neglected. The defining differential equation is thus:

2 2
er(%% +§r%)+ Koz g—z-% = Gocp gg (2.4-1)
The variables studied and correlations presented are listed in Tables
2.4~1 and 2.4-2, respectively.

Yagi, Kunii, and Wakao (1960) studied a packed bed which had no
radial temperature gradients. Since the axial temperature gradients
became quite steep for high air flow rates, the experiments were
restricted to Jower flow, With the above simplifications, Equation
(2.4-1) was easily integrated. Straight lines were then obtained
from semilogarithmic plots of the temperature difference, (t - to),

versus bed depth. Comparison of these profiles and the data yislded

.

kez
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The axial effective conductivity was correlated in a form analogous
to that for the radial effective thermal conductivity which was

presented in Equation (2.3-2):

k. kO
ez _ ez , ,, .
g = _g- +4 NPI‘NRE (2.4-2)

The stagnant a#ial conductivity kgz was obtained by extrapolation
to zero flow rate. The values obtained for kgz/kg and §' are
reported in Table 2.4-3,

The stagnant contribution, kgz/kg, was compared to the theoretical
prediction of the stagnant radial effective conductivity presented
by Yagi and Kunii. These values are also given in Table 2.4-3,
Agreement was found to be quite good; the authors found this to be
quite natural "because the random bed of solids is homogeneous in
all directions for heat transfer when no fluid is flowing."

The value of (@B) for the radial effective conductivity was
previously found to be on the order of 0.1 to 0.3. §' was found to

be 0.7 to 0.8. Thus at zero flow, ker =k and kez increased

ez’
somewhat more than k.. with increasing flow.
Some authors have assumed that kez = ker in calculations to
verify that axial conduction was negligible in comparison to bulk
flow. These results tended to show that this assumption was valid.

Furthermore, at low gas flow rates when axial conduction cannot be

neglected, systems can be analyzed by a method where kEZ = ker = ke.
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Kunii and Smith (1961) eliminated radial conduction in their
packed bed in a much more elaborate method, The temperature was
found to be constant across the exit cross section. A slightly
different temperature profile was presented and kez was obtainad
by comparison to the experimental data. Typical results for the air
runs are reproduced in Figure 2.4-1. Similar results were obtained
for the CO2 and He gases studied.

Bischoff (1962) estimated the values of kq, at higher flow
rates than had been previously presented based upon existing data
for ker and thegretical grounds. He compared the second moments
of the pseudohomogeneous temperature profile based upon a flat and
generalized velocity profile, respectively, to obtain a theoretical
form of kez/kg as related to ker/kg' Bischoff's correlation
incorporated a term that accounted for radial variations of the
velocity profile in ker. Bischoff claimed his correlation showed
that no simple linear dependence on Née could occur for kez
except at high flow rates. He also compared the data of Yagi,
Kunii, and Wakao (1960) and obtained fair agreement.

Yotruba, Hlavacek, and Marek (1972) studied a packed bed
incorporating the experimental method of Yagi, Kunii, and Wakao
{1960). Their aim was to extend values of kez obtained to a much
higher range of the modified Reynolds number, A nonlinear regression
scheme was used to match the obtained temperature profiles to a
theoretical tenperature profile and thus to obtain kez‘

In obtaining correlations, an equivalent diameter was defined as:
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(4/6)0,€

i eN0,/8,T 7 1 (2.4-3)

The values of k:Z/kg and Cs obtained are presented in Table 2.4-4.
Gunn and Khalid (1975) presented an elaborate mathematical
treatment of the pseudshomogeneous problem incorporating three
parameters. A solution similar to that presented by Coberly and
Marshall for the two-parameter method was presented. A minimization
technique similar to that used by DeWasch and Froment was used in

obtaining the values of k_ , k ,» and h . Results for the modified

er’ e
Reynolds number in excess of 40 were then compared to the literature.
ker obtained in this fashion were in good agreement with previous
authors. The wall coefficient was also found to be in agreement
with some of the literature. Disagreement with the balance was
probably not due to the different method used (i.e. three parameters
instead of two), but due to disagreement in the Titerature to date
among those utilizing the two-parameter method.

Specchia, Baldi, and Sicardi (1980) quoted the work of Dixon,
Cresswell, and Paterson (1978) on axial effective conductivity.
These authors found that accounting for a separate kez independent
of ker was only important for shallow beds and at low fluid velocity.
When studying beds of ceramic beads and steel spheres with Dt/dp
between 5,6 and 11.2, L/dp greater than 10 or 15, and Née between
70 and 380, the temperature profiles calculated with the two- and

three-parameter methods were found to be nearly identical.
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Table 2.1-1 Parameters Invalved in Experiments to Determine

the Dverall Heat Transfer Coefficient, hy

Particle Characteristics

Investigator| L{m) | Oy Gases
{mm) | Size | Material Shape Used
(mm )
Colburn 0.457 [ 34.3 | 4.76 | (2 types) pellets air
(1931) 9,53 pellets
1.16 {78.7 | 3.18 granules
6,35 granules
14.3 pebbles
22.9 | porcelain balls
25.4 | zinc balls
Leva 0.914 12,7 | 3.20 | glass beads {sphere air
(1947) 3,31 | glass beads |sphere |
50.8 | 3.61 | glass beads |sphere 0o
4.37 | glass beads |sphere
5.79 ] glass beads | sphere No
9.86 | glass beads |sphere
8,84 | clay sphere
12.9 | porcelain sphere
Leva and 0.356 | 20.9 | 4.29 | glass smooth sphere | air
Grummer 7.5 | glass smooth sphere
(1948) 0.914152.5 | 7,98 | glass smooth sphere
9.98 | glass smooth sphere
10.2x | tungsten smooth
8.1 sulfate cylinder
3.2x | cobalt oxide | smooth
6.4 cylinder
4.8x | cobalt oxide | smooth
5.6 cylinder }
6.4 clay smooth
Raschig ring [
9.5 clay smooth
Raschig ring t
2.3 lead shot smooth sphere i
15.1 | cast iron smooth sphere '
25.4 zinc :
6.4x | aluminum smooth
6.4 cylinder I
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Table 2,1-1 {Continued)

Particle Characteristics
Investigatory L(m) {0y Gases
(m) { Size | Material Shape Used
()
6.4x | copper smooth
6.4 cylinder
3,825} alundum rough
cylinder
4.0 aloxite rregular
sharp
4.3 aloxite irregular
sharp
Leva, 0.232120.% | 3.3 glass beads | sphere air
Weintraub, 4.3 glass beads | sphere
Grummer, 0.308152.5 | 5.2 glass beads | sphere Cog
and Clark 5.7 glass beads | sphere
(1948) 0.356 5.8 glass beads | sphere
9.9 glass beads | sphere
0.914 12.9 | porcelain sphere
Leva 15.8 ¢ 4.4 glass beads air
(1950) 5.2 glass beads
0.9 4 5.8 glass beads
1.6 glass beads
52,5 | 9.4 glass beads
10,0 | glass beads
10,4 | glass beads
12.7 | porcelain sphere
18.6 | porcelain sphere
9.5 porcelain Raschig ring
7.7 clay sphere
8.3 ¢lay sphere
8.9 clay sphere
7.0 copper cylinder
9.5 brass ring
Campbel 51 4.9 silica- cylinder natural
and alumina qas
Hunt ington 102 8.0 hydrated cylinder
{1952) alumina
152 7.2 tabular spherg
alumina
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Particle Characteristics
Investigator] L(m) | D¢ Gases
(mm) | Size | Material Shape Used
(mm)
8.3 aluminum cylinder
11.2 | tabular sphere
alumina
16.3 } aluminum cylinder
19.0 | qlass sphere
25.4 | qlass sphere
Chu and 0.3)5125.4 3.7 "SOVA" sphere air
Storrow catalyst
(1952) 0.610 0.99 | glass beads | sphere
4,9 glass beads | sphere
0.762 1.1 lead shot sphere
2.4 lead shot sphere
0.914 3.2 lead shot sphere
4,6 lead shot sphere
1.07 6.5 lead shot sphere
6.4 stee] balls | sphere
1.22
Gelperin 12 1.8 Tead balls air
and Kagan 2.5 lead balls
(1966) 4,2 lead balls Ho
5.2 lead balls
2.6 steel balls €07
5.1 steel balls
5.4 iron balls | rough surface { 75% Hp
1.5 silica gel 25% No
balls
2.5 silica gel 90% Hy
balls 10% Np
1.5 silica gel irregular
balls shape
2.5 silica gel irregular
balls shape
5.9 silica gel | irreqular
balls shape
5x5x1 | copper Raschig ring
5x5x1 | glass Rasehig ring




Table 2.1-1

{Cont inued)
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Particle Characteristics
Investigator | L(m) | Dy Gases
(mm) | Size { Material Shape Used
(mm)
2.5 ammonia irreqular
synthesis shape
- alumina gel | cylinder
50% lead balls | mixture
1.8
50%
2.5
50% lead balls | mixture
1.8
50%
4.2
50% lead balls | mixture
1.8
50%
5.2




Table 2.1-2 Range of Validity and Specific Correlations

Proposed for the Overall Heat Transfer Coefficient, h,

60

46
Colburn (1931) 200 € J;-E < 15,000
g

- 2 0.83
h, = 240 a (Go[m s/kg])

d6
Leva (1947) 100 € 22 < a000
Hg
0.90
hD 46
-g-t- = 0.813 exp(-6d_/D )(J-’-E) s d /0, < 0.35
prt u prt
g 9
45,
Leva and Grummer (1948) 100 € —E— < 10,000
g
0.9
h D 46
Ot 0.813 fexp(-6d /0, )22
kg 1 Pt Hg

d G
Leva, Weintraub, Grummer, and Clark (1948) 250 € —E—" <3000

g
0.7
- 46
2t = 3.50exp(-4.6 /Dt)(—P—°)
] p Hq
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Table 2.1-2 (Continued)

4.6
Leva (1950) 800 s—z—‘l < 13,000
9

0.75,. 1.0
h d 4690 73p
M:o.lzs(i-‘l) (ai) ; 0.35<d /0, £0.60
p

g Hq P
00, d e°°'75 Dt1'05
- =012 L o) ¢ 4/ > 0.60
9 Hq p
) %
11 and Huntington (1952 15 € < 1000
Campbell and Huntington (1952) _ﬁ§§ 0

-0.42

hO GU
o 0.76exp(~0.022550t)(u—g-§

Chu and Storrow (1952)

A3 -0.9 . \0l17
h o d S el pg
0t . 5.3 (—E) (L-) (J’—") : —:-‘l <1600

k D 0,

g t #g g
-1.82 -0.90 m'
hD d 48
el @6
9 t t #q
. L \0.165 4,8,
where: m' = 0.85 (=) ;1600 —2 < 3500
t “g
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Table 2.1-2 (Continued)
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Gelperin and Kagan (1966)

h D 4.6 D 4.6
—E—E = 0.001 (L‘l) (ai) ;L2
9 #q p g
.21, 1.2
h D 6 5
E—t = 0.004 <-E-9> (HE) 40 < 22 <1200
9 #q p Hq
0.9, 1.0
) 46 D g
2t - 0.0 (-L") (aﬁ) s 20590
g Hq P “q

4.6
=20 51900




Table 2.2-1 Parameters Involved in Experiments to
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Determine the Overall Effective Thermal Conductivity, kg

Particle Characteristics

Investigator| L(m) | D¢ : Gases
(mm) { Size Material Shape Used
(mm)
Hall and 51 3.2 alumina clyinder air
Smith (1949)
Bunnell, 51 3.2 alumina cylinde- air
Irvin,
07son, and
Smith (1949)
Irvin, 51 3.2 alumina cylinder air
0lson, and
Smith (1951)
Verschoor |0.21- [29-50 | 3-10 pumice air
and Schuit | 0.30 terrana
(1951) glass Hy
steel
Tead
Hiougen and [0.16- [ 35-95| 9.8x celite cylinder air
Piret 0.32 12.3
(1951) 9.7x celite cylinder
4.6
6. 5% celite cylinder
7.1
15.8x | celite cylinder
4.3
3.1x celite cylinder
3.1
2.3 celie sphere
- 3.1 cel te sphere
Molino and |0.160 (| 34.8 | 3.7x celite pellet air
Hougen 3.3
(1952) 0.164)95.3 | 4.5 celite pellet
4.5




Table 2.2-1

{Continued)
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Particle Characteristics

Investigator| L(m) | Dt Gases
(mm) | Size Material Shape Used
(mm)
0.30 6.8x celite pellet
6.4
9.8x celite pellet
12.3
Schuler, 0- 51 3.2 cylinder air
Stallings, |0.152 4.8 cylinder
and Smith 6.4 cylinder
{1952)
Kwong and 51 4.0 steel sphere air
Smith (1957) 102 6.4 steel sphere
6.4 alumina sphere ammonia
9.5 alumina sphere
Schertz and 102 7.6 stoneware | sphere air

Bischoff
(1969)
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Table 2,2-2 Range of Validity and Specific Correlations
Prapased for Constant Qvergll Effective Thermal Conductivity,
kq, Assuming Constant Superficial Gas Velocity

6
Verschoor and Schuit (1951) 7¢ ;}L < 1000
9
0.26 0.50 0.69
k X 6
2= (}) + 0,10 (Sot) (—‘L)
g g g
¥ 6,
Hougen and Piret (1951) 100 s 22 <ano
9
" S 173
0. 2741 e
kg “q
\3 6,
Molino and Hougen (1952) 50 € —ﬁ—— <4000
g
0.43
b Lo (5%
k € p




Table 2.2-3 Range of Validity and Specific
Correlations Proposed for Radially Varying Overall

Effective Thermal Conductivity, ko

66

46
Bunnell, Irvin, Olson and Sm°  (1949) 30 € -ﬁ—" < 100
g
k d6
k—° = 5.0 + 0.061 -P
9 q
: 46,
Iryin, Olson and Smith {1951) 10 £ -{j— <100
g

<0.51
k dG
2o (.u)

ch “g
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Table 2.2-4 Pointwise Values of kq_and kq
Averaged Over Bed Depth Obtained by Hall and Smith (1949)

Radial Position Bed Depth ko ko, ave
_ A _(m) (/oK) (u/mk)
0.2 1.27 16,7 0.20
43.4 126
85.3 126
133.8 109.
195.6 54,5
0.4 1.27 7.7 0.29
43.4 163
85.3 167
133.8 142
195.6 105
0.6 1.27 29.3 - 0.24
43.4 -
85.3 192
133.8 109
195.6 66.9
0.8 1.27 12.6 0.17
43.4 29.3
85.3 105
133.8 163

195.6 46.0



Table 2.2-5 Correlation of the Valocity Profile
in a Packed Bed as Presented by Schwartz and Smith [1953)

68

Y

7
where:

o [0\ fo.0012 ¢ apA\*
¢ gl\g)
y

p y

and:
3 1-¢ )




Table 2.2-6 Fquations Used by Various Authors to Qbtain

kq Accounting for Radial Variation of G

69

Schuler, Stallings, and Smith (1952)

dko
i fl(r)k0 + f2(r)

where:
= dt 1ati/ot
fl(r)--< 2+F‘ r)ar

and:

Kwong and Smith (1957)

R
. {TOTchGr dr
hMs-pM g
jTLTchGr dr

0

" a1
kK = 'Al (f chrTL dr)/(ré—r L
0




Table 2,2-6  (Continued)
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Schertz and Bischoff (1969)

) (f CDG”_— dr) ( gI)

0

] '
ko:ko +cd CoH
k k 2 u 3

9 9 9 g
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Table 2.3-1 Parameters Involved in Experiments to Determine

the Effective Conductivity, ke, and the Wall Coefficient, hy

Particie Characteristics

Tnvestigator] L(m} { Dy Gases
(mm) { Size | Material Shape Used
(mm)
Coberly and 127 3.2x | celite cylinder air
Marshall 3.2
(1951) 6.4x | celite ¢ylinder
5.4
9.5. | celite cylinder
12,7
Hanratty 76 3.2x | celite cylinder air
(1954) 3.2
127 6.4x | celite cylinder
6.4
203 9.5x | celite ¢lyinder
12.7
1.2 celite sphere
6.4 celite sphere
12,7 | glass sphere
19.1 | glass sphere
Plautz and 203 12.7 | glass sphere air
Johnstone 18.1 | glass sphere
(1955)
Quinton and (0.75 {41 4.4 glass sphere air
Storrow
(1956)
Calderbank {0-1.8 }51-127f 3.2 telite ¢ylinder air
and Pogorskif (vari-{ {vari-| 6.4 celite cylinder
(1957} ous) |ous) | 6.4 alundum sphere
12.7 alundum sphere
Yagi and 0.2 {3 0.764 | glass sphere air
Wakao (1959) 0.909 | glass sphere
0.36 2.60 | glass sphere
6.00 | glass sphere




Table 2.3-1 (Continued)
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Particle Characteristics
Investigator {L{m) | Dt Gases
(mm) } Size | Material Shape Used
(mm)
1.28 | cement granylar
clinker
1,81 | cement granular
¢linker j
1.97 | cement granular
¢Yinker
2.57 | cement granular
clinker
4,31 | cement granular
clinker
0.764 | lead shot sphere
1.08 | 1sad shot sphere
1,50 ] lead shot sphere
3.10 | steel balls | sphere
Yagi and 22x7 0.57 glass sphere air
Kunii (1960) (annu<4 0,94 | glass sphere
lar) | 2.75 | glass sphere ‘
5.1 glass sphere
12.3 glass sphere
3.0 lead shot sphere
11.2 | steel balls | sphere
PhiTlips, 102 3.0x | Linde pellets air
Leavitt, 4.4 malecular
and Yoon 203 sieve Hp :
{1960) :
propane |
methane i
Ar f
He :
Yagi, Kunii, 60 1.09 |} glass beads air ]
and Wakao 2.6 | glass beads f
(1961) 6.3 glass beads ;




