Analysis of Three-Phase Packed-Bed Reactors
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Three-phase reactors involving a solid catalyst are normally used for and

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
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equilibrium (solubility) properties, and the gas and liquid flow rates. From
the equations given, it is possible to predict the relative performance of
concurrent (trickle bed) and countercurrent flow reactors and also the effect

of mixing in the gas or liquid streams on performance.

SCOPE

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 so
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, Sylvester 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 a-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 AND SIGNIFICANCE

Three-phase reactors may be used for several purposes:
production of a reaction product (for example, polymeriza-
tion of gases in a solvent), purification of a liquid feed
stream (desulfurization of petroleum fractions), and puri-
fication of a gas feed siream. 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 7, 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 =, m;, 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 Da, and Da;), mixing Peclet
numbers (Pe;, and Pe;), 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 4, and of 5;,. 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 coefficients, 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 n 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=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
coeflicients 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 diffusion, 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:

d#Cps _ dC,a
CTam g w0 (1)
d?Cia dCua
E; i + Na— Ny =0 (2)
Nsa = By = — N (3)
a2Cir dCir
E — Nirg—Ngp=0 4
L U, e + Nir SR (4)
dCon _ dCyr

2 =+ Yy
dz2? dz

where Ny, Nga, Ngr, and Nig are the interphase mass
transport rates and Ry 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), —u, indicates concurrent flow
and +u, countercuirent flow. Assuming no dispersion in
the feed streams, boundary conditions for the concurrent
flow system are
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dac
at 2=0; E;—22 = u,(Coa — Cgay)  (6)
dc
E,—2 = 4(Cu — Cuay) (7)
ac
E;—= = u(Cr — Ciry) (8)
dz
dc
E, L 4y (Cor — Cyr.t) (9)
dCga
at z=2zp £Eg di =0 (10)
ac
E—% =0 (11)
dz
dCir
E =0 12
= (12)
dC,px
E =0 13)
" (

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

dCga

t =0; E =0 14
at z . (14)

dCqyr
E,—2= =0 15
Y dz (15)

dc
at 2= 2p Eg—2 = 4y(Coay — Coa) (16)
dc

E, d:R = 1, (Cyr,;s — Cyr) (17)

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

Ny = (ka)ga(Cga — Ciga) = (ka)1a(Ci1a — Ca)
(18)

If it is assumed that Henry’s law holds between Ciga
and C; 4, that is

Ciga = Ha®*Ciua (19)
then Equation (18) may be written
NlA = (ka)mnbA(CgA/HA“ —_ ClA) (20)
Here npa, the gas-liquid effectiveness for transport of A,
is given by
moa = 1/[1+ (ka)ia/(ka)gaHa*] (21)

The mass transport rate of product R, N, and the
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gas-liquid effectiveness of R, nur, are obtained by re-
placing subscript A with R in Equations (20) and (21):

N = (ka)rnor (Cgr/HR® — Cir) (22)

MR = 1/[1 =+ (ka)lR/(ka)gRHR"] (28)

The mass transport rates of A and R from liquid to solid

are delined in terms of the corresponding mass transport
coeflicients by the expressions

Noa = (ka)sa(Cia — Csa) (24)

Nsp = (ka)sR(ClR - CsR) (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

Ry = kn{(1 — eg) (Csa — Csr/K) (26)

where 7 is dependent on the Thiele modulus é. For a
first-order reversible reaction, ¢ is
1 DeA>

b=V 5 (1
—Sp DeA KDeR

Introduction of the bed void fraction ez 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

Nga = Ry = — Ngg = k(1 — ¢g) (Cu — Cir/K)

(27)

(28)
where 7, is the liquid-particle effectiveness, defined as
1
T T T k(1 — en)/(ka)eoa + kn(L — en)/ (ka)zK
(29)

The transverse accumulation rate of A in the liquid
phase (Nj4 — N,a) for substitution in Equation (2)
may be expressed in terms of concentrations of A and R
by using Equations (20) and (28). Thus

Nu — Nga = (ka) umpalCga/Ha® — Cia/n0a
+ CLR(l - ﬂoA)/ﬂoAK] (30)
Here, 7,4 is the overall effectiveness of A, defined as

noa = 1/{1 + kyni(1 — eg)/ (ka)unpa} (31)

