
Analysis of Three-Phase Packed-Bed Reactors 

Three-phase reactors involving a solid catalyst are normally used for 
production of product or removal of impurity, Equations are presented for 
these two measures of reactor performance for a first-order, reversible or 
irreversible reaction in an isothermal reactor. The results are presented in 
terms of dimensionless groups of the pertinent mass transfer, kinetic, and 
equilibrium (solubility) properties, and the gas and liquid flow rates. From 
the equations given, it is possible to predict the relative performailce of 
concurrent (trickle bed) and countercurrent flow reactors and also the effect 
of mixing iii the gas or liquid streams on performance. 
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Three-phase reactors are used for chemical processes 
that involve a solid catalyst and gas and liquid reactants, 
or gaseous reactants in a liquid phase. Hydrotreating 
processes, such as desulfurization of petroleum fractions, 
polymerization of ethylene and propylene, and hydrogena- 
tion of oils are established examples, but other applica- 
tions are developing, as noted in the reviews by Oster- 
gaard (1968) and by Goto et al. (1977). 

More transport steps are required in such systems 5 0  

that reactor analysis necessitates careful study of the 
interaction between intrinsic kinetics and interphase and 
intraparticle transfer. For packed beds of catalyst particles, 
with either concurrent downflow (trickle beds) or counter- 
current flow, there have been several analyses of reactor 
performance. Sylvester and Pitayagulsarn (1973) used 
available theory for two-phase, gas-solid catalytic systems 
to analyze first-order reactions in trickle-bed reactors. 
Also, Sylvejter et  al. (1975) defined a local reactor effec- 
tiveness which combined mass transfer and intrinsic 
kinetics for trickle-bed and slurry reactors. Goto (1975) 
modified the development to include the effect of liquid 
flow rate. Goto and Smith (1975) and Levec and Smith 
(1976) predicted the performance of trickle-bed reactors 
taking into account gas-liquid, liquid-particle, and intra- 
particle mass transfer effects, The results were compared 
with experimental measurements for the air oxidation 
of formic and acetic acid solutions. Because intrinsic 

kinetics were nonlinear, numerical solutions were re- 
quired so that the effect of pertinent variables could not 
be directly displayed. Goto et al. (1976) obtained explicit 
solutions for the conversion in a trickle-bed reactor, with 
first-order kinetics, under the restriction that the concen- 
tration of reactant in the gas stream was constant. This 
restriction is satisfactory for a pure gas phase, a very 
high gas flow rate, or where the gaseous reactant is 
slightly soluble in the liquid phase; it is not suitable when 
the reactor is used for gas purification. 

The chief objective of the present work is to present 
a more general development applicable for a variety of 
conditions. The procedure could be used for any form 
of kinetics, but the equations are given for a first-order, 
reversible reaction since explicit solutions are possible. A 
second objective is to use the theory to compare expected 
performance for trickle-bed and countercurrent flow reac- 
tors and to examine effects of mixing in the flow streams. 
Data for the hydrogenation of or-methylstyrene (Satterfield 
et al., 1969) are used as an illustration at conditions such 
that the gas phase concentration of hydrogen is not 
constant. 

The results are applicable for isothermal, steady state 
conditions involving a catalytic reaction. Thus, the theory 
would not be suitable to dynamic problems such as the 
adsorption of a gaseous component on adsorbent particles. 

CONCLUSIONS A N D  SIGNIFICANCE 

Three-phase reactors may be used for several purposes: 
production of a reaction product (for example, qolymeriza- 
tion of gases in a solvent), purification of a liquid feed 
stream (desulfurization of petroleum fractions), and puri- 
fication of a gas feed stream. Accordingly, results are 
given for a first-order reversible reaction for either frac- 
tional removal x of the reactant from the gas phase or for 
the efficiency qt of conversion of reactant to product in 
liquid or gas streams. For steady state, isothermal condi- 
tions explicit equations are given for these two quantities 
in terms of the mass transfer and kinetic parameters. The 
development is simplified by introducing effectiveness fac- 
tors 77, 171, and for intraparticle, liquid-particle, and gas- 
liquid mass transfer, respectively. Dimensionless solutions 
show what groupings of the many variables are important. 
Results are displayed as functions of gas and liquid flow 
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rates (Damkoehler numbers Dn, and DUE), mixing Peclet 
numbers (Peg and Pel), effectiveness factors, and gas 
solubilities (Henry's law constants H). Solutions are also 
given for specific cases such as irreversible reaction, non- 
volatile reaction product, rapid reaction, and extreme flow 
rates. 