Table 2.3-1 (Continued)
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. Particle Characteristics
Investigator) L(m} | D¢ Gases
(mm) 1 Size |Material Shape Used
(mm)
12.4 | glass beads
Kunii and 76x140 1.20 {qlass sphere air
Suzuki (annu4 3.72 | aglass sphere
{1966} lar) | 6.43 |glass sphere
8.70 | glass sphere
12.2 | glass sphere
6.40 | qlass sphere
Kunii, 140 28 celite sphere air
Suzuki, and 42 celite sphere
Ona (1968)
Agnew and 18.5 | l.6x | carbon cylinder N2
Potter 3.2
(1970} 1.6x |} stainless cylinder CoHy
3.2 steel
1.6x {steel cylinder Ar
1.6
20ga. | steel cylinder
x20ga.
23ga. jsteel cylinder
x23ga.
3.0 glass sphere
4.2 glass sphere
0.7 glass sphere
1.9 thermofor sphere
catalyst
OeWasch and {0.2- }99 ¢.§ | Feyly peilets { vir
Froment 1.4 5.9 Va0 pellets
(1972} (vari< 157.5| 5.7 V905 pellets
ous)
Specchia, 10.35 141 6 glass sphere gir
Baldi, and 12.9 | porcelain sphere
Sicardi 6 porcelain Raschig ring
'1980)




Table 2.3-2 Range of Validity and Specific Correlations

Proposed for the Effective Thermal Conductivity, ke,
and the Wall Heat Transfer Coefficient, hy,
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d6
Quinton and Storrow (1956) 0¢ —;L‘l <1100
g

46
ke - (0.0415 + 0.60019 .E—°> W/mK
g

" = 167.56, us/kgk

46
Hanratty (1954) 80 € EP <500
9

0.77
h d d G
—:——E = (0.12 (ﬂ) (spheres)

g Ehq
0.5
h d 46
%E ) (LQ\ (cylinders)
&p
. y
46,
Plautz and Johnstone (1955) 90 < -;L < 2000

9

46
ke - (o.m + 0.00223 ~Z—~0> W/TK
9

0.75
By - (72.2 w/mzK) (Go [mzs/kg]>




Table 2,3-

2 (Continued)
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Coberly and Marshall (1951}

6 Vs
ke - (0.31 + 0,017 EJ)
g

hy = (148 N/mzK)<Go[m25/kg])

sofs'

50 < 22 <2000
Hq

W/mk

0.33

Campbell and Huntington (1952)

ke/kg = 10.0 + 0.267 (EO/ugS

)0.47

- 2
hw = 2.38 (GO/ugS W/mK

40<

e
IA
o
[
o

)

Calderbank and Pogorski (1957)

¥ 6
ke - (o.a.s +0.0016 —E—°)

9

0.365
h d d6
+B - 3.5(;9—9> ;100
g Ky

Vs'so
W/TK; 1oos—E— < 2000
g

s 22 < 10,000
E{J.g
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Table 2.3-2 (Continued)

d 6
Yagi and Wakao (1959) 20 < %2 < 800
9
kK c i dBb
k_e =L+ (@g) _%ﬂ £
g g (I
0.80
h. d d 6
+£=0.18 (M)
g %

46
Phillips, Leavitt, and Yoon (1960) 15 < -2 <200

#q
d Gocp
ke = 0,14 W/mK + 0.65 kg + 5
DtGo
DeWasch and Froment (1972) 100 € - <400
9
L0 {0.0009 W/mK
ke =K —_— NRe

et 2
Kl + 46(dp/Dt)

= p0 2,y _t
hy = by + (0.0177 W/mK) = My
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Table 2,3-2 (Continued)

Specchia, Baldi, and Sicardi (1980)
t 0.91
h'd G
—;ﬂ = 0.0835 (%) ;10622 <1200
0 g #q
it 0.53
hid d g
Jg-ﬂ = 1.23 —Z—”) s 1200< 22 < 10,000
9 9 kg
d G
Yagi and Kunii (1960) —;M < 2000
g
hd hd ,

Suzuki (1966) L2 <1000
Hg
0
k
_ew !
B —g_ tot N Npe

o 17



Table 2,3-2 (Continued)
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d G
Kunii, Suzuki, and Ono (1968) 200 £ -ﬁ—° < 8000
g
0
Kow . Kew _ 1 . 1 -1
kookg h'd 2k
g g vNPrNRe v p/ g/
n'd 173, 13/8
BLI C<NPr) s (NRE)J/
k
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Table 2.3-3 The Constant £1_as Applied
to the Data of Felix (19517

Particle Size (mm) D;_{mm)

S
3.2x 3.2 127 0.95
6.4 x 6.4 127 1.33
9.5 x 12.7 127 1.44
6.4 x 6.4 76 0.95

9.5 x 12.7 76 0.95
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Table 2.3-4 The Analytical Solution of Coberly
and Marshall {1951)

Boundary Conditions:

@z=0,t=1:0

@r=0,ater=0

@r=R, -ke(at/ar) = hw(tw - tR)

Solution:

2
t, -t JpAn8) exp(-Bl.\nz)

=2
Wt [am® 1] i)

Eigencondition:

‘]o("n) i
T i,\ni B "‘nm

1

where:

§=r/R

_ 2
ﬁl = ke/Goch

m = ky/h R



Table 2.3-5 k%/k  and (@B) Obtained
Y
by Yagi and Wakao {1959)

Material /0, ﬁgﬁ g
Cement clinker 0.021-0.072 6.0 0.11
Cement clinker 0.12-0.17 6.0 0.09

Metal spheres 0.021-0.086 13 0.11



Table 2.3-6 The Transient Analytical Solution of

Phillips, Leavitt, and Yoon {1960)

Differentia) Equation:

0 2

 (Lat+a)., . o

¢ (r ar 5;.'2) P 58
Initial Condition:

@6=0,t=tq for all points in the bed
Solution:

"2
tot ., Jo(Ané] exp(-ﬁAnO)
Yt nA [()."m)2 * 1] g )

82



Table 2.3-7 k0/k_and (B) Obtained by Yaqi, Kunii
3

and Wakao (1961!

0
4./, K/k )
0.043 8.0 0.11
0.10 8.0 0.084

0.207 8.0 0.061



Table 2.3-8 k /k and @) Obtained

gyﬁAggfw and Potter (1970)

Material

Carbon cylinders
Stainless steel ¢ylinders
Steel cylinders

Steel cylirders

Steel cylinders

Glass spheres

Glass spheres

Glass spheres

Thermofor catalyst spheres

d_ (mm)

1.6 x 3.2
e x 3.2
1.6 x 1.6

20 ga. x 20 ga.
23 ga. x 23 qa.

3.0
4.2
0.7
1.9

0
kg/k

g4

{8)

0.16
0.23
0.19
0.15

0.17
0.15
0.10



Table 2.3-9 k¥ and h° Obtained by

DeWasch and Froment (1972)

, 0
Material dE/Dt ke(H/mK)
VZO5 0,037 0.205
V.0, 0.060 0.279
VZOS 0.036 0.280
VZOS 0.058 0.261
Fe304 0.060 0.419

Fe304 0.096 0.407

19.8
59.4
18.9
81.5
36.1
98.9

85

Oy 2
hw(H/m K)
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Table 2.3-10 kglEg and (0f) Obtained by Yagi and Kunii (1960)

Material

Glass beads
Glass beads
Glass beads
Glass beads
Lead shot

Blass balls

Steel balls

d  (mm)

0.57
0.94
2.75
5.1

3.0

12.3
11.2

0-80

0-80

0-400
0-400
0-400
0-800
0-800

fgﬁa
8.5
8.5
9
9
20
:
18

(B)

o———

0,061
0.061
0.054
0.054
0.054
0.038
0.038
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Table 2.3-11(a) h:dp_/_kg anda, Obtained by Yagi and Kunii (1960)

Material A 4.6,k hSdp/k q ay

Glass beads 0.0119 0-80 3.2 0.04
Glass beads 0.0196 0-80 3.2 0.041
Glass beads 0.0572 0-400 7 0.041
Glass beads 0.106 0-400 12 0.041
Lead shot 0.0625 0-400 12 0.041
Glass balls 0.256 0-800 19 0.041
Steel balls 0.233 0-800 25 0.041

Table 2.3-11(b)l?dp/_kg and o for the Data of Felix, Plautz
and Johnstone, Yagi and Wakao

Glass beads, 0.021-0.036 0-100 1.2 0.054
cement clinker

Calite balls,  0.0417-0,0722 0-1000 3 0.054
glass beads,
cement clinker 6.5

Celite balls,  0.0833-0.167 0-2000 5 0.054
glass beads,
cement clinker 8

Lead shot, 0.021-0.042 0-800 3 0.054

steel balls
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0 0 .
Table 2.3-12_k /K, «!ﬁ)’ggewigg’ and o, Obtained by
Kunii and Suzuki (1966)

Material 410, ke/ky
Glass spheres 0,019 8.0
Glass spheres  0.057 7.0
Glass spheres 0.10 8.5
Glass spheres 0.14 12.0
Glass spheres 0.19 9.5
Steel spheres  0.10 21
Glass spheres  0.097 7.0

0.025
0.025
0.023
0.023
0.019
0.020
0.025
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Table 2.4-1 Parameters Involved in Experiments to Determine

the Axial Effective Thermal Conductivity, Kes

Particle Characteristics

Investigator | L(m} | Dy Gases
(om) | Size |[Material Shape Used
(tan)
Yagi, Kunii, 50 0.91 | glass beads air
and Wakao 2.6 glass beads
(1960) 68 6.0 glass beads
1.5 Tead shot
3.0 steel balls
4.8 steel balls
1.3 Timestone broken
pieces
2.0 Tinestone broken
pieces
3.4 limestone broken
pieces
4x4x1 | porcelain Raschig ring
9x3x | porcelain Raschig ring
1.3
Kunii and 25.4 | 0.11 | glass beads air
Smith (1961) 0.37 |} glass beads
0.57 | glass beads Ha
1.02 | glass beads
0.11 | sand €02
0.24 | sand
Votruba, 26 0.45 | glass sphere 07
Hlavacek, 2.25 | glass sphere
and Marek 3.9 glass sphere Ny
{1972) 6.5 glass sphere
2.25 | lead sphere Np-air
5.0 iron sphere
5.15 | iron sphere air
3.4 alumina sphere
5.6x4 | alumina cylinder
6.5x | ceramic Raschig ring
6.5x3
1.32 | duracry! particles
0.25 | sand
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Table 2.4-2 Range of Validity and Specific Correlations Proposed
for the Axial Effective Thermal Conductivity, Key

d 6
Yagi, Kunii, and Wakao (1960) 2¢ -P <12
g
k, Kk ,
BZ _ €z
k_g_ h -g_ * 6NPrNRe
' d6
Bischoff (1962) 1 —F <100
9
0
k k .
ez e
—= T * (aﬂ) NR N
kg g ePr
D,\?
h ( t) v 1
+ 7 (N N ) T
k E; e (kg/kg - (@B) NReNPr>

DG
Votruba, Hlavacek, and Marek (1972) 0.1< % <1000
g

0
kez - kez/kg + 14.5 mm
Gc d ! !
0P D Mgy AL+ (eq/ig )]




Haterial

et —

Glass beads

9

Table 2.4-3 0, /k _and 3" Obrained by
Yagi, Kunii, and Wanad {1960}

d m) KK i Kk cale

2.6, 6.0 7.5 g.80 7.9, 8.4

Steel balls 4.8 13 0.70 19
Broken limestone 2.0, 3.4 10 0.80 10,10
Porcelain Raschig 4.0, 9.0 7 0.70 9.0, 6.7

rings



Table 2.4-4 ngg and ¢, Optained by Votruba,

Material

Glass spheres
Glass spheres

Lead spheres

Iron spheres
Ceramic Raschig rings
Glass spheres

Iron spheres
Alumina spheres
Alumina cylinders
Duracryl particles
Sand

Glass spheres

Hlavacek, and Marek (1972)

3.9
2.25
2,25
5.15
6.,5%6.5x3
0.45
5.0
3.4
5.6x4
1.3
0.25
6.5

air
air
air

air

29.8
23.3
19.6
27.5
25.0
4.5

34,2
11.2
228.0

92

4.9
2.9
0.0
0.0
11.4

0.0

5.1
0.5
3.2
2.9
0.03
70.8



a (W/m2K)

180

160

1490

120

100
0

93
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0
0
| 1 s
0.1 0.2 0.3
d,/D,

Figure 2.1-1. The parameter a as presented by Colburn (1931},
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Copper cylinders
14
Aluminum cylinders
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[
11H
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|
1.0 | | 1
0 100 200 300
kg (W/mK)

Figura 2.1-2. Correction factor f1 prasanted by Leva and Grummaer (1948),
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Figure 2.2-1. € chart presanted by Hougen and Piret (1951).



Temperature {°C)
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0.476 g
0.693 0

275~

omh

N
125 | | 1 I
0 0.2 0.4 0.6 0.8 1.0
Radial pasition (r/R)

Figura 2.2-2. Radial tsmperature profiles reported by Bunnell, rvin, Olson, and Smith (1949).
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~ Symbol v, {cm/s) L=0.5m g
4 533 D,=508mm
80 o 88 d,=64mm
0 12.3

Local gas velocity {cm/s)

0 0.2 04 06 038 10
Radial position (r/R)

Figure 2.2-3. Variation of valocity profila with gas flow rate as reported by Morales, Spinn, and Smith (1951),



Local velotity ratio (u/V)

1.2

11

1.0

0.9

0.8

0.7 -
Symbol Df/dp
A 8
(o) 16
a 32
0.6 =
L i L ]
0 0.2 04 0.6 08

98

Radial position (r/R}

Figure 2.2-4, Radial velacity praofiles as presented by Schwartz and Smith (1853).

1.0
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g
£ n
g
]
X
Symbol G, (kg/m?s)
0 0.199
0.1 0 0475 -
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L 4
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Radial position {r/R)

Figure 2.2-5. Varistian af averall eHactive thermal conductivity with radial position reported biy Schuler,

Stallings, and Smith {1952).
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Figure 2.2-6. Radial velocity profiles reported by Schertz and Bischotf (1964},

1.0
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-3
%_. 0.0
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Figure 2.2-7. The radially varying hydraulic radius used by Schertz and Bischoff (1959).



deIGorH

%5

102

s ' i 1 [
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Figure 2.2-8. Valocity correlation of Schertz and Bischoff (1969),
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CHAPTER 3
TWO PARAMETER PACKED BED MODELS

The various methods for treating heat transfer in packed beds were
discussed in the last chapter., In order to realistically explain the
temperature profiles, one of the two-dimensional methods described must
be used. In addition, the existence of an additional thermal resistance
near the wall requires that models incorporating more than one parameter
be utilized. As has been discussed, extention to a three-parameter
mode] has usually proven unnecessary; great success has resulted by
describing the temperature profiTe in terms of the two-dimensional,
two-parameter methods. Therefore, most of the theoretical treatments
of packed bed heat transfer have been aimed at expressing the two heat
transfer parameters, ke and hw’ in terms of kp, kg, the void fraction,
NPr’ Née, and other known system variables.

The greatest number of theoretical models presented in the
literature have been concerned with expressing the form of the static
effective thermal conductivity. Although this assumes the existance of
an eddy contribution k: relatively few studies have been presented
to explain its form, It is generally accepted that the stagnant
conductivity is due to heat transfer via conduction through the
particle, the points of particle contact, the voids, the stagnant film
near the points of contact, and by radiation. Various arrangements of

these thermal resistances have been proposed in the different models.

t

e is proportional to the modified

It is generally accepted that k
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Reynolds number, but has been presented only in terms of correlated
experimental data; purely theoretical predictions have not been made.
Other models have been proposed for ke based upon the particle-to-gas
heat transfer coefficient. As these are generally more complicated,
explanation in terms of hpg relies heavily upon experimental correlation,
Very few studies have presented models for the wall heat transfer
coefficient. The bulk of these have discussed the various contributions
to hw in terms of the effective conductivity near the wall. One,
however, was based upon a combination of thermal resistances similar to
that proposed for kg.
The purpose of this chapter is to present the theoretical models
for ke and hw that have been proposed in the literature. Section
3.1 discusses the effective conductivity with much of the work aimed at
estimating the static conductivity. The few models explaining the wall

heat transfer coefficient are presented in Section 3.2.

3.1 Models of the Effective Thermal Conductivity

Many models have been proposed for ke‘ These modals can be
segregated into two classes, The first type postulates a local
temperature difference between the particles and the gas stream, Here
the rate of conduction through the solid is affected by the particie-

to-gas heat transfer coefficient, h__, which depends upon the fluid

P9
velocity. Many authors have axpressed the opinion that such a mode)
describes the actual phenomena more precisely, but is ¢learly much more

complicated. These difficulties make it impossible to obtain an a
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priori model; dependence upan experimental correlations of the
particle-to-gas heat transfer coefficient becomes necessary.

