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GAS FLOW THROUGH BEDS BETWEEN 20 AND 650°C

G. S. G. BEVERIDGE*
Department of Chemical Engineering, Heriot-Watt University, Edinburgh EH1 1HX, Scotland

and

D. P. HAUGHEY
Meat Industry Research Institute of New Zealand (Inc.), P.O. Box 617, Hamilton, New Zealand

(Received 27 October 1970 and in revised form 19 July 1971)

Abstract—The experimental measurements and theoretical models described in part I are extended to the
case of gas flow through the bed. Temperature profile measurements are given for cocurrent gas and axial
heat flows through the bed over a temperature range 20-650°C and a particle Reynolds number up to 5.

These results are analysed in terms of both a continuous (diffusion) model and a new discrete (mixing
cell) model. The latter provides more quantitative information on the heat transfer mechanisms involved
since, unlike the former, separate account is taken of solid conduction-radiation, solid contact resistance,
as well as solid—gas convection and bulk gas flow convection. The suitability of the discrete model is
verified by comparison with both the present experimental cocurrent results at low and high temperatures
and with previously published countercurrent low temperature measurements using a range of packing
materials.

NOMENCLATURE

a, inlet to mixing cell;

b, location of point contact in mixing
cell;

B, function (Appendix 2);

c, exit from mixing cell;

C, \/ (Hp/Kp);

C, gas specific heat;

C; constants (i = 1-6, Appendices 1
and 2);

D, function (Appendix 2);

D,, particle diameter;

E, eddy diffusivity;

F,, defined by equations (7) and (8);

G, gas mass flow rate per unit area;

h, heat transfer coefficient;

H, convection parameter (Appendix
3b);

k, thermal conductivity of single phase
system;

k,, effective thermal conductivity of
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eg?

Pe,
Pr,
o,
QD7 Q’Da

Re,

two-phase system, based on bed
area;

effective thermal conductivity of
solid path, based on solid area
(1 —e)

conduction parameter (Appendices
3c and d);

dimensionless J factor for heat
transfer;

cell length;

bed length;

number of mixing cells (Appendix
3a);

Nusselt dimensionless group;
contact  resistance  parameter
(Appendix 3d);

Péclét dimensionless group;
Prandtl dimensionless group;

heat flow in axial direction ;
dimensionless heat flow (Appen-
dices 2 and 3e);

Reynolds dimensioniess group,
based on packing size, D,
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particle surface per unit bed volume;;
gas temperature;
gas dimensionless
solid temperature;
solid dimensionless temperature,
(T - TT, — T,);

- function (j = 1-4, Appendix 2);

’thermal conductivity ratio (ky/k,);

effective thermal conductivity ratio

St
3

)
-

temperature,

N

(ko/kg ot k, /k,);

z, axial distance through bed or cell;

VAVAR dimensionless axial distance
through the bed and cell, Z = z/L,
Z' = z/l, respectively;

£, bulk mean void;

2, gas density;

¥, tortuosity factor;

¢4, ¢p, relative heat flow parameters
(Appendix 3f).

Subscripts

a, inlet to mixing cell;

b, locatibn of point contact in mixing
cell;

¢, exit from mixing cell;

g, gas phase;

0, bed inlet;

m, bed exit;

p, particle;

r, cell number in discrete model, cell
inlet condition for temperatures;

S, solid phase;

C, continuous (diffusion} model;

D, discrete {mixing cell} model;

*, gas approach conditions (contin-
uous model);

stag, stagnant bed (Re = 0);

1, bed exit (continuous model).
These quantities may be expressed in any set of
consistent units.

1. INTRODUCTION
Part I of this paper [1] discussed the heat
transfer characteristics of randomly packed beds
of spherical particles for the particular case of
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a quiescent gas. The contribution of conduction.
radiation and convection to heat transfer within
the two-phase packed bed system was analysed
on the basis of four conduction and three radi-
ation mechanisms.

The analysis is now extended to include the
case in which the gas flows through the void
structure of the bed for conditions in the range
of particle Reynolds number, Re, from 0 to
5 and temperatures of 20-650°C, the theoretical
models being extended to include the additional
convection mechanisms:

9. forced convection, solid—gas heat transfer

10. forced convection due to bulk flow, tur-

bulent diffusion or mixing of the gas
the eighth mechanism, that of natural con-
vection, being insignificant except at the lower
flows.

