Heat Transfer and Kinetics in a

Catalyst Bed of Rectangular Cross Section:

Air Oxidation of Nitric Oxide with Silica Gel

J. H. JAFFER, JR., and HARDING BLISS

The results of an investigation of heat transfer and reaction kinetics in a fixed-bed catalytic
reactor of slab geometry are described. The particular reaction studied is the air oxidation of
nitric oxide with silica gel. Conversions and catalyst-bed temperatures were observed in the
experimental, nonisothermal slab reactor, but only a sample of these dato are reported and

analyzed here.

A mathematical analysis of the processes occurring in a slab reactor has been developed which
leads to a design method for such reactors that permits prediction of catalyst-bed temperatures
and conversions from a knowledge of specific reaction rates and the physical properties of the
system. The design method involves o step-by-step procedure but requires a small number of
steps. To evaluate the accuracy of the design method and to illustrate its use, the specific
reaction-rate data together with published thermal-conductivity deta have been used with the
method to predict the results of @ run on the experimental nonisothermal reactor. Good agree-
ment between calculated and observed temperatures and conversions was obtained.

Specific reaction rates, derived from integral conversions in an experimental, isothermal

reactor, are reported.

The studies of heat transfer in cata-
Iytic converters made in recent years
have advanced remarkably our knowl-
edge of this important problem in
chemical engineering design. For the
most part these studies have been con-
fined to cylindrical beds, but there are
certain advantages to converters of
other shapes; for example, a slab bed
(one of rectangular cross section with
heat transfer through two opposite
sides) may be enlarged greatly in an
area without increasing the distance
through which heat must flow, and also
the mathematical analysis is somewhat
simpler than for cylindrical converters.
The purpose of this work was, there-
fore, the study of heat transfer and
kinetics in a catalyst bed of rectangular
cross section. The particular reaction,
the air oxidation of nitric oxide with
silica gel, was selected because the
analysis was relatively easy and be-
cause a wide variation in reaction rates
throughout the converter was antici-
pated. The second reason constitutes a
severe test of theory and experiment.

Since conditions for the slab bed
required operating in a range of tem-
perature at which isothermal-rate data
for this catalytic reaction were not
available, and since the catalyst could
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not be assumed to be identical to that
of previous investigations, it was neces-
sary to measure such rates as well.

RANGE OF VARIABLES

For the runs in the slab bed the fol-
lowing were studied:

Entering gas temperatures: 81° to
136°C.

Air flow rates: 0.029 to 0.125
g. moles air/ (sq. cm.) (min.)
Mole fraction nitric oxide in feed:
0.022 to 0.152

The temperature of the coolant for
removal of the heat of reaction was
close to that of the entering gas. The
extent of conversion of nitric oxide was
49 to 829%.

The catalyst used was refrigeration-
grade silica gel, 14 to 20 mesh, with a
density of 0.680 g./cc.

APPARATUS, ANALYSES, AND
PROCEDURE

Reactor System

Nitric oxide was generated continuously
by the reaction of sodium nitrite with
sulfuric acid, and air was supplied by a
compressor. The reactant streams were
separately purified by passage through
silica gel and measured with calibrated
orifice meters before being mixed in a tee
upstream of the reactor. The air stream
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was also separately preheated approxi-
mately to the reactor coolant temperature
in an electrically heated section of pipe.
The flow rate of each stream was controlled
with a globe valve.

Suitable thermocouples and manometers
were provided so that temperatures and
pressures were known at the orifices and
at the entrance to the reactor. The con-
trolled flow rates determined the composi-
tion of the gases entering the converter; no
independent analyses for nitric oxide were
made.

Reactor

The reactor (Figure 1) was constructed
of two standard 8-in. aluminum structural
channels with their plane surfaces op-
posed, spaced by two stainless steel bars.
The web thickness of the channels was
only 0.51 cm. to promote heat transfer
through the walls. The stainless steel bars
were 5.1 cm. in vertical dimension to min-
imize heat flow in this direction. Asbestos
gaskets coated with gasket cement were
placed between the channels and the bars,
and the assembly was bolted together
tightly. The resulting rectangular cross
section for the catalyst was 2.26 cm. wide
and 10.2 cm. high. The length was 91.5
cm., with the catalyst occupying the space
between 17.6 and 74.0 cm. from the
entrance. The spaces before and after the
catalyst were empty. Since the position of
the assembly was horizontal, the catalyst
was held in place by screens. Total cata-
lyst weight was 885 g.