The second type is based upon the usual pseudchomogeneocus mode!
which postulates the equivalence of the solid and fluid temperatures.
The effective conductivity is generally segregated into two independent
parts: the stagnant effective thermal conductivity that exists even
when there is no gas flow and the eddy contribution due to flow and
turbulent mixing, Experimental observations have tended to agree with
the assumptions of this type of model; 2 temperature difference between
the solid and fluid has been found in qeneral to be nonexistent and the
segregation of the effective conductivity into two parts has been
experimentally observed.

Only two models have been proposed for kg based upon the pqrticle-
to-gas heat transfer coefficient (Section 3.1.1); the correlations that
have been presented for hpg will also be discussed (Section 3.1.2).
Most work, and therefore the bulk of this section, has concentrated on
models of the pseudohomogeneous type. Various methods have been
utilized in developing a form for kg. The simplest models were
based upon various parallel-series combinations of the postulated heat
transfer mechanisms (Section 3.1.3). Other models reported the
variation of the static effective conductivity at low pressure due to
the variation of kg in that regime (Section 3.1.4). The final method
was presented in graphical form {Section 3.1.5); in this regard,

solutions of the problem at hand were obtained numerically.

T,
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3.1.1 Models Based Upon the Particle-to-Gas Heat Tramsfer Coefficient

The first type of models to be discussed is based upon the
particle-to-gas heat transfer coefficient, These are expected to
describe the heat transfer processes more accurately than those based
upon the pseudohomogenegus model. They are inherently more complex;
dependence upon experimental correlation becomes necessary. For these
reasons, only two models of this type have been reported. Table 3.1-1
Tists the final forms of the models presented.

Argo and Smith (1953) considered the radial heat transfer in a
packed bed to be a parallel combination of the part passing through the
void space and the part passing through the solid particles (Table
3.1-1), The heat passing through the void was pastulated to be a
combination of molecular conduction, turbulent diffusion, and radiation
all in parallel with one another. The heat passing through the particle
was taken to be a series combination of radiation, convection from the
gas stream, conduction through the points of particle contact, and
conduction through the stagnant gas adjacent to the particle.

In the void, the gas conduction contribution, k;, was assumed
to be equal to kg. The turbulent diffusion contribution, k:cd’
was obtained in analogy to mass transfer from the Peclet mmber for
mass transfer. The work of Bernard and Wilhelm (1950) was quoted to be
ane source of obtaining the Peclet number for mass transfer in terms of
the modified Reynolds number. The work of Schuler, Stallings, and
Smith (1952} was quated as a basis for estimating the form of k;

which depended upon the temperature level and gradient, and therefore,



12

position., These authors found that the temperature level was more
important than the gradient, Argo and Smith thus stated that the
expression of Damkohler (1937) applied even though anly the bulk
temperature of the bed was used. This was stated to be acceptable for
most practicle packed beds, i.e. for beds with Ta less than about

400°c,

)
series ‘
assumptions were made by the authors in order to obtain a useful

series

The estimation of k was much more complicated. Several

solution; an expression was derived for k in terms of h',

the total heat transfer coefficient between the surface of the particle
and the fluid or other particles. For nonspherical particles, the
authors suggested that dp be replaced by do.

For the convection coefficient, hpg, the correlations of Gamson,
Thodos, and Hougen (1943) were suggested. A derivation based upon the
same assumptions that were used to derive k;eries gave the radiation
coefficient h. in terms of k; which was mentioned above. The
conduction coefficient hp was similarly expressed, Heat transfer by
conduction through the points of particle contact and through the
stagnant gas near these points was accounted for by the correlation of
WilheIm, Johnson, Wynkoop, and Collier (1948).

For temperatures in the bed less than 300°C, the authors stated
that the radiation contributions could be neglected. This final form
was compared to experimental data for ke which did not include a wall
resistance. The predicted values agreed well with the data of Schuler,

Stallings, and Smith (1952) and disagreed with the values of Coberly

[EISR
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and Marshall (1951). Argo and Smith suggested the correlation of
Bernard and Withelm used to evaluate k;d did not apply to the
apparatus of Coberly and Marshall,

Kunii and Smith (1961) presented a method in which the effective
thermal conductivity could be exprassed in terms of the particle-to-gas
heat transfer coefficient and the "apparent" conductivity. Such an
expression was felt to be necessary because accurate values of ke
were difficult to measure at low flow rates. The apparent conductivity
was taken to represent the solid-phase contribution to ke and was
given the symbol k_.

Differential equations describing the heat flows in both the solid
and gas phases, respectively, were described in terms of k; and hpg.
The temperature profile for tg was taken to be the same as that used
to compute ke by the method of Kunii and Smith (1961) which was
discussed in Chapter 2. With these assumptions, the particle-to-gas
heat transfer coefficient was expressible in terms of ke and k:. It
was cwphasized that this method would only be applicable for heat

transfer parallel to fluid motion as was implied by the assumed

temperature profile,

3.1.2 Particle-to-Gas Heat Transfer Coefficients

In the above section, the models propased were based upon a
particle-to-gas heat transfer coefficient. None of the experimental
methods discussed in Chapter 2 observed a temperature difference

between the two phases; the additional studies incorporating methods
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different from those previously discussed in order to provide data for
hpg will be presented in this section, The correlations presented
are listed in Table 3.1-2.

Gamson, Thodos, and Hougen (1943) presented hpg in terms of the
j~factors for heat transfer:

h fen )23
iy = %(-;Lgﬂ) (3.1-1)

Most of the results for hpg have been subsequently correlated in this
fashion.

Glaser and Thodos {1938) studied a packed bed with heat generated
in the bed by passing an electric current through metallic particles.
The modified Reynolds number was based upon the surface area of the

L]
particle, the void fraction, and a shape factor ¢ :

. S G
e - yi(_?—%? (312

9

For spheres, the shape factor was taken to be 1.0. The j-factor was
correlated in terms of jHo’ which was taken to be independent of
particle shape., The shape factor for cubes or cylinders was varied
until the curve of jH0 versus Née coincided with that for spheres;
values of 0.81 and 0.88, respectively, were obtained for ¢'.
Baumeister and Bennett (1958) utilized induction heating of steel
balls to obtain a temperature difference between the particles and

I
gas. The parameters were functions of Dt/dp' NRe was the usual

modified Reynolds number.
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McConnachie and Thodos (1963) studied simultaneous heat and mass
transfer in the drying of spheres saturated with water by dry air
flowing through a packed bed. The modified Reynolds number was once
again given by Equation (3.1-2) with ¢' = 1 and Sp = dp for sphares,

Gupta, Chaube, and Upadhyay (1974) reanalyzed existing data on hpg.

They claimed the scattering in the curves of jH versus NRe was
reduced by accounting for the void fraction in their correlation.
Cybulski, Van Dalen, Verkerk, and Van Den Berg (1975) studied heat
transfer from silicon-copper particle packed beds at low modified
Reynolds numbers,
Bhattacharyya and Pei (1975) used microwave power to heat their
packed bed, The particle-to-gas heat transfer coefficient was

correlated in terms of the Archimedes number,

3.1.3 Simple Models of the Effective Thermal Conductivity

The first group of thearetical predictions for ke based upon the
pseudohomogeneous model are very straightforward to derive. These have
been referred to most often and have compared well with the extensive
experimental data,

The effective thermal conductivity is assumed to consist of separate
static and flow terms as described by Equation (2.3-4). Although it is
generally accepted that kg is proportional to the modified Reynolds
number, the proportionality constant has to date been determined from
experiment, The majority of the models proposed have been concerned

only with kg. Here, various heat transfer mechanisms through the
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solid, stagnant gas, and void are postulated to occur in different
parallel-series combinations. The different models that have been
proposed are listed in Table 3.1-3.

Ranz (1952) concentrated on explaining the form of kz. While
an average mass velocity GD of fluid flowed axially through a packed
bed, a radial mass velocity aG, was pastulated to occur to the right
and to the left simultaneously through randomly oriented chamnels.

This Yateral motion of fluid flowed through each of N planes with
openings that allowed for N distinct changes. Based upon this model k:
was derived to be proportional to aGo and inversely proportional to N.

Ranz's equation thus gave physical meaning to the results presented
in Equation (2.3-2); & was that fraction of the average axial flow of
gas that moved back and forth laterally in a given cross section. As
was shown in Chapter 2, the form of this equation described well the
form of the eddy contribution to k.

One of the most quoted and thoroughly tested models is the one first
presented by Yagi and Kunii {1957). They proposed seven heat transfer
mechanisms which occurred in a packed bed: i) thermal conduction
through the solid; ii) thermal conduction through the points of particle
contact; iii) radiant heat transfer between particle surfaces; iv)
radiant heat transfer between neighboring voids; v) thermal conduction
through the fluid film near the point of contact of two adjacent
packings; vi) heat transfer by convection, solid-fluid-solid; and vii)

heat transfer by lateral mixing of fluid.

B S B e it
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They postulated that the first five processes occurred independent
of fluid flow and could be accounted for in predicting a static
effective thermal conauctivity, Actually, mechanism v) could be
affected by fluid flow, but Yagi and Kunii claimed that the film of
fluid near the point of contact was embedded well into the boundary
layer and that the above postulation applied. The final two mechanisms
were dependent upon fluid flow. At high Reynolds numbers, process vii)
controlled the heat transfer. The authors further assumed that
- mechanism vi) was unimportant at all Reynolds numbers.

The effective thermal conductivity due to Tateral mixing was taken
to be that proposed by Ranz. The factor B was defined as the ratio
of the average length Ep between the centers of two neighboring
so)ids in the direction of heat Flow and the diameter of the particle

dp:

R
B = aR (3.1-3)
p

The authors stated that B took a value between 0.82 and 1.0 depending
upon the packing characteristics of the bed. From the definition of
N-= ]/edp, Ranz's form for k: could be written as was presented
in Equation (2.3-2), The parameter B then alsg had physical meaning;
a also depended on the packing state of the system.

The bulk of the Yagi-Kunii model concerned itself with a
presentation of the static effective thermal conductivity, The

effective area for heat transfer was divided into three portions. The
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fraction of this area that accounted for radiation between neighboring
voids (mechanism iv) was ¢. The fraction of area for conduction
through the points of contact (mechanism ii) was designated by 8.
The remaining three processes occurred through the balance of this
area. These three groups were postulated to occur in parallel with one
another. This parallel-series combination is depicted schematically ix
Figure 3.1-1{a). An energy balance for this combination of therma)
resistances yielded the general form of Yagi and Kunii's model (Table
3.1-3). The heat transfer coefficient for radiation between solid
surfaces was taken to be analogous to Damkdhler's radiant conductivity
with k; = dphrs' Radiation between the voids was similarly expressed.
Two further definitions were made; y was the ratio of the length of
solid affected by thermal conductivity, 25, and the particle diameter;
¢ was the ratio of the effective thickness of fluid film in void for

conduction, lv, and the particle diameter. That is:

s
Y=F (3.1-4)
p
)
¢ = d—V (3.1-5)
p

For gas filled voids, 6] = 0. For fine particles, the
radiation contributions can be neglected. The parameter y was then
taken for practical purposes to be unity resulting in the form of the

Yagi-Kunii (1957) model most often quoted (Table 3.1-3).

e e i e R
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The experimental data of Bunnell, Irvin, Olson, and Smith (1949);
Campbell and Huntington (1952); Coberly and Marshall (1951); Schular,
Stallings, and Smith (1952); and Plautz and Johnstone (1955) were
reanalyzed and put into the form of Equation (2.3-2) which is identical
to the model of Yagi and Kunii presented here, kg was obtained by
extrapolation to zero flow rate, Comparisor with theory showed that
the term containing 61 was negligible; the points of particle contact
contributed 1ittle to the static conductivity at atmospheric pressure.
The two forms of the Yagi~Kunii (1957) model were applied to the
experimental results to cbtain ¢ for the various gases studied in terms
of the void fraction, kg’Kg was found to increase with increasing
Ta‘ Radiant heat transfer from solid to solid was found to be important
only for materials with high kp. On the other hand, radiation from void
to void was found to be important even for low conductivity solids when
Ta was higher than about 400°C. Above a certain minimum, kg/kg
increased significantly with increasing dp.

The Yagi-Kunii model agreed well with the experimental data inasmuch
as it relied heavily upon experimental correlation for the most
important parameters, {aB) and ¢, Kunii and Smith (1960) sought to
relax this restriction, so far as the static conductivity was concerned.
The same five nonradiant mechanisms were postulated; in addition, a
sixth mechanism was included in the derivation of kg to account
for conduction between adjacent voids, A slightly different parallel-
series combination of these six mechanisms was utilized. The

combination used is depicted schematically in Figure 3.1-1(b).
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An energy balance for this combination of thermal resistances
yielded the general form of the Kunii and Smith (1960) model {Table
3.1-3). Conduction through the points of contact was expressed in
terms of the heat transfer coefficient hp. Again, ls was the
thickness of a slab of solid material which would offer the same
resistance as a spherically shaped particle; lv was the thickness of
a slab of stationary gas which would offer the same resistance as the
stagnant fluid near the points of éontact.

Except at low pressure, the term accounting for conduction through
the points of contact was negligible. A final simplification could be
made when radiation was neglected; radiation was quoted as being
negligible belaw about 500°C. This yielded the form of the
Kunii-Smith (1960) model most often referred to {Table 3.1-3).

Kunii and Smith were concerned with developing theoretical
derivations-for B, ¥ and . For close packing of spheres, B was
presented as the average of the distance to next neighbors along each
of the three axes. This resulted in 8 = 0.895. For the most open
packing, 8 took on the maximum value of unity. ls was assumed to be
the length of a cylinder having the same diameter and volume as a
spherical particle; this resulted in 7 = 2/3,

The parameter lv was a measure of the film thickness adjacent to
the points of contact, and therefore depended upon the packing
characteristics., Kunii and Smith made two assumptions in order to
derive an expression for @, which depended upon the packing state in

addition to kp/kg. A theoretical relation between ¢ and kp/kg was
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developed for both the close and loose packed states and is reproduced
in Figure 3.1-2. Here the subscripts 1 and 2 are for the loose packed
and close packed states respectively, Clearly the general case lies
somewhere between these two limits. Kunii and Smith suggested that'the
general form of ® could be expressed by a linear combination of ¢1

and ¢2 as listed in Table 3.1-3.

With B, ¥, and ¢ theoretically determined, the Kunii-Smith model
had no dependence upon experimental correlation. The model was tested
against the data from both stagnant systems and flowing systems
extrapolated to zero flow rate. The agreement was reported to be good
over the wide range of systems and materials studied.

Yagi, Kunii, and Wakao (1961} compared their experimental data to
the Kunii-Smith model with 8=1 and ¥ = 2/3. The model agreed well
with their observed results and the results of several other
investigators. The values of kg obtained by extrapolation of data
to zero flow rate seemed somewhat larger than values obtained directly
in apparatus containing stagnant gas. The models of Kunii and Smith
(1960) and Schotte (1960) were shown to be nearly identical when
appTied to the experimental results of Yagi and Kunii (1957) and of
Hi11 and WiThelm (1959) in high temperature packed beds where the
radiation mechanism was significant.

Willhite, Kunii, and Smith (1962) suggested improvements in the
Kunii-Smith model, At relatively low temperatures the final form
applied. As can be seen by the relative weighfing of the terms with

. respect to € and (1 - €) (Table 3.1-3), the second term was due to
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processes in the effective nonvoid section. However, this included the
contribution due to conduction through the stagnant film which was part
of the void. A fraction of the effective nonvoiaed section,

lv/(lS + lv), was thus actually voided, The weighting factors in

the two terms of the equation for the effective voided and nonvoided
sections should not have been be expressed in terms of the actual void
fraction but a void fraction e which was close to the actual €.

This type of model is pictured in Figure 3.1-3,

The void fraction €* was expressed in terms of € and was inserted
into the Kunii-Smith model in place of €., B was replaced by ¥ + @,

The Willhite-Kunii-Smith model was written in terms of @ = ¢+ Yeg/ky
which depended on the number of contact points (Table 3.1-3). The
parameter & was derived by Kunii and Smith (1960) for spherical
particles in the packed bed, Since @ was written in terms of the
number of contact points, n, the authors quoted the theoretical
expression of Foote, Smith, and Busang (1929) for n in terms of the
actual voidage. The static conductivity was thus expressed in terms of
the usual parameters €, kg, kp, and 7,

The value of ¥ may range between O and 1; data collected in a
packed bed in which the heat flowed purely radially correlated well
with these predictions and a value for ¥ equal to 2/3. Experimental
data available for kg were also compared to the Willhite-Kunii-

Smith model. Good agreement was obtained over the wide range of
particle materials and gases used. A value for ¥ of 1/2 was used for

nonspherical particles and far spherical particles of high conductivity




123

in order to improve agreement with the data. Since the corrected void
fraction ¢ must be positive, the model will apply for most systems
in which kp/kg is greater than about 1.

Specchia, Baldi, and Sicardi (1980) stated that assuming 8= 1 in
the Kunii-Smith mode] was acceptable, but choosing ¥ = 2/3 and the
complicated equation for ¢ (as it was derived in order to obtain Figure
3.1-2) was open to criticism. The disagreement of the model with
extrapolated data in nonstatic experiments was sited as a basis for
these claims; Kunii and Smith checked their model primarily against
data obtained from experiments incorporating motionless fluid.

An empirical approach to data collected in their own and others’
packed beds was attempted to evaluate ¥ and @ in terms of €. ¥ was
found to be independent of € and equal to the value of 2/3 assumed by
Kunii and Smith. With ¥ = 2/3, the values obtained for ¢ were plotted
against € and subsequently correlated.