2. EXPERIMENTAL (2]

This has been briefly described in Part I
A fan passed air through the bed to atmosphere
ata controlled flow rate as measured on a variable
area meter. The gas outlet temperature was
measured by a specially constructed suction
thermocouple incorporating radiation shields
and fitted over the top of the test bed. Inlet
gas temperatures were measured using a sheathed
thermocouple placed at the bed inlet. Uniform
velocity profiles within the bed were attained
by using vanes, screens and packing in the air
inlet pipes. Radial profiles obtained with a hot
wire anemometer confirmed the uniformity
of the mean profiles, the local variation over a
particle length being due to the jet effect of the
gas leaving the voids between individual parti-
cles.

All temperatures within the bed were measured
within the solid particles, and, as with the stag-
nant gas runs, the local wall heaters were adjus-
ted until steady state conditions were obtained
for one-dimensional heat flow in the axial direc-
tion cocurrent with the gas flow.

The steady state solid temperature profiles
for various gas flow rates and bed inlet tem-
peratures are shown in Fig 1. Figure 2 shows in
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FiG. 1. Solid temperature profiles for gas flow runs (para-
meter refers to the particle Reynolds number values).

dimensionless form the typical effect of gas
flow rate for low values of bed mean tempera-
tures. Dimensionless profiles for lower temp-
eratures show less curvature, but in all cases
greater curvature results from a higher gas flow
(forced convection) and for a higher inlet bed
temperature (radiation effects and natural con-
vection [2, 3] through the bed). Under some
conditions temperature profile maxima occurred
for the higher levels of gas flow rate or Reynolds
number.
3. THEORY

Any evaluation of packed bed systems depends

upon an ability to determine the temperature

and fluid velocity patterns produced within the
bed. Three classifications of model have been
suggested [4], based upon the scale of the
phenomena involved in terms of the variations
in pattemn occurring over a distance relative to
the particle diameter, D,: (a) large scale > D,
(b) intermediate scale, ~ D, (c) small scale,
<D, In terms of increasing complexity the
types of model available may be classified as
(a) continuous deterministic models—in which
the processes in one or two pseudo-homo-
geneous phases are formulated in terms of
differential equations (e.g. [5])
(b} discrete deterministic models—in which
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finite stage models are formulated in terms of
difference equations {e.g. [S])

(c) stochastic models—in which random per-
turbations are allowed to occur in models of
types (a) and (b) (e.g. [4, 6]).

The present analysis will be confined to the

two types of deterministic model.

The continuous deterministic conduction—con-
vection model

The validity of this model, summarised in
Appendix 1 and detailed elsewhere [2], depends
upon the degree of heterogeneity of the bed
being much smaller than the bed size,i.e. D, < L.

When the solid and gas temperatures are
taken as being equal, the single phase general
solution for a finite bed, given in Fig. 3, shows
that decreasing values of the effective thermal
conductivity, K, increase the departure of the
dimensionless temperature profile from lin-
earity. When these temperatures are not equal,
the two-phase model solution, represented by

Dimensionless temperature, T {countercurrent)

0-8

08 04 o2

~02

T (cocurrent}

Z {countercurent)

o
Y

Dimensionless bed temperature,
@
~
1

Dimensioniess oxiof distance,

1
o4

i L '
o} Q2 06 o8 -0

Dimensionless oxial distance,  Z(cocurrent)

F1G. 3. Continuous model solution for equal gas and solid
temperatures for both cocurrent and countercurrent gas
and heat flows, parameter K. = K¢ + 1/Pec.

equations {7) and (8) of Appendix 1, is as shown
in Fig. 4 with the Péclét number, Pe, as 4 para-
meter. For Pe = (-5-2-0, there is little change in
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the profiles, the effect of Pe being less further
through the beds. The conduction and convec-
tion parameters, K. and H., have a similar
influence to that found later in Figs. 6 and 7
with the equivalent mixing cell parameters,
K, and Hy,

The effect of radiant heat transfer within the
bed can only be allowed for in this continuous
model by including it in the effective sold
conductivity if analytical solutions are required.

The discrete deterministic conduction—convec-
tion model

This model for gas flow through a packed bed
considers the equivalent physical model of gas
flow through an array of perfectly mixed tanks or
cells. These are arranged in series for one-
dimensional models [7-9] or branch radially
for higher dimensions [10-12], the number m
of sequential cells equivalent to the bed length
being chosen to give the correct amount
of axial dispersion. An analogy to this is found
in the continuous model’s choice of a tortuosity
factor, y, for the gas phase conduction contri-
bution.