The analysis shows that for conversion to desirable 
product, high gas rates and concurrent operation are pre- 
ferred. For gas purification, countercurrent operation is 
preferable as long as the liquid feed contains none of the 
gaseous impurity. However, the differences due to flow 
direction are not large except for plug flow conditions. 
These conclusions were determined by using mass transfer 
coefficients that are the same for concurrent and counter- 
current flow, that is, equal values of 71 and of TI, .  The data 
of Goto et al. (1975) give similar values for mass transfer 
coefficients for the two flow arrangements. As expected, 
the results show that mixing of either gas or liquid stream 
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reduces the performance of the reactor. Extension of this 
conclusion indicates that a packed-bed reactor could be 
more desirable than a continuous slurry reactor as far as 
purification is concerned, since the liquid phase is likely 
to be well mixed. Again, this conclusion is based upon 
the same values of mass transfer coeficients, which is 
not likely to be valid in comparing slurries and packed 
beds. Hence, the adverse effect of mixing in the liquid 

phase in the slurry reactor would have to be weighed 
against the advantage of a larger intraparticle effective- 
ness factor 7 and different values of mass transfer co- 
efficients. There are large differences between trickle bed 
and countercurrent flow when mixing is poor (high Peclet 
numbers). Under these conditions, the countercurrent 
arrangement gives much higher fractions of reactant re- 
moved from gas phase. 

The objective of the theory is to predict the concen- 
tration changes of reactant, and hence the conversion, 
in concurrent or countercurrent packed-bed reactors. A 
first-order, reversible reaction 

A e R  

is assumed to occur at an interior site on the catalyst. 
Reactions with more complicated kinetics could be ana- 
lyzed with the same type of equations. In the general 
solution, the reactant is present in both gas and liquid 
feed streams. Solutions are also given for special cases, 
such as irreversible reaction, reactant present only in 
the gaseous feed, and for various mixing conditions in 
the flowing streams. Other assumptions are: 

1. Isothermal, steady-state operation. 
2. Physical properties, flow rates, and mass transfer 

coefficients are constant throughout the reactor. 
3. Deviations from plug flow of gas or liquid phases 

can be accounted for by an axial dispersion term. Thus, 
holdup does not directly appear in the development. 
The mixing extremes from plug flow to stirred tank are 
considered by varying the axial Peclet number. 

The equations are based upon the following series 
of steps: mass transfer of gaseous reactant from gas to 
bulk liquid, mass transport from bulk liquid to outer sur- 
face of catalyst particle, intraparticle diH-usion, and reac- 
tion at an interior site on the pore surface. 

THEORY 

Basic Equations 

For the given operating conditions and restrictions, 
mass conservation equations for concurrent and counter- 
current flow of gas and liquid, applied to a differential 
reactor volume, are as follows: 

where NLA, N s A ,  N s ~ ,  and N i R  are the interphase mass 
transport rates and Rv is the reaction rate. Since the 
reaction is reversible, these equations allow for mass 
transfer of product R from solid to liquid to gas phase. 
In Equations ( 1) and ( 5 ) ,  -uq indicates concurrent flow 
and +uo countercurrent flow. Assuming no dispersion in 
the feed streams, boundary conditions for the concurrent 
flow system are 

d c g A  at z = 0; E g  - = ug ( C g A  - C g A j )  dz 

For the countercurrent flow system Equations (6) ,  (9) ,  
( l o ) ,  and ( 13) are replaced by 

d C g A  
at z = O ;  E g - = O  

dz 

On the basis of the two-film concept at the gas-liquid 
interphase, the mass transport rate of A from gas to' 
liquid can be expressed in terms of the gas and liquid 
side mass transfer coefficients; that is 

N l A  = ( k a ) g A ( C g A  - C i , g A )  = (ka)M(Ci,IA - C l A )  

(18) 

C i , g A  = H A * C i , l a  (19) 

(20) 

If it is assumed that Henry's law holds between C ~ , , A  

and C i , l A ,  that is 

then Equation (18) may be written 

N ~ A  = ( /<a) IAqbA ( C g A / H A "  - C I A )  

Here r)f ,A, the gas-liquid effectiveness for transport of A, 
is given by 

q b A  = 1/[1 + ( k a ) l A / ( k a ) g A H A ' l  (21) 
The mass transport rate of product R, N I R ,  and the 
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gas-liquid effectiveness of R, VbR, are obtained by re- 
placing subscript A with R in Equations (20) and (21) : 