Specchia and Sicardi (1980) stated that comparison between mass and
heat transfer at very low flow rates indicated that the Kunii-Smith
model was in error. The nondimensionalized static conductivity
predicted by the Kunii-Smith model when radiation was neglected for the
case of no heat transfer through the particle, kp = 0, was equal to
the void fraction. Specchia and Sicardi stated that this should be
equal to the nondimensionalized dispersion coefficient which has been
reported to be €/1.5. The Kunii-Smith model was thus modified to take
advantage of this heat-mass transfer analogy. Assuming that B = 1, the

same procedure thai was used by Specchia, Baldi, and Sicardi {1930)
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again yielded ¥= 2/3 but @ was correlated in a slightly different form,
In all of the pseudohomogeneous models discussed above, kg was
assumed to be independent of flow. Even though the model of Kunii and
Smith (1960} has demonstrated remarkable success in predicting kg
for systems containing static gas, discrepancies have been observed for
those values of kg obtained in flow systems by extrapolation to
zero flow. Kulkarni and Doraiswamy (1980) have discussed the work of
Bhattacharyya and Pei (1975) who explained this discrepancy.
Bhattacharyya and Pei postulated that in addition to the normal
static and eddy contributions the total heat transfer consisted also of
a convective contribution to conduction. This was reflected in the
particle-to-gas heat transfer coefficient that existed when there was
gas flow. With this model, Equation (2.3-4) for the effective
conductivity was modified:
k= K0+ ke i (3.1-6)
Here ki was the dynamic contribution to the normal conductive
contribution kg. They argued that for a system with static gas,
6 = 0 in addition to k%, This was why the Kunii-Smith model
predicted ke guite well for such a system. However, as soon as the

gas began to flow, kg took on a nonzero value; thus, extrapalation

d

0
n .
e’ ot ke

of data collected in flow experiments yielded kg +k
To test this theory, microwave power was used for heating a packed

bed. The particle-to-gas heat transfer coefficient was correlated in
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terms of the Archimedes number as was discussed in Section 3.1.2, From
this they were able to correlate the dynamic contribution to conduction

in terms of the dynamic heat transfer coefficient h . By subtracting

g
this contribution from the values for kg + k: + kg found in the
literature, metmevﬂmsofkg+k:wweoMamm.'maewwe
plotted versus Née and extrapolated to no-flow conditions to obtain
the true values of kg. The values for the static conductivity
obtained in this fashion demonstrated excellent agreement with the
Kunii-Smith model. The discrepancies reported in the literature were

thus not due to failure of the Kunii-Smith mode), but due to the method

of obtaining kg from flow data.

3.1.4 Static Effective Thermal Conductivity at Low Pressure

Several authors have studied the variation of kg at low pressure.
This characteristic is due to the variation of the gas thermal
conductivity at Tow pressure as is described by kinetic theory. Such
studies are important since under certain circumstances this effect may
be observed even at atmospheric pressure. These models are presented
in Table 3.1-4 and in the figures.

Deissler and Boegli (1958) examined the maximum and minimum 1imits
of the static effective thermal conductivity of any two phase system
containing a stagnant gas. The minimum kg-was taken to occur when
solid slabs of material were alternately arranged with regions of pure
gas, the normal to the planes aligning with the direction of heat

flux, The maximum occurred when this normal was perpendicular to the
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direction of heat flow. These maximum and minimum configurations were
then a function of kp, kg and € as reproduced n Figure 3.1.4, From

this figure, Deissler and Boegqli reported that for € = 0.4 and kp/kg =2,
the variation in kg/kg from the average was only about 7%, but for

kg < 1000, the variation was 99%. Since (y/k as high for nost
solid-gas systems, it then followed that the arrangement of the material
was an important effect on kg.

Deissler and Boegli were interasted in the variation of kg with
temperatyre and gas pressure, A Tlinear variation of the static
effective conductivity with temperature was assumed in order to compute
kg from the data, This variation was iterated until the assumed
and computed values for kg were identical. The results for the
variation of kg with temperature for MgO powder in various gases is
reported in Figure 3.1-5, The resulis again showed 2 strong dependence
on the gas thermal conductivity. Similar results were obtained for
stainless steel and U02 powders except the U02 systems showed a
flatter temperature variation.

The variation of kg with gas pressure for Mg0 systems are
reproduced in Figure 3,1-6, Similar results were obtained for the other
systems. For each curve kg became independent of pressure above a
certain point called the breakaway pressure, The breakaway pressure
varied with temperature and was different for different gases,

Schotte (1960) criticized the method of Yagi and Kunii (1957)
finding the model did not yield satisfactory results for the case of

small particles. The change in kg below the breakaway pressure
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was studied and a new correlation for the radiation contribution was
presented.

When the distance over which conduction in a gas takes place is of
the same order as the mean free path of the gas molecules, kg has
been observed to decrease with decreasing pressure. The onset of this
phenomena occurs at the breakaway pressure as was discussed above. The

corrglation of Deissler and Efan (1952} for the breakaway pressure is:

(4.26 x 1076 atm m/K) T,
Py = . (3.1-7)
d_d
p%

For small particles, the breakaway pressure may be comparable to

atmospheric pressure. For air, d_ = 0.0003 ym, atmospheric pressure

q
is lower than the breakaway pressure for a packed bed with dp = 200um
at average bed temperatures above 150°%.

A form for the apparent thermal conductivity of the gas at
pressures below the breakaway pressure obtained from Kennard {1938) was

modified by existing experimental data to become:

) kg
K = (3.1-8)
9 =Vl TX
1+35.94( ",)(16‘) 323
1.7 P02t

If p was less than Py Schotte suggested that k; should be used
in place of kg in order to obtain kg from the correlation of

Deissler and Eian as is reproduced in Figure 3.1-7, When radiation
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became important, Schoute suggested some sort of radiant thermal

conductivity should be added to the value of kg obtained from

Figure 3.1-7. An expression was derived in terms of hr which was
"equivalent to (2 - e)hrs {Table 3.1-4). Good agreement was obtained

between the predicted value of kg using Schotte's model and the

high temperature experimental results of Yaqi and Kunii (1957),

Masamune and Smith (1963) developed a model for kg at low
pressure using the method of Kunii and Smith (1960). The same six
mechanisms as the Kunii-Smith model were proposed. Their thermal
resistances were postulated to occur in a slightly different parallel-
series combination. This model, with radiation neglected, is
schematically represented in Figure 3.1-8(a) and pictured in Figure
3.1-9,

A heat balance applied in the usual fashion yielded an expression
for the static conductivity (Table 3.1-4), Again k; was the gas
thermal conductivity in the film near the points of contact which may
be a function of pressure when the pressure was low enough, As was
utilized by Willhite, Kunii, and Smith, the area fractiona*€ for the
first term in the model was not equal to € since some of the voided
area was accounted for in the second term, Similarly, the nonvoided
area was split between the last two terms. This area fraction a' was
related to € and §. The relationship between ¢ and the void fraction
was derived in terms of the number of contact points n. The suggested
relation between n and the void fraction was obtained from the work of

Kunii and Smith {1960). A1l experimental data suggested to them that

ikt e i
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the area fraction 8 must be regarded as a specific parameter for each
type of particle and therefore cannot be related simply to € alone.
Application of the model as the pressure approaches zero related & toe
and the effective conductivity under vacuum conditions, k:.

The authors ran experiments incorporating beds of fine particles in
air over a large range of pressure. Results similar to those of
Deissler and Eian (1952), and Schotte {1960) were obtained. Beds of
glass beads between 29 and 470 microns in diameter showed that the
effective conductivity did not change with pressure above atmospheric
pressure. The experimental results for the vacuum conductivity k;
as well as other results obtained from the literature were tabulated.
Thus, for packed beds of known k;, kg can be predicted by their model
with the usual bed parameters €, k , k

9° p
Imura and Takegoshi (1974) proposed a model accounting for the

, and dp.

change in kg with pressure incorporating the vacuum conductivity.

The authors claimed that this new model agreed with the experimenta)
data over a wider range of pressure than the Kunii-Smith model. Also,
they claimed that the Kunii~-Smith model did not agree with many
experimental values at atmospheric pressure if kp/kg was greater

than 1000. Five of the six processes that Kunii and Smith proposed
were accounted for; only radiation in the void was neglected. The
postulated parallel-series arrangement of the thermal resistances is
presented schematically in Figure 3.1-8(b}. As car be seen, radiation
between particle surfaces across the film has been included. Comparison

of Figures 3.1-8(a) and 3.1-8(b) shows that this is the same as the
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Masamune-Smith model updated to account for radiation. Likewise, the
area fractions for the respective processes are the same, The area
fractions o€ and (l-afe)é are written as ¢ and 6*, respectively,

An enerqy balance leads in the usual fashion to kg {Table 3.1-4).
The radiant heat transfer coefficient hr was taken to be of a slightly
different form than before. The area fraction ¢ was expressed in
terms of € and @. Both & and @ were determined from experimental
data obtained in packed beds of glass, bronze, and copper Spheres,
Various gases were studied over a wide range of pressure below
atmospheric. The vacuum conductivity was expressed in terms of the
above parameters. 6* was found to be gquite small and the abserved
values for h. agreed well with the form proposed. A correlation
for ¢ based upon the experimental data was also proposed. Although¢
was found to vary with pressure, this was found not to effect the

values predicted for kg.

3.1.5 Models of kg Based Upon Numerical Solutions

The last group of models were based upon numerical integration of
the defining differential equation in simplified arrays of particles.
In these models, the actual bending of the heatflow lines was accounted
for, They are presented in Table 3.1-5 and Figures 3.1-10 through
3.1-12.

Dietz {1979) developed a simple formula for kg in a hexagonal
array of touching spheres with only point contacts. Radiation was

neglected, Dietz claimed favorable agreement with published data over
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the range of kp/kg from 1 to 3000.

Krupiczka (1967) attempted to obtain a rigorous mathematical
solution which dispensed with the simplifying assumption of
unidirectional fiow of heat. Even when ignoring the contributions due
to radiation, his solutions were extremely complicated. The complexity
of these solutions greatly limit their usefulness. Comparison of these
solutions with the experimental data in the 1iterature suggested that
both the theory and the experimental results could be correlated by a
simpier function. The usual three parameters kp, kg, and € ware
all that was needed to predict kg with this function.

Deissler and Eian obtained the temperature profile in square and
triangular arrays of cylinders, with void fractions of 0.214 and 0,093
respectively, using the relaxation method. From these profiles they
were able to calculate theoretical values of kg. Deissler and
Boegli (1958) applied this method to a cubical array of spheres with a
void fraction of 0.475, Both of these studies were for packed beds at
relatively Tow temperatures so that radiation could be ignored. Wakao
and Kato (1969) applied the relaxation method to an orthorhombic array
of spheres with a void fraction of 0.395. In addition, heat transfer
by radiation was added by including the radiation heat transfer
coefficient in the nodal energy balances. A slightly different form
for hr was used {Table 3.1-5). The results obtained are repraduced
in Figure 3.1-10, Here, kglkg was a function of the radiation
Nusselt number hrdp/kp in addition to kp/kg. The contribution

to kg above that for N;u = 0 was also correlated as a radiative



132

conductivity that could be added to predictions of kg neglecting
radiation. Agreement with experimental data was reported to be fairly
good.

Wakao and Vortmeyer (1971) applied the relaxation method to a unit
cell congisting of a cylinder of gas dp/2 in height containing a
hemisphere of particle material. The void fraction was assumed to be
0.395. Variation of kg with p at low pressures was accounted for
by utilizing a gas conductivity similar to Equation {3.1-8). The
contribution due to contact ‘etween the particles was also studied by
using areas of particle contact instead of points. kg was separated
inta three additive contributions which were expressed graphicaily: 1)
gas-s01id conduction conductivity; 33) radiation conductivity; and iii)
contact conductivity.

The conduction component 3f conductivity was evaluated alene at
conditions where radiation was negligible and where the areas of
contact were points so that the third mechanism was neqligible also,
kglkg was plotted versus kp/kg and T as is reproduced in Figure
3.1-11, r was a parameter relating the pressure dependence. As can

be seen from the figure, k_ . was very dependent upon pressura. To

cond
account for radiation, the radiant heat transfer coefficient of Wakao
and Kato was once again incorporated into the nodal energy balances.
Figure 3.1-10, which was from the work of Wakao and Kato (1969),
illustrates the results of the first two contributions at T 0.

The radiation conductivity was correlated ‘in terms of k;gd and fl.
k;§h can be obtained from Figure 3.1-10 as the difference between the



133

values for a given Ngu and for N&u =0and f is presented in Figure

3.1-12. k_,, was thus also found to be dependent unon pressure. The

rad
conductivity at the point of contact for finite areas of contact was
modified by A, the contact area divided by the projected area of a

particle. & was found to be related to A and kp only. The

contact
usual S-shaped :urves of kg versus pressure were obtained when the

three mechanisms were accounted for in the above fashion., For particles
bigger than 500 um in diameter, ke was found not to change with

pressure above atmospheric pressure.

The equations developed by Wakao and Kato and by Wakao and Vortmeyer
were based on a stagnant gas with zero emissivity in the voids. Wakao
(1973) investigated the effect of gas emissivity on the effective
thermal conductivity. This change only modified the radiation Nusselt
number Nau. The difference obtained was so small that in most

cases gas radiation was found not to have an appreciable effect on the

effective conductivity,

3.2 Models of the Wall Heat Transfer Coefficient

Theoretical models predicting the wall heat transfer coefficient
have been developed to a much lesser extent than the treatment of the
static conductivity. A1l of the models that will be discussed here are
based upon the assumption of a static wall coefficient that has been
observed experimentally. The wall coefficient hw is postulated to be
similar in form to the effective conductivity predicted by Equation

(2.3-4):
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h, = hd+ h: (3.2-1)

t
W

where h° exists only when there is fluid flow and hg is independent
of flow. In many of the models, ha was predicted in terms of
the effective conductivity in the wall region as was presented
experimentally in Section 2.3. In addition, the dependence upon point
contact was expressed in terms of a new function, ¢w’ that was similar
to ¢ for the effective conductivity case. These models are listed in.
Table 3.2-1.

The earliest correlations for hw of Yagi and Kunii {1960) were
discussed in Section 2.3, They predicted hw to be linearly related
to the modified Reynolds number (Table 2.3-2), This correlation was
valid only for Née less than 2000. Yagi and Kunii (1961) extended
their work to all ranges of modified Reynolds number. This was dane by
taking the turbulent contribution to hw to be in series with the true
film coefficient of heat transfer for the boundary layer on the wall
surface, h: {Table 3.2-1). For low Née,
the denominator of their model predominated and the correlation of Yagi

the second term in

and Kunii (1960) was again obtained. The Yagi-Kunii (1961) model then
determined both h® and h .

The determination of the stagnant wall heat transfer coefficient
was concerned with the region within one half of one particle diameter
from the wall. In this region a particle will have one paint of
contact with the wall but several with other particles. The model for

heat transfer in this region was taken to be that proposed by Kunii and
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Smith (1960); their determination of kg was presenied in Figure
3.1-1(b). Accounting for the points of contact, hz was written in
terms of k: and kg. k: was defined in terms of f:, l:, and €, which
are lv’ ls’ and € in this near wall region, ?w was taken to be one
half of the value gutside this near wal) region, i.e. YW =1/3, A
derivation for the heat flow through the solid phase gave an expression
for ¢w in terms of kp/kg. This exprassion was plotted for comparison
with @, and @, in Figure 3.1-2. It will be noted that @, was
independent of € as opposed to the dependence of ¢, Fairly good
agreement with the experimental results of Yagi and Kunii (1960) were
obtained when a value for ¢ of 0,7 was assumed. The true film
coefficient for the boundary Tayer was correlated to be slightly
different than that reported in Equation (2.3-8).

Ofuchi and Kunii (1965) obtained additional data for hz in
beds with stagnant fluid to test the validity of Yagi and Kunii's
(1961) model. They mentioned that insertion of Equation (2.3-6), which
applied to static beds, into the model of Yagi and Kunii (1961} showed
that ks was twice the static effective conductivity in the near-wall
region, kgw. It was concluded that when the Kunii-Smith theory was
incorporated to determine kg, the values of the static effective
conductivity in the wall region and the static wall heat transfer
coefficient could satisfactorily be predicted by the Yagi-Kunii model.

Specchia, Baldi, and Sizardi (1980} used the same simplified
approach as was proposed by Kupii and Smith for kg. In the near

wall region, the heat flux was written in terms of the contributions
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through the fluid in parallel with those through the solid. For
nonspherical particles the author suggested dp should be replaced by
the diameter of a sphere with the same volume as the particle.