Thermocouples were provided through-
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out the bed to permit measurement of
lateral temperature gradients at several
longitudinal positions. The measurement
should lie between the gas and solids
temperatures, but the difference between
these cannot be great under the conditions
used here (later shown to be less than
1°C.). The couples were introduced
through stainless steel, high-pressure tubing
soldered into %-in. holes drilled in the
top bar. Small stuffing boxes at the tops
of these tubes prevented leakage of the
gas where the wires entered. The couples
were located in the bed with special sup-
ports to assure that movement was prac-
tically impossible and that the lead wires
lay in straight, vertical (isothermal) paths.

Thermocouples were carefully located
at the center of the catalyst and 0.40 and
0.80 cm. out from the center in a lateral
direction. The lateral gradient thus meas-
ured was observed with such thermo-
couples at axial positions 3.1, 18.1, 31.8,
and 48.3 cm. along the catalyst for the
first forty runs. Subsequent runs all were
the same except that the 18.1 position be-
came 18.8 cm.

The whole reactor was mounted in a
steel shell which contained the coolant.
Water, a calcium chloride brine boiling at
about 119°C., and another boiling at about
132°C. were used as coolants. The cool-
ants were boiled slowly in the reactor shell
by heat from the reactor and from two im-
mersion heaters controlled with variable
autotransformers.

The catalyst was charged to the reactor
with care to insure accurate thermocouple
positioning and to eliminate the possibility
of subsequent catalyst-bed shrinkage.

Anclyses

Continuous analysis of the reactor ef-
fluent for nitrogen dioxide was accom-
plished photometrically, advantage being
taken of the ability of the compound to
absorb blue light. Calibration of the
photometer was accomplished by passing
known mixtures of nitrogen dioxide and
air through the apparatus, the calibra-
tions taking the form of plots of nitrogen-
dioxide concentration vs. instrument read-
ing. Allowance for nitrogen tetroxide,
present in equilibrium with nitrogen
dioxide in appreciable quantity at room
temperature, was made by calculation
based on published equilibrium constants
(5) and the fact that nitrogen tetroxide is
transparent to blue light. A standardizing
procedure was employed to eliminate drift.

Procedure

The catalyst was activated by passing a
slow stream of dry air through the bed for
2 hr. while the catalyst temperature was
maintained at 130°C. The effluent air was
cooled in a glass tube immersed in a salt-
ice bath, and no condensation was ob-
served after this 2-hr period.

Prior to each day’s runs fresh silica gel
was charged to the reactant purifiers, the
system was checked for gas leakage, re-
actant supply circuits were carefully
purged, and the coolant was brought to
the desired temperature. Air and nitric
oxide flows were then begun and adjusted
to the desired rates. When steady state
behavior was obtained, the following read-
ings were made:
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TABLE 1. REPRESENTATIVE DATA, Run C-3

100°C.
100°C.

Gas inlet temperature
Coolant temperature

W, 2.76 g. moles/min.

Wro 0.383 g. moles/min.

¥°wo 0.1215

n°xo 0.00418 moles nitric oxide/unit mass feed

X, 0.00040 moles nitric-oxide conversion/unit mass feed
X, 0.00242 moles nitric-oxide conversion/unit mass feed
X 0.00254 moles nitric-oxide conversion/unit mass feed
Xs/n’vo 0.61

Pressure (before catalyst) 1.311 atm.

Pressure (after catalyst) 1.029 atm.

Bed temperatures, °C.

x=10
y= 3.lcm. 122
y = 18.1 cm. 141
y = 31.8cm. 139
y = 48.3 cm. 130

1. Photometer: gas inlet and outlet tem-
peratures, pressure, instrument settings and
reading.

2. Voltages of the twelve thermocouples
in the catalyst.

3. Temperature of the gas stream im-
mediately ahead of the bed.

4. Pressure in the precatalyst mixing
space. In the case of those runs with
boiling-water coolant this measurement was
made with a separate set of runs without
other observations.