N ~ R  = ( l c ~ ~ ) l R ' l b R ( C g R / H R u  - CLR) 

TbR = 1 / [ 1  f ( k a ) l R / ( k a ) y R H R ' I  

( 2 2 )  

(23)  
The mass transport rates of A and R fiom liquid to solid 
are defined in terms of the corresponding inass transport 
coefiicients by the expressions 

N ~ A  = ( k a ) s a  (Cia - C ~ A )  

N ~ R  = ( k a ) s ~ ( C i ~  - ~ S R )  

(24) 

(25)  
The global rate of the first-order reaction per unit 

volume of reactor, and in terms of the catalytic effec- 
tiveness factor 7, is 

RV = kq(1 - CB) ( C s A  - C s R / K )  (26) 
where q is dependent on the Thiele modulus 4. For a 
first-order reversible reaction, + is 

Introduction of the bed void fraction eE means that k 
is the rate constant referred to the volume of catalyst 
particles. We can combine Equations (24) to (26) to 
eliminate surface concentrations, giving 

NsA = Rv = - N s R  = kqqi ( l  - E B )  ( C ,  - C ~ R / K )  

(28) 
where T~ is the liquid-particle effectiveness, defined as 

? 1 =  
1 

1 + kv(l- E B ) / ( ~ ~ ) , A  + k q ( 1 -  ~ ) / ( k a ) s ~ K  

(29) 
The transverse accumulation rate of A in the liquid 

phase ( N ~ A  - NsA) for substitution in Equation ( 2 )  
may be expressed in terms of concentrations of A and R 
by using Equations (20) and ( 2 8 ) .  Thus 

Nu - NSa = (ka)iA?ibA[CgA/Ha* - CLA/%JA 

+ CtR(1 - T o A ) / T o A K ]  (30)  

Here, qOA is the overall effectiveness of A, defined as 

TOA = 1 / { 1  + kqq,(l - W)/(ka)lATbA) (31) 
Similarly, from Equations ( 2 2 )  and (28), ( N ~ R  - N s ~ )  
in Equation ( 4 )  may be expressed as 

N l R  - N s R  = ( k a ) l R ? b R [ ( 1  - ' l ~ R ) ~ c l A / ? l o R  

- CIR/voR + C g R / z T K u I  ( 3 2 )  
where voR is the overall effectiveness of K :  

TOR = 1 / { 1  f h i ( 1  - E g ) / ( k a ) W ? b R K }  (33)  
Substituting Equations ( 2 0 ) ,  ( 2 2 ) ,  ( 3 0 ) ,  and ( 3 2 )  

into Equations ( 11, ( 2 ) ,  ( 4 ) ,  and ( 5 ) ,  and using dimen- 
sionless variables, we get 

Boundary conditions for the concurrent flow system 
[liquations ( 6 )  to ( 1 3 ) ]  may be rewritten as 

(39) 

(43) 

(45) 

Similar expressions can be formulated for countercurrent 
flow from Equations ( 14) to (17). 
Solution 

Combination of Equations (34) to (37) to eliminate 
YlA,  YlR, and y g ~  gives an eighth-order, linear, differential 
equation for y g A  as a function of 5: 

The development of Equation (46) and definitions of 
the constant coefficients uI to as are given in Appendix A. 
These coefficients are functions of the mass transport co- 
efficients (Ica) g ,  ( k a )  1, ( k a )  $, other rate and equilibrium 
parameters, and the liquid and gas flow rates. 

Solution of Equation (46) gives the concentration of 
reactant A in the gas phase as a function of reactor length. 
Using the notation of a differential operator D = d / d [ ,  
the differential equation may be written as the following 
eighth-degree polynomial: 

alD8 + a2D7 4- a3D6 + a4D5 + a5D4 

+ a6D3 + a7D2 + U8D + ag = 0 (47) 

The solution of Equation (46) may be formulated in 
terms of the eight roots XI, X2 . . . . . , XB of Equation (47) .  
Thus 

8 

yga = 2 ai exp (h i t )  (48) 
i = l  
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The other dimensionless concentrations y ~ ,  YIR, and vgR, 
which with ygA determine the performance ot the reactor, 
can be expressed in the form of equation (48) : 

8 

yu = 2 Piai exp (hit) (49) 

(50) 

i= l  

8 

YlR = 2 Yiai exp(Ai6) 

YgR = Giai exp(Ai6) (51) 

