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The Effect of Gas and Solids Maldistribution 
on the Performance of Moving-bed Reactors: 
The Reduction of Iron Oxide Pellets 
with Hydrogen 

A mathematical formulation is presented describing the reduction 
of iron oxide pellets with hydrogen in a counterflow moving-bed arrange- 
ment under conditions such that both the gaseous and the solids streams 
may be maldistributed. This maldixtribution is imposed on the system by 
prescribing a radial variation in the void fraction and the particle size, 
together with a radial variation in the axial velocity of the solid stream. 

In the formulation, allowance has been made for realistic chemical 
kinetics and nonisothermal behavior. Computer results are presented for 
both the maldistributed system and for base line cases where uniform gas 
and solids flow have been postulated. 

I t  was found that maldistribution may play a very marked role in affect- 
ing the performance of the system, in particular, when the gas and the 
solid streams are mismatched, for example, preferential flow of gas near 
the walls and preferential flow of solids in the central core. 
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SCOPE 

The countercurrent contacting of gaseous and solids 
streams in a packed-bed arrangement is of considerable 
practical interest in many materials processing operations 
(Yagi et al. 1968; Spitzer et al. 1968; Ishida and Wen 
1971; Hara et al. 1976a, b). In the early work, it has 
been assumed that the axial velocity in the gaseous and 
solids streams was spatially uniform. 

In recent work, Radestoclc and Jeschar (1970, 1971a, b), 
Stanek and Szekely (1972, 1973, 1974), and Szekely and 
Poveromo (1975) have shown that the postulate of spa- 
tially uniform velocity fields in packed beds may intro- 
duce serious errors. The effect of spatially nonuniform 
gas flows on the performance of moving packed-bed 
reactors has been studied very recently by Yagi and 
Szekely (1977u, b) and also by Kuwabara and Muchi 
(1976) who have shown that the overall conversion may 
indeed be affected quite markedly by the gas flow mal- 
distribution. While these authors assumed a flat velocity 

0001-1541-79-2710-0800-$01.35. 0 The American Institute of Chem- 
ical Engineers, 1979. 

profile for the solid stream, there are strong indications 
in the literature, notably due to the work of Chatlynne 
and Resniclc (1973), Novosad and Surapati (1968), and 
Takahashi and Yanai (1973), that, in general, solids flow 
also tends to be maldistributed. In particular, for moving 
beds, the central portion of the solids would tend to move 
faster than the region close to the wall. 

The purpose of this paper is to present a general formu- 
lation describing a reaction between a stream of par- 
ticulate solids and a gas stream, contacted in a counter- 
current moving-bed arrangement, under conditions that 
both the gaseous and the solid streams may be maldis- 
tributed. The particular system to be studied is the 
reaction between iron oxide pellets and hydrogen. The 
computed results will be compared with two sets of stan- 
dard cases, corresponding to flat velocity profiles in both 
the gaseous and the solid streams and gas maldistribution 
with a flat solid velocity profile, respectively. As a result, 
a quantitative assessment will be presented of the part 
played by gas and solids flow maldistribution in affecting 
conversion in moving-bed reactors. 
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CONC L US 10 NS A N  D SIGN I Fl CAN C E 

A mathematical formulation has been presented to 
describe the reaction of iron oxide pellets with hydrogen 
in a counterflow moving-bed arrangement, under condi- 
tions that both the gaseous and the solids streams are 
spatially nonuniform. The spatial nonuniformity of the 
gas stream was induced by imposing a particular radial 
distribution of porosity and particle size on the solid 
stream, while the radial distribution of the solid velocity 
was also prescribed. In the formulation, realistic kinetic 
expressions were used for representing the reaction rates; 
furthermore, allowance was made for nonisothermal be- 
havior. The computed results presented indicate that 
maldistribution of the gaseous and solids streams may 
markedly affect the overall performance of the system, 
especially when the gaseous and the solid streams are 
mismatched. 

Previous modeling work aimed at remesenting gas- 
solid reactions in moving-bed arrangements has neglected 

the effect of gas and solids flow maldistribution, with the 
exception of recent papers by Yagi and Szekely (1977u, b) 
and Kuwabara and Muchi (1976) who made allowance 
for nonuniform gas flow. The principal significance of 
the present paper is that it presents a general formulation 
describing the effect of gas and solids flow maldistribution 
on the performance of moving-bed reactors. Thus, the 
paper attempts to bring together information from the 
literature on chemical kinetics, nonuniform gas flow, and 
nonuniform solids flow. 

