Greek Letters

¢ = helix angle

B: = parameter defined by Equation (4)
Bz = parameter defined by Equation (9)

A =VEETE+ (t4Q/Wh)

) land clearance, in.
y = fractional volatile removal from land film
A1 = parameter defined by Equation (12)
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Effect of Transport Processes on Conversion in a Fixed Bed Reactor

For a first-order reaction in an isothermal, fixed bed
reactor, it is relatively simple to show the combined effects
of axial dispersion, fluid-to-particle diffusion, intraparticle
diffusion, and surface reaction on the conversion. Appar-
ently this has not been done. Yet, for the purpose of
evaluating the effect of transport resistances, many im-
portant catalytic reactions can be described with pseudo
first-order kinetics. Therefore, relations which directly
display these effects on conversion could be helpful both
for interpretation of laboratory kinetic studies and for in-
dustrial design. Figure 1 has been prepared for this pur-
pose. It is based upon Equations (11) to (14) which are
developed in the following paragraphs.

Recently (8), equations have been derived for the
zeroth, first, and second moments of the reactant concen-
tration in the efluent from a fixed bed reactor in response
to a pulse introduced into the feed. These equations in-
clude the effects of all transport resistances and are re-
stricted to isothermal operation and to first-order surface
processes. The equation for the zeroth moment can be
related to the conversion x at steady state with the result

l—x=—§——=exp [~-iz-—(71/2—1)] (1)

0 2Ez
where
4E.k —
u2 o«
{ 1 kRyp/D, }
R\/k,B/D, coth (RyVk.B/D,) — 1 + kR,/D,
(2)

This result can also be obtained by solving the steady
state version of the problem. The solution, Equations (1)
and (2), can be written in the following form, which is
more convenient for displaying the effects of the transport
processes:

1 —x=¢g M0 (3)
Npe
Bo=—— [VI+ 4 Ax/Npe — 1] (4)
1
- (5)
A= T 1/S
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3
Ay =— [VAJF coth (VAJF) — 1] (6)

Here A is a dimensionless global rate of reaction which
includes the effects of external mass transfer (S), intra-
particle diffusion (F), and surface rate (Aq).

When axial diffusion is negligible, Np, is large with
respect to Ag so that Az = A,. If intraparticle diffusion re-
sistance is negligible, F is so small that A; =~ A¢ from Equa-
tion (8). When external mass transfer resistance is negli-
gible, S is large compared with A; so that Ax =~ Ay, If all
three transport resistances are negligible, A3 =~ Ao, and
Equation (3) is the usual expression for the conversion in
terms solely of the kinetics of the reaction. In general, A3
may be regarded as a pseudo global rate, which includes
the effect of axial dispersion as well as the other transport
processes.

Well known results for particular cases follow directly
from Equations (3) to (6). For example, the effectiveness
factor  of Thiele (9) is given by the ratio Ai/Ay. Ex-
ternal diffusion has been included as an overall effective-
ness factor o, by Carberry (1). This is given by the ratio
As/ Ao, modified to apply to flat plate geometry. Ruthven
(7) included external diffusion by using a mass transfer
factor #". This is obtained from Equations (5) and (6)
as the ratio As/Aj.

Figure 1 is a graphical representation of Equations
(3) to (6), where each section displays the effect of a
single transport resistance. Section A shows the relation
between A; and Ao, or the importance of intraparticle
diffusion; section B relates A; and A,, indicating the im-
portance of external diffusion; section C compares As and
Az and so gives the effect of axial dispersion. In using Fig-
ure 1 to evaluate the significance of the transport resist-
ances, the kinetic constant k, or kg would be known so
that Ao can be calculated. Then the effect of each transport
process could be estimated from estimates of F, S, and
Np.. Section D of the figure shows the resultant effect of
all the transport processes on the conversion in the effluent
from the reactor. Figure 1 should also be useful for a rapid
estimate of the kinetic constant from the observed conver-
sion. In this case, x would be known, and the figure would
be used in the reverse direction, proceeding from section D
to C to B to A in order to eliminate the transport effects

d arrive at Ao. L
amThe oxidatiorf of o-xylene to phthalic anhydride is used
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to illustrate the application of Figure 1 to a commercial
scale reactor. Froment (2) provides rate constant (kg)
data for a specific catalyst. This and typical reactor vari-
ables (for example, approximately ¥5-in. catalyst particles)
are shown in Table 1. From this information, Ao, F, S, and
Npe are calculated as

Ao =
[ (1—0.4)(1.5 % 10-1) ] [ (0.18) (1) (82.1) (633) ]
(2.3 x 102) (1)
= 3.7
_ (2.3 X 10%) (1.5 x 10~1) _ 57 % 10°

(0.01) (1 — 0.4)

where the Sherwood number has been estimated by using
Ranz’ (6) equation:
Nsp = 2.0 + 1.8 (Nsc) '3 (Npe) /2
In a gaseous system for Ng, > 10, the axial Peclet number
Np. = 1(4).
The dotted lines in Figure 1 show how these values of

Ao, F, S, and Np, can be used to estimate the following
values of Aj, Az, and Ag:

