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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 20650°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 
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ci constants (i = 1-6, Appendices 1 
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E, eddy diffusivity: 
Fi, defined by equations (7) and (8); 
G gas mass flow rate per unit area; 
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H, convection parameter (Appendix 
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k, thermal conductivity of single phase 
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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; 
celi length; 
bed length; 
number of mixing cells (Appendix 
34; 
Nusselt dimensionless group; 
contact resistance parameter 
(Appendix 3d); 
P&let dimensionless group; 
Prandtl dimensionless group; 
heat flow in axial direction: 
dimensionless heat flow (Appen- 
dices 2 and 3e); 
Reynolds dimensionless group, 
based on packing size, Dp 
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particle surface per unit bed volume; 
gas temperature: 
gas dimensionless temperature, 

(r - T,)/(r, - T,): 
solid temperature; 
solid dimensionless temperature, 

(T - T,)/(T, - T,); 
function (j = 14, Appendix 2); 
thermal conductivity ratio (k&J; 
kffective thermal conductivity ratio 

(Qk, or kinks) ; 
axial distance through bed or cell: 
dimensionless axial distance 
through the bed and cell, Z = z/L, 

2’ = z/t, respectively; 
bulk mean void; 
gas density: 
tortuosity factor; 
relative heat flow parameters 
(Appendix 3f). 

inlet to mixing cell; 
locatibn of point contact in mixing 
cell ; 
exit from mixing cell: 
gas phase; 
bed inlet; 
bed exit; 
particle; 
cell number in discrete model, cell 
inlet condition for temperatures; 
solid phase; 
continuous (diffusion) model; 
discrete (mixing cell) model; 
gas approach conditions (contin- 
uous model); 
stagnant bed (Re = 0); 
bed exit (continuous model). 

These quantities may be expressed in any set of 
consistent units. 

1. INTRODUCTION 

PART I of this paper [l] discussed the heat 
transfer characteristics of randomly packed beds 
of spherical particles for the particular case of 

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 2045O”C, the theoreticai 
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 
at a 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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Axial distanw.,r. mm 

I%. 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, 33 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 tem~rature 

and fluid velocity patterns produced within the 
bed. Three classi~~tio~ of model have been 
suggested [4], based upon the scale of the 
phenomena involved in terms of the variations 
in pattern occurring over a distance relative to 
the particle diameter, D,: (a) large scale % D, 
(b) intermediate scale, z D, (c) small scale, 
4 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 dete~inisti~ models-in which 
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FIG. 2. Gas flow runs-effect of gas flow rate (temperature 
level at bed mid-point 147-175°C). 

finite stage models are formulated in terms of 
difference equations (e.g. [S J) 

(c) stochastic models-in which random per- 
turbations are allowed to occur in models of 
types (a) and (b) (e.g. [4, 61). 

The present analysis will be confined to the 
two types of deterministic model. 

The continuous determinists conduction-bob- 
uection model 

The validity of this model, summaris~ 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 

z 
6 

0 02 04 O-6 08 IO 

Dimensionless oxiol distance, zlccc”rrentj 

FIG. 3. Continuous model solution for equal gas and solid 
temperatures for both cocurrent and countercurrent gas 

and heat flows, parameter KG = K, + t/P+. 

equations (7) and (8) of Appendix 1, is as shown 
in Fig. 4 with the P&l& number, Pe, as a para- 
meter. For Pe = 052.0, there is little change in 
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FIG. 4. Exact continuous model solution-zffect of Peclet 
number, for f, = 1.0, K, = 075, H, = 100, Pe, = 10Pe. 

the profiles, the effect of Pe being less further 
through the beds. The conduction and convec- 
tion parameters, Kc and H,, have a similar 
influence to that found later in Figs. 6 and 7 
with the equivalent mixing cell parameters, 
K, and H,. 

The effect of radiant heat transfer within the 
bed can only be allowed for in this continuous 
model by including it in the effective solid 
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 [7-93 or branch radially 
for higher dimensions [IO-121, 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 models choice of a tortuosity 
factor, I++, for the gas phase conduction contri- 
bution. 

