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Abstract-By application of a simple model on heat or mass transfer between solids and flowing fluid in 
packed beds, experimental data of both Nusselt and Sherwood numbers reported in the previous literatures 
are interpreted theoretically in the range of low P&let number, i.e. Pe, < 10. Then it is suggested that 
channellina or local uneven contacting of fluids with solids is resnonsible for the further decrease of aouarent 

a, 
NOMENCLATURE sectional area of the empty tube [m/h] ; 

surface area of particles per unit KY void volume in unit stage per unit 

volume of bed [m’/m”] ; sectional area [m] ; 

radius of free surface [m] ; Nu, Nusselt number, hpDplkJ ; 

concentration [mol/m3] ; pep Peclet number, D,C,G,Jk J or D&J&3, ; 

specific heat of gas at constant pressure Re, Reynolds number, D,G,/p ; 

[kcal/m3 degC] ; Sb Sherwood number, k$pl$So. 

particle diameter [m] ; 
mass diffusivity rm2/h] ; Greek symbols 

GO- 

hP 

kJ, 

fraction of dead water volume to 
total void volume ; 
mass flow rate of fluid per unit sec- 
tional area [kg/m* h] ; 
particle-to-fluid heat-transfer coef- 
ficient based on total surface area of 
particles [kcal/m2 h degC] ; 
thermal conductivity of fluid 
[kcal/m h degC] ; 

kP particle-to-fluid mass-transfer coef- 
ficient [m/h] ; 

L (l/2) x (average lihn thickness in 

QT 

R, 
s 0) 

l-2 
uo. 

3H 

channelling model) [m] ; subscripts 

total amount of heat transferred from 0~ inlet fluid ; 

particle to fluid per unit sectional area 1~ average of outlet fluid ; 

[kcal/m2 h] ; .% at the surface of solids. 

radius of particle [m] ; 
surface area in unit stage per unit INTRODUCTION 

sectional area ; MUCH work has been done so far on heat or mass 
temperature [“Cl ; transfer between solids and flowing fluids in 
superficial fluid velocity based on packed beds. Especially for the purpose of 

845 

heat- and mass-transfer coefficients in the above system. 
. . 

thermal diffusivity of fluid [m’/h] ; 
R/b in equation (2) ; 
void fraction ; 

PT 
8, 

ratio of average channelling length to 
particle diameter ; 
density of fluid [kg/m31 ; 
age of fluid defined by 

-W4_&(1 - f)> [hl ; 
dimensionless temperature or concen- 
tration ; 
shape factor. 
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rational design of catalytic reactors, it has been 
recognized that the prediction of particle-to- 
fluid heat- or mass-transfer coefficients is im- 
portant in the course of the estimation of local 
or overall conversions. Even though a number 
of experimental correlations have been reported 
in the recent literatures, they do not agree well 
with each other, particularly in the low Reynolds 
number range. 

According to Ranz [l], heat-transfer coef- 
ficients between solids and flowing fluid in 
packed beds are given by 

h&,/k, = 2.0 + 0.6 (C&k/)+ (D,G’/& (1) 

where G’ is the effective mass flow rate of fluid 
and may be assumed as nine times. superficial 
mass velocity based on the empty tube, namely 
9.0 Go in the case of packed beds. This equation 
can explain well the experimental data in 
turbulent flow range. Turbulence of fluid in 
void spaces may degrade effects of adjacent 
particles and boundary layers should develop 
on surfaces of packed particles in a similar 
manner to the case on an isolated particle. In 
the range of low Reynolds numbers. however, 
boundary conditions describing heat or mass 
transfer in flowing media are quite different, as 
Cornish [2] has suggested, from those for an 
isolated particle system. Therefore. the theo- 
retical value, 2, for a single sphere in a stagnant 
medium does not have physical meaning any 
more. 

Pfeffer [3] combined “free surface model” 
introduced by Happel [4] with “thin boundary- 
layer solution” [5]; he showed a simple 
relationship among heat- or mass-transfer coef- 
ficients, P&let number and void fraction as 
follows : 

h,,Ddk,= ,.,,[I -(;-&)+I 

(D,C,G,lk,)f 
w = 2 - 3y + 5y5 - 2y6 

y=R/b=(l -&)*. 