Heat transfer processes in the bed are thus
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considered in a sequence of finite stages, allow-
ing for finite discontinuities in passing from one
mixing cell to another. Most discrete packed
bed models have only been discussed for iso-
thermal fluid mixing and mass transfer [5] or
for the simplest heat transfer situation. Thus,
for the latter, specifying a constant solid tem-
perature, T, throughout the bed as in constant
rate drying, the solution is [13] (¢, — TV
t.,.— T)=(1+ Hp"

A more general discrete or mixing cell model
is developed in Appendix 2 to account for con-
duction and convection in a packed bed with
non-equal gas and solid temperatures. The gas
is considered to flow through a sequence of
m equal cells, each perfectly mixed and of cross-
sectional area ¢ and length [ This arrangement,
indicated in Fig. 5, can account for heat transfer
by bulk flow and also for axial mixing or
dispersion within the gas (mechanism 10).
The solid phase in the bed is represented by a
rod stretching the bed length L and of any
arbitrary shape, but of cross-section area (1 — &),
and a surface area Sl in contact with the fluid
in a given cell. Interphase convection heat
transfer (mechanism 9) and axial conduction
the solid phase can thus be accounted for.
Thermal conductivity in the solid normal to
gas flow is considered to be infinite so that the
the model represents essentially a one-dimen-
sional process but allows local interphase varia-
tions normal to this direction. Property para-
meters represented by H;, for convection, K,
for conduct.on, and P, for the point resistance
can be freely varied between stages, but are
constant within a given stage.

This model is capable of greater sophistica-
tion to account more closely for local void
mixing characteristics such as stagnant or by-
passing fluid regions, using mixed models con-
sisting of various interconnected arrangements
of perfectly mixed regions, stagnant volumes and
plug flow regions [14-17], as well as for varia-
tions such as local voidage in the bed structure.

The inclusion of radiation as a specific mecha-
nism adds very considerably to the complexity
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Fi1G. 6. Effect of the conduction parameter, K5, on the mixing
cell model solid temperature profile for model parameter
values: f, = 10, H,, = 10, P, = 0, m = 55.

of the model solution. However, as in the con-
tinuous model, a suitable modification of the
value of the effective thermal conductivity of
the solid can be made to include radiation.
Alternatively, radiation effects can be incorpora-
ted in the contact point parameter P, by equat-
ing (2) the conduction resistances from the mixing
cellmodel and from the stagnant gas conduction—
radiation model [Part I, equation (7)].

The equations for the discrete model are given

in Appendix 2, along with the solution for the
case in which the parameters (evaluated as in
Appendix 3) are constant throughout the bed
length. Further detail is given elsewhere [2].
The inlet gas temperature has little effect on the
solid temperature profile but Fig. 6 illustrates
the increased curvature obtained for decreased
values of the conduction parameter. Similar
effects are obtained for decreased values of the
contact point parameter or for increased values
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of the Reynolds number or number of mixing
cells. Figure 7 indicates that larger values of the
convection parameter initially give very curved
profiles which reach a limit with values of Hj,
between 1 and 10 but then with larger values
return to the linear form. Appendix 3 also
relates the mixing cell model parameters m,
H,, K, Py, to the continuous model parameters
Peq, H- and K.

4. ANALYSIS

Data evaluation in terms of continuous model
The solution of the continuous model based
upon assumed equal solid and gas temperatures
was used to derive effective thermal conductivity
values from dimensionless experimental tem-
perature profiles such as in Fig. 2. The conduc-
tivity value thus derived lumps together the
effect of all the conduction and radiation mecha-
nisms along with the gas—solid convection contri-
bution. The bulk flow and convection contri-
bution was included explicitly in the model. The
effective thermal conducitivity at a given gas
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flow rate was determined from the value of the
parameter K. which yielded a continuous
model profile (Fig. 3) corresponding most
closely to the slope of the experimental dimen-
sionless profile at the bed exit. Figure 8 shows
values of K. and k, derived in this way, and
the relative effects of gas—solid convection and
radiation mechanisms.

Data evaluation in terms of discrete model

The present discrete mixing cell model is
dependent on parameters H,, K, and P,
If Py, is set to zero and the effective conduction
parameters K, allowed to include contact resis-
tance as well as any radiation effect (Appendix
3d), a simpler analysis results. This, however,
is still able to yield more information concern-
ing the heat transfer mechanisms than the con-
tinuous model since the gas—solid convection
mechanism is isolated.