5. Air flow rate.

6. Nitric oxide flow rate.

7. Ambient temperature and coolant
temperature.

A detailed description of the apparatus
and procedure is given by Jaffer (7).

SLAB-BED DATA

Eighty-six runs were made in the
slab-bed reactor under the conditions
described earlier. The temperature of
the coolant except in a few cases was
close to that of the entering gas.

The data of a representative run are
given in Table 1. All data are reported
in detail by Jaffer (7).

The homogeneous reaction before
and after the catalyst was minor but
could not be neglected. It is thus im-
portant to observe in Table 1 and else-
where that the following designations
were made:

X,: conversion at bed entrance,
basically a measured quantity differing
from zero by a small amount

X.: conversion at bed exit, a value
calculated from X, and differing from
it by a small amount

X,: conversion measured at photo-
meter.

The details of these small corrections
are given in the appendix.

The reproducibility of these data
was established in two ways: simple
repetition of six runs and repetition
after disassembly, catalyst removal and
replacement, and changes in thermo-
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x = 0.40 cm. x = 0.80 cm.
122 117
137 121
135 122
127 116

couple vertical position and support
construction detail for three runms. In
all nine cases all temperatures were
within 2°C. of the original (most were
identical), and conversion was within
19% of the original. There is thus no
evidence of loss of catalyst activity or
movement of thermocouples in the bed.

The fact that measured catalyst bed
temperatures were reproducible de-
spite appreciable changes in vertical
positioning of several thermocouples
indicates that relatively little heat was
transferred through the stainless steel
bars; that is, slab behavior was closely
approached. Similarly, no changes re-
sulted from substantial modifications
to thermocouple-support design, indi-
cating that these supports did not af-
fect temperature measurements.

INTERPRETATION OF DATA

For these data the concern is prim-
arily with solving the differential equa-
tion describing the problem and with
using with this solution suitable param-
eters for the heat transfer and heat
generation quantities which appear
therein. It should be noted that all
mass transfer aspects of this problem
have been neglected. The geometry is
shown in Figure 2.

The heat balance on a differential
catalyst volume may be written

T,

K,
n’

— Gc,,

+CT. +C,=0

(1)

In this equation one assumes neglig-
ible axial heat conduction; negligible
solids heats conductivity®; no lateral
concentration gradients; conduction

# Singer and Wilhelm (9) have shown that,
in heat exchangers at least, solid-to-solid con-
duction is important only for highly conductive
particles.
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through the fluid all in one plane, that
is no correction for the corner; and
heat generation function linear in the
solids temperature, that is C, + C,T.,.
The heat balance on the solid phase
may be written as a simple algebraic
equation when the solids conductivity
is neglected:

CT. 4+ Co+ hy (T,—T.) =0 (2)

This may be solved immediately to
yield

C, + h,T
Tym 2 7 ° (3)
hu - C;
The boundary conditions are
T,(x=w,0) =0 (4)
oT,
Oy) =0 5
— (0y) (5)
Compression _Packing vt
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. End view of slab bed converter.

T,(x=wy) =T, (6)
The solution of this equation with the
further assumption of constant prop-
erties is obtained by the Laplace trans-
form and is

c
Ty + —
+b ¢
Ty=———cosx\/b——
cos w\/b b
+2 2= 1) (Twa_*—c)cosm
b—ao

m( +l)
n- —
21!'

b R
(eXP - y) ()
a
in which

1/2) T _ Ge,
o = (n + TU-, a = Kr 3
C.h, C.h,

= , C =

K](hv - Cl) Kf(hv_cl)
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There is no doubt that the use of
this equation and others like it for
catalyst beds of other shape, such as
that used by Singer and Wilhelm (9),
is most severely impaired by the as-
sumption that the heat-generation
function is linear in the solid tempera-
ture. This assumption is almost never
a good one for extensive conversions,
and it is particularly bad for the re-
action here considered. In most exo-
thermic reactions the effects of conver-
sion and of temperature counter each
other to a certain extent, at least, and
so an approximation to a linear de-
pendence on temperature may be had.
In this reaction both high temperature
and conversion decelerate the reaction,
and the approximation to linearity is
not good.