Equations for the constants Pi, yi, and 6i (i  = 1, 2, . . . 8) 
which are functions of hi and the rate and equilibrium 
parameters of the system are given in Appendlx B. The 
constants al, a z ,  . . ., a8 are determined from the eight 

i=l 
8 

i = l  

boundary conditions. For concurrent flow, using EqGa- 
tions (38) to (45) 

8 

Y1A.e = 2 Pi% exp(hi) 

y1R.e = 2 Yiai exp (h i )  

YgR,e = 2 Giai exp(hi) 

(65) 

(66) 

(67) 

i=l 

8 

i= l  

8 

i=l  

For countercurrent flow, Equations (64) and (67) are 
replaced by 

8 

9gA.e = 2 a1 (68) 

YgR,e = 2 8iai (69) 

i= 1 

8 

i= l  

Two measures of reactor performance were used. The 
first i s  the fraction x of reactant removed from the gas 
phase. Once ygA,. is obtained from Equation (64) or 
( 6 8 ) ,  this fraction is given by 

x = l -  YuA.e (70) 
The value of x is important when the reactor is used 
for the removal of gaseous reactant, that is, for purification 
of air, The second measure is the efticiency oi the thsee- 
phase reactor T t  defined as the ratio of the actual con- 
sumptlon rate of A to the intsinsic reaction rate, where 
concentrations in the porous catalyst particles are set 
equal to those in the liquid phase in equilibrium with 
the gas phase at  feed corichtions. This efhciency may be 
expressed by the equation 

[ ( c g A , f  - CgA.e )% + (c1A.f  - CtA,e)%]/ZB 

k ( 1  - CB)  ( C g A , f / H A *  - c g R , f / m R ' )  
Tt = 

or, in terms of dimensionless parameters, as 

The value of T t  is important when the reactor is used 
to produce product R. 

COMPUTATIONAL PROCEDURE 

In calculating reactor performance, it is assumed that 
the feed streams contain no reaction product, so that 
Y1R.f = YgR,j = 0. Then, for a reversible reaction, Yg.4,. 

and Z J A ~ ,  and hence x or qt are functions of y l A , j ,  T ~ A ,  

TOR, Dug, Dal, Peg, P e l ,  Q R A ,  and HRA. The values of 
ZJA,~, T ~ A  and TOR can vary from 0 to 1.0 and the others 
from 0 to infinity. In these ranges Equation (47) has 
real roots hi, but sometimes two roots are identical. Equa- 
tions (49) to (69) are applicable when the roots are 
distinct. For multiple roots, the equations become more 
complex and are not included here. The roots are equiva- 
lent to the eigenvalues of the companion matrix of Equa- 
tion (47) (Ralston and Wilf, 1960). Such eigenvalues 
were computed by the QR method described by Gard 
and Brebner (1968). The constants a1 . . . . as were 
computed by the Gauss elimination procedure (Wylie, 
1966) for simultaneous linear equations, Equations ( 52) 
to (59) for concurrent flow and (54) to (57) and (60) 
to (63) for countercurrent flow. Then dimensionless ef- 
fluent concentrations and x and qt/vql were evaluated 
from Equations (64) to (71).  

AlChE Journal (Vol. 24, No. 2 )  March, 1978 Page 297 



SPECIAL CASES 

Restrictions in the reaction system, and flow and mhing 
conllions, reduce the coniputations for solving gqua- 
tions (70) and (71). Several of’ these special cases are 
described in the lollowing paragraphs. 

Irreversible Reaction 
For K = a, Equation (33) shows that ‘I]OR = 1. Also, 

Equations (361, ( 6 7 ) ,  (401, (41), (44), and (45) are 
not needed, nor are H R A  or QllA involved, since the prod- 
uct R does not affect reactor performance. With these 
simplifications, Equation (46) becomes but a fowth- 
degree equation, and x: or qt is a function of Y[A,fr q , ~ ,  
Da,, Dab Ye,, and Pel. 

If the irreversible reaction rate is extremely high, and 
also mass transfer from gas to liquid is the rate controlling 
step, q b ~  + 0 from Equation (A). Also, liquation (31) 
shows that rloA is zero. In addition, yLA approaches zero. 
Then Equation (34) only is necessary, and this may be 
solved (with y i A  = 0) for yqA using boundary conditions 
given by Equations (38) and (42). i he result is 