Heat transfer processes in the bed are thus 

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 situatioz Thus, 
for the latter, specifying a constant solid tem- 
perature, 7; throughout the bed as in constant 
rate drying the solution is [13] (to - T)/ 
(t, - T) = (1 + H,)“. 

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 E and length 1. 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 - E), 
and a surface area Sl, in contact with the fluid 
in a given cell. Interphase convection heat 
transfer (mechanism 9) and axial conduction in 
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 [ 14-171, 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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FIG. 5. One-d~mensionai mixing cell model for conduction 
and convection in a packed bed with non-equal gas and solid 

temperatures. 

0 0.2 0.4 O-6 0.6 I.0 

Dimensionless oxiol distance, 2’ 

FIG. B. Effect of the conduction parameter, K,, on the mixing 
cell model solid temperature profile for model parameter 

values: f, = I-0, H, = IO, 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 
cell model 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) arc 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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FIG. 7. Effect of the convection parameter, H,, on the mixing 
cell model solid temperature profile for model parameter 

values: to = la, K, = 17.5, P, = 0, m = 55. 

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 H, 
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, PD to the continuous model parameters 
Pe,, 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 thegas-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 

i; . .‘k . 

E s 
,‘‘-‘_ . 

$%___C 

- 4 2 
t------_____ 

I 1 I I I I 
0 I 2 3 4 5 

Reynolds number, Re 

FIG. 8. Continuous model conduction parameter, K,, and 
effective thermal conductivity (T, values: m 180”, 0 n 

45O”C, V v 650°C). 

flow rate was determined from the value of the 
parameter Kc 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 Kc 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 PD 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 

conductivity of the solid path remains constant. 
A similar variation is found with Y = k,Jk,, 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. 

k 
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Ftc. 9. Mixing model conduction parameter, K,, and effec- 
tive solid thermal conductivity for gas flow runs (To values: 

oo 180’, I?M 450”, Vl65o”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 P&let number in the range Re = &3 
giving increased void mixing of the stagnant 
gas. For Re > 3 the PC&t 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 

Gas-solid temperature d$ierence 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 (T, = 0) increases 
with increased Reynolds numbers above unity. 
The dimensionless value oft, = 0.1 at Re = 3.4 
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, Q, 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 prqfiles using the mixing cell model 
parameter, P, 

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 k, (Appendix 3d), and 
the parameters m and H, from equations (16) 
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FIG. 10. Outfet gas temperatures (derived from mixing cell 
model) and mixing c&l model heat flaw parameter, PO, for 
gas flow runs (6 values: m 180”, @ x 280”, rl n 450”, 

A A 520”, V V 650”). 

Revnalds number. hlr, 

toa 200 300 400 500 600 700 

Sdid particle temperature, PC 

FIG. If. Mixing cell model contact point resistance para- 
meter, Pn, derived from the stagnant bed effective thermal 
conductivity (curve A: gas in parallel path is completely 
mixed, B: all gas in unit cell is completely mixed) and axial 
heat flow rates for gas flow runs (T,: C: 18O”C, D: 4So”C, 

E : 650°C). 

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 $A and &, the 
latter being defined in Appendix 3f. The value 
of #R expresses the ratio of the heat flow in the 

Re 3ed midpoint ($Af average 
temperature, “C 

o+d 159.5 0.65 0.39 
3.14 175.0 0.17 o-27 
0.59 554.9 0.70 @39 
3.19 647.0 0.13 0.30 

solid to the heat flow in the gas and is thus a 
measure of the bulk gzs flow convection contri- 
bution. The value of 4, varies afong the length 
of the bed and the values shown in Tabb 1 are 
integrated mean values. ft 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 #B relates the enthalpy change 
of the gas to the totaf axial heat flow and is thus 
a measure of the gas-so&d convection heat 



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

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 bA. The fraction 
of the total heat flow by the gas is l/(1 + $A) 
and the fraction of the total heat flow through the 
the solid is #,/(I + (PA). 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 
bA 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 experimenter results 

effective solid phase therrn~~ c0nd~ctivit.y from 
the d~~sion modes. 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 t, 2 1 in these experi- 
ments) increases the solid phase heat flow and 

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

Eifective solid phase thermal conductivit>l,fi+om 
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 (l-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 3.1 for a 
comparable temperature level in the present 
experiments. This is due to the respective 
positive and negative values of (T - t) as 
noted in the previous section. Figure 12 shows 
values for one packing of the ratio HdK,, 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. 