Similarly, from Equations (22) and (28), (Mg — Nsr)
in Equation (4) may be expressed as

N — Nog = (ka)wrnorl (1 — nor) KCla/90r
— Cir/nor + Cgr/Hg*] (32)
where 7.r is the overall effectiveness of R:

nor = 1/{1 + kyq(1 — eg)/ (ka) wnorK}  (33)

Substituting Equations (20), (22), (30), and (32)

into Equations (1), (2), (4), and (5), and using dimen-
sionless variables, we get

1 dyga _ dyga

Pe, dz = dl

~ Dag(yqa — y1a) =0 (34)

1 d%ya dylA

Pe; d? dt

Yia n (l*noA)ym]

MoA NoA

+Dat[ygA_ =0 (35)
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l — TNo.
+4M@M[wx- LI "“wA]zo (36
NoR NoR
1 dzng dng DHQQRA
e SN iV ol — =0
Py ar? L Hoa (Yor — Yir)

(37,

Boundary conditions for the concurrent flow systen
[Equations (6) to (13)] may be rewritten as

1 dygA
at {=0;. =yga—1 (38)
Pe, dt a4
1 d
Pe, —‘gg— = Yia — Yias (39)
1 dym
= — 40
e dL Yir — Yins (40)
1 dny
= — 41
Pe, d Ygr — YgR.f (41)
L dys
=1 ——— =0 42
at ¢ ’ Pe, di (42)
1 d
Ju__o (43)
Pe; d{
1 dyw
—_— =0 44
Pel d(, ( )
1 yer _ (45)
Pe, di

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

Solution

Combination of Equations (34) to (37) to eliminate
Y4, Yir, and ygr gives an eighth-order, linear, differential
equation for y,4 as a function of {:

A*yga d"yga d%yga dyga d*yya
ay s + as ar + as e + ay s + as a0
d*yga d*yga dyga .
-+ ag -—:ica—— + a7 a0 + as b + agyga = 0 (46)

The development of Equation (46) and definitions of
the constant coeficients a; to ay are given in Appendix A.
These coefficients are functions of the mass transport co-
efficients (ka),, (ka), (ka), 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:

a, D8 + a;D7 4 a3D% 4 asDf + asD*
+ a6D3 + 6171)2 + agD + a9 = 0 (47)
The solution of Equation (46) may be formulated in

terms of the eight roots Ay, Ap .. .. . As of Equation (47).
Thus
8
Yoa = 2, arexp(nl) (48)
i=1
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The other dimensionless concentrations g4, iz, and Ygrs
which with y44 determine the performance ot the reactor,
can be expressed in the form of equation (48):

8

yu= 2, Beaexp(Al) (49)
i=1
8

Yir = 2 vie; exp (ML) (50)
i=1
8

Yor = 2 Sior; exp (Mid) (51)
i=1

Equations for the constants 8;, y;, and 8; (i = 1,2, ... 8)
which are functions of A; and the rate and equilibrium
parameters of the system are given in Appendix B. The
constants ay, az, . . ., ag are determined trom the eight
boundary conditions. For concurrent flow, using Equa-
tions (38) to (45)

8
D, (Peg — M)a; = Pe, (52)
i=1

8
S Mexp(A)a =0 (53)
i=1
8
z Bi(Pey — N\)a; = Peyyia (54)
i=1
8
2 Briexp(M)a; =0 (55)
i=1
8
2 vi(Per — M) a; = Peyin,g (56)
i=1
8
2 yihiexp(h)a; =0 (57)
i=1
8
D, 8:i(Peg — \)a = Pegygrs (58)
i=1
8
2 8i>\i exp(}\i)ai =0 (59)
i=1

For countercurrent flow, Equations (52), (53), (58),
and (59) are replaced by

8

(Peg + N)exp (M) ey = Peg (60)
i=1
8
D =0 (61)
i=1

8
2 8i<P€g + )\i)exp(}»i)ai puusey Pegng,f (62)
i=1

8
2 Sixiai =0 (63)
i=1

For concurrent flow of gas and liquid, the concentrations
at the exit of reactor are obtained by setting { in Equa-
tions (48} to (51) equal to unity; that is