This difficulty can be overcome by
limiting the application of Equation
(7) to axial segments of the bed, each
one of which is short enough to give a
reasonably good approximation to the
linearity sought. In practice, as judged
by the treatment of these rums, the
number of segments required is not
large. Three or four should suffice in
most cases. However, of course, the
first boundary condition [Equation
(4)] must be replaced for segments
other than the first by an approxima-
tion as follows:

3
T,(x<w,0) = B cos il + y cos i
2w 2w

(8)

in which 8 and y are constants deter-
mined to fit the gradient of T, at the
end of the previous segment, which is
found with Equation (7). This is a
purely empirical correction, of course,
and any convenient values of x (such
as those to give easy reading of the
cosines) are recommended. It should
be noted that a discontinuity in T, at
the wall is permitted in the first set of
boundary conditions. This discontinu-
ity can give some difficulty if the value
of T, is large with this new boundary
condition because it would distort the
gradient. It is thus recommended that
T, be small, and in the cases applied
T, was 0.

This adds two terms to the previous
equation, and so this final equation
expressing the behavior of a slab bed is

Ty +
r “b VB c
= e——C0S X ———
! cos w\/b b

X

2(— 1) ( Tuo + c)
COosaX
( 1) b—a&
n+3 m
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2

T
b—ao o 4w
(exp 2 y +Bcos—2;exp " y
97
3mx 4w’
- (9)
+ y cos ™ exp — y

in which «, @, b, and ¢ have the same
meanings as before. This equation ap-
plies to all segments, even the first, if
B and y are taken to be zero for this
one.

The results of the application of this
equation to run C-3, the data for which
are given in Table 2, will be described.
Since the modified Reynolds number
for this run is 31, the results of Singer
and Wilhelm (9) and of Argo and
Smith (1) lead to an estimate of K, =
0.0223 cal./ (min.) (cm.) (°C.) for the

Fig. 2. Geometry of slab bed converter.

particle size and flow conditions in-
volved. The heat transfer studies of
Baumeister and Bennett (3) lead to an
estimate for h, of 9.85 cal./(min.)
(ce.) (°C.), which is consistent with
the mass transfer studies of Wilke and
Hougen (12). The value of AH for this
reaction is —13,562 cal./g. mole nitric
oxide according to Giauque and Kemp
(5). This figure, reversed in sign for
the heat-generation function, was
taken as constant over the temperature
range involved. The heat of reaction
per mole must be multiplied by the
appropriate rate of reaction (read
from one of figures in the appendix) to
yield . the heat-generation function.
This was re-evaluated for each seg-
ment, and the segments used corre-
sponded to those used in the experi-
mental measurements. The details of
the calculation method are best con-
sidered as a method of design and will
be thus described in a subsequent sec-
tion. The columns in Table 2 headed
Tsnvy have bearing on the design
method only, since no such measure-
ments were made.

When one considers the complexity
of the system involved, the results ap-
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TasLE 2. CALcuLATED BEHAVIOR OF RUN C-3 AnD
COMPARISON WITH MEASURED FIGURES GIVEN IN PARENTHESES®

Length  As-
Seg- from  sumed Cale. Conv.
ment entry, cm. Ty, Toavg %
1 3.1 113 112.7 16
2 18.1 132 130 36
3 31.8 132 129 47
4 48.3 123 124 55
End 56.4 123 126 59
(61)

T,(x=0) T,(x=0.40) T,(x=0.80)
1153 115.1 112.5
(122) (122) (117)
142 138 125
(141) (137) (121)
141 137 123
(139) (135) (122)
138 135 124
(130) (127) (116)

@ It should be remembered that measured temperatures should lie between Tg and Ts and thus
would be expected to be a little higher than the calculated values of T,. However the difference be-
tween Ty and T. cannot be large under the conditions here considered. A simple consideration of
Equation (3) with the parameters for the conditions here met indicates that T, and Ty are about

1°C. apart at most,

pear to be good. The conversion re-
sult is particularly so, although this is
not so severe a test as it might first be
considered, since the reaction is very
slow at high conversion.