Another potentially u'eful feature of the work is that it 
illustrates the application of these concepts on a system 
of considerable practical significance, namely, the reduc- 
tion of iron oxides. In this process, the maldistribution 
is further com-~licated by the nonisothermality of the 
system and by the significant density change on the reac- 
tion by the gas. 

Systems where a gas and a solid stream are contacted 
in a counterflow, moving-bed arrangement are of con- 
siderable practical importance in chemical reaction en- 
gineering. One particular example of interest is provided 
by the so-called direct reduction processes, where iron 
oxide pellets are reduced with a carbon monoxide hydro- 
gen mixture (Tsay, Ray, and Szekely, 1976). 

Over the years, a great deal of modeling work has been 
done to represent the behavior of these moving-bed sys- 
tems (typical examples of which include papers by Yagi 
et al., 1968; Spitzer et al., 1968; Ishida and Wen, 1971; 
Hara et al., 1967u, 1976 b ) .  

An important feature of these models is that in the 
statement of the problem, one has to combine information 
on the reaction of single particles with the flow condi- 
tions in the reactor. 

The techniques for describing the reaction kinetics of 
single particles are reasonably well established, for ex- 
ample, Szekely, Evans, and Sohn (1976), but the repre- 
sentation of the flow behavior in these systems is some- 
what more problematic. 

In previous work aimed at the modeling of gas-solid 
reactions in moving-bed reactors, it has been generally 
assumed that the axial velocities in both the gaseous and 
the solid stream are uniform. Some allowance for de- 
parture from plug flow of the gas has, however, been 
made by considering axial and radial dispersion. 

Recent work aimed at the characterization of the flow 
fields in packed-bed (and moving-bed) reactors has shown 
that the postulate of uniform velocity fields in the gaseous 
and the solids streams may introduce serious errors under 
certain circumstances. Nonuniform gas flow through 
packed beds has been studied by Radestock (1969), 
Radestock and Jeschar (1970, 1971a, b ) ,  Stanek and 
Szekely ( 1972, 1973, 1974), Szekely and Poveromo 
(1975), Szekely and Propster (1978), Araki (1976), and 
Araki and Moriyama (1977). Furthermore, the effect of 
nonuniform gas flows on the performance of moving-bed 
reactors has also received some attention, notably by Yagi 
and Szekely (1977a, b )  and Kuwabara and Muchi 
( 1976). 

The flow pattern of solids in moving beds has been 
studied by a number of investigators, notably by Chat- 
lynne and Resnick ( 1973), Novosad and Surapati (1968), 
and Takahashi and Yanai ( 1973). These authors have gen- 
erally found that the postulate of a flat velocity profile 
would not be valid because in a moving bed the solids 
would tend to move faster in the central part of the 
column, while the region in the vicinity of the walls would 
tend to be retarded. It is generally appreciated that the 
actual flow pattern and distribution of the solids in mov- 
ing-bed systems will depend on the charging arrange- 
ment, on the mode of withdrawal, and also on the system 
geometry, although these relationships have not been 
quantified. 

Up to the present, no work has been done to relate the 
effect of nonuniform solids flow on the performance of 
moving-bed reaction systems. 

Previous work by the present authors has shown that 
if the gas flow is maldistributed in a moving-bed reactor, 
this may have a profound effect on the performance of 
the system. The purpose of the present paper is to con- 
sider the more general case when both the gas flow and 
so!ids flow exhibit nonuniformities. The specific example 
to be studied is the reduction of iron oxides with a hydro- 
gen stream, but it is expected that the general conclusions 
drawn should be rather more broadly valid regarding the 
behavior of moving-bed systems. Since the main purpose 
of the paper is to describe the effect of gas and solids 
flow maldistribution, the details of the actual rate expres- 
sions used for representing the reactions will not be dis- 
cussed in the body of the paper but rather given in the 
appendix. 

FORMULATION 

Let us consider a two-dimensional moving bed in which 
spherical iron oxide pellets are being reduced (Figure 1). 
The solid pellets are charged at the top of the bed and 
move downward; the reducing gas is introduced at the 
bottom of the bed and ascends in a counterflow arrange- 
ment with the solid particles. The iron oxide pellets con- 
taining ferric oxide and magnetic iron oxide are reduced 
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to metallic iron through the intermediates magnetic iron Heat balance on the gas: 
oxide and ferrous oxiae according to the chemical reac- 
tions shown below: 

az . 
a2T 

- f i  (+ + ") 7 } $1 - fik,-- ar2 + r ( T  - t )  

+ F2C,TR* = 0 ( 3 )  FeO + H2 = Fe + H20 

where 

ar 

Upon considering two-dimensional flow within a cylin- 
drical coordinate system, we make the following assump- 
tions: 

1. Steady state. 
2. Cylindrical symmetry. 
3. Heat of reaction released to the solid particles. 
4. Temperature distribution in a single particle is uni- 

form. 
5. Reaction rate of the individual iron oxide pellets is 

represented by the three-interface model of Hara et al. 
( 1976). 