Table 2. Mixing cell model analysis of the data of Yagi, Kunii and Wakao 221) 

(In KLJ Y 
-- 

Packing 
D trt c X Re 

mm 
On R4 ~~~~~~~~ Lg 

(least squares slope) 
- ___.._._ 

Glass beads 0.91-6.0 0.40 24.0 0.89-12.6 0.990 + 0,038 13.5 I.8 
Limestone 

broken pieces 1.3 -3.4 0.43 57.6 2.0 -12.9 0.902 + 0.027 176 1% 
Porcelain _ 

Raschig Rings 4.0 --9.0 C50-0.69 67.4 10.9 -27.3 1.19 f 0.035 8.2 1.2 
Steel balls 3-O -4.8 0.40 1922 14.6 -38.7 1.03 + 0.039 19-3 1.5 
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FIG. 12. Mixing cell model effective solid thermal conductivity 
ratios for limestone: A 1.3 mm, v 2.0 mm, A 3.4 mm D, and 
the ratio HdK,, for glass: o @91 mm, 8 2.6 mm, t9 60 mm. 

D, from the data of Yagi, Kunii and Wakao [22]. 
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FIG. 13. Mixing cell model dimensionless outlet gas tem- 
peratures for the data of Yagi, Kunii and Wakao [22] 
(Curve A = glass, Curve B = limestone, Curve C = steel 
and lead; Steel: 0 4-8 mm. D,, 50 mm. D,; 0 4.8 mm. D,, 
68 mm. D,; a 3.0 mm. D,, 68 mm. D,. Lead: 0 1.5 mm. 

D,, 68 mm. DT). 

Solid-gas temperature diflerence from the thermal conductivity. For Re < 5 the values are 
mixing cell model. Figure 13 shows how the similar to the present cocurrent results. For 
solid-gas temperature difference at the hot face Re > 5, these values of $,, indicated that the 
end of the bed (2 = 1 for the countercurrent assumption of equal solid and gas temperatures 
case) increases markedly with Reynolds number used by Yagi et af. [Zl] in applying the con- 
but it is not very dependent on the solid particle tinuous model was unjusti~~. 
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5. CONCLUSIONS 6. D. M. H~M~~LE~Au, Process Analysis by Stut~st~~ai 
Methods. J. Wilev. New York (19701. 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 im~rtan~ 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. 
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J. Cosrn, D. RUDD and N. R. AMUNDSON, Taylor 
diffusion in tubular reactors, Can. J. Chem. Engng 39, 
149-151 (1961). 
H. A. DEANS and L. LAPIDUS, A computational model 
for predicting and correlating the behaviour of fixed 
bed reactors; i-Derivation of model for non-reactive 
systems, A.Z.CZt. E.JZ 6, 656668 (1960). 
J. E. CRID~R and A. S. Foss, Effective wail heat transfer 
coefficients and thermal resistances in matbemati~al 
models of packed beds, A.Z.Ch.E..ZZ 11, 1012.--IO19 
(1965); also Univ. California Radiation Lab. Rept. 
UCRL-11757 (1965). 
M. L. MCGUIRE and L. LAPIDUS, On the stability of a 
detailed packed bed reactor, A.Z.Ch.E.JI II, 85-95 
(1965). 
N. EPSTEIN, Correction factor for axial flow in packed 
beds, Can. J. Chem. Engng 36,210-212 (1958). 
0. LEVENSPIEL, Chemical Reaction Engineering. J. Wiley, 
New York (1962). 
0. LEVENSPI~L and K. B. BISCHOFF, Patterns of flow in 
chemical process vessels, Adv. Chem. Engng 4, 95-198. 
Academic Press, New York (1963). 
A. CHOLETTE and L. CLOUTIER, Mixing efficiency 
determinations for continuo~ Bow systems, Can. 3. 
Chem. Engng 37, 105-l 12 (1959). 
A. C~~OIXTTE and J. BLANCHET, Optimum performance 
of combined flow reactors under adiabatic conditions, 
Can. J. Chem. Engng 39, 192-198 (1961). 
J. E. WILLIAMSON, K. E. BAZAIRE and C. J. GEANKPOLIS, 
Liquid-phase mass transfer at low Reynolds numbers, 
Ind. Eng. Chem. Fundls 2, 126-129 (1963). 
K. B. BISCHOFF and 0. LEVENSPIEL, Fluid dispersion--- 
generalization and comparison of mathematical models: 
I-Generalization of models, Chem. Engng Sci. 17, 
245255 (1962); II-Comparison of models, ihid. 17, 
257-263 (1962). 
R. H. WILHELM, Progress towards the a priori design of 
chemical reactors, Pure Appt. Chem. 5,403421 (1962). 
S. YACX, D. KUNII and N. WAKAO, Effective thermal 
conductivities in packed beds. A.Z.Ch.E.JZ 6, 5433546 
(1960). 