The static wall heat transfer coefficient was then obtained in
terms of v, and ¢w by an energy balance (Table 3.2-1). It will be
noted that hzdp/kg predicted by their model was the same as kzlkg
predicted by the Yagi-Kunii model with negligible radiation,
Correlation showed that VW was independent of other factors and equal
to the value assumed by Yagi and Kunii (1961), With 7’w = 1/3, the

values of ¢w were determined. ¢w was found to depend only upon Dt"dp‘




137

Table 3.1-1 Models of ke which incorporate hDg

Argo and Smith (1953):

General:

) ] ] )
ke = E(kc theg * kr) +{1 e kseries

c g
dc G
k' = _EEE_E
td €N

' e 3
kr =4 (2—_—6) dp UTa

. kph dp

Kegioe = ~———t—
series (ka +h dp)

+
pg * M *

(% +hd
h =k (__D_L)
r r dpkp

. k
log(kp[W/mK]']) = 21,52 + 0.00746 [W/mk]"] 2

e
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Argo and Smith (1953): (continued)
For t < 3000C:

o (e kglah %)

]
ke=e(k +ktd) +

T
+
dph 2kp

Kunii and Smith (1961)

General:

K
hod (v )P ("EFS)

p . PrRe
Eg 61 - ¢}

For gases of low kg:

' \212
fe .1 I R p— ot
o2 (T -¢) &

e ey
k Nu
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Table 3.1-2 Range of Validity and Specific Correlations
Proposed Tor the Parficle-to-Gas Heat Transter

Coefficient, hpg

Gamson, Thodas, and Hougen (1943)

2/3 <0.51

h T d_G d6

.E% (ﬂ) = 1.95 (_LO_) ; PO 350
3 kg 9

Glaser and Thodos (1958) 100 < o, < 5200
Gooe o 0.5%
Ho 0.30
()"0 - 16
4 V5, 4984
2z1+L0g ; spheres
i D (NRE)O'§§3

T —0%% H cubes

— 0.3 ; Cy] inders
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Table 3.1-2 (Continued)

Bauneister and Bemnett (1958) 200 < Ny < 10,000
) 1 !
Jy =2 (NRe)b
a' = 0.918{1 + 0.0148exp 0.565(18 - 0y/4,)1}

! 0.257
b o= -0.267 - —rtf2
Dt/dp - 8.70

d G
. po
McCannachie and Thodos (1963) 70 < —(——yug T < 7000
i 1,192
H 047
(NRe) - 1,52

Gupta, Chaube, and Upadhyay (1974) 10 < NRe < 10,000

- 2,786 0.3023
s 20200

ey :
(NRe) (NRe)
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Cybulski, Van Daien, Verkerk,

and Van Den Berg (1975) 0.26 < Moo < 0.63

h_d )
pagp .
kg = 0007 NRe

Bhattacharyya and Pei (1975) 100 ¢ Np, < 800

2/3 2] 0,25
h o fop Ny (1 -g)
2 (_%_Q) = 0.018 | A
po

c G 2
s (Hpe)

3
. dEgpg(op - pg)
by 2

NAr
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Table 3.1-3 Theoretical Predictions of the Effective
Thermal Conductivity Based Upon Simple Heat Transfer Mechanisms

Ranz (1952)

o - aGocp
e N

Yagi and Kunii (1957)

General:

t

k '

e _

- (o8) NReNPr

g

kg k, (1-e-6)8 dh.,

bt teb

g 9 7 | g

Fg+-l a 4

1, Bprs |
) k

(T=]

SRPTERE
£
By 4(1_;—'2)[] ¥ ?'(T-—s]':l UTg

Fine Particies with Gas Filled Voids:
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Table 3.1-3 {Continued)

Kunii and Smith (1960)

General:

k2 gh_d 8(1 - &)

R P ') I

» kg T X
1 Gl F Rty é

bk

Neglectable Radiation and Point of Contact Conduction:

E; - B(1 - €)
‘s ¢+Y%
p
(€ - )
0 =0, (9 - 9,) TE;-:_EE) ; 12828
0= ; e > g i € =0.476

¢=¢2 H €<52 H €2=0-260
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Willhite, Kunii, and Smith (1962)

K0 K\ oy k \?
L1 (1-¢) 1--‘1)+- (1--1) (1-¢)
kg kp a kp

| ;F( ;1\2

a-=

FETTTA

15.03 - 25.26 ¢
n= 1.9 - T.0T ¢

Specchia, Baldi, and Sicardi (1980}

0

ES B(1 - €)
3 k
b+ Y

[T=]

0= 0,220 ¢

Specchia and Sicardi [7980)
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Jable 3.1-3 (Continued)

Bhattacharyya and Pej (1975)

2/3
h cu pC
poN ¢ gpp
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Table 3.1-4 Models Proposed for the Static
“Effective Thermal Conductivity at
- Low Pressure

Schotte (1960)

k ehrd 1 -¢

__Y; = —-—.—-E + ———
kg kg k :—9.
5 +
r fp
Masamune and Smith (7963)
1 - a*e) (1 -6)
0 * ( *
2 g + ]-
ko=@ kg+ T { ae)skp
—r +—E-—
kg P
l~¢
L 3
a ) ] -7 (T)¢

14 2
o =0l - (§ - 62) tan 8, 1(sec b, - 1)

]
oS 62 = (1 -5)

n=13.56 - 12.57¢

kv

5-( 1 )e
) =
l-ae p
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Imyra and Takegoshi (1974)

0 N (1 - ¢' - 6%)
ke=e(kg+kphr)+ ) T
- +
kg/¢ + dphr kp
hr = deo Ti
1 €'¢
€ =9 7

v o * *
ke—(]-d)dphr’rcSkp

( \-0.04¢
$=03¢"0 (k—"—>
g

*

+ 58k

p
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Table 3.1-5 Models of k° Based Upon Numerical Solutions

Dietz (1979)

Krupiczka (1967}

1 1 k
0. EE A+8 log (kp/ g)
e kg

A =0.280 - 0.757 log e

B = -0.057

Wakao and Katao (1969)

2 3
h =20z Vs

~

0.3 fk \I.11 k
. r 27 = N
== 0.707 (N]) <k> ; 20£kg <1000, 0 < M, < 0.3

(V=)

<=
=~
<~

ro_ r p . p r
L= L3 NNUE, 1051(-9-5500,09 <0.1

L=}
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Table 3.1-5 (Continued)

Wakao and Vortmeyer (1971)

T. : (dE/lo) (P/DD)
202 -a )l
krad : krad N f
k =0.18A ; A<0.03

contact
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Yagi and Kunii (1961)

0
G My :
k k T T
g g F + T
hwdp/kg awNPr‘NRe
1.1 05
¢ 0 0
hwdp/kg kw/kg ke/kg
0
k h_d 1-¢
Wo_ oryp W -
E = By (2 * kg ) * : k
1 h d * Ty FE
1, rsp p
0 kg
n'd
W _ 1/3,,' 0.5
—kg- B 4'0(NPr) (NRe)

Specchia, Baldi, and Sicardi (1980)

h°d 1-¢
vkv_.p_=2€+ _T
g

e

0 1.58
t
b, * 0.00240(;1;)
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Figure 3.1-1. (a) Arrangement of thermal resistances postulated in the modsl of Yagi and Kunii (1857),
[b) Arrangement of therma! resistances postulated in the modet of Kunii and Smith (1960).
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Figure 3.1~4, Minimum and maximum static effactive thermal conductivities of two-phase systems derived
by Deissier and Boegli (1951).
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CHAPTER 4
FALLING BED HEAT TRANSFER

As was seen in Chapters 2 and 3, much work has been presented in
the literature for stationary patked beds with either stagnant or
flowing gas. Much less work, os the other hand, has been presented for
packed particle beds falling through tubes. Only three experiments on
this topic have been reported in the literature. The first two to be
discussed were concerned with packed beds falling past flat plates
immersed in the tubes; the heat transfer mechanism in these experiments
was reported in terms of the average convective heat transfer
coefficient between the respective plate surfaces and the surrounding
granular material. These experiments will be reviewed in Section 4.1.
The correlations presented are listed in Table 4.1-1. The most
interesting experiment, so far as this investigation is concerned, is
presented in Section 4,2, Camparisons between the effective thermal
conductivity for both stationary and flowing packed beds were made.
Also, experiments were conducted to observe the velocity profile in a
falling bed; comparison to that obtained witk fluid flow was made.

4.1 Falling Bed - Flat Plate Heat Transfer

As was mentioned above, the two investigations to be discussed here
presented data for the convective heat transfer coefficient in packed

particle beds falling past heated flat plates. The heat transfer
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coefficient was treated as an average quantity over the surface of the
plate and was defined in terms of the average local temperature
difference.

Sullivan and Sabersky {1975) studied the convective heat transfer
from a flat plate immersed in granular media flowing through a tube.
The data were correlated in a form similar to an equation derived by
Sullivan and Sabersky based upon a simplified model (Table 4.1-1).
Here, y was correlated for each experiment and was a function of
kg/kp, Loldp, and €. The parameter ¥ was found to be between 0.0) and
0.06 for glass beads and between 0.037 and 0.062 for mustard seed,

Denloye and Botterill (1977) discovered that simultaneous
countercurrent flow of gas upwards through a falling bed markedly
influenced the flow behavior. The mean temperature difference between
the heat transfer surface and the bed varied by less than 10% across
the length of the surface which was centered in the middle of a
rectangular tube. Therefore, the heat transfer coefficient was based
upon the simple arithmetic average of the temperature difference. The
heat transfer coefficient was correlated in term of the Archimedes

number.

4,2 Comparison of Falling Bed Experimental Results to Known Physical

Phenomena
The above experiments were quite interesting; however, they did not

provide for the estimation of any local characteristics. Only the
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average heat transfer coefficient for heat flow from the immersed plate
was presented. Furthermore, all of che experiments discussed in
Chapter 2 were for packed beds contained by a heat transfer barrier,
Even for falling packed bed apparatus, this could be envisioned to be
the more useful type of arrangement.

Only one experiment has been conducted in which the falling packed
bed was heated by the tube through which it was flowing, The heat
transfer parameters describing this system were compared to those which
describe stationary packed bed systems. In addition, the flow
characteristics of the falling packed bed were compared to the
classical results for fluid flow in circular tubes, Such comparisons
are useful in developing theoretical descriptions of these systems,

Brinn, Friedman, Gluckert, and Pigford (1948) measured the bulk
density in both settled and stationary packed beds of Ottawa sand and
crushed Ilmenite ore. They found that the bulk density of the Ottawa
sand was approximately the same in both types of beds. For the
Imenite sand, however, the bulk density was found to be slightly
greater in the case of the moving bed. This was explained as an
indication of closer packing of the smaller particles while in motion,

Experiments with falling beds demonstrated that the particles
flowed with rod-1ike velocity profiles. fhe velocity was found to be
uniform across the tube diameter except mear the wall where it was

found to be 15 to 20% lower.
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Data for the effective thermal conductivity in both stationary and
falling beds were obtained and compared. Theoretical curves for the
temperature profile of a pseudofluid with rod-like flow and a constant
wall temperature were used to calculate the effecfive thermal
conductivities from the experimental data. It was found that ke
obtained in the falling bed and in the stationary bed with stagnant gas
agreed to within 10%,

Such results are very important from the theoretical standpoint,
They suggest that the models proposed in Chapter 3 for stationary beds
with stagnant gas may be used to predict the effective therma)
conductivity in a falling bed. Furthermore, these results suggest that
the classical expressions for Taminar fluid flow in tubes may be used
to describe the system once the flat velocity profile has besn
accounted for. This is the basis for treatment of falling packed bed
heat transfer that will be presented here in Chapter 5. The
expressions that describe this type of fluid flow are derived in

Appendix 2,
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Table 4.1-1 Range of Validity and Specific Correlations Presented

for the Convective Heat Transfer Coefficient in Falling Packed Beds

Flowing Past FTat Plates

Sullivan and Sabersky (1975) Lovop ¢
2 < PP < 4000
- K -
p
0
hl |
K b -172
p Xt 5 (L vopp cp )
%
Denloye and Botterill (1977) 103 < Ngp < 106
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CHAPTER 5
FALLING PARTICLE BED EXPERIMENTAL RESULTS

This chapter will discuss the experimental results obtained in
this investigation on the heat transfer characteristics of gravity
flowing particle beds, A heat transfer loop has been constructed
through which glass microspheres have been allowed to flow by gravity
3t controiled rates thraugh an electrically heated stainless steel
t.cular test section. It has been the aim of this investigation to
etermine exrerimentally the heat transfer coefficient and Musselt
number for flowing particle beds as functions of the average bed
velocity, heat flux, channel geometry, and particle size. The effect
of heat flux was studied in order to account far the radiative
contribution, Such informatiun is necessary for the design of moving
narticle bed type fusion reactor blankets and associated tritium
recovery systems as discussed in Chapter 1.

The experimental equipment and procadure are described in
Section 5.1, [n Section 5,2 the experimental results are presented.
Conclusions and recommendations for further research are discussed

in Section 5.3

5.1 Experimental Equipment and Procedure

5.1.1 Experimental Equipment

Figure 5,1-1 is a schematic diagram of the heat transfer loop.

Solid soda-lime glass particles of controlled size distribution
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flowed by gravity from the upper storage tank through an entrance
region 29 cm in length before entering the test section. The test
section used was an electrically heated Type 321 stainiess steel
tube 54 cm in 1eﬁgth. Several tubes with various diameters have
been used, From the test section, the particles flowed through a 36
cm exit length of the same diameter into the lower collection tank.
The particles were manufactured by Cataphote Division of Ferro
Corporation and the characteristics of the three particle sizes
studied are presented in Table 5.1-1,

The particle flow rate through the test section was controlled
by means of a sliding cane valve assembly located at the lower end
of the tube exit region. The particles were periodically collected
in a stainless steel bucket over a measured period of time, The
mass flow rate was then computed from the weight of the particles
collected during this time.

The particles flowed continuously through the test section and
were then cooled and returned to the upper storage tank via a counter
flow shell and tube heat exchanger. This return was accomplished by
a large suction pump located on the top of the upper storage tank
and was aided by injection of high-pressure air into the shéll side
of the heat exchanger. The particle veturn heat exchanger and the
upper storage tank inlet were lined with high strength glass to
minimize erosian of the loop by the particles. A photograph of the

loop is shown in Figure 5.12.
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Each tube was heated by passing electric current from a 50 ki DC
power supply through the tube's wall. The power input was
controlled by a resistor bank placed in series with the tube
resistance, The test section was thermally insulated from the
outside by a cylindrical composite wall of which the outer layer was
made of fiberglass. For the two smaller tubes this outer layer was
5.1 cm thick while it was 3.8 ¢m thick for the large tube. The
inner layer of insulation for the two smaller tubes was made of high
temperature, organic impregnated, fibrous glass 7.6 cm in diameter,
For the large tube, the inner insulation material was composed of
rigid, hydrous calcium silicate 10.2 cm in diameter,

The test section was electrically insulated from the entrance
and exit regions and the support frame by mounting the ends of the
tube in Aremcolox ceramic sleeves placed on horizontal asbestos-
concrete boards. The slaeves allowed the test section to expand
freely in the vertical direction when it was heated and were
machined to the same inside diameter as that of the test section,

The wall lemperature distribution along the flow direction was
measured by means of Chromel-Alumel thermocouples spot welded onto
the outer tube surface. A photograph of the test section with the
thermocouples and composite wall exposed is presented in Figure
5.1-3. A thermocouple was also used to measure the particle inlet
pulk temperature; these temperatures were recorded on @ twenty

channel continuously scanning Type K Honeywell chart recorder.
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The power input to the test section was determined by measuring
the voltage drop across the tube and the current through a shunt in
serijes with the tube resistance, Standard volt meters were used in
this regard. The wall temperature distribution, power input, and
particle bulk inlet temperature were used to determine the local and
average heat transfer coefficients for the test section,

For seme of the experimental cases, the radial temperature
distribution of the particles was also measured at the exit of the
exit section just upstream of the flow control valve by means of a
Chromel-Alume) thermocouple probe mounted on a micrometer assembly.
The output of this probe was measured using a Fluke digital

thermometer,

5.1.2 Experimental Procedure

The experiment was operated in a steady state mode by continuously
circulating the particles through the loop. The experiment was
conducted for different power levels, particle sizes, tube diameters,
and flow rates, Table 5.1-2 lists the range of experimental
variables examined in these experiments.

[nitially, the camplete inventory of glass particles was placed
in the lower collection tank, The heat exchanger cooling water and
air injection were first turned on. With the control valve closed,
the glass particles were then pumped to the upper storage tank.

Once the lower collection tank had been emptied, the suction pump

was momentarily «hut off to allow the tube above the coutrol valve
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to become packed with particles. The suction pump was once again
started and the control valve was adjusted to the pasition
corresponding to the highest desired flow rate. The particles were
circulated around the loop without heating for approximately thirty
minutes to establish steady state flow conditions. The resistor
bank connected in series with the test section was adjusted to
gbtain approximately the desired power input to the tube, The power
supply was turned on and its controls were uysed to obtain the
desired heat flux. The particle radia) exit temperature profile
prabe, when it was used, was placed at the tube wall. The exit
temperature, the axial wall temperatures, and the power level were
monitored until steady state conditions were reached. This required
approximately one hour. At that time, all the wall temperatures,
power input, and the particle bulk inlet temperature were recorded.
The flow rate was measured by collecting the particles in the
stainless steel container over a measured period of time., In
experiments utilizing the radial exit temperature profile probe, the
profile was measured by moving the micrometer-mounted probe at
approximately 0.06 c¢m radial intervals across the entire tube
diameter, The flow rate was again measured with the probe fully
inserted.

At this point, preparations were made to conduct the experiment
at the next Tower flow rate. The control valve was constricted to
obtain the required mass flow, Again, the temperatures and power

were monitored until the new steady state conditions were reached.
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This required a waiting period of about forty-five minutes.
Experiments at lower mass flow rates followed. The total number of
flow rates studied varied with each tube size, particle size, and
power level,

The resistor bank was adjusted and the above data were collected
for the other two power levels. The loop was thoroughly cleaned and
all three power levels were repeated for the additional particle
sizes. When all the data were collected, the test section was

replaced with one of the other tubes and the tests sere repeated.