6. The equation of motion for the gas is given by the 
Ergun Equations (5) and (6) .  

7. Radial distribution of the axial velocity of the solid 
particles is given. 

8. Axial dispersion of heat and matter is neglected in 
the gas phase. 

Within the framework of these assumptions, the gov- 
erning equations have to express the conservation of the 
gaseous and the solid reactants, heat balance on the gas 
stream, heat balance on the solid stream, and the equa- 
tion of motion for the gas stream. The additional relation- 
ships needed to specify the problem are the equation of 
continuity, that is, the overall mass balance, written for 
both the solid and the gas streams, and an appropriate 
kinetic expression for the reaction of the solids. 

The dimensionless form of the governing equations may 
then be written as follows: 

hlass balance on the hydrogen 

1 dP + - - ] = o  1 a2P (1) +-- 
rP ar P arz 

Mass balance on the solid particles: 

OUTLET SOLID RAW 
GAS MATERIAL 

I 

REDUCING SOLID 
GAS PRODUCT 

Fig. 1. Schematic diagram of a moving bed. 
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In order to determine the flow field of the gas, the Ergun 
equation is used to represent the equation of motion in 
the x and the r directions, respectively: 

aP 
az f1Gz + f~GzlGz] ( 5 )  7 --= 

G, = 0 
aXHz/ax = 0 
G,, = f ( r  ) to be specified 

X I  = 3 

x, = 1 
x 3  = 1 
aT/az = 0 
P = l  
t = to/To 

55.85 3 c ~ ~ o  
+-(7185)(crr) 

J 

The equation of continuity is given as follows for flow 
with a chemical reaction: 

, z = 1  (14) 

- a(rGz) + d { rG, - F z $ l  R%dr } = 0 (7) 
L dz ar 

It is convenient to recast Equations ( 5 )  and (6)  in 
terms of the stream function; the manipulation is straight- 
forward, available in the recent paper by Yagi and 
Szekely (1977u, b )  and is not reproduced here. 

RATE OF REACTION 

When the overall rate is largely limited by pore diffu- 
sion, the reduction of hematite (ferric oxide) to metallic 
iron is thought to take place in three steps that occur at 
three distinct interfaces, as sketched in Figure 2. 

The reaction rates, which implicitly entered into the 
formulation in the mass conservation equation, were rep- 
resented, using a particular three-interface model, de- 
veloped by Hara et al. (1976).  The progressive advance- 
ment of the three reaction interfaces, namely, FezO3/ 
FesOB (X,) , FeaOl/FeO ( X z )  , and FeO/Fe ( X,) , may then 
be calculated from 

(8) 

( 9 )  

(10) 

dX1 - L V1 

dX2 L V, 

dX3 L VS 

--- 
dx U ,  4?rrO3 (Xi') ( do/9)  

-=- 
dz U ,  4?rtO3 ( X z 2 )  (2d0/9)  

-=- 
dz U ,  ~ T O ~  (X3') ( 2d0/9) 

The expressions for the overall rate of reaction R* and 
the overall heat of reaction ( -HTo) are given below. 

Overall reaction rate: 

Overall heat of reaction: 

-k ( - h H ~ O ) z v z  -k (-AHT")~V~} (12)  

The relationships describing the individual reaction steps, 
namely, V1, V2, and V3, together with the relationships 
used for calculating the rate constants are given in the 
appendix. 

t Ergun originally proposed the following equation as an empirical re- 
lationship between the pressure drop and the mass velocity. 

AP 
-- - f1G.z + f i c s a  
Az 

Radestock (1969) pointed out that Equations (5) and (6) are not in- 
variant to the transformation of the coordinates. However, Stanek and 
Szekely (1974) revealed that little error is introduced in using these 
equations in the case of largely parallel flow field; for this reason, in 
this paper, Equations (5) and (6) will be used as the equation of motion 
for gas. 

\ 
\ 

/ 
/ 

Fig. 2. Schematic representation of three-interface model. 