8
Yore = 2, ayexp(h;) (64)
i=1
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8
Yiae = 2 Bios exp (Ni) (65)
i=1
8
YiRe = 2 viei €xp (Ng) (66)
i=1
8
Ygr,e = 2 8io; exp (N;) (67)
i=1

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

replaced by
8

Yose = O, (68)
i=1
8

YoRe = 2 dia; (69)
i=1

Two measures of reactor performance were used. The
first is the fraction x of reactant removed from the gas
phase. Once yga, is obtained from Equation (64) or
(63), this fracuon is given by

x=1-— Yoae (70)

The value of x is important when the reactor is used
for the removal of gaseous reactant, that is, for puritication
of air, The second measure is the efficiency ot the three-
phase reactor 7, defined as the ratio of the actual con-
sumpuon rate of A to the intrinsic reaction rate, where
concentrations in the porous catalyst particles are set
equal to those in the iiquid phase in equilibrium with
the gas phase at feed conditions. This efticiency may be
expressed by the equation

_ [(Coay — Coaeltig + (Ciay — Crae)ul/zn
1’ p—
‘ k(1 — e5) (Cqas/Ha® — Coryg/KHg®)

or, in terms of dimensionless parameters, as

n Mo
™ (1 — moa) (1 — ygr.s)
1 s e - e
( Yga, + Yt — Yua, ) (71)
Dag Da;

The value of 7 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
Yirs = Ygrs = 0. Then, for a reversible reaction, yga,e
and Y, and hence x or 7, are functions of yia, 7Moas
nor, Dag, Da;, Pey, Pe;, Qra, and Hga. The values of
Yiag Moa and nop can vary from 0 to 1.0 and the others
from O to infinity. In these ranges Equation (47) has
real roots \;, 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 a; . . . . ag 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 #/ny were evaluated
from Equations (64) to (71).
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SPECIAL CASES

Restrictions in the reaction system, and flow and mixing
conditions, reduce the computations for solving liqua-
tions (70) and (71). Several of these special cases are
described in the following paragraphs.

Irreversible Reaction

For K = o, Equation (33) shows that nor = 1. Also,
Equations (36), (37), (40), (41), (44), and (45) are
not needed, nor are Hrs or Qpa involved, since the prod-
uct R does not affect reactor performance. With these
simplifications, Equation (46) becomes but a fourth-
degree equation, and x or 4 is a function of yia5 7oss
Dag, Day, Pey, and Pe,.

If the irreversible reaction rate is extremely high, and
also mass transfer from gas to liquid is the rate controlling
step, npa — O from Equation (21). Also, Equation (31)
shows that 94 is zero. In addition, y,, approaches zero,
Then Equation (34) only is necessary, and this may be
solved (with y4 = 0) for yg4 using boundary conditions
given by Equations (38) and (42). Lhe result is

Peg(M — A2)

)\12(3_‘\” — )‘223-—)\1

(72)

Yghe =

where

A= % {Peg -+ [Peg(Peg + 4Dag)]l/2} (73)

concentrations, Then, y,4 = 1 and ygr = ygr.s. Concur-
rent and countercurrent flow give the same results, and
Equations (34), (37), (38), (41), (42), 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

ne o (Yia,f = Moa)
—— = 104 +
™ Day
[1 ___ Pa(M — M)exp(Pey)
A2 exp(h) — 2% exp(Az)

M = Pey(l + /1 + 4Da/Pepmoa) /2 (76)

A2=Pel(l - Vi+ 4Dal/PemoA)/2 (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 lett side of Equations (34) to (37) disappear as
well as the terms involving Pe; or Pe; in the boundary
conditions, Equations (38) to (45). The analytic solu-

tion for the exit concentrations for an irreversible reaction
is, for concurrent flow

(= Ao)exp(Ay) — (p — M)exp(ry)