DESIGN METHOD

Equations (7) and (9) may be used as
the basis of a design method for a slab
reactor in the following sequence. (The
description is based on an exothermic reac-
tion.) The rate data for this particular
case are described in the appendix.

1. With the specification of all entrance
conditions, calculate from suitable data the
reaction rate at the entrance.

2. Considering only the first axial seg-
ment, assume (a) an average T,, (b) a
maximum T, and (c) the extent of con-
version for the end of this segment.

3. Calculate rate of reaction, defined
by assumed average T, and conversion at
end of segment. Using average rate (en-
trance and end), calculate the conversion.
Repeat 3 and 2(c) until a check is ob-
tained.

4. Calculate the heat-generation func-
tion at entrance and lowest temperature
and at the exit and highest temperature.

5. Evaluate C, and C; for the segment.
Note that this involves T,, which can be
solved with Equation (3) from the values
of T,.

6. Assuming knowledge of the para-
meters K, hy, G, and c,, evaluate a, b, and
c.

7. Calculate the integral average value
of T, frem the appropriate operation on
Equation (7). Repeat steps 2(a), 2(c), 3,
4, 5, and 6 until a check with the assumed
values is found.

8. Calculate T; at x = o using Equa-
tion (7). This should also check, but an
exact agreement is not essential. A serious
disagreement will require a repeated trial
to this paint.

9. Calculate T; at one intermediate
value of x and use this and T, at x = o
to evaluate g and v of Equation (8).

10. Proceed to the next axial segment
and use Equation (9) instead of Equation

(7).
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It should be noted that conversion cal-
culations are based on a mean rate in
which the rates at entrance average tem-
perature and exit average temperature are
considered. The heat-generation function,
however, is evaluated with rates at the
entrance conversion and entrance wall
temperature and the exit conversion and
maximum temperature. This was done in
an attempt to get the extremes of the
rates, since the rate is fastest (with this
reaction) at the lowest temperature and
lowest conversion and slowest at the
highest temperature and highest conver-
sion. This is a refinement which may not
be necessary; it is probably satisfactory to
use average temperatures throughout,
which would simplify the design method.
Despite the necessity of assuming three
items, the calculation is fairly fast after
some practice.

The calculated figures in Table 2 were
computed with this method.

CONCLUSIONS

The apparatus and procedure de-
scribed proved to be effective in per-
mitting the observations of tempera-
ture distributions and conversions for
the catalytic oxidation of nitric oxide
in a slab bed. Eighty-six runs were
made, although only one is described
in detail here.

A mathematical analysis led to equa-
tions describing the distribution of
temperatures throughout the catalyst
bed as functions of fundamental prop-
erties, flow conditions, and the rate of
heat generation. These equations may
be adapted to the formulation of a
design method with which the tem-
perature distributions and conversions
may be predicted. This method re-
quires the consideration of axial seg-
ments of the bed, but the number of
such segments is small and thus the
method is a relatively fast one.

The design method was used in con-
junction with isothermal rate data
given in the appendix to predict with
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good accuracy the results observed,
although those of only one run are de-

scribed.
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NOTATION

i)

C:

Cy

DR

K,

k.

o
N ~No

°

mT3

I

G ¢,/K,, constants in Equa-
tions (7) and (9), cm.™
C.h./K,;(h,—C,), constant in
Equations (7) and (9), cm.™
constant in catalyst-bed heat-
generation function, cal./
(min.) (cc.)

constant in catalyst-bed heat-
generation function, cal./
(min.) (ce.) (°C.)
C.h./K,(h,—C,), constant in
Equations (7) and (9), °C./
sq. cm.

heat capacity of gas phase at
constant pressure, cal./(g.)
(°C.)

reactor feed rate, g./min.
superficial mass velocity of
gas in catalyst bed, g./ (min.)
(sq. cm.)