BOUNDARY CONDITIONS 

The boundary conditions required to complete the 
statement of the problem have to express the following 
constraints : 

1. At the bottom of the bed ( z  = 0) ,  the condition 
of the gas is specified. 

2. At the top of the bed, the condition of the solid 
feed is specified. 

3. Symmetry is observed at the center line. 
Thus, we have 

1 G, = 1 
G, = 0 
XH, = const 

(131 at z = O  

~~ 

XHZo = const 
XN,, = const 
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TABLE 1. NUMERICAL VALUES OF THE OPERATING PARAMETERS 

Length of the moving bed 
Diameter of the bed 
Apparent density of the pellet 
Pressure of top gas 
Ambient temperature 
Inlet solid temperature 
Molar fraction of each component 

of inlet gas 

10 m 
5m 
4 120 kglm3 (solid 1 
1 atm 
20°C 
20°C 
0.5 ( X H ~ )  
0.5 ( XNZ) 

Symmetry at the central axis is expressed as 

Gr = 0 
dXEz/dr = 0 
w a r  = o 
aT/ar = o 
aP/ar = 0 

at r = O  

The wall is impervious to gas; however, heat can be 
transferred through the wall. Thus, we have 

Gr = 0 

-k,  at/ar = (R/k ,")  h,, ( t  - T a m )  
axHz/at = o 

aP/ar = o 
-kg aT/ar = ( R / k g o ) h , ( T  - T a m )  

METHOD OF SOLUTION 

Equations (1) to (16), together with the appropriate 
subsidiary relationships, represent the complete statement 
of the problem. The governing equations were put in a 
finite-difference form and then were solved numerically. 
The successive overrelaxation method was employed for 
the solution of the second-order elliptic and parabolic 
equations, while simple difference equations were used 
to generate solutions for the first-order ordinary differential 
equations. Most of the calculations were carried out 
using a 101 x 11 grid, and the actual execution of the 
program required some 2000 s, using a Cyber 173 
digital computer. 

The convergency criterion e is defined as: 
i = J  I I 

I 

Here e ranged from 0.02 to 0.0001, and Y is a dependent 
variable such as +, X E 2 ,  P ,  t ,  and T .  Suffixes I ,  i, j desig- 
nate the iteration number and the mesh points in the 
axial and the radial direction, respectively. 

COMPUTED RESULTS 

In the following we shall present a selection of the 
computed results, illustrating the effect of gas and solids 
flow maldistribution on the behavior of the system. The 
common property values used in the calculation are 
summarized in Table 1, while the particular cases of 
maldistribution examined are discussed in the following. 

Variable Void Fraction and Particle Diameter 

In general, gas flow maldistribution will occur if there 
is a spatial variation in the void fraction or in the diam- 
eter of the particles that make up the bed. In a physical 
sense, such nonuniformities may occur owing to the 
segregation of a charge (that is, caused by the feeding 
arrangements, or by the mode of removal) and or by 
the breakage of the particles. In real systems, the spatial 
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(a) 

0.2 0.4 0.6 0.8 1.0 

DIMENSIONLESS RADIAL DISTANCE r (-1 
Fig. 3. Contour lines for XH% Xi, X2, ond X 3  for Umax = 3, To = 

900, Go = 9 000, and cose A for dp and &u. 

distribution of the particle diameters and the fraction 
of voids may be a complex function which is affected 
by many of the process variables, However, in the ab- 
sence of detailed information on real practical systems, 
we shall consider two idealized types of behavior, namely: 

Case A: Loose packing at the center, larger particles 
at the center 

eV = 0.45 - 0.1r; 

dp = 0.016 - 0.006r; 

0 < r < 1 

0 < r < 1 
(18) 

Case B: Dense packing at  the center, larger particles at 
the wall 

(19) 
ey = 0.35 + 0.1~; 0 < r < 1 

dp  = 0.01 + 0.006r; 0 < r < 1 

Clearly, case A corresponds to a situation, where the 
resistance to gas flow increases radially as we progress 
from the center toward the wall, while the reverse is 
true for case B. 

It follows that while both cases A and B are idealiza- 
tions, they represent the broad class of problems where 
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Fig. 4. Axial distributions of G, and G,, a t  various values of r for 

the same conditions as in Figure 3. 

there is preferential flow of the gas in the central core 
and in the vicinity of the walIs, respectively. 

I t  has to be stressed that these structural considerations 
pertaining to gas flow maldistribution will be necessarily 
modified by the development of the reaction fronts and 
the changes of gas composition and gas temperatures. 
These effects will be discussed during the presentation 
of the results. 

Solids Flow 

by the following expression: 
The mass velocity of the solids at the entrance is given 

Gwo = U s p a (  1 - c v )  (20) 
In previous publications, U s  was assumed to be con- 

stant; however, there is strong evidence that, in general, 
U, may depend on the radial position within the bed. 
The exact nature of this relationship is not known at this 
time, but it is reasonable to suppose that under many 
circumstances Us will tend to decrease as we proceed 
radially toward the wall. In the absehce of a predictive 
relationship for U s  = f ( r ) ,  as a first approximation let 
us postulate 

12 
us = urn,, ( 1 - ,) (21) 

which allows for cylindrical symmetry and a radially 
decreasing solids velocity. 
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Fig. 5. Radial distributions of Gr and Gsz a t  various values of z for 
the same conditions as in Figure 3. 