The parameter H, was obtained from a known
J, correlation [18] and K, then deduced by
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regression [ 2] of the area under the experimental
and model profiles.

Figure 9 shows the values of K, and k,
as functions of a particle Reynolds number for
three hot-face bed temperature levels. It is seen
that for Re <1 the values of K, decrease
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Fic. 9. Mixing model conduction parameter, K, and effec
tive solid thermal conductivity for gas flow runs (7; values:
o® 1807, (1M 450°, V¥ 650°C).

significantly due to the effect of natural con-
vection accentuating the stagnant profile curva-
ture. Figure9 also shows that k__initially increases
linearly with the Reynolds number from the
stagnant gas values, but tends to constant values
by about Re = 3. This is due to increasing values
of the Péclét number in the range Re = 0-3
giving increased void mixing of the stagnant
gas. For Re > 3 the Péclét number is approxi-
mately constant so that the stagnant film or
pendular gas ring around each contact point is
not decreased further and the effective thermal
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conductivity of the solid path remains constant.
A similar variation is found with Y = k_ /k , but
this correlation brings the three k, curves of
Fig. 9 into a single curve reaching a limiting
value of about 22 above Re = 3. The effect of
temperature level is to increase these conductivity
values. The gas flow has more effect on the
effective conduction in the bed at lower temp-
eratures, as expected. The effect of radiation at
the higher bed temperature levels is apparent
at all flow rates.

Gas-solid temperature difference from the mixing
cell model

Figure 10 shows that the divergence of the
gas exit temperature, as calculated from the
mixing cell model, from the experimental values
of the solid exit temperature (7, = 0) increases
with increased Reynolds numbers above unity.
The dimensionless value of {,, = 0:1 at Re = 34
indicates that it is not generally adequate to
assume equal gas and solid temperatures.

Axial heat flow rate from the mixing cell model

The effect of Reynolds number on the mixing
cell model heat flow parameter, Qp, is seen in
Fig. 10 for the present experimental results.
From this information the axial flow rates, Q,
can be calculated from equation (20). Figure 11
shows that these values increase linearly with
flow rate, at a greater rate for the higher tempera-
ture levels and tend to the stagnant profile
heat flow rates as Re — 0.

Temperature profiles using the mixing cell model
parameter, Py,

The values of the parameter P, evaluated as
described earlier, include the effects of contact
point resistance and the radiation mechanisms
and are shown in Fig. 11 as a function of
temperature. The temperature profiles were
then given directly by the mixing cell model
solution [equations (14) and (15)] using the
conduction parameter K, based on the solid
thermal conductivity &, (Appendix 3d), and
the parameters m and H, from equations (16)
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and (17). Good correspondence between the
model and the experimental profiles was
obtained, particularly when complete mixing
of the unit cell gas in the parallel path was
assumed in the model.

Relative contributions of the gas flow convection
mechanisms
Table 1 shows some typical values of the
relative heat flow parameters ¢, and ¢y, the
latter being defined in Appendix 3f The value
of ¢, expresses the ratio of the heat flow in the

Table 1. Relative heat flow parameters, ¢, Oy

Bed midpoint

Re temperature, °C (9 average 5
0-61 159-5 0-65 0-39
314 1750 0-17 027
0-59 554-9 0-70 039
319 6470 013 030

solid to the heat flow in the gas and is thus a
measure of the bulk gas flow convection contri-
bution. The value of ¢, varies along the length
of the bed and the values shown in Table 1 are
integrated mean values. It can be seen that
increased Reynolds numbers markedly increase
the bulk gas flow contribution although increased
temperature has little effect. At high tempera-
tures therefore the increased radiation contri-
butions must be counterbalanced by an increased
gas enthalpy.

The value of ¢y relates the enthalpy change
of the gas to the total axial heat flow and is thus
a measure of the gas-solid convection heat
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contribution. The values of ¢ in Table 1 indicate
that this is a significant mechanism and it is
relatively unaffected by increased gas flow or
bed temperature.

The relative contributions of the conduction
and radiation mechanisms under gas flow
conditions may be estimated from Table 1 of
Part I together with the value of ¢ ,. The fraction
of the total heat flow by the gas is 1/(1 + ¢ )
and the fraction of the total heat flow through the
the solid is ¢ /(1 + ¢,). Thus the contributions
shown in that table are diminished by this
ratio when gas flows through the bed. Under
these conditions there is also no contribution
from the gas parallel path although this has
little effect. Thus using an average value for
¢, of 0-41 this reduces the percentage contri-
bution shown in the Part I table by multiplying
them by the fraction 0-29.