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 siope 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 3.1 and 
about 1.6 for cocurrent and countercurrent low 
low temperature operations respectively. 
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APP~NDIC~-~THEMATICAL MODELS FOR 
CONDUCTION AND CONVECTION PROCESSES 

IN A PACKED BED 

Appendix 1: Us-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, 241 applied to 
the present experimental system with only a spatial varia- 
tion in the axial direction, z, parallel to the gas flow, reduce 
to the following dimensionless forms for the two-phase 
system 

-!-E-;+H,(~-i)=O 
Pe, i3.P 

where 2 = z/L; f = (t - T,)/(T, - T,); T = f 
(T, - T,); Pet = GL/pE; 

K, = k,(l - E)/GC&; Hc = hSL/GC, 

and K; = Kc + l/Pet. 

T - T,J/ 

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

f=--____!A_ * 0 
( > Pe, aZ 0 

and 

at ( ) az ,= 0 
will apply at the bed entry and exist respectively. Called the 
Danckwerts boundary conditions they have found frequent 
application [25-311, 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=latZ=OandT=OatZ=l. (6) 

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 (partjcular solutions being also publish~ 122, 24, 331) 
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 

T=C,+ iCiepbz 
i=, 

(7) 

f = C, + i CieFi”(Ff - Kc/H3 (8) 
i=, 

where Fi are the roots of 

F3 - PecF’ - F(1 + K,Pec)HJK, + PecHJK, = 0 

and the constants Ci are given by 

! 
F,(l;: -z)eF’ F2[F: - z)eF1 F,(F: -!%)e~ o 

eFt eF2 eF3 

F, F2 F, 

1 1 1 

and for the single pseudo-homogeneous phase 

dZT a?= 
Kcaz’-z=O 

Appendix 2 : One-dimensionctl Mixing Cell .Modef 121. 

13) 
For the model generally described in Section 3 and by 

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 surfaoe transfer to a gas of uniform temperature, 
t ,+,c is given [34] by 

T, - t,+, = C, eCZ’ + C, e-c’ (9) 

where C = ,/(Hh/K,), H, = hSI/GC,, K, = k,(l - e)/GC,I 
(Appendix 3d) and 2’ = z/l. Boundary conditions on the 
solid at its mid-point in the cell, z = h, are found from a heat 
balance 

-w - 4 g b_ 0 = h&l - &)(T_ - &+) 

Thus starting from the cell inlet conditions, r,, T, and 
W(W), equations (12) and (13) enable corresponding 
values to be determined at the cell outlet as a function of the 
parameters, Ho, K, and Ph. 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 [Z] as 

z = [ZB’(BD - 1) - Bm(e + lf(D - I)] + W,[2O’(BD - 1) - D”(B - i)(D + I)] 
r w, 

T, = [(B + i)(D - l)(B’ - D”)] + kvi(B - i)(D + l)(O’ - D”) 
--- 

w, 
where 

w 
f 

= _ (B + l)(D -~ 1) [B” - f&l - B”‘)] - 2B’(BD - 1) I_______.. 
(B - l)(D t 1) [D” - f,(l - D”)] - 2Dd(BD - 1) 