] s

where

1 JAe = 78
A = > {Pe, — [Pe,(Pey + 4Da,) 1%} (74) Youa (M —A) {78)
Very High Gas Rate Yiae =
When the gas flow rate is extremely high, Da, — 0 (e — M)Day + A1) exp (\) — (o — Mi)(Dag + As) exp (A2)
and the concentrations of A and R in the gas phase are Day (N — Ag)
constant throughout the reactor and identical to the feed (79)
1 \ .
0.7 ST S -~
— Dag = 0.1
05 %ﬂ
M
\Q | 10
o 03 S
& ™ =~
E 0.2 \ ==
pﬂ — -—
=3
= —100
= ol
> ~
‘5 0.07 N
S 0.5 ———— Cocurrent N
[Te
w -————— Countercurrent 1\
wi
0.03
0.02
0.01
0.1 0.2 0.3 05 07 1 3 5 7 10 20 30 50 70 100
Da!
Fig. 1. Effect of Da; on me/mmi at yiays = 1, noa = Wor = 0.8, Pe; = Pe; = 1, Qra = Hra = 1.
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Fi

where
M = [— Day/noa — Day

+ vV Da/n.4 — Dag)? + 4DagDa]/2  (80)
A = [— Day/noa — Day

— \/(Dai/n0a — Da,)? + 4DaDa;}/2 (81)
(82)

# = Dag(yus—1)
For countercurrent flow, the solution is

M — A2 + i sDaglexp(h) — exp(rz)]

50 70 100

1

o L1 1
0s — ~———— Cocoment
_____ Comtomomet
(1]
~
02 < AN
i NS
: DN 10
(71
;‘- \\ ‘\\ I'
w R =
N ~ ]
" [ R NN
Nz N
0.03 SN\
" R o S
N \\ \\
A \ 1
(Y. = h
o1 02 03 05 07 1 2 3 s 1 1o 2 30 % 1 108

Fig. 3. Effect of Da; on m¢/tmy at yjay = 0, moa = Mor = 0.8,
Peg = Pey = 1,Qra = Hra = \.

n0a{Da; + yia,s + Yia,sDa,)
(l + Dag) ("70A + Dal) - DaGDamoA

Yiae =

(92)

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 (34) and (37), with Pe; = oo for the gas phase.
For the liquid phase, Pe; = 0, and Equations (88) and
(89) are applicable, with y,4. and yyr. replaced by
average values yga and ygr. The average concentration
is defined as

(93)

(84)

Yoae = (Day — xz)exp(ry) — (Dag — Ar)exp(Ag) _ J‘x
(83) y=J, y(Ddt
iae = (Dag — M) (Dag — M) [exp(M) — exp(Xe) 1 + yasDag (M — Ag)exp (M + A2)
’ Dagl (Dag — h2)exp(r1) — (Dag — A)exp(s)]
where For an irreversible reaction, the solution for the exit

A = [— Da/noa + Day

4+ (Day/moa + Day)? — 4Da,Da1/2 (85)
A= [— Dal/'ﬂoA + Dag
— V/{(Dai/m0a + Da,)? — 4Da,Da;1/2 (86)

For complete mixing of gas and liquid, the mass con-
servation equations corresponding to Equations (1), (2),
(4), and (5) become algebraic expressions in terms of
exit concentrations. With our dimensionless variables,
these expressions are

1 - ygae — Dag(Yoa.e — Y1a.e = 0 (87)
Yias — Yuae T Dailygae — Yia.e/noa
+ (1 b voA)_l/m,e/T)oA] =0 (88)
Y.t — Yire + DaQralYor.e — Yir.e/M0r
+ (1 — nor)Yua.e/m0r] =0 (89)

Yorf — Ygr.e + (DaQra/Hra) (Ygr.e — Yir,e = 0
(90)
For an irreversible reaction, solution of Equations (87)
and (88) with yiz,e = Ois
Day + noa + Y1a,/Ddgmos
(1 — Dagy) (noa + Da;) — DagDamoa
(91)

Ygae =
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concentrations is
Da[1 — exp(— Day) ] + yuasDagy

Y14 = Da(l — Da; + Day/noa) + Dail 1 — exp(— Dag)]
(94)
Yoae = Yiae + (1 — Y1a,e) exp(— Day) (95)