5.2 Experimental Results

5.2.1 Data Reduction

The void fractions were obtained as follows. A known mass of
particles was introduced into the known volume of each of the three
tubes. Due to the small tubes involved, calculations were based
upon ten, seven, and four times the normal volume of packing
contained in the 9.53, 14.29 and 25.40 mm tubes respectively. The
published density for solid soda-lime glass of 2.51 g/cm3 gave the
nanvaided volume and therefare the void fraction. The void fraction
for each combination of particle size and tuue studied is listed in
Table 5.2-1. A similar method was used to obtain the bulk particle
density; a known volume of material was collected and weighed in a
graduated cylinder, The density was found to be 1.455, 1.489, and
1.485 g/cm3 for the 608, 304, and 203 particles respectively. The

results of Brinn, Friedman, Gluckert, and Pigford (1948} suggest
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that these data callected for stationary beds are applicable to flow
conditions also.
The method used in calculating the particle mass flow was

discussed in the Tast section. In the experiments which utilized

the radial exit temperaturc profile probe, the mass flow was found

to be the same when the probe was in either the full in or full out ;
position. The particle mass velocity used in the calculation of the ‘
pseudohomogeneous Peclet number was cbtained in the usual fashion;

the flow was treated as a continuum and GO was based upon the mass

flow and the tube diameter. The superficial particle velocity was

then based upon the particle mass veldcity and the particle density.

An outline of the experimental program with the various combinations

of these experimental variables is presented in Table 5.2-2.

When using the micrometer-mounted radial exit temperature
thermocoupte probe, no mechanism was used to detect the actual radial
position within the bed, Instead, temperatures were measured across
the entire tube diameter. The minimum temperature detacted was
taken to occur on the axis of the packed tube and r/R was computed
accordingly.

The test section has been divided along the flow direction using
a finite difference scheme; Twenty-six nodes were utilized in the
14.3 mm tube cases as opposed te thirty-two nodes for the other twe
tubes. Half of these nodes were distributed along the tube wall;
horizontally adjacent to these, the other half were located along

the axis in the flowing packed hied. The following effects have been
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accounted for: 1) variation of specific heat capacity with particle
bulk exit temperature; ii) variation of nodal tube length and
diameter with local wall temperature; i1i) variation of nodal tube
resistance with temperature and its impact on the local heat flux
values; and iv) radiation losses from the tube wall to the particles.

The data for the variation of the physical properties with
temperature used in the above analyses were obtained fram the
literature and are discussed in Appendix 1. Analysis showed that
neglecting ii) above led to a minimum error of 6% in computing the
local heat flux; neglecting 1) above led to an error of up to 30¢
A one~dimensional heat balance demonstrated that the temperature
differed by less than 1.5%C between the inner and outer wall;
further analysis was there’ore based upon the measured outer wall
temperature profiles. Computation showed that the air which was
carried in the voids of the packed bed provided negligible heat
capacity. Heat losses from the outside surface of the composite
cylindrical insulation were found to be small and were, therefore,
neglected.

An energy balance over each node of the test section using the
known power input, particle flow rate, and bulk inlet temperature
was used to calculate the bulk particle temperature profile,

A gray body formulation was used to compute the local radiative
heat flux, The configuration factor between any given tube wall

node and the adjacent particle noue was taken to be unity so that:

- 4 4
q.-ec(twi -t

ri pi) (5.2-1)
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The above formulation assumed the parti¢le bed to behave as a black
body. Siegel and Howell {1972) quote the range of emissivity for
stainless steel as being between approximately 0.2 and 0.4,

Analysis revealed that the radiative contribution to the total heat
flux was less than 4% and was very insensitive to the exact value of
the emissivity; because of this, an average value of 0.3 was use!!
throughout. The local convective heat flux was obtained as the

difference between the total and radiative contributions:

» Ri W

}
q.. = 0 — = (5_2-2)
ci Rtot "DiLi ri

The average convective heat flux was based upon all but the end nodes:

I —p— (5.2-3)

The local and average convective heat transfer coefficients were based

upon the local and logarithmic-mean temperature differences,

respectively:

1]
Q..
¢i

h LT e—— (5.2.4)
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In
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The experimental data for the local convective heat transfer
coefficient profiles were then compared to theory as follows. The
results of Brinn, Friedman, Gluckert, and Pigford (1948) suggest that
the effective thermal conductivity of any flowing acked bed is the
same as kg in a stationary packed bed of the same m terial and
gas; the particle and gas conductivities, which were obtained from
the literature, and the void fraction were thus used 1o obtain the
theoretical static effective conductivity predicted by six of the
models that were discussed in Chapter 3. The models st:.died were
those proposed by Yagi and Kunii (1957}, Kunii and Smith (1960),
Willhite, Kunii, and Smith (1962), Krupiczka (1967), Spec hia, Baldi,
and Sicardi (1980}, and by Specchia and Sicardi (1980). These
theoretica) conductivities were combined with the local heat transfer
coefficient profiles to obtain six experimental Nusselt number
profiles. Each of these were expressed in terms of the

nondimensional axial positions given by:

-
%t e (?ﬁ{‘) [NRe Npr] (5.2-6)

The average Nusselt and pseudchomageneous Peclet numbers were also
based upon these theoretical conductivities., These six experimental
Nusselt numher profiles were then compared to theory; the theory is
discussed in detail in Appendix 2. The classical expression for the
Yocal Musselt number in the therma)ly developing region of a circular

tube containing fluid with a fully developed parabolic flow profile
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and heated by a constant wall heat flux is given by:

loc 1

-1
1 2
NNU = T8 + 3 i Can(l) exp(- ZBnX'+ {5.2-7)

A similar expression for the local Nusselt number with a fully
developed flat velocity profile is derived in Appendix 2 and is Jisted

here as:

-1

2+
Il Jexp(-du’ x ) (5.2-8)

]

loc
h +tx L C
? n

Mo T %
The eigenvalues Bn and w, dre tabulated in Appendix 2.

The goals of these comparisons were to: 1) verify the validity of
a flat velocity profile assumption in falling packed beds; ii) verify
the assumption of equality of the static effective thermal conductivity
of a stationary bed and the effective thermal conductivity of a

falling particle bed; and i) determine which of the models presents

the best comparison between experiment and theory.

5.2.2 Results

Typical results showing the wall temperature distribution along
the tube wali as a function of axia' distance from the heated tube
inlet and average bed velocity are given in Figure 5.2-1, These are
the outside surface temperatures measured by the Chromel-Alumel
thermocouples welded onto the tube wall, The wall temperature is

shown to increase rapidly at first followed by a nearly linear
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increase away from the tube inlet. Such results are very similar to
the case of fluid flow through round tubes. The wall temperature is
significantly reduced as the average bed velocity increases.

Dependence of the wall temperature distribution on particle size
for the same hest flux, bulk velocity, and tube diameter is shown in
Figure 5.2-2. Although the difference is small, a consistently lower
wall temperature .long the entire length of the heated tube is
exhibited by the smaller particles. This difference disappears as
the distance from tube inlet increases.

The axial wall temperature variation shown in Figure 5.2-3 is
A plotted as a function of tube size, The temperatures obtained with
the two larger tubes are within experimental error of one another.
The temperature profile for the smaller tube is consistently higher
and cannot be attributed to experimental error. This suggests that
the experimental conditions for this tube lay in the regime where the
tube to particle diameter ratio begin to be of importance. Here,
Dt/dp = 36.3.

Dependence of the wall temperature distribution on wall heat flux
with all other parameters held constant is presented in Figure 5.2-4.
As expected, the wall temperatures increase rapidly with heat fiux.

Typical results showing the axial bulk particle temperature
distribution as a function of the average bed velocity are given in
Figure 5.2-5, These are the temperatures that were obtained by
computing a heat balance on each of the nodes in the system. The

bulk temperature is shown to increase linearly with axial position
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throughout the entire packed bed. As was the case for the axial wall
temperature profile, the bulk particle temperatures are greatly
reduced as the average velocity is increased.

In Figure 5.2-6, the axial bulk particle temperature variation
for constant bed velocity, heat flux, and tube size is plotted for
thr, three particle sizes studied. No dependence on the particle size
is observed.

The dependence of the bulk particle temperature profile upon tube
size as shown in Figure 5.2-7 is as expected. For the same heat flux
and bulk particle velocity, the larger tubes, with higher mass flow
rates, exhibit lower particle temperatures along the entire length of
the falling bed.

Dependence of the axial particle temperature distribution on wall
heat flux with all other parameters held constart is presented in
Figure 5.2-8. Again as expected, the particle temperatures increase
with heat flux.

Typical results showing the radial temperature distribution for
the particles at the exit section exit for different values of the
average bed velocity are given in Figure 5.2-9. These are the
temperatures that were measured using the micrometer-mounted
thermocouple probe assembly, The particle temperature is plotted as
a function of the nondimensional radial distance away from the tube
center line. These profiles are expected to be somewhat flatter than
those at the heated test section exit, approximately 37 cm upstream

from this position, because of radial heat conduction. Figure 5.2-9
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again shows that the particle temperature decreases rapidly with
increasing bed velocity. The radial profile becomes increasingly
flattened as the average velocity is increased,

Figure 5.2-i0 shows the effect of particle size on the radial
temperature profile. The same center line temperature is
demonstrated. Near the wall,the larger particles attain a higher
temperature. This discrepancy with Figure 5.2-2 is likely due to the
method chosen to detect the tube center line. If the actual radial
positions of either of the curves were displaced in the direction of
the other, the curves would align with cne another.

The local heat transfer coefficient was found to increase
slightly with heat flux, and therefore temperature, when the particle
size, tube size, and average velocity remain the same. Radiation was
found, therefore, to be an important contribution. An attempt was
made to account for the radiant contribution and compute the
convective local heat transfer coefficient by Equation (5.2-4). In
Figure 5.2-11, values of the local heat transfer coefficient along
the tube wall are compared for different heat fluxes when an
emissivity of 0.3 was assumed, Heat flux is found to no longer be a
con-~ibuting variable when radiation is accounted for in this
fashion. Figures 5,2-12 thrbugh 5.2-15 deal also with this purely
convective contribution.

Typical results showing the local convective heat transfer
coefficient along the tube wall as a function of axial distance from

the tube inlet and average bed velocity are shown in Figure 5.2-12,
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The local heat transfer coefficient is shown to decrease with axial
distance to an asymptotic value and is quite sensitive to the average
velocity. Again, these results are very similar to those obtained
with fluid flow in tubes. These coefficients are quite Tow varying
between 200 and 800 N/mzK and increase with the average bed

velocity,

Figure 5.2-13 shows the effect of particle size on the local heat
transfer coefficient. The smallest size particles have a slightly
higher value of hluc than the other particles shown,

. The local convective heat transfer variation presented in Figure
5.2-14 is plotted as a function of tube size. The asymptotic value
approached decreases as the tube diameter is increased. This
suggests that nondimensionalizing the heat transfer coefficient in
terms of a Nusselt number based upon the tube diameter may bring all
the data to a single, universal curve.

Experiments were conducted on the 2.48 cm tube in order to
demonstrate reproducibility of the data. Figure 5.2-15 compares the
local convective heat transfer coefficient profiles obtained from two
independent experiments in which all experimental variables were held
constant. Excellent reproducibility is demonstrated along the entire
length of the packed bed.

Typical results from the Nusselt number profile calculations are
presented in Figure 5.2-16, 5.2-17, and 5.2-18. The plotted symbols
are the Nusselt numbers based upon the experimental heat transfer

coefficients and each of the six theoretical conductivities studied.

[ |
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The results based upon the conductivities presented by Specchia,
Baldi, and Sicardi (1980) and by Specchia and Sicardi (1980) differed
little. A single symbol was used to represent the results for the
Nusselt number variations based upon either of these two
conductivities.

It is immediately apparent from these figures that the Nusselt
number variations approximate that predicted by theory based upon a
flat velocity profile assumption (solid line) more closely than by
theory based upon a parabolic velocity profile assumption (dashed
line). This was the case in one hundred twenty-eight of the one
hundred thirty experiments. The other two agreed with neither flow
assumption and are suspected to be caused by error in experimentation.

A thorough analysis of the data showed that gnly three of the
models studied gave satisfactory results (Yagi and Kunii {1957),
Specehia, Baldi, and Sicardi {19803, Specchia and Sicardi {1980)).
Additiona) analysis showed that the experimenta) Nusselt number
variation based upon the conductivity of Yagi and Kunii (1957)
compared well with the theoretical profile in 2l of these one
hundred twenty-eight cases. The experimental profiles based upon the
model of Yagi and Kunii approach the asymptotic value of 8 for the
Nusselt number while those based upon the models of Specchia et. al.
consistently underestimate the Nusselt number along the entire
length. An attempt was made to compute experimental Nusselt number
profiles based upon the arithmetic average of the six theoretical

conductivities, The results obtained did not compare with theory as
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well as the above method using the model of Yagi and Kunii.

Figures 5.2-16, 5.2-17, and 5.2-18 are replotted as dimensional
quantities in Figures 5.2-19, 5.2-20, and 5.2-21. The results are
the same; the difference here is that the experimental profiles are
purely experimental and the theoretical profiles were obtained purely

from theory.

5.3 Conclusions and Recommendations

Table 5.2-2 lists the various combinations of tube size, particle
size, heat flux, and average bed velocity investigated in this
study. A total of 130 experiments have been obtained. One set of
six experiments was repeated to examine the reproducibility of the
data. Excellent reproducibility was demenstrated. High rates of
flow were difficult to obtain in cases tested with the largest tube.
It was not possible, therefore, to collect data for this tube-at the
highest heat flux; a heat flux of half the maximum studied for the
other tubes was analyzed instead. Radial exit temperéture profiles
were obtained in the 52 cases indicated. The radiant heat flux was
satisfactorily accounted for by Equation (5.2-1).

The axial wall temperature, axial bulk particle temperature, and
Tocal heat transfer coefficient profiles were demonstrated to be
similar to those obtained for fluid flow in circular tubes heated by
a constant wall heat flux. The temperature profiles increased

linearly. The local heat transfer ccefficients decreased in an

asymptotic fashion; they were quite low, being between 200 and 800

D
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W/mK. The wall heat flux was computed to vary by less than six
per cent from inlet to exit in all the cases studied.

Good comparison was observed between the experimental Nusselt
number profiles and theoretical Nusselt number profiles based upon a
flat velocity profile assumption. The best comparison was obtained
when the experimental Nusselt number was based upon the theoretical
conductivity proposed by Yagi and Kunii (1957)., The range of
nondimensional axial distance covered by these one hundred thirty
experiments was up to i s 0.05. The theoretical description of
the Nusselt number variation in the thermal entrance region of a
circular tube with an applied constant wall heat flux and a “fluid"
with a flat velocity profile is presented in Section A2.2.

These "experimental” Nusselt number profiles were based upon the
obtained experimental local heat transfer coefficient profiles, but
incorporated effective conductivities determined by theory obtained
from the literature. The first recommendation for further research,
therefore, is to obtain data for the effective thermal conductivity
of a fatling packed bed. The Nusselt number computed from such data
would then be purely experimental. These experiments should be
undertaken with the same particles and tubes studied here since the
regime where particle-to-tube diameter ratio becomes important has
been approached upon in some of the cases studied.

In all of the experiments, good comparison between experiment and
theory was most difficult to obtain along the first few centimeters

from the tube inlet. With such low heat transfer coefficients, the
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conduction resistance through the tube may not have been negligible
so that conduction iosses near the ends of the test section may have
been important. Before additional experiments are conducted,
alterations should be made te eliminate this source of error,

| Mo carrelation for the average heat transfer coefficient or
average Nusselt number has been presented here. This is because of
the narrow ranges of experimental parameters studied. The Peclet
number varied over only one and one half orders of magnitude. This
variation is due largely to the variation of tube diameter and bulk
velocity studied. The particle and gas characteristics were not
studied. Additional experiments should be carried out incorporating
various particles and gases so that the effect of particle physical
properties and gas Prandtl number can be analyzed, Furthermore, the
range of bulk particle velocity studied should be increased so that
the widest possible rang: for the Peclet number may be considered.
Finally, any useful correlation for the average Nusselt number must

aiso consider the effect of the particle-to-tube diameter ratio.
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Table 5.1-1 Characteristics of the Three Particle Sizes
Used 1n This Tnvestiigalion

Material: Soda-Lime Glass

Manufacturer's Description: Class IV, Type A, Non-Waterproof

UNI~SPHERES
Manufacturer's Size Number Size Distribution (um)
203 590-840
304 . 420-590
608 177-250

UNI-SPHERES were quoted by.the manufacturer to be spherical in shape,
containing not more than 15% irregularly shaped particles, reasonably

free of sharp particles, and 80% in the size range specified above.
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fab1e 5.2-2 Range of Experimental Variables Studied in the

Flowing Particle Bed Experiments

Tube Particle Size Range {um) Heat
Size 177-250 420-590 590-840 Flux
(mam) Bulk Particle Velocity Range (cm/s) (w/cmz)
(4) 4.4-11.6 (4) 3.0-10.9 (4) 2.1-10.7 2,55
7.75 (3) 7.7-13.3 | (3) 6.2-12.3 {3) 4.7-10.4 3.35
{3) 7.6-11.8 | (3) 5.8-10.9 {3) 5.5-11.5| 4,20
(9) 3.5-11.8+| (9) 3.7-13.3+ 2.55
13.8 | (8) 4.4-13,9+| (9) 2.4-14.3+ 3.3
(8) 4.9-15.3+1 (9) 3.7-15.1+ 4,20
{6} 1.3-3.7 (5) 0.9-3.0 2,10
24.8 (7) 1.3-7.2 {6) 1.1-3.7 {4) 1.8-3.6 2.55
(12) 1.8-6.6% | (5) 1.8-3.8 | (3) 2.2-3.5 | 3.35

(#) Number of data points collected in the indicated range of

velocity.