Conduction—convection mechanisms based on
published experimental results

Effective solid phase thermal conductivity from
the diffusion model. There appears to be no gas
flow results in the literature at temperatures
such that radiation is significant. For counter-
current gas and heat flow at lower temperatures,
less than 150°C, Yagi, Kunii and Wakao [21]
and Ikeda, Nishimura and Kubota [22] obtained
less increase in k, with increased Reynolds
number than shown by the present cocurrent
results (Fig. 8). In the latter the gas to solid
heat transfer {t > T since {, = 1 in these experi-
ments) increases the solid phase heat flow and

Table 2. Mixing cell model analysis of the data of Yagi, Kunii and Wakao [21}

G. S. G. BEVERIDGE and D. P. HAUGHEY

hence the effective solid thermal conductivity
is greater in contrast to the countercurrent case
where the solid to gas heat transfer (T > 1) gives
a lower solid phase heat flow and hence a lower
effective solid conductivity.

Effective solid phase thermal conductivity from
the mixing cell model. The countercurrent data of
Yagi, Kunii and Wakao [21] enabled the mixing
cell model to be applied [2] to a greater range
of Reynolds numbers (1-03-52-3) than was
possible in the present experimental work, as
well as to a range of solid thermal conductivities.
From Table 2, it is seen that K,, is inversely
proportional to Reynolds number indicating that
the limiting constant values of the bed thermal
conductivity and Y have been reached in this
range of Reynolds number. This is also confirmed
in Fig. 12. Table 2 shows that conduction with
gas flow in the bed as characterised by the ratio
Y/Y,,, is approximately constant at 1-5-1-8 for
all granular packings, with a slightly lower value
for Raschig rings. These countercurrent ratios
are lower than the cocurrent values of 31 for a
comparable temperature level in the present
experiments. This is due to the respective
positive and negative values of (T — 1) as
noted in the previous section. Figure 12 shows
values for one packing of the ratio H /K, which
is a measure of the relative importance of solid-
gas convection compared with conduction.
The increase in H,/K,, with Reynolds numbers
is most pronounced at low values of Reynolds
number, as would be expected.

{InKp) 7 Y

1922

039

Packing D : X Re (in Re) Yierage  Tons
(least squares slope)

Glass beads 091-6:0 0-40 240 0-89-12-6 0990 + 0-038 135 1-8
Limestone

broken pieces 13 -34 043 576 20 ~12:9 0902 + 0:027 176 18
Porcelain

Raschig Rings 40 -90 0-50-0-69 67-4 109 273 119 + 0035 82 12

Steel balls 30 -4-8 146 -387 103 +0 19-3 15

0-40
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peratures for the data of Yagi, Kunii and Wakao [22]
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D,, 68 mm. D).

Solid—gas temperature difference from the
mixing cell model. Figure 13 shows how the
solid—gas temperature difference at the hot face
end of the bed (Z = 1 for the countercurrent
case) increases markedly with Reynolds number
but it is not very dependent on the solid particle

thermal conductivity. For Re < 5 the values are
similar to the present cocurrent results, For
Re > 5, these values of i, indicated that the
assumption of equal solid and gas temperatures
used by Yagi et al. [21] in applying the con-
tinuous model was unjustified.



5. CONCLUSIONS

Conceptually simple models have been de-
veloped to evaluate the various mechanisms
controlling axial heat transfer in packed beds
and compared with experimental data. The
common assumption of literature models of
equal solid and gas temperatures has been shown
to be generally unjustified. For average con-
ditions tested here, about 30 per cent of the axial
heat flow occurs through the combined solid
paths, the rest being due to bulk gas flow con-
vection. The importance of bulk flow however
is a direct function of gas flow but relatively
unaffected by temperature levels. For high
temperature reacting gas-solid industrial
systems, convection, radiation and conduction
mechanisms will all contribute, their order of
importance decreasing in this sequence.