Figures 3, 4, and 5 show the computed results for 
case A for a gas inlet temperature of 900°C. Figure 3 
shows the maps of the gas mole fraction isopleths to- 
gether with the positions of the reaction fronts. Figure 4 
shows the maps of the axial profiles for the gas and 
solids mass velocity components, while the radial profiles 
of the radial gas velocity and the axial solids velocity 
are given in Figure 5. We note that the axial mass velocity 
of the solid stream varies both because of the solids flow 
profile imposed on the system and owing to the gradual 
conversion of the solids, which involves a reduction in 
the apparent solid density, 

I t  is of interest to contrast Figure 3 with Figure 6, 
which has been computed for a uniform solids flow. It 
is seen that the concentration and reaction front isopleths 
are much more distorted in the latter case. This behavior 
is readily explained by considering the fact that for the 
geometry considered and for case A, there is preferential 
gas flow in the central core of the bed. In case of Figure 
3 (allowing for nonuniform solids flow), this preferential 
gas flow in the central core is matched by a compensating 
preferential solid flow in the central region, resulting in 
relatively uniform concentration isopleths. This compen- 
sating effect is absent for the case depicted in Figure 6. 

I t  is of interest to compare Figures 3 and 6 with Figure 
7, which has been computed for case A also but for a 
spatially uniform gas flow, corresponding to the mean 
values of the porosity and particle diameter in the bed. 

As before, the mass velocity of the solids at the entrance 
is given by Equations (20) and (18 ) ,  but in this case 
a constant value has been taken for Us. 
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Fig. 6. Contour lines for X H ~ ,  Xi, Xz, and X3 for the same conditions 
as in Figure 3, but us = 3 (constant). 

I I I 1 - - - ---- I 

As expected, Figure 7 depicts relatively uniform con- 
centration isopleths; the small radiaI distribution found 
is attributable to the variations in void fraction, the 
effect of which has been retained in representing the 
solids flow. 

Figures 8, 9, and 10 give the profiles corresponding 
to the cases depicted in the previous Figures 3, 4, and 
5, respectively, but for case B, where the void fraction 
and particle size distribution would provide for prefer- 
ential gas flow near the walls. 

It is seen that under these conditions, the concentration 
isopleths are markedly distorted because of the mismatch 
between the gas and the solids flows, namely, preferential 
gas flow near the walls and preferential solids flow in 
the central core. 

Figure 11 shows the computed isopleths for case A 
but for an inlet gas temperature of 800°C. Because of 
the kinetic parameters chosen, this lower inlet gas tem- 
perature causes chemical kinetics to play a larger role 
in determining the overall rate of reaction. For this 
reason, the system appears to be more sensitive to flow 
maldistribution than found for the higher inlet gas tem- 
perature; this behavior is readily seen on comparing 
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Fig. 7. Contour lines for XH~,  X I ,  Xz, and X 3  fw US = 3, To = 
900, Go = 9 000, and case A for d p  and &v. (Uniform gas and solid 

flow.) 

Figures 3 and 11, where the latter shows a rather more 
marked distortion of the concentration and reaction front 
isopleths. 

DISCUSSION 

A formulation has been developed, and computed 
results are presented, describing the reduction of hema- 
tite with hydrogen in a counterflow moving-bed arrange- 
ment under conditions such that both the gaseous and 
the solid streams may be maldistributed. This reaction 
system was chosen because the reaction kinetics are 
well understood, and it is of considerable practical im- 
portance. Furthermore, over the temperature range 
studied, the effect of both difFusion and chemical kinetics 
control could be explored. 

The maldistribution of the gas was produced by im- 
posing particular radial distributions of the porosity and 
particle size forming the moving bed, which resulted in 
a spatially variable resistance to flow. 

Two specific cases were considered, namely, case A 
where the void fraction and the average particle size de- 
creased from the center of the column toward the wall 
and case B where the reverse was true. It follows that 
case A results in preferential flow through the central 
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Fig. 8. Contour lines for X H ~ ,  X i ,  X2, and X 3  for Umax = 3, To = 

900, Go = 9 000, and Case B for dp and &IJ. 

core of the column, while case B produces preferential 
flow of the gas in the peripheral region of the bed. 