(2) 

This equation is applicable to the high P&let 
number-low Reynolds number region, as he 
assumed the existence of viscous flow and a 
thin thermal or diffusional boundary layer on the 
surface of a particle. 

It is worth remarking on the proposal of 
Zabrodsky [6] on a heat-transfer mechanism 
in a fluidized bed. He tried to interpret experi- 
mental values of Nusselt number by means of 
a model with “micro-breaks”, that is, local 
by-passing of gas due to non-uniformity of 
fluidization. 

CHANNELLING MODEL 

When the flow rate of fluid is small in void 
spaces of packed beds, mutual interactions of 
neighboring particles should be taken into 
account for the transport between particles and 
flowing fluid. Pfeffer et al. [3, 71 interpreted 
these phenomena by means of “free surface 
model”. This model consists of a cell made of 
two concentric spherical surfaces, the inner 
representing the surface of a particle itself and 
the outer the boundary of a fluid envelope. They 
assumed the outside surface of each cell to be 
frictionless and to be kept at a constant tem- 
perature or concentration. The latter assumption 
is valid only at sufficiently high P&let numbers, 
and should be replaced by the adiabatic condi- 
tion (impermeable surface) if this model is to be 
used outwith the range Pe, B 1. 

The void spaces are so narrow in actual 
packed beds that the fluid path may be approxi- 
mated by a film bounded by two parallel 
planes indicating surfaces of solids. Surface 
area of the parallel planes corresponds to that 
of solids, and the volume of the fluid film 
corresponds to that of void spaces. Suppose 
that some groups of particles are packed closely 
to form aggregates while others are packed 
loosely. This distribution of voidage in beds 
will result in selective flowing of fluid (channell- 
ing) in the loose section in a bed of tine particles. 

Flow structure in an actual packed bed may 
be simplified as illustrated in Fig. 1, where f is 
defined to be the portion of dead water volume 
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to total void volutie and then CD, the average 
axial length of unit channelling. 
Postulates : 

(1) In the stagnant block, the temperature or 
concentration of the fluid is in equilibrium with 
that of the interspersed solids ; 

(2) Transfer of heat or mass can be described 
in two-dimensional co-ordinates and fluid flow 
in channel is assumed to be plug flow ; 

(3) Heat or mass transfer is restricted to 
molecular diffusion in the direction perpendicu- 
lar to fIow. 

In the model introduced by the above 

uu 

VD P4 e rll---l f I-f T-f 
FIG. 1. The concept of channeliing model. 

tained in one unit stage of channelling, 50, per 
unit sectional area is 

simpii~cations, surface area of particles con- 

The average residence time of fluid in one 
unit stage is 

A& = 3 E(A6). A0 d(A0) 
0 

= ~~pl{~O/4 - f,> (7) 

where E(A0) represents residence time distribu- 
tion of fluid in one unit stage. Now the average 
value of dimensionless temperature or con- 
centration of the fluid passing one unit stage 
in the model bed tl/l is 

G - T, 
$I=- 

c, - c,* 
To - I‘, Or co - c,* 

where To, Tl represent temperatures of inlet 
and outlet fluid respectively, while T, means 
equilibrium temperature with solids. Further- 
more, Co, C1 and C: represent corresponding 
concentration respectively. 

Total amount of heat exchanged between 
particles and fluid in one unit of channel is 

on the total surface area of packed 
h, is defined by 

Q = C&MT, - T,)- (8) 

Particle-to-~uid heat-transfer coefficient based 
particles, 

(9) 

(9) gives 

s, = tD,.a 

where a represents surface area of 
per unit volume of packed beds, which 

6(1 - E) 

a=9P, 

4, : shape factor. 

Fluid volume in one unit stage per unit 
area is 

(3) 

particles 
is 

sectional 

Q = h,,dTs - To). 