The continuous or diffusion model indicated
that the value of the effective solid thermal
conductivity ratio, Y (based on bed area and
including interphase terms), increased linearly
with Reynolds number from its stagnant bed
value, the slope being greater for cocurrent than
countercurrent operation, and for low compared
to high temperatures. The discrete or mixing
model however yielded more information. Values
of Y based on solid area were found to initially
increase with Reynolds number, but eventually
tending to constant values. This latter condition
resulted in values of Y/Y,,, equal to 31 and
about 16 for cocurrent and countercurrent low
low temperature operations respectively.
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APPENDICES—MATHEMATICAL MODELS FOR
CONDUCTION AND CONVECTION PROCESSES
IN A PACKED BED

Appendix 1: One-dimensional Continuous Model [2]
For steady state heat transfer in a packed bed composed of
separate gas and solid continuous homogeneous phases,
the general differential energy balances [23, 24] applied to

965

where Z=z/L; t=0~TWHG-T) T=(T-T)
(To — T.); Pec = GL/pE;

K¢ = k(1 = 8/GC,L; H. = hSL/GC,;
and K. = K¢ + 1/Pe.

1t can then be found [8] that the boundary conditions on
the bed

1 [t
f, = fg — —| — 4
o ¢ Pe (62)0 @

of
B

will apply at the bed entry and exist respectively. Called the
Danckwerts boundary conditions they have found frequent
application [25-31], being correct under all steady state
conditions [32]. For the solid phase, the solid temperatures
at the bed entry and exit are specified, so that

T=tatZ=0andT=0atZ = 1. (6)

and

For the single phase system, with equal gas and solid tem-
peratures, the only boundary conditions on equation (3)
will be those of equation (6).

The general solutions for both the single and two-phase
approaches can be derived from the following general solu-
tion (particular solutions being also published [22, 24, 33}
for various conditions including infinite and finite Peclet
numbers and finite and infinite bed lengths. The general
solution for the two-phase system represented by equations
(1) and (2} is

the present experimental system with only a spatial varia- T .z
o F AT T=C,+ Ce"
tion in the axial direction, z, parallel to the gas flow, reduce 4 ‘Z'] ¢ @
to the following dimensionless forms for the two-phase 3
system P=Cy+ 3 Cie"E(F? — Ko/H) ®)
1 % o . =1
Pecdz? z" H{T-1=0 (1) where F, are the roots of
2T o F3 — PecF? — F(1 + KoPe)H /K + PecHo /K- =0
Kez= —HA{T -0 =0 @ A
aZ and the constants C, are given by
K K K
F FZ-—C)ef' F<F2—-§> Foo R FI - 25 C
1( i He 2\ £ H, ¢ 3t I3 H. € 0 t Y

efr ef? ef 1 C, |= 0

F, F, Fy I/Kc C3 “i*/Kc

1 1 1 1 Cy 0
and for the single pseudo-homogeneous phase

- _ Appendix 2: One-dimensional Mixing Cell Model [2].
, T _oT —0 3) For the model generally described in Section 3 and by
“ezr oz Fig. 5, the temperature at any distance z along a solid rod
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in which heat transfer takes place both by axial conduction
and by surface transfer to a gas of uniform temperature,
t,.y,1s given {34] by

T, =14y = Cse® + Coe™” ®

where C = (/(Hp/Kp), Hp = hSI/GC,, K = k(1 — &)/GC,l
(Appendix 3d) and Z' = z/I. Boundary conditions on the
solid at its mid-point in the cell, z = b, are found from a heat
balance

aT
—k(1 ‘“(5) = k{1l = (% — T4
.

- [2B(BD — 1} — B™B + \)(D — )] + W,[2D"(BD — 1} — D™(B — 1)(D + 1}]
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0=t K (a*r)
B Daz,(

aT
=t - Ka(éz,) (13)
rtd

Thus starting from the cell inlet conditions, t,, 7, and
(0T(OZ'), equations (12) and (13) enable corresponding
values to be determined at the cell outlet as a function of the
parameters, H,, K, and Pj,. A stepwise solution can thus
be carried out from the bed inlet for m successive stages.
Values for any point within a cell can be determined from
equation (9).

If the model parameters are constant throughout, an
analytical solution may be obtained {2] as

r

(14

(15)

+ Wi(B - 1D+ (1 - D"
B = Wil + (1 — 4W,/Wi*|W,

= — W[l — (1 — 4W/WHtY/wW,
HpPy

H
W, = 1 + J(HpK,)sinh \/(K—”> +=

W,
T [(B+ 1D~ DB — D]+ Wi(B - 1)+ 1D — D"
. W,
where
_ B+ (D — 1)[B™ ~ 41 — B™] ~ 2B¥BD — 1)
v (B~ 1)(D + 1)[D™ — i1 — D™] ~ 2DXBD —- 1)
with d == 0 or m, and
T - — - B
- k- t)(@_) W, =(B+ I){D - {1l - B™)
0z / 4+
so that
oT
T — T = — P,,(a—i)b‘ (10)
and