The spatially nonuniform solids flow results in part 
from the variable porosity and in part from the parabolic 
vertical velocity component specified for the solid stream. 

A comment should be made regarding the physical 
basis for the types of maldistribution that have been 
considered in the paper. The formulation has been de- 
veloped in quite a general way, and the computational 
techniques employed would have been capable of handling 
almost any arbitrary spatially distributed flow resistance 
and solids flow distribution. 

Ideally, one should have used experimentally deter- 
mined distributed gas flow resistaqce and solid velocities, 
but unfortunately no such information is available at 
present on real, operating systems that could be put 
in an appropriate quantitative form. 

Regarding the operation of countercurrent moving-bed 
systems, studies have been made on the charge distribu- 
tion in iron blast furnaces, and it has been found that 
a broad range of distribution arrangements is possible, 
depending on the system geometry (Sstandish, 1977). 
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the some conditions as in Figure 8. 

Of the two cases considered in the paper, namely A 
and B, case B could be more readily visualized for 
systems where a solid charge containing a range of 
particle sizes is introduced in the vicinity of the axis of 
the bed. Under these conditions, the larger particles 
would tend to migrate toward the wall, while the central 
core would contain a more densely packed mixture of 
larger and finer particles. 

The alternative arrangement, cases A and B considered 
in the paper, together with the base line case of uniform 
gas and solids flow, is thought to represent a broad range 
of conditions that one may encounter in practice. 

The important finding reported in the paper is that 
gas and solid flow maldistribution may have a major 
deleterious effect on the performance of moving-bed 
reactors. These effects have been expressed in a quantita- 
tive manner for the specific case of iron oxide reduction 
with hydrogen, but it is thought that at least in a 
qualitative sense these results have rather broader im- 
plications. 

Spatially nonuniform gas and solids flows will occur 
when the distribution of the particle sizes and the void 
fraction of the bed are spatially nonuniform. In general, 
one may consider two groups of cases, in addition to 
the studies case where the flow of both streams is uniform. 

One system, exemplified by case A, would correspond 
to a case where the resistance to gas flow is the lowest 
in the center and increases radially outward, while the 
solids flow decreases as we move from the center toward 
the wall. Under these conditions, the two maldistributed 
streams may partially or fully compensate each other, 
resulting in relatively flat concentration isopleths. 
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Fig. 10. Radial distributions of Gr and GSz a t  various values of z 

for the same conditions as in Figure 8. 

It is thought, however, that in many instances it would 
be more realistic physically, to consider the converse 
situation, illustrated by case €3. Under these conditions, 
the resistance to flow increases as we progress from the 
wall toward the center, while the velocity of the solids 
is at a maximum in the center of the column. In such 
a case, a severe mismatch of the two streams may occur, 
resulting in very poor utilization of the reactor volume. 
As shown, these problems would be even more aggravated 
if the system were to operate in the regime where the 
overall rate is controlled by chemical kinetics, because 
under these conditions there is an even greater sensitivity 
to the concentration of the reducing gas in the region 
of diffusion or mass transfer control. 

The principal conclusion that may be drawn from this 
work is that the maldistribution of gaseous and solids 
streams, which is known to occur in the operation of 
moving-bed reactors, may have a very marked role in 
affecting the performance of the system. Scale-up from 
laboratory to full scale units, changes in solids feed 
consistency, and alterations in the feeding arrangements 
of the gaseous and the solid streams may all have an 
important effect in modifying the spatial distribution. 
The formulation presented in the paper illustrated this 
behavior for a particular system but also provided a 
general frame work for the analysis of a broad class 
of problems. 

It would be desirable to combine the analysis pre- 
sented here with realistic, measured data, concerning 

1.0 

0.40 0.8 - 

I 
Y - N 0.4t(a) 

o.2 t 
I I I I I 

DIMENSIONLESS RADIAL DISTANCE r (-1 
Fig. 11. Contour lines for X H ~ ,  Xi, Xz, and Z3 for Urnax = 3, To = 

800, Go = 9 000, and case A for dp and &v. 

the velocity distribution of solids and the spatial depen- 
dence of particle sizes and void fractions in moving bed 
systems. However such information is not available at 
present. I t  is hoped that by drawing attention to the 
important role of solids gas flow maldistribution in deter- 
mining the performance of packed bed reactors, work 
will be stimulated in this area. 