0.05 

0.03 

0.02 

0.01 

where 

\ 
COCWrrtnt L 
Countercurrent ------ 

L 

1 A 

Very High Gas Rate 
When the gas flow rate is extremely high, Da, + 0 

and the concentrations of A and R in the gas phase are 
constant throughout the reactor and identical to the feed 

concentrations, Then, Y,A = 1 and YgR = YgRj .  concur- 
rent and countercurrent flow give the same results, and 
Equations (34), (37), (38), (41), (421, and (45) are 
not needed. An analytic solution is possible for an irrever- 
sible reaction. The equation for the efficiency, which also 
has been obtained earlier by Goto (1976), may be written 

?It %A ( yL4.f - %A ) 
Dal 

- = rloA + 
9% 

] (75) 
Pedh - kdexp(Pe1) 

- Ai’exp(Ai) - Az2 exp(A2) 
where 

X i  = Pel( 1 + dl + 4Dal/Pel~,~)  /2 

A2 = Pel(l - dl f 4Dal/Pel’1],~)/2 

(76) 

(77) 
Extreme Mixing Conditions 

According to the model used, plug flow conditions cor- 
respond to infinite Peclet numbers and complete mixing 
to Pe = 0. Explicit results can be obtained for an irre- 
versible reaction for these special cases. 

For plug flow of both liquid and gas, the first terms on 
the left side of Equations (34) to (37)  disappear as 
well as the terms involving Peg or Pel in the boundary 
conditions, Equations (38) to (45). The analytic solu- 
tion for the exit concentrations for an irreversible reaction 
is, for concurrent flow 

(78) 
( P  - X2)exp(A1) - ( P  - Al)exp(A2) 

(A1 - A2) 
Yo& = 

y1A.e = 
(P  - AzWa, + A d  exp (XI) - (P - U D a ,  + exp ( A d  

(79) 
Dao(A1 - A,) 

6= 

F- 

F 
\ 

P 
d 
I- 

0.1 0.2 0.3 0.5 0.7 1 2 3  5 1 10 20 30 50 70 100 

Fig. I .  Effect of DOC on qt/nrl~ at ycAf = 1, rloa = q o ~  = 0.8, Peg = Pec = 1, QRA = HRA = 1. 
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Fig. 3. Effect of Del on ~ t / q q i  at  y u , f  = 0, q0a = VOR = 0.8, 
Pe, = Pel = 1, QRA = H R A  = 1. 

.?oA(DaL + y M , f  + y l A , f D a g )  
YU,e = 

(1 + D u g )  ( ~ O A  + Dad - D ~ ~ D ~ C V O A  
( 9 2 )  

In a slurry reactor, where bubbles of gas rise through 
the liquid, plug flow of gas and complete mixing of liquid 
may be the most realistic of the extreme mixing cases. 
For this case, the conservation expressions consist of Equa- 
tions ( 3 4 )  and (37), with Peg = to for the gas phase. 
For the liquid phase, Pel = 0, and Equations (88) and 
(89) are applicable, with ygA,e  and Y ~ R , ~  replaced by 
average values vgA and I / B R .  The average concentration 
is defined as 

( 9 3 )  

where 

Xi = [- D a i / q o n  + D u g  

+ ~ ( D u ~ / v ~ A  + Dug)' - 4DagDa1]/2 (85) 

A2 = [- D ~ I / v ~ A  + Da, 

- ( D u ~ / ? ~ A  + Dug) - 4 D a g D a l ]  / 2  (86)  

For complete mixing of gas and liquid, the mass con- 
servation equations corresponding to Equations ( l ) ,  ( 2 ) ,  
(41, and ( 5 )  become algebraic expressions in terms of 
exit concentrations. With our dimensionless variables, 
these expressions are 

1 - y9A.e - ( y g A , e  - 9 U . e  = 0 (87) 

YLA,! - 9lA.e + D a l [ y g A , e  - ylA,e/VoA 

+ (1  - rloA)yZR,e/'l)oAI = 0 (88) 

v1R.f - YlR,e + D a l Q R A [ Y g R , e  - ylR,e/?oR 

+ ( 1  - l )oR)YlA ,e /VoR]  = 0 (89) 

Y9R.f  - YgR,e  + ( D Q Q R A ~ H R A )  (YgR.e - y1R.e = 0 

( 9 0 )  
For an irreversible reaction, solution of Equations (87) 
and (88) with ym,e = 0 is 

D a l  + ToA f y l A , f D a g T o A  

( 1 - Dug) (%A f D a t )  - D a g D a t V o A  
ygA,e = 

( 9 1 )  

For an irreversible reaction, the solution for the exit 
concentrations is 

DaJl  - exp( - Dan) 1 + y [ A , @ a g  
y1A.e = 

Dag(1 - Dat + Dai/qoa) + D a l [ l  - exp(- Do,)] 

(94)  

y0A.e = Y1A.e + ( 1 - yLA,e) exp ( - Dan) (95) 

A solution for the reverse case, complete mixing of the 
gas phase and plug How of liquid, although not likely 
to be practical, could be formulated in a similar way. 