= - k&l - E) g- 
i ! b’ 

so that 

(is),. = @,+ (11) 

where P, = kJlh,. Equations (9~(11) allow the solid 
temperature profile to be derived as a function of the cell 
gas temperature t,+ ,, and the solid temperature and gradient 
at the cell inlet, T, = T,, and @T/aZ’), = (aT/aZ’),. In 
particular this gives the solid temperature T, = ‘I,, , . at the 
cell exit (z = c), as 

sinhC P, 
-_ f -?- (cash C + 1) 

1 

+ (T. - t,+ i) cash C + $ sinh C 
C 1 (12) 

while a heat balance over the cell gives 

Q = GC,t, - k,(l - E) 
r 

= GC,r,+r - k&l - E) -“,’ 
t > oz r+i 

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

(14) 

(15) 

with 6 = 0 or m, and 

w, = (B + l)(L) - f)(l - B”) 

+ W,(B - l)(1) + i)(l - Drn) 

B = - W,[i + (I - 4W~/W~)~]/W~ 

I) = - W,[l - (1 - 4W~/W~)~]/W~ 

W, = 1 + ,/(H,K,)sinh 

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,, Pa, m 
and f, or t,. 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 ofmixing cells, m 
The limiting value for relatively long beds at high Reynolds 

number is given by 
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A correction for low Reynolds number is required [2, 19, for any contact resistance. If P, is not used in the discrete 

201. model, then the K, definition of section (c) will apply. 

(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 

hS1 NuSl J,Sl H, 
H,=p=RePr=K+=-. 

GCg In 
(17) 

(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 lo), so that 

K = kJl - 4 k, (1 - 4Dp 
D 

-= 

GCJ 
-~- = mK,. 
k, RePr I 

(1’4 

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, P, 

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 P, = kJ(h,l). The relationship between K, (when 

restricted to the representation of the conduction path only, 

by K, = k, (1 - &)/CC&) and P, for the discrete mode1 and 

Kc for the continuous mode1 is 

Kc = K&(1 + PJ. (19) 

K, may here include radiation effects but will not account 

(e) Heatflux parameter, QD 
This can be determined from the basic mode1 parameters by 

substituting for T from equations (13H15) to give the dimen- 

sionless form 

Q =Qb-T, 
D 

To - L 
(20) 

= [(B + l)(D - 1) + W,(B - l)(D + l)]/W, (21) 

where Q6 = Q/GC, 

(f) Relative heatflow parameters $A, $B 
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 

- K&T/%‘h 
4‘4= I =1-Q,, 

5 
(22) 

I 

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,(t, - t,) 
&= Q 

i, - i, 

= QD + Ml - LIT,) 

on using equation (20). 

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

Rhrnm a 6tendu les mesures expCrimentales et les mod&s thtoriques dtcrits dans la premiere partie 
au cas de 1’6coulement gazeux dans un lit. Des mesures de profil de temfirature sont don&s pour des gaz 
g co-courant et des bcoulements thermiques axiaux & travers le lit dans un domaine de ttmp&ature compris 
entre 20 et 650°C et un nombre de Reynolds de particule jusqu’g 5. 

Ces rbsultats sont analysCs en fonction d’un modele continu (de diffusion) et d’un nouveau mod&le 
discret (cellule de m6Iange). Ce dernier fournit une information plus quantitative sur les mCcanismes de 
transfert thermique considbrb car contrairement au premier, l’on tient compte de la conduction et du 
rayonnement du solide, de la rtsistance de contact du solide aussi bien que de la convection solide-gaz 
et du transport de I’Ccoulement gazeux. On vCrifie que Ie mod&e discret convient et par comparaison avec 
les resultats exp&imentaux prtsents de co-courants g basses et hautes ttmperatures, et avec des mesures 
prCalablement publiCes sur des contre-courants & basse temperature en utilisant une gamme de matCriaux 

de garnissage. 