(6T ) ( aT) an
8Z')y-  \8Z'),.

where Pj = k/lh,. Equations (9)~(11) allow the solid
temperature profile to be derived as a function of the cell
gas temperature ¢, , ;, and the solid temperature and gradient
at the cell inlet, T, =T, and {87762, = (8702, In
particular this gives the solid temperature T, = T, ,, at the
cell exit (z = ¢), as

T\ [sinhC P
T -1, =( ) [sm + =2 (cosh C + 1)}

oz C

P
+ (T, - t,“)[coshC + TDsinh c} {12)

while a heat balance over the cell gives

Q = GC,t, — k(1 — g) (g)

ar
= GCytyuy ~ k1 - e)(f)
r+i

oz

where Q is the heat flux, so that Qp = Q/GC, is given by

NS
L [J(Hpm + P \/(ﬁ—n)]
o ()2 2

Equations (14) and (15} allow the determination of the
solid temperatures at the end of each cell and the gas tem-
perature within the cell as a function only of H,, K, Py, m
and i, or i, These parameters are discussed in Appendix 3
Intermediate solid temperature values can be found by the
use of equation (9).

Appendix 3: Evaluation of the Mixing Cell Model
Parameters [2]
(a) Number of mixing cells, m
The limiting value for relatively long beds at high Reynolds
number is given by

(16}
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A correction for low Reynolds number is required [2, 19,
20].

(b) Convection parameter, H,,

This represents the ratio of gas—solid convective heat
transfer (mechanism 9) to that by bulk gas flow (mechanism
10) as a convective Stanton number

hSI  NuSl J,SI H
it ol 3 (17)

GCyg TRePr Pt m

p=

(c) Conduction parameter, K,

This is essentially a conduction Stanton number relating
heat transfer by effective solid conduction (mechanism 1, 3,
4) to heat transfer by bulk gas flow {mechanism 10), so that

k1l =9 k,(1=29D,

Kp= = -
®7 GCil  k, RePr !

= mK. (18)
Assuming that K, is used to represent all the solid paths
including point contact, the k., value can be derived from
the Y ratio (k./k,) deduced for the stagnant bed conduction
model, upon omitting the bulk gas contribution.

(d) Contact point parameter, Py,

This relates the heat transfer resistance at the point to
point contact (mechanisms 3 and 4) to the solid conduction
resistance (mechanism 1) as an inverse Nusselt number, so
that Py, = kJ(h,]). The relationship between K, (when
restricted to the representation of the conduction path only,
by K, = k(1 — €)/GC, ) and P,, for the discrete model and

K for the continuous model is
K¢ = Kp/m(1 + Py). (19)

K, may here include radiation effects but will not account
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for any contact resistance. If P, is not used in the discrete
model, then the K,, definition of section (c) will apply.

(e) Heat flux parameter, Qp,

This can be determined from the basic model parameters by
substituting for T from equations (13)-(15) to give the dimen-
sionless form

%-T,

T T, - T,
=[B+1)MD-1)+W(B-1HD+ /W,

where @, = Q/GC,.

Op (20

2n

(f) Relative heat flow parameters $,, by

Using equation (13) written in dimensionless form, the
ratio of the axial heat flow through the solid phase (mecha-
nisms 1, 3, 4) to the heat flow in the gas (mechanism 10)
at any distance along the bed length can be written as

_K0T/0Z), 1+ Qp
4= i T

r r

- L (22)

In addition, the enthalpy change in the gas, during flow
through the bed, relative to the total axial heat flow rate, Q,
is a measure of the importance of the gas—solid convection
mechanism (mechanism 9), and is given by

GC (ty —
by = o a Iy
fo — i,

T Qo+ M1 - TJTy)

on using equation (20).

TRANSFERT THERMIQUE AXIAL DANS DES GARNISSAGES. ECOULEMENT GAZEUX
DANS DES LITS ENTRE 20 ET 650°C

Résumé—On a étendu les mesures expérimentales et les modéles théoriques décrits dans la premiére partie
au cas de I"écoulement gazeux dans un lit. Des mesures de profil de température sont données pour des gaz
a co-courant et des écoulements thermiques axiaux a travers le lit dans un domaine de témpérature compris
entre 20 et 650°C et un nombre de Reynolds de particule jusqu’a 5.