Combination of equations (8) and 
h, as follows : 

W) 

v, = &.&I& (4) Therefore, the Nusselt number is 

Average thickness of the fluid film in this model 
bed 21 is calculated as Nu, = “g p _ cb,tl - $1) D&Go -- p. 

21 = V&” (5) 
6( 1 - E) 5 . k, 

(11) 

where s, corresponds to the area of both 
The basic equation for determining tjl is the 

surfaces of the film. Equations (3), (4) and (5) 
familiar two-dimensional diffusion equation in 

give 
a co-ordinate system shown in Fig. 2. 

- +s 
I-6(1 -z)Dp‘ (6) 

UaT_5La2T 
dz - ax* 

(12) 
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where Two typical cases of residence time distributions 
u = U*/&( 1 - f, ’ are considered here. 

Boundary conditions are 

T=T,: x=&t, 
(I) Residence time of flowing fluid in each 

z>o channel is equal to the average residence time. 

T= To: z=O. that is 

Equation (12) reduces to one dimensional E(AB) = s(A0 - A0,,) 

Flc. 2. Co-ordinate system. 

unsteady-state equation by substituting 

0 = z/i U&(1 - f)) 
and 

II/ = (T - T,)/(T, - T,), 

to obtain 

ail/ a%+ 
j$=as 

* =o: x= f1, t?>O 

$= 1: @=O. 

6 : Dirac’s deIta function. 

(II) Residence time distribution of fluid in 
one stage is equal to that of an ideal mixing cell. 
that is 

E(A$) =&.exp - 
aY 

li/ i is calculated for both cases. 
Case (I). 

The soiution of equation (13) is as follows [S] : 

+=i 2 (--I) 
2n + 1 

n=O 
x exp [-cr(2n + 1)2 7t2A@/4f2] 

PI = E 8 
(2n + 1)2 7r2 

n=O 

x exp [ - c((2n + 1)’ 71’ At?,,/4/2]. 

Case (II), 

,:=r 8 
(2n + i)2 7~’ 

(13) n=o 
1 

’ 1 + cr(2n + 1)2 rc2 A0,,/412 ’ 

(2n + 1)7cx 

x cos21- 
(14) 

from which dimensionless temperature of out- 
let fluid is given by 

I 

+bl = 4 d(A6) 
i s 

9 . E(A@) dx. (15) 

0 -1 

(16) 

(17) 

Plots of tjr against CI . AB,,/12 for both cases are 
shown in Fig. 3. The meaning of cx. AtI,,‘t’ 
appearing above is found as 

a ’ A%, k, 
l2 =-. 

m 
C,P U&l -.f 1. 

If parameters in the above equations are taken 
as E = 0.4, 4, = 1, f = 0 and 5 = 1 (ideal case), 
CI. A8,,/12 is larger than 3 in the region of 
Pe, < 10, which leads to the results (1 - $i) N 1 
in both cases. 

In this range of parameters, equation (11) 
reduces to 
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Nu, = ‘< P- cps -- 
6( 1 - E) l Pep ’ 

(19) 

It might be justified here that heat-transfer 
coefftcient defined by equation (9) does not 
mean the film heat-transfer coefficient in the 
usual sense for the region of small values of 
P&let numbers. It should be kept in mind that 
the residence time of fluid even in one unit 
stage with the length of one particle diameter is 

“0, 
i 

0 I.0 2.0 3.0 4.0 5.0 6.0 

an e ovp 
FIG. 3. Plots of & vs. a.AO,,/lz in equations (16) and (17). 

longer than the time necessary for attainment 
of thermal equilibrium with solid particles. 

Therefore the coefficient defined by equation 
(9) under flow condition of low P&let number 
might be named the “apparent heat-transfer 
coefficient”. In the ideal case mentioned above 
without dead water or channelling (f = 0, 
< = l), apparent heat-transfer coefficient h, 
should be expressed as C,G,&6(1 - E) in the 
range of Pe, -c 10. 

For Sherwood number, almost the same deri- 
vation can be applied in a bed uf tine particles, 
by replacing the temperature in the above 
derivations by the concentration of flowing 
fluid. 