AXIALE WiiRMEUBERTRAGUNG IN SCHOTTUNGEN I. 
GASSTROMUNG DURCH SCHUTTUNGEN IM BEREICH VON 20 BIS 650°C 

Zusammenfassamg-Die in Teil I beschriebenen experimentellen Untersuchungen und die theoretischen 
Modelle erstrecken sich auf den Fall einer Gasstrijmung durch Schiittungen. Die Temperaturprotile 



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

wurden gemessen bei Parallelstr~mun~ des Gases und axialem W~rmestrom in der Schiittung iiber einen 
Temperaturbereich von 20 bis 650°C tmd einer ottlichen Reynolds-Zahl bis 5. 

Die Ergebnisse werden vom Standpunkt eines kontinuierlichen Diffusions- und eines neuen diskon- 
tinuierlichen Mischzellen-Modells erl8utert. Das letztere liefert mehr quantitative Informationen iiber 
den nicht einfachen Warmetibergangs-Mechanismus, da Leitung/Strahlung, Kontaktwiderstand, Fest- 
k&per-Gas-Konvektion und Gasstromung besonders beriicksichtigt wurden. Die Brauchbarkeit des 
Mischzellen-Modells wurde durch Vergleich der vorliegenden experimentellen Ergebnisse bei Parallel- 
strijmung und bei niederen bzw. hohen Temperaturen mit bereits frtiher verdffentlichten Ergebnissen bei 

Gegenstriimung mit geringen Temperaturen an einer Reihe von Schtittungsmaterialien gezeigt. 

OCEBOm TEIIJIOOBMEH I3 IIJIOTHbIX CJIOIIX. II. (PHJIbTPAIIyIfI FA3A 
=IEPE3 CJIOm B jJMAIIA3OHE TEMIIEPATYP OT 20” 40 650°C. 

A~~a~~-o~~C~HH~e B YacTa I 3Kcnep~MeKTa~bK~e fiamhle II TeopeTmecK5ie aroaemi 

o606~amTc~ ria c~yq~ ~~~bTpa~~~ raaa repes c~roi. ~p~~0~~Tc~ Te~nepaTypH~e nporjurar~ 
gnn cnyrnoro ra3anoro n oce3oro Te~~oBoro no+r0uon sepea caoB B ~~a~a3oKe ~3~eHeK~K 

TeM~epaTyp OT 20 go 650°C a Yncza Pe&roJrbj$ca nj?x YacTun ~0 5. 
Pe3yJlbTaTEJ aHaJIH3KpyfOTCfi KBK C IIOMO~bIO CnJIO'UiHOZt (~~~~y3~OHKO~~ MOaeJIES, TaK 5% 

C ROMOIQblO HOBOi% J@iCKpeTJiO@ MOAeJIln. nOCJIeAHFIK 06eCIIeWiBaeT 6onbme KOJIllYeCTBeHHhIX 

p;aHHhIXoMexaHIl3MeTenJroo6MeHa,IlOCKOJIbKy,B oTJIasHeOTpaHeenpe~nomeHHo~Mo~ena 

JWiTbIBaIOTCR B OTAeJIbHOCTR M3JIyYeHUe II TenJlOIlpOBO~HOCTb TBepAbIX TeJf, KOHTaKTHOe 

COlIpOTEIBJleHIle TBepRbIX TeJI, a TaKHle KOHBeKqSW TBepnLSX TeJI El IW3a II KOHBeKqHR B 

OCHOBHOM IIOTOHe ra33. npHrOAHOCTb J&HCKpeTHO& MOAeJIH OfJOCHOBIdBaeTCJS CpaBHeHKeM 

HaCTOfiIQHX 3KCIlepRMeHTaJlbHbIX JJaHHbIX AJlR CIlyTHOrO nOTOKa npIl HM3KEiX II BblCOKIlX 

.!CeMllepaTypaX C peHee Ony6JlUHOB3HHblMH AaHHbIMEl AJIK IIPOTHBOTOYHOFO IIOTOKa lIpSi 

m3~0li TemnepaType,5icnonbsyug~anasoK KmdeKeKm MaTepManoB HacaaKn. 