Ap = 0,076, Ai/A¢= 0.021
Ao = 0.042, As/A; =10.55
Az = 0.040, A3/As = 0.95

The ratios of A values indicate that, at commercial

S — 3(1—a)ky 3(1 — a)(Nsn) reactor conditions for this rapid surface reaction, intra-
N u h (Nse) (Nge) particle diffusion is very important (effectiveness factor
= 0.021) and that gas-to-particle mass transfer resistance
_3(1—-04)(368) _ 0.099 cannot be neglected. On the other hand, axial dispersion
B (5.7) (117) o has only a small effect on the pseudo global rate As and
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Fig. 1. Effect of transport processes in fixed bed reactors.
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TasLE 1. KINETIC AND REACTOR DATA FOR
OXIDATION OF 0-XYLENE

Reactor conditions
Temperature = 360°C.
Pressure = 1 atm.
Catalyst particle diameter = 3 X 10~1 cm. (0.12 in.) (spheri-
cal)
Bed porosity, « = 0.4
Gas velocity, © = 2.3 X 102 cm./sec.

Gas properties®

pg = 0.57 X 1073 g./cc.

Dsp = 0.10 sq cm./sec. {diffusivity of o-xylene in air)
7 = 3.4 X 10—4 poises

Nge = 5.9

Ngre = 117

Catalyst properties
pp = 10g/cc.
D, =0.01sq.cm./sec.t

Kinetic constant
kp = 4.23 X 108 exp (—27,000/RT), (g. mole)/(sec.)
(g. cat.)
= 0.18 (g. mole)/(sec.)(g. cat.) at 360°C.
# Since the reaction mixture considered by Froment (2) is more than

99% air, these properties are for air,
{Estimated.

on the conversion.

The laboratory data of Otani (5) for the catalytic oxi-
dation of carbon monoxide on a nickel oxide/aluminum
oxide catalyst in a bed of fine particles (D, = 0.1 mm.)
illustrate a different situation. Table 2 gives the data for
this system which correspond to a feed gas consisting pre-
dominantly of oxygen. For this slow reaction, the gas
velocity must be low in order to obtain significant con-
version. Since the Reynolds number is very low, axial
dispersion occurs by molecular diffusion, and E, is ap-
proximately given by aDsp. At this low gas velocity, k;
is best estimated from the Sherwood number correlation of
Kunii and Suzuki (3). For spherical particles, their Equa-
tion (20) gives Ngi = 0.21 X 1073 From the data in
Table 2

Ao = 9.6 x 1073
F =125x10"2
S 0.05

Npe = 94 x 1078

Application of these parameters in Figure 1 (see dotted
lines) gives

A1 =98 X 1073, Ai/A¢= 1.0
Az = 8.0 X 1078, Ag/A;1=0.84
Ag =47 X 1073, As/As = 0.59

In this example, the effectiveness factor is unity, but axial
dispersion has a major effect on A3 and would significantly
affect the conversion in a reactor of short or moderate cata-
lyst bed depth. Conversions could be estimated for various
bed depths by continuing the dotted lines into section D
of Figure 1.

NOTATION
C = concentration of reactant, (g.)(mole)/cc.
Co = concentration in the reactor feed, (g.) (mole)/cc.
C! = concentration in catalyst pore, (g.) (mole)/cc.
D, = particle diameter, cm.

Dap = molecular diffusivity in mixture of A and B, sq.
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TasLE 2. Kinetic AND REacTOR DATA FOR CARBON
MonNoxIpE OXIDATION

Temperature = 370°C.

Pressure = 1 atm.

Catalyst particle diameter = 0.1 mm, (0.004 in.)
Bed porosity « = 0.4

Gas velocity u = 0.15 cm./sec.

Py = 0.61 x 1073 g./cc.

Dap = 0.20 sq. em./sec. (diffusivity of carbon monoxide in
oxygen)

P = 3.6 X 1074 poise

Nge = 3.0

Nre = 2.53 X 10~3

Catalyst density, pg = 0.8 g./cc.
0.1 sq. cm./sec. [from Otani (5)]

€

kg 1.1 X 1075 (g. mole).(g. cat.) (sec.)
cm./sec.

D, = effective diffusivity in catalyst particle, sq.cm./
sec.

E. = axial dispersion coeflicient, sq.cm./sec.

k; = fluid-to-particle mass transfer coefficient, cm./sec.

ke = reaction rate constant based on catalyst pore vol-
ume, sec.”!

kg == reaction rate constant based on mass of catalyst,
(g.) (mole/ (sec.) (g.) (cat.)

p = total pressure, atm.

R = gas constant

R, = particle radius, cm.

r = radial position in a particle, cm.

T = temperature, °K.

x = conversion

u = superficial velocity, cm./sec.

z = axial distance from inlet to reactor, cm.

Greek Letters
« = porosity in catalyst bed

B = porosity of catalyst particle
1, nov = effectiveness factors

7 = mass transfer factor

“ = viscosity, g./ (cm.) (sec.)
PB = catalyst particle density, g./cc.
pg = gas density, g./cc.

9 =1/R,

) = z/R,

Dimensionless groups

F = uR,/D.(1 — a)

Np, = R, u/E,

S = 3(1 — a) ki/u

Nre = Dy pgu/p

NSc = #/Pg DAB

Nsn = ks Dp/Dag

Ao = (1 — a)ks ps (RT/p) (Rp/u) =

Ayss = defined by Equations (4) to (6)

(1 - c“)ngr Rll

u
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