Sh, = $+’ = 6(1 te) 5. me,. (20) 
” 

Even though almost all of the experimental 
data on heat and mass transfer in fixed or 
fluidized beds have been correlated in litera- 
tures by plotting j-factor versus Reynolds 
numbers, it is not justified physically to use 
this correlation in the region of low P&let 
number, since existence of thermal or diffusion 

boundary layer has no significant meaning in 
the system any more. 

DISCUSSION 

In Fig. 4, experimental data of Nu, are 
compared with equation (19) where < is taken 
as 1.0 and 10 and 4, = 1.0 and E = 0.4 are 
assumed, The experimental data are taken 
from a number of investigations on heat 
transfer in packed beds [9-201. As indicated in 
the figure, equation (20) can explain the in- 
clination of the most of all observations at 
low P&let numbers, that is Nu, oc Pe, 

Mass transfer data obtained previously by 
Bar-Ilan [21], Aerov [22], Resnick [23], and 
Thodos [24] are illustrated in Fig. 5 in com- 
parison with equation (20). Bar-Ilan measured 
the rate of sublimation of naphthalene solids 
immersed in dummy particles, and the results 
coincided with the prediction proposed here. 
The published data on mass transfer at low 
P&let numbers are very scanty and limited 
only to gas systems. 

In fluidized beds, Richardson and his col- 
leagues [25, 261 measured heat- and mass- 
transfer coefficients in shallow, particulately 
fluidized beds. Their mass-transfer correlations 
are also included in Fig. 5 (dotted lines). Their 
data can be interpreted as the ideal case of the 
present model without dead space or channelling, 
because the particles may be dispersed homo- 
geneously in the shallow fluidized bed. Their 
results show rather stronger dependence on 
flow rate (Sh, ‘cc Rei’18) than indicated in 
equation (20) which might be attributed to the 
increase of voidage with increasing flow rate 
of fluidizing media. 

At sufficiently low P&let numbers where 
a. A0,,!12 in equation (16) and (17) is large 
enough, apparent heat-transfer coefficient does 
not depend on dead water fractionf as deduced 
before. Therefore, channelling length factor 5 
can be back estimated from figures by fitting 
with equation (19). Thus obtained < may be a 
function of particle size, flow rate, viscosity of 
fluid, packing structures, etc. However, because 
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KEY Authors 
Particle 

diameter 
(mm) 

Fluid 

L: LSf and Hawley [9] 32.8 air 

Gl: Grootenhuis [lo] 0.39 air 
G2: 0.21 
G3: 0.064 

El: Eichhorn and White [t t ] 0.66 air 
E2: 0.52 
E3: 0.28 

s: Satterfield and Resnick [12] 5.1 

Kl: Kunii and Smith 1141 1.02 air 
K2: 0.57 
K3: 0.40 
K4: 0.11 

D: Dannadieu [27] 0.13 - 1.1 air 
- __I.- --_- 
I: Kunii and Ito [15] 0.45-50 air 

M: Mimura [16] 3.7 a,r 
____.._~ ._ 

SU: Suzuki [17] 1.10 air 

T: Tokutomi [19] 1 .o air 

K5: Kunii and Smith [14] 1.02 water 
K6: 0.57 

H, Harada [18] 0,55--3,l water 

MT: Mitsumori [20] 1.18 -11.0 water 

FIG. 4. Comparison of equation (19) with heat-transfer data. 

MOTOYUKl SUZUKI 

KEY Authors 

6: Bar-llan and Resnick 1211 
A: Aerov and Umnik [22] 
R: Resnick and White [23] 
H: Hobson and Thodos [24] 

FiG. 5. Comparison ofequation (20) with mass-transfer data. 