NOTATION 

CFe = total iron content of iron oxide pellet 
CFeo = ferrous oxide content of iron oxide pellet 
C, = molar density of gas at inlet condition (kgmoIe/ 

C F  = molar concentration of reducing gas (hydrogen) 
in bulk (kgmole/m3) 

C1, Ct, C3 = molar concentration of reducing gas at the 
reaction interfaces of ferric oxide/magnetic iron 
oxide, magnetic nonoxide/ferrous oxide, and fer- 
rous oxide/iron (kgmole/m3) 

Cel, Ce2, Ce3 = equilibrium concentration of gas for the 
reaction of ferric oxide/magnetic iron oxide, 
magnetic nonoxide/ferrous oxide, and ferrous 
oxide/iron (kgmole/m3) 

m3 ) 
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C,, C: = specific heat of gas mixture, dimensionless and 
dimensional (kcal/kg. "C) 

Ci, Ci' = molar specific heat of gas species i, dimensionless 
and dimensional [kcal/kgmole ( i )  O C] 

C,, = (XiCi) o/ (MiXi) ,( kcal/kg* "C) 
C, = dimensionless specific heat of solid pellet 
C,i = specific heat of solid species i (kcal/kg*"C) 
C,, = specific heat of solid pellet at inlet condition 

(kcal/kg * "C) 
D, = effective diffusivity of reducing gas in the reac- 

tor (m2/hr) 
DH = molecular diffusion coefficient of hydrogen in gas 

mixture ( m2/hr) 
D,:, D e 2 ,  D e 3  = effective diffusivity of reducing gas in the 

porous magnetic iron oxide, ferrous oxide, and 
iron (mZ/hr) 

d, = diameter of a pellet (m) 
do = initial content of reducing oxygen atom in the 

FI,  F2, F 3  = RMH~R,*/G,,  Mo,RR,'/~G,, and Mo2LRo*/ 

F4 

pellet [kgatom (0)  /m3( solid) ] 

2GSO 
= M H ~ M H ~ o  + X N ~ ( J ~ N ~  - M H Z O ) / ~ ~  

fl, f 2  = 150( 1 - ~ u )  2pmixLGo/ (gceu3dp2+pf'e) 9 1.75 ( 1 - 
LGo2/ ( g c d p + ~ u ' P e )  

G,G,= radial and axial dimensionless mass velocity of gas 
Go = mass velocity of gas at inlet condition (kg/m2.hr) 
G , ,  G,, = radial and axial dimensionless mass velocity of 

G,, = mass velocity of iron oxide pellets at the top of 

G,i 
g, 
( - A H ~ O ) ~ ,  (-AH) = heat of reaction for i th  chemical re- 

action and dimensionless overall heat of reaction 
[kcal/kgmole ( H2) ] 

= convective heat transfer coefficient between gas 
and solid particle (kcal/m2.hr.C) 

= heat transfer coefficient from the gas stream to 
the reactor wall (kcal/m2*hr-C) 

= heat transfer coefficient from the solid stream to 
the reactor wall (kcaVm2.hr.C) 

= radiant heat transfer coefficient (kcal/m2.hr.C) 

iron oxide pellets 

the reactor (kg/m2*hr) 
= mass velocity of solid species i (kg/m2*hr) 
= conversion coefficient for gravity (kg*m/kg.m2) 

hp 

h, 

hr, 

hr, 
K1, K2, K 3  = equilibrium constants of the chemical reac- 

tion from ferric oxide to magnetic iron oxide, 
magnetic iron oxide to ferrous oxide, and ferrous 
oxide to iron 

kl, k2, k3 = reaction rate constants of chemical reactions 
from ferric oxide to magnetic iron oxide, mag- 
netic iron oxide to iron, and ferrous oxide to iron 
(m/hr) 

k* = mass transfer coefficient around the pellet (m/hr) 
kF = thermal conductivity of gas mixture (kcal/m* 

hr. C)  
k,, kg', kgo = effective thermal conductivity of gas, dimen- 

sionless, dimensional and at the inlet condition 
kcal/m hr * C) 

k,, k l ,  kSo = effective thermal conductivity of solid pel- 
lets, dimensionless, dimensional and at the inlet 
condition (kcal/m.hr.C) 

L 
Mi 
M 
P ,  P,, Po = pressure of gas, dimensionless, at outlet and at 

Pr = Prandtlnumber 
R 
R', R,' = dimensionless overall reaction rate and overall 

= axial length of reactor (m) 
= molar weight of gas species i (kg/kgmole) 
= average molar weight of gas (kg/kgmole) 

- 

inlet condition ( kg/m2) 

= radius of reactor (m) 

reaction rate at inlet conditiou c :::::,H;: 1 
r 

r, 
Re, = Reynolds number 
Sh = Sherwoodnumber 
Sc = Schmidtnumber 
T,  T', To = gas temperature, dimensionless, dimensional 