A solution for the reverse case, complete mixing of the
gas phase and plug flow 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 n./7 vs. Da, at different values of Da, for specific
values of the other parameters. These results are for a
liquid feed saturated with reactant (y.a,; = 1). Through
the effect on Da,, these figures show how increasing the
liquid rate (1) increases the reactor efficiency (Iigure 1)
for producing product but reduces the fraction of reac-
tant removed from the gas (Figure 2). Increasing the
gas rate (that is, decreasing Day) increases the efficiency
n¢/7m; but decreases x. The more likely condition when
the reactor is used lo purify a gas stream would be for
the liquid to contain no reactant ya,; = 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 yas = 1 (Figure 2). Efficiencies
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Fig. 4. Effect of Dajon (1 — x) at yia,y = 0, moa = Mmor = 0.8,
Pey; = Py = 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 countercurrent flow are
not greatly different for the intermediate values of Pe,
and Pe; used. As noted later, flow direction has a large
effect on x when plug flow conditions are approached.
Also, the results in Figures 1 to 4 are based upon equal
values for the mass transfer coeflicients, since the figures
are for the same values of 7,4 and ner. 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)y, (ka), and (ka)s
are not particularly semsitive 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 5,4. Equation
(81) indicates that as k increases, 5,4 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 7,4 = 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-
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Fig. 6. Effect of nogp on (1 — x) at yias = 0, noa = 0.8, Da; =
100, Pey == Pe; = 1,Qra == Hra = L.
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tant. For three examples of oxidation and hydrogenation
in trickle-bed reactors, n,4 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 n.r through
Equation (83). When »,r = 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.; = 0
and for Nod = 0.8.

If the reaction product is nonvolatile, the gas phase
contains no R, and the parameter Hg, (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 C;z and reduces the rate of the reverse reac-
tion. The curves for Hry = o0, infinite volatility of prod-
uct, in Figure 7 are the same as the curves for irreversible
reaction (nor = 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, 7,4 = nr = 0.8 and Ora = Hrga
= 1. For simplicity in presenting the results, the figure
applies for equal values of Pe, and Pe; The fraction re-
moved increases proceeding from complete mixing to-
ward plug flow. Also, this figure shows that large differ-
ences between concurrent and countercurrent flow occur
as plug flow is approached. Where plug flow conditions
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Fig. 1. Effect of Hr4 on (' — x) at YiAf = 0, Noa = Tor = 0.8,
Da; = 100, Pe; = Pe; = 1, Qra = 1.
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TasLE 1. MoDEL PARAMETERS FOR HYDROGENATION OF
a-METHYL STYRENE ( SATTERFIELD ET AL., 1969)

1,°C 50

H* 10.6

k,s—1 16.8

n 5.75 x 10—3
Nba 1.0

m 0.678

oA 0.756

MR 1.0 (irreversible reaction)
Yiat 0.0

Ygaf L0

Da; 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. They also used the same catalyst for trickle-bed mea-
surements in a single column of catalyst pellets which
had a diameter of slightly more than one pellet diameter.
The results showed considerable intraparticle diffusion
resistance and also a significant retardation of the rate
due to liquid-to-particle mass transfer. Accordingly, this
system, with its large intrinsic, 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 gas) and
the liquid feed to be free of hydrogen (i, = 0). Then,
the fraction x of hydrogen removed from the gas was
evaluated at 50°C as a function of gas flow rate (Day)
for various operating conditions, Table 1 gives the prop-
erties of the reaction system and values of parameters.
The fraction x was evaluated for concurrent and for
countercurrent plug flow of gas and liquid from Equalions
(78) and (83), for complete mixing of both flows from
Equation (91), and for plug flow of gas and completely
mixed liquid from Equation (95}, 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.
AIChE Journal (Vol. 24, No. 2)
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Fig. 9. Fraction x of gaseous reactant removed for various mixing
conditions [based upon data of Satterfield, et a! (1969); yias = 0,
Noa = 0.756, nop = 1, Da; = 3.38].

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.4 = 0)
could be approached at a high liquid rate or for a very
fast reaction (n,a = 0). Figure 9 shows the results of
different 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, mole/cm3
Da; = Damkoehler number based on gas flow rate,

(ka)amvazp/ugH s*

Da, = Damkoehler number based on liquid flow rate,
(ka)mpaze/w

D, = effective intraparticle diffusivity, cm?/s

E = axial dispersion coeflicient, cm?2/s

H* = Henry’s law constant, C,/C;

Hga = Hg*/H,\®

K = equilibrium constant for first-order reversible re-
action

k = forward reaction rate constant, s~?

(ka); = volumetric gas-phase mass transfer coefficient (in
gas-to-liquid transport), s—!

(ka), = volumetric, liquid-phase mass transfer coefficient
(in gas-to-liquid transport), s—!