of the lack of experiments covering a wide range 
of flowing conditions or packing structures. a 
clear relationship between < and above factors 
cannot be found. Nevertheless, it can be noted 
by an inspection of the figures that 4: depends 
more on particle diameter than on flow rate. 
In Fig. 6, c are plotted against particle diameter, 
where 5 seems to be in inverse proportion to 
particle diameter. In the correlated data, Groo- 
tenhuis [to] measures heat-transfer coefficients 
between sintered metal and air flowing through 
it. It can be understood easily that void structures 
in sintered metal are different from those in 
packed beds. His results are cited only for 
comparison. Eichhorn [ 1 l] made the measure- 
ment of heat-transfer coefficients in DVB- 
particle-air system where particles were heated 
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by electric induction and exchanged heat with 
flowing air. As they neglected the axiai con- 
duction and employed temperature difference 
between fluid and particles at the exit of the 
bed to calculate temperature driving force, their 

@Grootenhuis IlO] 0 Yogi et a/. [I31 
0 Eichhorn [I II u Mimuro [16] 

l Kunii of:td]Smiih Q Suzuki [/7] 

FIG. 6, Channelhng length factor < against I), 

resultant Nu, values may be somewhat higher 
than those defined by equation (9). 

In actual packed beds, the existence of 
channelling may result in a different mechanism 
of axial mixing from the ordinary diffusion 
model, which should be investigated in the 
future. 

CONCLUSION 

The apparent anomaly of the previous ex- 
perimental observations on heat or mass transfer 
between fluid and packed solids in the region of 
low P&let number was interpreted by assuming 
a simple model taking channelling of fluid in 
the beds into consideration. 

In the flow range of low P&let number 
(Fe, < lo), attainment of thermal or diffusional 
equilibrium between solids and flowing fluid 
within one-particle row is ascertained. The 
apparent particle-to-quid heat- or mass-transfer 
coefficient is expressed in terms of heat capacity 
of fluid Ilow. 

Channelling length factor was back est~ated 
by assuming a simple equation, which increases 
with decreasing particle diameter. 
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RL%UOM%ED appliquant WI modkle simple pour le transport de chaleur ou de masse entre lea solides 
et le fluide en &coulement dans les lits fmes, les r&mltats exp6rimentaw prCsentb sous la forme de nombres 
de Nusselt et de Sherwood dans les travaux antCrieurs sont interpr& thkoriquement dans la gamme 
des faibles nombres de Peclet, c’est-ridire Pe, < 10. On sugg&e alors que des digitations ou des contacts 
non-uniformes localement entre le flu& et le soli& sont responsables de la dtcroissance supplCmentaire 

des cokffcients apparents de transport de chaleur ou de masse dans le systbme ci-dessus. 

Zusammenfassung-Durch Anwendung eines einfachen Modells auf den W&me- und Stofftibergang 
zwischen Festkiirpem und einem striimenden Fluid in Festbetten lassen sich Versuchswerte sowohl fiir 
Nusseltzahlen als such f?ir Sherwoodzahlen aus der kiirzlich erschienenen Literatur im Bereich kleiner 
Ptcletzahlen d.h. Pe, < 10 theoretisch interpretieren. Es wird vermutef dasa Kanalbildungen oder 
iirtlich ungleicher Kontakt mit dem Fluid fti die Abnahme der scheinbaren WLrme- und Stoffiiber- 

gangskoeffizienten verantwortlich sind. 

AEEOT~~H~--B CTaTbe npeAJIOmc?Ha ItpOCTaH MOAeJlb TennO-H MaCCOO6MeHa MeHci[y TBep- 

WMH YaCTHqaMIi II IIOTOKOM CpeAbI B BJIOTHOM CJ?oe, c IIomoIQbro KOTOpOti o6pa60TaHbl 

HaB‘?CTHble B JIHTepaType AaHHbIe 0 ‘IHCJIaX HyCCe.?bTa H I&pByRa IlpH HM3KKX ‘IHCJIBX 
I’IeKne (Pep < 10). npeanOnaraeTCn, YTO KaHanOO6pa303aHne WJIH HepaBHOMepHbIfi KOHTaKT 

%%?TKqn CO CpeROti II~HBORMT K ~anbH&UeMy IlaAeHHIO %#@KTABHbIX KO3+#H~HaHTOB 
Tenno-n Maccoo6MeHa B AaHHnx cMcTeMax. 