RESULTS 

Figures 1 and 2 illustrate the results by showing x 
and qt/ml vs. Da, at different values of Dnl for specific 
values of the other parameters. These results are for a 
liquid feed saturated with reactant = 1 ) .  Through 
the effect on D q ,  these figures show how increasing the 
liquid rate ( i t t )  increases the reactor efficiency (Figure 1) 
for producing product but reduces the fraction of reac- 
tant removed from the gas (Figure 2 ) .  Increasing the 
gas rate (that is, decreasing Da,) increases the efficiency 
qt/ml but decreases x. The more likely condition when 
the reactor is used to purify a gas stream would be for 
the liquid to contain no reactant yA1,f = 0. Figures 3 
and 4 are for this condition and for the same values of 
the other parameters as used in Figures 1 and 2 .  Here, 
the fractional removals x are much larger, and the effect 
of increased liquid rate is to increase x (Figure 4 ) ,  in 
contrast to the case when yA[,f = 1 (Figure 2 ) .  Efficiencies 
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Fig. 4. Effect of Dai on (1 - x) at YlAf = 0, qoa = V O R  = 0.8, 
Peg = Pel = 1, QRA = HRA = 1. 

are much lower in Figure 3 than for Figure 1, indicating 
that for efficient production of product the liquid feed 
should contain reactant. If this is not possible, the liquid 
flow rate should be as low as possible. 

The curves for concurrent and countercurreiit flow are 
not greatly different for the intermediate values of Pe, 
and Pel used. As noted later, flow direction has a large 
effect on x when plug flow conditions are approached. 
Also, the results iii Figures 1 to 4 are based upon equal 
values for the mass transfer coefficients, since the figures 
are for the same values of r)oA and I ) ~ R .  The dotted and 
solid curves could be further displaced from each other 
should the mass transfer rates for countercurrent and 
concurrent flow be different. Available data (for example, 
Goto et al., 1975) suggest that (ka),, ( I c u ) ~ ,  and (Ica), 
are not particularly sensitive to the direction of flow. 
Figure 4 does indicate that the fraction of reactant re- 
moved from the gas is significantly higher for counter- 
current flow, particularly at low gas rates and when the 
liquid feed contains no reactant. 

The effect of reaction rate on the fraction removed is 
shown in Figure 5 through the parameter v u A .  Equation 
(31) indicates that as lc increases, qoA decreases from 
unity toward zero, with the resultant increase in x dis- 
played in Figure 5. When k = 0, reactant A would be 
removed from the gas phase only by absorption in the 
liquid. This case is represented by the curve for ?(,A = 1 
in Figure 5. Hence, the difference between (1 - x) from 
this curve and the one for any specific reaction rate is 
a measure of the effect of reaction on removing the reac- 

0’: 

Fig. 6. Effect of q, ,~  on (1 - x) at YLA,f = 0, %A = 6.8, Doi = 
100, Peg = Pel = 1, QRA = H R A  = 1. 
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tant. For three examples of oxidation and hydrogenation 
in trickle-bed reactors, qua was found to be of the order 
of 0.8 (Goto et al., 1976). 

The effect of reversibility of the reaction on reactor 
performance is determined by the parameter q o ~  through 
Equation (33).  When qoR = 1.0, the reaction is irre- 
versible and x has a maximum value, as displayed in 
Figure 6. These curves show that there is little difference 
between concurrent and countercurrent flow. Both Figures 
5 and 6 are for no reactant in the liquid feed Y [ A f  = 0 
and for r)oA = 0.8. 

If the reaction product is nonvolatile, the gas phase 
contains no R, and the parameter H R A  (ratio of Henry’s 
law constants) becomes zero. Figure 7 shows that x in- 
creases as the volatility of the product increases. This is 
because the transfer of product from liquid to gas phase 
decreases CLR and reduces the rate of the reverse reac- 
tion. The curves for H R A  = CQ, infinite volatility of prod- 
uct, in Figure 7 are the same as the curves for ii-reversible 
reaction ( q o ~  = 1.0) in Figure 6. 