Ces résultats sont analysés en fonction d’'un modéle continu (de diffusion) et d’un nouveau modele
discret (cellule de mélange). Ce dernier fournit une information plus quantitative sur les mécanismes de
transfert thermique considérés car contrairement au premier, I’on tient compte de la conduction et du
rayonnement du solide, de la résistance de contact du solide aussi bien que de la convection solide-gaz
et du transport de I'écoulement gazeux. On vérifie que le modele discret convient et par comparaison avec
les résultats expérimentaux présents de co-courants a basses et hautes témperatures, et avec des mesures
préalablement publiées sur des contre-courants a basse température en utilisant une gamme de matériaux

de garnissage.

AXIALE WARMEUBERTRAGUNG IN SCHUTTUNGEN 1
GASSTROMUNG DURCH SCHUTTUNGEN IM BEREICH VON 20 BIS 650°C

Zusammenfassung—Die in Teil I beschriebenen experimentellen Untersuchungen und die theoretischen
Modelle erstrecken sich auf den Fall einer Gasstromung durch Schiittungen. Die Temperaturprofile
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wurden gemessen bei Parallelstrdmung des Gases und axialem Wirmestrom in der Schiittung iiber einen
Temperaturbereich von 20 bis 650°C und einer rtlichen Reynolds-Zahl bis 5.

Die Ergebnisse werden vom Standpunkt eines kontinuierlichen Diffusions- und eines neuen diskon-
tinuierlichen Mischzellen-Modells erldutert. Das letztere liefert mehr quantitative Informationen {iber
den nicht einfachen Wirmeiibergangs-Mechanismus, da Leitung/Strahlung, Kontaktwiderstand, Fest-
korper-Gas-Konvektion und Gasstromung besonders beriicksichtigt wurden. Die Brauchbarkeit des
Mischzellen-Modells wurde durch Vergleich der vorliegenden experimentellen Ergebnisse bei Parallel-
strémung und bei niederen bzw. hohen Temperaturen mit bereits frither veréffentlichten Ergebnissen bei

Gegenstromung mit geringen Temperaturen an einer Reihe von Schiittungsmaterialien gezeigt.

OCEBON TEHJOOBMEH B ILJIOTHBLIX CJOAX. 1. OMJIbTPAIIMA FA3A
YEPE3 CJON B HUAIIASB0HE TEMIIEPATVP OT 20° A0 650°C.

Aspsoranua-—Onucauusle B YacT# | 9KCIEPUMEHTANbHEE TAHHHE H TEOPETHYCCKHE MOZENH
obobmaroTcA Ha cnydall funpTpanuu rasa 9epes cuoit. [Ipusogarcs reMueparTypHsle npoduIn
JJIA COYTHOTO T@33BOI0 H OCEBOTO TEIUIOBOre MNOTOKOB Yepe3 C/oH B [HANa30He M3MeHEeHNA
remnepatyp ot 20 go 650°C u uucaa Peltnonsgca aua wactun o 5.

PesynsTarel aHAIMBEPYIRTCA KAaK ¢ NOMompio cruromnoll (muddysuonnolt) Mogen, Tax H
¢ noMoinpi0 HOBOM gucKperro#t mMopenn. Ilocneanan oGecrmeunsaer 6oJbie KONHYECTBEHHBIX
NaHHEIX 0 MEXaHU3Me TeIIo00MeHa, IOCKONbKY, B OTINYHE OT paHee IPe/I0OKeHHON Mogemnu
YYUTHIBAIOTCA B OTHENBHOCTH M3IyYeHHe M TEIIONPOBOXHOCTD TBEPHHX TeNl, KOHTAKTHOE
COLPOTHBIICHHE TBEPABWX Teld, & TAKMAKE KOHBEKIMA TBEPIWX TeJd H rasa M KOHBEKLUHUA B
OCHOBHOM NOTOKe rasa. IIpMrojHOCTh IMCKpEeTHOH Mofead OOGOCHOBHBAGTCH CPABHEHHEM
HACTOAIIMX SKCTIEPUMEHTAJILHEX JAHHHIX [JIfA CHYTHOTO IOTOKA NPH HH3KHX M BEICOKHMX
JeMIeparypax ¢ peHee oOMyGIMKOBAHHWMI JIAHHHMH JIIA NPOTHBOTOYHOIO HOTOKA TpPH

HU3KOM TeMIepaType, UCTIOIb3YH AHANA30H N3MeHeHNA MATepUalOB HACATKH.