(ka); = volumetric, liquid-phase mass transfer coefficient
(in liquid-to-solid transport), s—1

N; = rate of mass transport from gas to liquid, mole/
(s) (cm® of bed)

N, = rate of mass transport from liquid to solid, mole/
(s) (cm3 of bed)

Pe; = Peclet number in gas phase, 2pu,/E,

Pe; = Peclet number in liquid phase, zzu,/E;

Qra = (ka)irnor/ (ka)iampa

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

S, = external surface area of particle, cm?

u = superficial velocity, cm/s

V, = volume of particle, cm?

x = fraction of reactant removed from gas phase,
Equation (70)

Yga = dimensionless gas-phase concentration, Cg4/Cya s
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ng = CQRHA#/CQAJHR“K

yiu = dimensionless liquid-phase concentration CjuH 4/
CgA,f

Yr = CrrHA*®/ CgA,fK

Yy = average dimensionless concentration defined by
Equation (93)

z = axial coordinate in bed, cm

zg = totallength of bed, cm

Greek Letters

void fraction in bed

€B =

¢ = dimensionless axial coordinate in reactor, z/zp

7 = catalytic effectiveness factor

mwa = gas-liquid effectiveness of reactant, Equation (21)

nr = gas-liquid effectiveness of product, Equation (23)

m = liquid-particle effectiveness, Equation (29)

noa = overall effectiveness of reactant, Equation (31)

non = overall effectiveness of product, Equation (33)

ne = 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

l = liquid phase

R = product

s = outer surface of solid particle
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APPENDIX A
Equations (34) to (37) may be written as

dyga d?yga
bo ——_
d + b3 ae

Yia = yga + by (A1)
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dyia b A2y

yir = bayga + bayia + bs—w + bs i (A2)
9
Ygr = bryia + bsyir + ba -—d—yé;— + b1o ddy;;R (A3)
by dZ;R + b1z dZZR +yr—yr =0 (A4)
where the coefficients b1, by, . . ., b1z are given by the ex-
pressions
by = =1/Day, by = — 1/DagPey, bz = — noa/ {1 — moa),
bs = 1/{1 —moa), bs = mnoa/ (1 — oa)Day,

be = — Moa/ (1 — Moa}DaPe;, by = — (1 — Mor)/Mor,

bs = 1/mor, bs = 1/DaiQra, bio = — 1/DaiQraPey,
by = — Hra/DagQraPey, b1z = = Hra/DagQra

In the expressions for by and big, a positive sign designates
concurrent flow, and a negative sign mdicates countercurent
flow.

Using Equation (Al) to eliminate y4 in Equation (A2),
we get

dyga a%yg4 d%yga dtyga
Yir = Yga + 1 P + ¢c2 a2 + c3 10 + o4 e
(A5)
where

¢1 = bsby + bs, s = baby + bsby + bs, c3 = bsba + beby,
L4 = bﬁbz

Eliminating y4 and y;r from Equation (A3) by using
Equations (Al) and (A2), we get

dyga " d?yga 4 dy d3yga

= d d
Yar = Yga + G1 ds e dg
dyga dyga dSypa
d ds d (A6)
+ a4 I + a0 + ds T

where
dy = biby + bsc1 + b,
ds = bscs + bgca + bigei,

da = byby + bgce + becy + bio
ds = bscs + bgcs + bioce
ds = bgcs + biocs, dg = biocy

Finally, substitution of Equations (A5) and (A6) into Equa-
tion (A4) yields Equation (46) in terms of yz4 and the
constant coefficients a1, ay, . . ., aa. The values of the constants
are

a1 = buidg, ay = buids + bieds, a3 = bidy + bieds + ds,
ay = byidy + biady + ds, a5 = buida + bieds + dy — ¢y,
as = bydy + biady + dy — ¢3, a7 = b1y + byeds + do — ¢2

ag=bip+di—c, a=0

APPENDIX B

Substituting Equation (48) for y,4 into Equations (Al),
(A5), and (AB), we get Equations (49) to (51), respectively,
The constants 8y, vi, and §; (i = 1, 2, . . . 8) in these latter
three equations have the values

=1+ bk + ba)2 (B1)
vi= 1 4 c1di + o2h2 + cahd + cadit (B2)

O = 1 4 did; + dod 2 4 dsd3 + dsri® + dsh® + dgdi®
(B3)
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