Figure 8 displays the effect of axial dispersion on frac- 
tion of reactant removed from the gas for a reactant-free 
liquid feed and for typical values of the various param- 
eters, for example, r ) o ~  = q o ~  = 0.8 and QRA = € I R A  

= 1. For simplicity in presenting the results, the figure 
applies for equal values of Pe, and Pel. The fraction re- 
moved increases proceeding from complete mixing to- 
ward plug flow. Also, this figure shows that large differ- 
ences between concurrent and countercurren t flow occur 
as plug flow is approached. Where plug flow conditions 
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TABLE 1. MODEL PARAMETERS FOR HYDROGENATION OF 
a - M E T m L  STYRENE ( SATTERFIELD ET AL., 1969) 

50 
10.6 
16.8 

1.0 
5.75 x 10-3 

0.678 
0.756 
1.0 (irreversible reaction) 
0.0 
1 .o 
3.38 

are approached, as in many conditions of trickle-bed oper- 
ation, countercurrent flow is preferable for removing a 
gaseous contaminant by reaction. 

APPLICATION OF THEORY 
Satterfield et al. (1969) measured intrinsic kinetics 

for the hydrogenation of a-methyl styrene at 1 atm pres- 
sure. ?hey also used the same catalyst for trickle-bed mea- 
surements in a single column of catalyst pellets wliicll 
had a diameter of sliglitly more than one pellet diameter. 
The results sliowed considerable intraparticle diffusion 
resistance and also a sigdicant retardation of the rate 
due to liquid-to-particle mass transfer. Accordingly, this 
system, with its large intrillsic, first-order irreversible 
rate, is a suitable one for evaluating the effects of reactor 
operating conditions according to the theory presented 
in this paper. 

In Satterfield's work, an ample supply of pure hydro- 
gen gas was used. Here we change the gas feed to con- 
tain a limited amount of hydrogen (in an inert gns)  and 
the liquid feed to be free of hydrogen (y,~,) = 0) .  'llien, 
the fraction x of liydrogen removed from the gas was 
evaluated at 50°C as a function of gas flow rate (nu,) 
for various operating coiiditions. Table 1 gives the prop- 
erties of the reaction system a ~ i d  values of parameters. 
The fraction x was evaluated for concurrenit and for 
countercurrent plug flow of gas and liquid from Equations 
(78) and (83), for complete mixing of both flows from 
Equation (91), and for plug flow of gas and completely 
mixed liquid from Equation (Y5), and also from equations 
(not shown) for completely mixed gas and plug flow of 
liquid. The results are shown as curves A to E in Figure 
9. The largest removal of hydrogen from the gas is given 
at any gas rate by operating with countercurrent, plug 
flow of gas and liquid (curve B ) ,  while the least de- 
sirable performance corresponds to completely mixed gas 
and liquid phases. 
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Fig. 9. Fraction x of gaseous reactant removed for various mixing 
conditions [based upon data of Satterfield, et a l  (1969); y l ~ , f  = 0, 

q o A  = 0.756, VoR = 1, = 3.383. 

Curve F represents a maximum attainable value of x 
for feasible operating conditions. This curve corresponds 
to plug flow of gas and a zero concentration of reactant in 
the liquid phase. Such a zero concentration ( y l A  = 0) 
could be approached at a high liquid rate or for a very 
fast reaction ( q o A  = 0). Figure 9 shows the results of 
diff erent operating conditions as predicted by the theory 
presented here. The figure does not compare experimental 
and predicted results. 
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NOTATION 

C = concentration, m o l e / ~ d  
Dug = Damkoehler number based on gas flow rate, 

Dal = Damkoehler number based on liquid flow rate, 

D, = effective initraparticle Wusivity, cm2/s 
E = axial dispersion coefficient, cm2/s 
H' = Henry's law constant, C,/C1 

K = equilibrium constant for first-order reversible re- 

k = forward reaction rate constant, s-1 
(ku), = volumetric gas-phase mass transfer coefficient (in 

( k u ) ~  = volumetric, liquid-phase mass transfer coefficient 

(ku)s = volumetric, liquid-phase mass transfer coefficient 

Ni = rate of mass transport from gas to liquid, mole/ 

N ,  = rate of mass transport from liquid to solid, mole/ 

Peg = Peclet number in gas phase, zBug/Eg 
Pel = Peclet number in liquid phase, zBu1/Et 

R,  = global rate based on volume of bed, mole/(s) 

S, = external surface area of particle, c m 2  
u = superficial velocity, cm/s 
V, = volume of particle, cm3 
x = fraction of reactant removed from gas phase, 

tjgA = dimensionless gas-phase concentration, C g A / C g ~ , f  
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(ka) lA?bAZB/ugHA* 