* Entire range of data repeated to demonstrate reproducibility.

+ Radial exit temperature profiles collected.

R L e e T e




9

Suction
ey pump

. q
Coaling
water

Particle
raturn
haat
exchanger

Lower collection tank

1

Cooling
water

—
’ —

Air
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Figure 5,1-3. Photogranh of the test section showing the surface thermocauples and outar insulation. .
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CHAPTER 6
STATIONARY PARTICLE BED EXPERIMENTAL RESULTS

This chapter will discuss the experimental results obtained in
this investigation on the heat transfer characteristics of a
stationary packed particle bed of glass microspheres. An annular
packed bed has been constructed in which heat was applied through
the outer wall by electric heating éf a stainless steel tube.
Cooling occurred at the inner wall of the annular bed by flowing air
through the central tube. A gas stream (air) was also allowed to
flow through the packed bed. It has been the aim of this
investigation to experimentally determine the overall effective
thermal conductivity ko for the packed bed as a function of the
superficial gas velocity through the bed, inner tube coolant gas
velocity, heat flux, and particle size. The effects of heat flux
and coolant gas velocity were studied in order to account for the
radiative contribution. Such information is necessary for the
design of stationary particle bed type fusion reactor blankets as
discussed in Chapter 1.

The experiment‘al equipment and procedure are described in
Section 6.1, In Section 6.2 the experimental results are presented.
Conclusions and recommendations for further research are discussed

in Section 6.3.

[

LR,
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6.1 Experimental Equipment and Procedure

6.1.1 Experimental Equipment

Figure 6.1-1 is a schematic diagram of the apparatus. Solid
soda-1ime glass particles were constrained between the two tube
walls in the radial direction and between two porous bronze plates
in the axial direction. The particies used in the falling bed
experiments discussed in the last chapter were used in these
experiments also. The outer tube had an inside diameter of 50.19 rm
and was 0,30 rm thick; the inner tube had an outside diameter of
12,70 mm and was 0.51 mm thick. Both were made of Type 321
stainless steel.

Electric current from a 50 kW DC power supply was passed through
the wall of the outer tube. The power input was controlled by a
resistor bank placed in series with the tube resistance. The power
input to the test section was determined by measuring the voltage
drop across the outer tube and the cyrrent through a shunt connected
in series with the tube resistance. Standard voltmeters were used
in this regard.

The upper and lower end plugs and porous plates were
electrically insulated from the outer tube by an annular section of
phenolic, The inner tube was mounted directly on the end plugs and
bronze plates and was therefore also electrically isolated. The
outar tube was electrically isolated from the support frame by
mounting the flanges, which were welded to the tube wall, on

horizontal asbestos-concrete boards. The entire apparatus "und
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from the upper flange which was rigidly fastened to the upper

board. The lower flange was not rigidly fixed to the lower board to
allow for thermal expansion of the tube when it was heated, The
outer tube was thermally insulated from the outside by an inner
layer of 5.1 cm thick rigid, hydrous calcium silicate followed by an
outer layer of 2.5 cm thick fiber glass and 2 1.6 om thick aluminum
shroud. The end plugs were thermally insulated by layers of fiber
qlass. Mot pictured in Figure 6.1-1 were Swagelok tube fittings
that clamped onto the outer tube and threaded into the phenolic
insulators. It was through these fittings that gas leakage from the
packed bed was to be prevented.

The outer wall temperature distribution along the flow direction
was measured by means of Chromel-Alumel thermocouples spot welded
onto the tube's outer surface, The inner wall axial temperature
profile was obtained by the following method, Holes weve first
drilled at desired positions in the tybe wall. Chromel-Alumel
thermocouples were then threaded inside the tube and extracted
through these small holes; the thermocouples were soldered in place
with high temperature silver solder. Finally, the solder joints
were filed to obtain a smooth tube surface.

The temperature profile of the packed bed was measured by
sixteen Chromel-Alumel thermocouple probes insertea through the
outer tube wall and into the packing material. Fourteen of these
proces were situated at positions such that four axial and four

radial temperature profiles could be obtained simultaneouslty, The
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four horizontal planes containing these thermocouples were located
at 4.1, 11.7, 18.1, and 25,1 cm above the inlet to the heated test
‘section. The other two thermocouple probes, located at 4.1 and 18.1
cm from the inlet, were mounted on micrometer assemblies: the radial
temperature profile in these planes could therefore be measured in
great detail.

One wire from each of the two micrometer-mounted thermocouples
was connected to the positive pole of an ohmmeter; the inner tub=
wall was electrically connected to the negative pole. The location
of the tube wall could thus be detected by the change in resistance
indicated on the chmmeter,

In order to position the statiorary thermocouple probes clear
plexiglass discs, one face of each scribed with rings located at the
racgial positions of the probes, were mounted onto the outer tube
prior to instaliation of the inner tube and end plugs. The correct
positions of these probes were thus obtained by visually aligning
the scribe marks with their corresponding probes.

The two micrometer-mounted probes and the two stationary probes
located next to the inner tube wall at a radial positien of r/R =
0.316 were made with a sheath thicknass of 1.6 mm to avoid possible
bending (recall that R = 25,1 mm and the inner wall was located at
r/R = 0.253). The stationary probes located at r/R = 0.506 and
0.759 (four each) where the possibility of bending was less
pronounced were made with thinner sheaths 0.8 mm in diameter in

order to minimize the disruption of the flow pattern near the
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sheath. The final set of four thermocouples located near the outer
wall at r/R = 0.886, where flow disruptions were minimal, were also
made with the thicker sheath dizmeter.

A thermocouple probe was located along the axis of the inner
tube to measure the exit temperature of the inner air., Thermocouples
were also Yocated in the lower end piug and at the top of the inner
tube to measure the outer and inner air bulk inlet temperatures
respectively. The outer surface temperature of the composite wall
of insulation was measured by means of a thermocouple attached to
the shroud in the midplane of the test section, Another thermocouple
was placed nearby to measure the local ambient temperature; from
these temperatures, the heat losses could be estimated. Finally,
thermocouples were Tocated at the inlet of each of the two rotameters
to verify that the air had been cooled to ambient temperature, which
was where the rotameters were calibrated. All of these temperatures
were recorded on a forty channel Monitor Labs 9300 data logger. A
photograph of the test section with the thermocouples and insulation
exposed is presented in Figure 6.1-2,

4 schematic of the cooling system is presented in Figure 6,1-3.
Compressed air from a supply line was first passed through a filter
10 remove 0ils and particulates. The air was then divided into two
streams, each of which was regulated to desired conditions before
entering the test apparatus.

The coolant air, hereafter called the inner air, flowed downward

through the inner tube and exited at the bottom of the test section.
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Tne heated inner air was then cooled to room temperature by flowing
through a coil immersed in a water bath. The volumetric flow rate
of the air was then measured by a rotameter previously calibrated
against a wet test meter at atmospheric pressure and room
temperatue, The inner air finally exited to the atmosphere.

Tne air supplied by the second regulator, hereafter callad the
outer air, formed the stream that flowed through the voids in the
packing of the bed, The outer air first flowed into the annular
region of the lower end plug., This allowed the pressure to be
censtant on the lower side of the porous bronze plate which held the
bed in place and served as a flow distributor. The air then flowed
upward through the pores of this plate and into the packing. The
packed bed consisted of three sections, The first 17.1 cm served as
an unheated entrance region; the air thus exitad this region with 2
fully developed velocity profile. The next 29.2 cm consisted of the
test section which coincided with the heated outer wall. Another
17.1 cm of packing followed. The outer air flowed through another
porous plate, into an upper annular region, 2nd exited the test
apparatus. Finally, another cooling coil immersed in the water bath
cooled the outer air to room temperature before its flow rate was
measured by a rotameter which was also calibrated at ambient
temperature. The outer air was then released into the atmosphere.

A photograph of the entire experimental apparatus is presented in

Figure 6.1-4.
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6.1,2 Experimental Procedure

Tne experiment was operated in a steady state mode. Experiments
were condycted for different power levels, particle sizes, inner and
outer air flow rates. The experimental variables dre listed in
Table 6.1~1,

Initially, the two regulators were adjusted to obtain
approximately the desired flow. Valves on the two rotameters were
used to obtain the correct flow rate. The highest rates to be
tested for poth air streams were first used. The resistor bank
connected in series with the test section was adjusted to obtain
approximately the desired power input to the tube, The power supply
was turned on and its controls were used to obtain the desired heat
flux, The power, air flow rates, and all temperatures were
monitored until steady state conditions were reached; this required
approximately five hours, At that time, all temperatures, power
input, and inner and outer air velocities were recorded. The data
for radial temperature profiles obtained by the two micrometer-probe
assemblies were then recorded one at a time. The Swagelok fittings
connected to these proves were first 1oosengd, the prooe was moved
to the desired positions, and the Swageloks were then tightened in
the new positions. In this manner, all air leaks which were found
to affect the measured temperature were eliminated. A waiting
period of a few seconds was required to bring the temperature
reading to its new valug, l4nhen the complete profile had been

recorded, the probe was withdrawn to its full out pesition,
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At this point, preparations were made to conduct the expariment
at a lower outer air velocity, The regulator and rotameter valve
were constricted to obtain the required flow rate. Again, the
power, air flow rates, and temperatures were monitored until the new
steady state conditions were reached. This required a waiting
period of an additional two hours. Experiments at other flow rates
followed. In this manner, six axperiments were conducted with the
various combinations of inner and outer air flow rates for each
particle size and power level,

The resistor bank was adjusted and the above datz were collected
for the other power level., The apparatus was next partially
disassembled, thoroughly cleaned, repacked with different size
particles, and reassembled. Both power levels were repeated fur
each of the two additional particle sizes,

Originally it was intended to collect data with all three
particle sizes at three separate power levels, however, the Swagelok
tube fittings at bath ends of the bed were found to leak as the
system heated up at the beginning of each day's tests, At the two
lower power levels this leakage was stopped by coating the tube
fitting with Devcon aluminum based epoxy. As the bed heated up the
epoxy was somewhat pliable allowing for thermal expansion., When the
bed cooled the epoxy cracked. It was therefore necessary to obtain
as many experiments as possible each time the bed was heated because
new epoxy had to be applied at the beginning of each day's tests.

At the highest power level large enough temperature fluctuations
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were found to occur, as the inner and outer air flow retes were
variag, that the epoxy cracked even as the power was still teing
applied. Experiments were thus conducted only at the two lower
levels. Prior to applying new epoxy at the beginning of each day's
tests the old epoxy had to be removed using a hand held propane
torch. After several sets of experiments had been collected, the
phenolic had been burned to a sufficient extent that gas leakage
could no langer be stopped. At that point experimentaticn was
conciuced, Of the experiments collzscted two ars not reported here
a5 other probiems occurred whicn cast doubt upon tneir reliability.
In one of these, thermal expansion caused the bed particles to grind
against the upper parous plate decrez-ing gas flow there; the plate
had to be ¢leaned before additional exerimentaticn could proceed, I

total of twenty-eight experiments are thus reocrted here,

6.2 Experimental Results

6.2.1 Data Reduction ?

The void fractions in the three packings studied were obtained
as follows. A known mass of particles was introduced into the known
volume of the annular region, The published density for soiid
soga-lime glass of 2.51 g/cm3 gave the nonvoided volume and
therefore the void fraction. This resulted in void fractions of
0.419, 0.395, and 0,385 for the 608, 304, and 203 particles

respectively,



Tne data for the variation of the physical properties with
temperature used in the following analyses were obtained from the
literature and are discussed in Appendix 1. The inner and cuter air
velocities were calculated from the measyred volumetric flow
velocities and the flow Cross sectional areds. The Reynolds number
was based upon the inner air velocity and the coolant tube
: ciameter. The cuter air veloctity was calculated in the usual
fashion and based upon the empty annular area., The modifisg
Reynolds numoer was calculated from this velocity and the average
particle size. An outline of the experimental pregram with the
various combinations of these experimental variables is presented in
Table 6.2-1.

The experimental conditions were utilized ia order to calculate
the theoretica) static effective conductivities predicted by six of
tne models that were discussed in Chapter 3. The models studied
were those proposed by Yagi and Xunii (1957, Kunii and Smith
(1960), Willnite, Kunii, and Smith (1962), Xrupiczka (1967),
Specchia, Balai, and Sicardi (1980), and by Specchia and Sicardi
(1980), Similarly, the effective conductivities predicted by eight
of the correlations discussed in Chapter 2 were calculated, The
correlations studied were those of Bunnell, Irvin, Olson, and Smith
(1949), Schertz and Bischoff (1969), Quinton and Storrow (1958),
Plautz and Johnstone {1955), Coberly and Marshall (1951}, Campbell
and Huntington {1952}, Calderbank and Pogorski (1957), and Phillips,

Leavitt, and Yoon (1960).
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[nitially, an attempt was made to present data for ke and hw
in the annular packed bed. Howevér, an energy balance couid not be
verified even when accounting for the heat losses from the shroud to
the surrounding ambient air. Furthermore, no consistent temperature
discontinuity between the wall and the bed was obsefved; this was
true for both the heated ocuter and cooled inner walls. [t was
therefore decided to present data for the overall effective
conductivity inasmuch as Ko aepended upon the temperature profila
tut not the heat flow.

The nondimensional temperature profile basad upon the
assumptions valid for the experimental conditions is derived in

detail in Appendix 3 and is listed here as:

2
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The experimental temperature profiles obtained by the micrometer-
mounted thermocouple probe located in the axial plane 18.1 cm above
the inlet were plotted as nondimensional profiles and curve fitted |
in order to compare them with Equation {6.2-1), The reader is
reminded that Equation (6.2-1) is valid over the cross section of

the ennulus in any axial plane beyond the thermal entrance region

and was based upon the assumption of a constant axial temperature
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gradient in the packed bed. Except for the portion of the packed

bed Tocated beyond the plane 18.1 cm above the inlet, the axial
temperature profiles were found to be quite linear with approximately
constant slope across the bed cross section. The axial temperature
gradient was thus calculated with the temperatures obtained by the
stationary thermocouple probes lying in the axial planes 11.1 and
18.1 cm above the inlet. As was mentioned above, it was this section
that '2¥ just prior to the plane in which k, s calculated. Three
separate values for the temperature gradient were calculatec at the
radial positons of r/R = 0.506, 0.759, and 0.886. Since these three
valuas differed only slightly, their average Qas utilized, The
stationary thermocouple probes located at a radial position of

r/R = 0.316 were not used in this caiculation since the micrometer-
mounted probe was located in the plane 18.1 ¢m above the inlet,
Discrepencies between the two types of probes were observed; other
inconsistencies suggested that data obtained from these stationary
probes were unreliable.

An iterative scheme was utilized in order to obtain the overall
conductivity from the data utilizing Equation {6.2-1). Of the six
mogels studied for the static effecfive conductivity, the modal of
Krupic2ka {1967) consistently predicted the lowest value. It was
thus this value that was used as a first approximation for ko‘ With
this approximation the thecretical nondimensional temperature profile
could be computed from Equation {6.2-1). The error betwesn the

experimentally observed and theoretically predicted nondimensional
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tamparature profilas was then computed as the sum of the squares of
the difference between the two profiles at each of the radial
positions experimentally studied. The assumed overall conductivity
was then increased by 1% and the entire process was iterzted so that
the overall effective conductivity corresponding to the minimum error
was obtained., [n this method the true error-minimized overall
effective thermal conductivity was computed Tor each set of
experimental data, The overall conductivity wes also nondimension-
alized with respect to tne gas conductivity in the axial plane
containing the micrometer-mounted thermucouple probe.

The theoretical nondimensional temperature profiles calculated
above, corresponding to the error-minimized overall conductivity,
along with tR and tR' were utilized to compute the theoretical
temperature profiles in the same plans. This allowed comparison with
the experimentally obtained temperature profiles. Similarly, the
effective conductivity predicted by the eight correlations discussed
ahove were utilized to compute theoretical temperature profiles via
Equation (6.2-1).

The goals of these comparisons were to: 1) verify that the error-
minimized temperature profiles approximated those of the experimental
data; 1) verify whether temperature profiles based upon the
correlations, none of which were valid in the range of modified
Reynolds number studied, could approximate those of the experimental
data; and iii) determine whether correlations for ke and k0 both of

which were utilized in i1) above, produced significant differences here.
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5.2.2 Rasulis

Figures 6.2-1, 6.2-2, and 6.2-3 show typical results for the
axial temperature profiles. These temperature profiles were obtained
by the stationary fhermocoup?e probes located at three radial
positions within the bed as well as thermocouples spot welded onto
the inner and outer walls. Within the bed it can be s2en that the
temperature increased approximately linearly with axial position
except near the top of the bed where the end effects mentioned above
occurred. The gradient was found tc be indepencent of radial
position. The approximation of constant axial temperature gradient
utilized to derive Equation (6.2-1) was thus found to be valid.

Typical radial temperature profiles obtained by the micrometer-
mounted thermocouple probe located in the axia) plane 4.1 cm above
the inlet are oresented in Figure 6.2-4. The temperature profiles at
that elevation were similar in &l of the cases studied, The
profiles were found to be relatively flat near the inner wall with
small negative radial temperature gradient indicating outward heat
flow from the hot coolant in the central tube near its exit.