T ,  = dimensionless gas temperature (T' + 2 7 3 ) / ( T 0  

Tam = dimensionless ambient temperature 
t, t', to = solid temperature, dimensionless, dimensional and 

U,,, = maximum velocity of solid in axial direction 

Us 
V1, Vp,  V3 = reaction rate from ferric oxide to magnetic 

iron oxide, magnetic iron oxide to ferrous oxide, 
and ferrous oxide to iron [kgmole(Hz)/hr par- 
ticle] 

X I ,  X2, X 3  = dimensionless radial distance of reaction in- 
terface from the center of the pellet 

X i  
z = dimensionless axial distance from the bottom of 

= dimensionless radial distance from the center in 

= radius of the pellet (m) 
the reactor 

and at inlet condition ("C) 

+ 273) 

at inlet condition ("C) 

(m/hr) 
= axial velocity of solid (m/hr) 

= molar fraction of gas species i 

the reactor 

Greek Letters 

orl,r*2 = MH,DH~,C,/G,R, MH,,C,/G,R 
/3, /3s = kg'/RGoCgo, kso/CsoGsoR 
7 , ~ s  = 6(1 - cu)hpR/GoCgodp$, 6(1 - eJhpR/CsGsodp$ 
8, 6, = kgo/C,,G,L, kso/Cs,GSoL 
cv = voidage in the reactor 
5 = RR,'( -H029d / C S O d P $  

pmix = viscosity of gas mixture (kg/m-hr) 
p = density of gas (kg/m3) 
pa = apparent density of solid pellet [kg/m3 (solid) ] 
4 = shape factor 
JI = stream function 

AlChE Journal (Vol. 25, No. 5) September, 1979 Page 809 



v1 = 0 (A41 
Vz = 4Jdro2C(A3 + B3 + F) (CF  - Cez) 

- (B3 + F)(CF-Ce3)1/WZ (A5) 
V3 = 4nrO2[(A2 + B2 + €33 + F ) ( C F  - Ce2) 

where 
- (B3 + F ) ( C F  - C e ~ ) l / w ~  (A61 

Wz = (A2 + &)(A3 + B3 + F )  + &(B3 + F )  
Finally, when reactions V1 and V2 are completed, only one 

reaction interface remains between ferrous oxide and iron. 
At this stage we have 

v1= 0 (A71 

vz = 0 (A81 

(A91 v3 = 4Jcro2(CF - Ce3)/W3 
where 

W3 = A3 + B3 + F 
A1 = l /Xi%i(l  + l/Ki), 
A3 = 1/&i2k3( 1 + I/&), 

Bz = (X3 - Xz)ro/DezXzX3, 

F = l /kf  

A2 = 1/X22k2( 1 + 1/K2) 

Bi = (X2 - Xi)ro/DeiXiXz 

B3 = (1 - Xs)ro/De3X3 

Rate Constants, Equilibrium Constant and Heat of  Reaction 
Rate constants and equilibrium constants used in the reac- 

tion model were taken from Hara et al. (1974). These ex- 
pressions take the following forms: 

k i =  1.44 x 105exp{-6650/(t’+273)} (A10) 

k2 = 2.88 x 105 exp { -8 OOO/( t’ + 273)) ( A l l )  

k3 = 2.45 x l o 7  exp { -1 400/( t’ + 273)) (A12) 

The effective diffusivity of hydiogen through the porous 
intermediate solid phases was estimated from 

Dei = 0 . 1 3 0 ~  

De2 = 0 . 2 0 0 ~  

De3 = 0 . 3 5 0 ~  

The pore diffusion coefficients depend 
ture. The numerical values selected were 
work (1974). 

The equilibrim constants are given as 

K1 = exp {362/( t’ + 273) + 

(A13) 

(A14 1 
(A151 

on the solid struc- 
quoted from Hara’s 

Kz=exp{-8580/(t‘+273) +8.98} (A17) 

K3 = exp (-2 070/( t’ + 273) + 1.30) (A18) 

The equations for the heat of reaction were derived from 
the data given by von Bogdandy and Engell ( 1971 ) : 

( &AHTO), = 2.60 t’ + 2 220 100 < t’ < 300°C 

= 3 000 

= 3.61 t’ + 112 

300 < t’ < 800°C 

800 < t‘ < 1300°C 

(A19 1 
( -AHT”)~ = 10.37 t’ - 21 090 100 < t’ < 911°C 

- - -11,640 911 6 t’ < 1300°C 

( A20) 
(   AH TO)^ = 3.88 t’ - 5 810 100 4 500°C 

= 3 870 

= 3.37 t‘ - 6 990 

500 6 t’ A 927°C 

927 L t’ f 1 300°C 

(A21) 
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