( k a )  lA?bAZB/Ut 

HRA = H R ' / H A 8  

action 

gas-to-liquid transport), s-1 

(in gas-to-liquid transport), s- l  

(in liquid-to-solid transport), s-1 

(s)  (cm3 of bed) 

(s)  (cm3 of bed) 

QRA = ( k') 1R?bR/ ( ka)  lA'lbA 

(cm3 of bed) 

Equation (70) 



CgRHti”/CgA,fHR “K 
dimensionless liquid-phase concentration CIAHA*/  
I 

cgA,f 

average dimensionless concentration defined bv 
Equation (93) 
axial coordinate in bed, cm 
total length of Led, cm 

ClRHA*/CyA,fK 

Greek Letters 

= void fraction in  bed 
= dimensionless axial coordinate in reactor, Z/ZB 
= catalytic eifectiveness factor 
= gas-liquid effectiveness of reactant, Equation (21) 
= gas-liquid ellectiveness of product, Equation (23) 
= liquid-particle eliectiveiiess, Equation (29) 
= overall effectiveness of reactant, Equation (31)  
= overall dfectiveness of product, Equation (33) 
= efficiency of three-phase reactor, Equation (71 ) 
= Thiele modulus for first-order, reversible reac- 

tion, Equation (27) 

Subscripts 

A = reactant 
e = exit 
f = feed 
g = gas phase 
i = interphase 
1 = liquid phase 
R = product 
s = outer surface of solid particle 
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APPENDIX A 

Equations (34)  to (37)  may be written as 

where the coefficients bl, bz, . . ., biz are given by the ex- 
pressions 

bl = -C l /Dag,  b3 = - ~ O A / (  1 - ~ O A ) ,  bz = - l /DagPeg, 

b4 = 1/(1 - % A ) ,  b5 = 7 ? 0 ~ / ( 1  - VloA)Dal, 

bi3 - q o A / (  1 - V o A  )DalPel, b7 = - ( 1 - %R )/qOR, 

b8 = l / q l o ~ ,  bs = ~ / D u L Q R A ,  blo = - ~ / D ~ I Q R A P ~ L ,  

bli = - HRA/DagQRAPeg, biz = -t HRa/DagQnA 

In the expressions for bl and biz, a positive sign designates 
concurrent flow, and a negative aign indicates couutercurrent 
flow. 

Using Equation ( A l )  to eliminate Y1.4 in Equation ( A 2 ) ,  
we get 

dygA dzygA d 3 ! / y ~  d4!/gA + c4- + c3- + cz- dP d13 d.P 
YCR = ygA + c1 - 

d i  
(A5) 

where 

C 1  = b4bl + b5, 02 = b4bZ + b5bl + b6, c3 = b5bZ f bsbl, 
c4 = b6bz 

Eliminating Y1A and Y ~ R  from Equation (A3) by using 
Equations ( A l )  and (AZ), we get 

where 

dl = bib1 + bsci + bg, dz = b7bz + bscz + bgci + b i o  

d3 = bsc3 + bscz + bioci, d4 == bsc4 + b g ~ 3  + bloc2 

d5 = b9~4 f bi0~3, do = bloc4 

Finally, substitution of Equations ( A 5 )  and (A6) into Equa- 
tion ( A 4 )  yields Equation ( 4 6 )  in terms of y , ~  and the 
constant coefficients u1, a2, . . ., ae. The values of the constant., 
are 

UI = blids, a2 = bild5 + bl2d6, a3 = blld4 + blZd5 + ds, 

U S  = brldz + b12d3 + d4 - Q, a4 = blld3 + bnd4 + d5, 

a6 = hlldl + bizdz + d3 - ~ 3 ,  a i  = bll + blzdl + dz - ~2 

= blz + dl - CI, a9 0 

APPENDIX B 

Substituting Equation (48) for Y,A into Equations ( A l ) ,  
( A 5  1, and ( A6 1, we get Equations (49 ) to ( 51 ), respectively. 
The constants pi, y;, and 6i ( i  = 1, 2, . . . 8 )  in these latter 
three equations have the values 

pi  = 1 + bl& + bzhi’ (B1) 
yi = 1 + C l h i  + C2hi2 + C&3 + C4hi4 (B2)  

6i = 1 + dlhi + dzhi2 + d&’ + d&4 + dshi5 + d&‘ 

(B3)  

Manuscript received June 3, 1977; retiision teceitied December 5 ,  and 
accepted December 16, 1877. 

Page 302 March, 1978 AlChE Journal (Vol. 24, No. 2) 