Typical nondimensional radial temperature profiles obtained by
the micrometer-mounted thermocouple probe located in the axial plane
18.1 cm above the inlet are presented in Figures 6.2-5, 6.2-6, and
8.2-7. Results for the error-minimized theoretical orofiles are also
presented. Three different observations become immediately
apparent., Profiles like Figure 6.2-5 are very similar in form to the

theoretical profile predicted by Equation (6.2-1), Other profiles
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like Figure 6.2-6 were found 10 be S-shaped in nature with a nearly
constant increzsa in temmerature across the middle of the znnulus;
the two-dimensional one-parameter method does not match the
experimental data of the type presented in Figure 6.2-6 as well as
for profiles of the type reproduced in Figure 6.2-5, Finally, some
of the experimental data produced temperature profiles that were
flat over large distances acjacent to the outer wall; an example is
presented in figure 6.2-7. These prafilss are Ciearly in errcr,
They were a result of siippage of the probe or air leakage tnrougn
the guide tube through wnich the thermocounle prede peretratad the
outer wall. Analysis showed that unrealistically high values of

ko would be needed to fit such temperature profiles.

In Figures 6.2-8, €,2-9, and 6.2-10 typical results for the
experimentally observed radial temperaturs profiles and error-minimized
raaial temperature profiles are reproduced. These dre again the
profiles obtained by ths micrometer-mounted thermocounle prote located
in the plane 18.1 c¢m abave the inlet. Plotted for comparison are the
temperature profiles predicted by Equation {6.2-1) incorporating the
effective conductivities propased by the correlations of five of the
authors discussed in Section 6.2.1, Mo agreement between the
experimental and calculated temperature profiles was found when the
effective conductivities predicted by Bunnell, Irvin, Olson and Smith
{1949), Quinton and Storrow (1956), or Phillips, Leavitt, and Yoon
(1960) were utilized, Analysis snowed that no single correlation

provided consistent agreement between experiment and theory. It is

g“""‘f‘.“_“‘,f’f""" R
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interesting to note that even though Equation (6.2-1) was derived
pased upon the two-dimensional, one-parameter method better
comparisan between experiment and theory was aobtained when using the
correlations for the effective conductivity based upon the two-
dimensional, two-parameter method. In fourteen of the twenty-gight
experiments, however, none of the eight correlations provided
satisfactory comparison,

Results obtained for the errcr-minimized overall effective
conductivity in each of the twenty-eight exceriments are presented in
Table 6.2-2. Also presented for comparison are the modified feynolds
numbers for each case. Note that in five experiments the
nondimensionalized overall conductivity is designated by an asterisk,
These were the experiments which demonstrated nandimensional radial
temperature profiles corresponding to the type depicted in Figurs
6.2-7. As was discussed above, the flatiened profiles near the outer
wall caused disagreement between the experimental and theoretical
curves unless unrealistically high values for the averall
conductivities were assumed.

It was nat possible to correlate the overall effective
conductivity with modified Reynolds number in either the usual linear
fashion or any other consistent function. In fact, it can be seen in

"Table 6.2-2 that different experiments conducted in the same packed
bed at the same modified Reynolds number did nat necessarily yield

the same overall conductivities. Since the bed had not been
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dissassemyled ar repacked these discrepancies cannot be attributed
to the packing characteristics of the bed. MNeither can these
discrepancies be attributed to an additive contribution due to
radiation effects which were not considered in the derivation of
Equation (6.2-1). The overall conductivity consistently decreased
as eating, either increasing power level or decreasing inner air
velacity, was increased; in none of the tests did the temperature
exczed 250°C.

Other less likely explanations for the discrepancies discussed
abcve were also analyzed. These included: i§) the variations of the
physica) propei'ties, which were required by Equation 6,2-1, with
temoerature across the bed cross section; and 1i) variations in the
methad used to calculate the axial temperature gradient. No
appreciable diffarences from the results presented in Table 6.2-2
wer2 ghserved.

The two remaining possibilities are: 1) slippage of the
micrometer probe so that the data for the radial temperatures were
not always obtained at the radial positions recorded; and ii) the
two-dimensional one-parameter method does not describe well the heat
transfer in a packed bed at low modified Reynolds number. Although
the former is a possibility it is not likely. In order to
deszribe satisfactorily temperature prof{Ies of the type depicted in
Ficure 6.2+7 the radial positions recorded would have to have been
in error by up to 0.48 cm. Explanation in terms of a two-dimensional,

two-parameter method is much more likely; the S-shaped profiles could g
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better be explained in terms of a constant effective thermal
conductivity across the bad and wall heat transfar ccefficients
effective in the narrow regions near gither wall. HNo attempt was
made to obtain data for ke or h, because of the heat balance

problems discussed above.

6.3 Conclusions and Recommendations

Table 6.2-1 Tists the various combinations of particle size, neat
flux, coolant flow velocity and purge gas velocity investigated in
this study. A total of twenty-eight experjments have been obtained.
Data we-e difficult to obtain in cases tested with large temperature
fluctuations. It was not possible, therefore, to collect data at
power levels above 150¥, Radiant heat transfer was found to be
insignificant in the packed bed which never exceeded 250%.

The axial temperature profiles within the bed were found to be
linear with a constant slope across the bed cross section. With this
observation the radial temperature profile was derived in terms of kO
based upon the two-dimensional one-parameter method. Derivation of
this temperature profile is presented in Section A3.1. The
experimental radial temperature profiles were found to be similar to
the theoretically predicted profile as was presented in Equation
(6.2-1).

An iteration procedure and an error minimization scheme were
utilized in order to obtain ko from a comparisen of the

experimental profile and Equation (6.2-1). The rasults were
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oresentzd in Teolz §.2-2.

Mo correlation for %y could te presented. The most likely
cause for the inconsistent dependence of the overall conductivity on
NRe' is that the two-dimensional, one-parameter method was not
applicable for this packed bed at low modified Reynolds numbers. The
first recommendztion for further research, therefore, is to obtain
data for the effective thermal conductivity and wall heat transfer
coefficient in ine packed bad. This would require tn3t mocifications
92 incorporated so that a heat balance could be obtzineg. To ihis
end, the outer air exit termperature must be measured. Restricting
studies to packed beds with fine particles would be very useful. In
such beds the v2locity profile has been demonstrated to be quite
flat; insertion of a thermocounle probe into the exit plane
approximately ane half the distance across the annulus would give
results for the bulk exit temnerature that‘would not be in serious
error. More accurate values for the exit temperatura would require
more 2xtensive modification of the existing system, A micrometer-
mounted thermocouple probe could be inserted into tre exit plane;
simple numerical integration with a flat velocity profile would
yield the exit temperature. Extensive modification of the existing
apparatus would be reguired snould larger particle sizes be pursued,
The velocity profile in such systems would make numerical integration
complicated. instead, the bulk exit temperature should be measured
in a mixing section that should be located immediately above the

heated section. The present apparatus has a 17.1 cm calming section
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between the axit from the heated section and the mixing saction,

The particle and gas characteristics were nct studisd, 2Cditional
experiments should be carried out incorporating various particles and
gases so that the effect of particle physical properties and gas
Pranatl number can be analyzed. Finally, any useful correlation for
kg OF hw aust also consider the effect of the particle-to-tude
diameter ratio. In the literature <  and h, were generally
tabLlated for each particular value of dD/Bt. Data in tnis form
is generally not wseful wnen making theoreticai pregictions of the

1ype discussed in Section 6.2.



Table 6.1-1

txoerirantal Yariables for the Stationary

Particle Sed rxperirent

Particle Size Range
+ 177-250 um
+ 420-590 um
+ 590-840 um

Power Level
« 100, 159 W

keat Flux
s

+ 0.217, 0.326 asc”

Inner Air Yelocity
» 200, 500 cn/s

Reynolds Number
« 1340-3630

Quter Air Velocity
+ 10, 20, 30 cm/s

Modifiad Reynolds Number
+ 1.00-11.70
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Taple 6.2-1 Combinations of Experimental Yeriables Stucied
1n Lne Stationary Pac<ed Jed ciperiments

Inner Air Particle Size Range (um) Power
\
Superficial 177250 420-590 590-84) Level
]
velocity (cm/s) Quter Air Velocity (cm/s) ! ()

200 | 500 } 200 ; 500 | 200 | 500

10 X X X X X X 100
X X X } 15¢
X i b X X X 100

20
X X X 150

30




Tabie 6.2-2

Results Obtained for M)

and k /%
g——0—3q

in the Stationary Packed 2ad Cxneriments

Particle | Inner Air Superficial Velocity (cm/s) Quter Power
size Air ! Level
Range 10 20 30 felocity
() (em/s) + (W)
i ;
i \' ko ! ko \' ko !
! M — R} — Ny -
: Re kg Re ‘g Re *g
! , t
g 0.999 36.9 | 2.185 14.2 | 3.457 12,3 200
177-250 o
i
j .07 * 2,187 20.7 | 3.453 13.1 500
| !
2.477 33.6 | 5.204 15.1( 8.286 15.0 200 |
100
: 2.579 50.2 | 5.250 16.7 | 2.300 147 500
1420-590
] 2.367 9.8 8.195 7.9 200
| . 150
2397 13.9 | 5.5 9.3 2200 8.1 500 |
: |
; !
s 3139+ 7.310 51.8 | 11,685 23.2] 200
: 100 |
3.300 * 7.298 140 | 11,708 * 500 .
59C-840 : ;
: 5543 45.4 | 10.660 18,7 200 .
, . 150
| t
2.922 * 6.741 2.2 | 10.805 32.4] 500
i
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NOMENCLATURE
function of dp/Dt presented by Colburn (1931)
function of r/R presented in correlation of Irvin,
Olson, and Smith (1951)
parameter in correlation of Baumeister and Bennett {1958)
wall surface area in packed bed
normalization coefficient presented by Sellars, Tribus,
and Klein (1956)
parameter in model of Krupiczka (1967)
thickness of annular ring in annular packed bed
parameter in correlation of Baumeister and Bennett (1958)
distance over which conduction takes place in model of
Schotte (1960)
parameter in model of Krupiczka (1967)
constant in correlation of Hanratty (1954)
constant in correlation of Schertz and Bischoff (1969)
constant in correlation of Votruba, Hlavacek, and Marek
(1972)
normalization coefficient presented by Siegel, Sparrow,
and Hallman (1958)
normalization coefficient for thermally developing
region with flat velocity profile
spacific heat of gas
specific heat of particle

equivalent diameter of particle with rough
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4e
surface = TEOE

dg mean diameter of gas molecule

d, diameter of sphere with same external surface area as
particle

dp diameter of spherical particle

D equivalent diameter of annular ring = 2b

0, tube nodal inside diameter

D0 equivalent diameter defined by Votruba, Hlavacek, and

(4/6) Dye

Marek (1972) =
T (= a0,/0)

Dt diameter of tube

e emissivity of particle

f combined friction factor for packed bed

f] parameter in Figure 2.1-2

f! parameter in model of Wakao and Vorimever (1971}

g 9.8 m/s2

G Jocal superficial gas velocity based on empty tube area

G0 average superficial gas velocity based on empty tube area

h. average convective heat transfer coefficient for falling bed
hloc,i Tocal heat transfer coefficient for node i

h, heat transfer coefficient between flat plate and falling bed
h0 overall heat transfer coefficient

hp heat transfer coefficient for conduction through points of

contact
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hpg heat transfer coefficient between particle and gas

hr radiant heat transfer coefficient

hrs heat transfer coefficient due to radiation between particle
surfaces

hay heat transfer coefficient due to radiation between voids

b, wall heat transfer coefficient

hs stagnant contribution to hw

h; eddy contribution to hw

h: heat transfer coefficient of the boundary layer on the wall

h' heat transfer coefficient between particle surface and
fluid or other particles

h cu 2/3

jH j-factor for heat transfer = Eﬁ%g -E;ﬂ

jHo asymptotic value of jH according to Glaser and Thodos
{1958)

kg Boltzmann constant = 1,380 x 1072 J7K

kcontact additive term in model of Wakao and Vortmeyer (1971)

k; thermal conductivity for molecular conduction in the void
space

ke effective thermal conductivity

kg dynamic contribution to conduction

k: stagnant contribution to ke

kg eddy contribution to ke

k; kg under vacuum conditions
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k., 0,9(1 - ¢)

apparent conductivity = —Jh—ﬂ—)-
¢+ (2/3 kg/kp

radial effective thermal conductivity

effective thermal conductivity in the near-wall region
stagnant contribution to Kay

axial effective thermal conductivity

static contribution to kez

thermal conductivity of gas at average bed temperature
thermal conductivity of gas which varies with pressure
overall effective thermal conductivity

overall effective thermal conductivity for gas
stagnant contribution to k0

overall effective thermal conductivity for particles
thermal conductivity of particle

thermal conductivity for conduction through the points
of contact

thermal conductivity for radiation in the void space
additive term in model of Wakao and Vortmeyer (1971)
thermal conductivity for heat flow through particle
thermat conductivity for turbulent diffusion in the void
space

thermal conductivity of gas at wall temperature
average length between two neighboring particles in the

direction of heat flow




NPem
Pr
NRe
Re
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effective length of solid relating to conduction
25 in the near-wall region

effective thickness of fluid film in void relating to
conduction

zv in the near-wall region

natural logarithm of x

ordinary logarithm of x

length of packed bed

length of flat plate in falling bed experiments
tube nodal length

= ke/hwR

L 0.165
= (.55 E
t

number of contact points

=1/Bd

Archimedes number = d 09 (p °g)/“§
modified Graetz number = 1/eT

icle-gas N =
particle-gas Nusselt number hpgdp/kg

local Nusselt number in a cylindrical tube

radiation Nusselt number = hrdp/k

modified Peclet number = d chu/ke

Peclet number for mass transfer

b
gas Prandtl number = pug/kg

Reynolds number = DtGu/“g

ified Reynald =
modified Reynolds number dpGo/"g
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absolute pressure

absolute breakaway pressure
atmospheric pressure

pressure drop through packed bed
average wall heat flux

total convective heat flux

nodal convective heat flux
constant wall heat flux

nodal radiative heat flux

heat flow from wall to packed bed
radial distance from center line

ed

hydraulic radius which varies with r = 311‘%?25

bed radius = Dt/2

tube nodal electrical resistance

eigenfunction presented by Siegel, Sparrow, and Hallman
(1958)

total tube electrical resistance

surface area of particle/unit volume of bed

surface area of equivalent particle
temperature of packed bed assuming tp = tg
average temperature in any given plane

average temperature in exit plane

fully developed temperature profile in flowing packed bed

temperature of gas
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W1
tl
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average temperature in inlet plane

terminal logarithmic mean temperature difference between
wall and bed

radial temperature profile at some axial position L

mean temperature of packed bed with respect to radial
position

constant inlet temperature of fluid

temperature of particle

bulk particle temperature for node

extrapolated temperature of bed at inside surface of tube
wall

temperature of tube wall

wall temperature for node i

teér=R- dp/2

difference temperature profiie in thermal entrance region
=1 - tw

average temperature of packed bed

velocity at a given posi.ion

velocity at center line of tube

average velocity of flowing packed bed

average velocity across a given cross section

distance from inlet to heated section

= (X/2R) [y, 1!

axial distance f-om lowest point in heated bed
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Greek Nomenclature

mass velocity of fluid flowing in direction of heat
transfer/G0 = ¢+ Y/(kg + kp) in Willhite-Kunii-Smith
model
effective thermal diffusivity
roots of Jo(ui) =
thermal coefficient of Tinear expansion
coefficient in Equation (2.3-5)
mass velocity of fluid flowing in direction of heat
transfer near tube waH/G0
parameter indicating eddy contribution to ke =
]/NPe
accomodation coefficient
fraction of voided space due to conduction in
Masamune-Smith ., 21
= Ly/e,
=k /6 c R

e’ Cop
eigenvalue presented by Siegel, Sparrow, and Hallman
{1958)

2

= R

ke/ogcp
= ls/dp
eigenvalue presented by Sellars, Tribus, and Klein (1956)

_ *
= ls/dp

cp/cv
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fraction of space not devoted to void conduction that is
due solely to conduction through the paints of contact in
Masamune~Smith model

fraction of effective area for heat transfer due to
conduction through points of contact in Yagi-Kunii model
coefficient in correlation of Yagi, Kunii, and Wakao {1960)
area fraction in model of Imura and Takegoshi (1974)

void fraction

yoid fraction for most loose packed state

void fraction for most close packed state

& in central core of bed

£ in near-wall region

grea fraction in mode! of Imura and Takegoshi (1974)

vaig fraction correction used by Willhite, Kunii, and Smith
(1962)

time since initiation of transient

eigenvalue presented by Kwong and Smith {1957)

gigenvalue presented by Hougen and Piret (1951)
eigenvalue presentad by Coberly and Marshall {1951)

mean free path of gas at atmospheric pressure

contact area/projected area of particle

viscosity of gas at ™

viscosity of gas at average bed temperature

viscosity of gas at room temperature



viscosity of gas at wall temperature
= r/R
density of gas

density of particle

Steffan-Bolt~man constant = 5.729 x 1078

= 4Lko/choDE

40 (prpg)

) 252-a')/a'

= O,V/dp

¢ for most loose packed state

¢ for most close packed state

- *d
= L /d)

26} !

wme®

shape factor proposed by Glaser and Thodos (1958)

correlitional parameter of Sullivan and Sabersky (1975)

eigenvalue for thermal developing region with flat velocity

profile
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