volume-based coefficient of
heat transfer between solid
particles and gas in catalyst
bed, cal./ (min.) (cc.) (°C.)
effective thermal conductiv-
ity of gas phase in catalyst
bed, cal./(min.) (em.) (°C.)
reaction-rate  constant for
uncatalyzed  oxidation of
nitric oxide g. moles nitric
oxide converted/{min.) (ce.)
(atm.?)

total moles of reactor feed
per unit mass of feed, di-
mensionless

moles of nitric oxide in re-
actor feed per unit mass of
feed, dimensionless

moles of oxygen in reactor
feed per unit mass of feed,
dimensionless

absolute pressure, atm.
specific rate of oxidation of
nitric oxide over silica gel,
g.-moles nitric oxide con-
verted/ (min.) (atm.?) (cc.)
rate of oxidation of nitric
oxide over silica gel, g. moles
nitric oxide converted/ (min.)
(cc.)

temperature of gas phase in
catalyst bed, °C. above re-
actor wall temperature at
inlet end

average temperature of gas
phase (averaged in the lat-
eral direction). °C. above
reactor wall temperature at
inlet end

temperature of solid phase in
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catalyst bed, °C. above re-

actor wall temperature at in-

let end

gas temperature at reactor

wall, °C. above reactor wall

temperature at inlet end

volume, cc.

total catalyst-bed volume, cc.

air flow rate, g. moles/min.

nitric oxide flow rate, g.

moles/min.

half width of slab catalyst

bed, cm.

extent of conversion, moles

nitric acid converted per

unit mass of reactor feed, di-

mensionless

X, = value of X at catalyst-bed
entrance

X, = value of X at catalyst-bed
exit

Xs = value of X at point of analy-
sis

x = lateral distance from central

plane of slab-shaped bed,

cm.

axial distance through cata-

lyst bed, cm.

H
&
I

Ve

| [

Wro

f

mole fraction nitric acid in

reactor feed, dimensionless

(n+1/2) #/w n =0,1,2,

cm.™

B = constant in Equation (8),
°C.

constant in Equation (8),

°C.

LITERATURE CITED

1. Argo, W. B,, and J. M. Smith, Chem.
Eng. Progr., 49, 443 (1953).

2. Baker, R. W., H. N. Wong, and O. A.
Hougen, Chem. Eng. Progr. Sympo-
sium Ser. No. 4, 48, 103 (1952).

. Baumeister, E. B., and C. O. Bennett,

A.LCh.E. Journal, 4, 69 (1958).

Burdick, C., Ind. Eng. Chem., 14, 308

(1922).

. Giaque, W., and J. Kemp, J. Chem.

Phys., 6, 41 (1938)..

. Glasstone, S., K. Laidler, and H. Eyr-
ing, “The Theory of Rate Processes,”
p- 279, McGraw-Hill, New York
(1941).

7. Jaffer, J. H., Ph.D. thesis, Yale Univ.,

New Haven (1956).

o Ut o W

Yo manomater monifold

Stopcoek
Tygon tubing

V=

Traon tubing
WSS e

Thermocouple
leed wires

Slaes tuding
Ly Wer. plug

3/18°0.d. cappsr tubh
= »”: ing

8. Kurin, N., and I. Blokh, J. Appl. Chem.
(U.SS.R.), 11, 734 (1938); Chem.
Abs., 33, 1885 (1939).

9. Singer, Emanuel, and R. H. Wilhelm,
Chem. Eng. Progr., 46, 343 (1850).

10. Szego, L., Gazz. Chim. ital., 60, 217
(1930); Chem. Abs., 24, 2409 (1930).

11. U. S. National Bureau of Standards
Circular 510 (1951).

12. Wilke, C. R,, and O. A. Hougen,
Trans. Am. Inst. Chem. Engrs., 41, 445
(1945).

Manuscript received July 7, 1958; revision re-

ceived February 17, 1960; paper accepted Feb-
ruary 18, 1960.

APPENDIX

A-1. Observations on the Homogeneous
Reaction

The homogeneous oxidation of nitric
oxide which occurs in the empty space be-
fore the catalyst and between the catalyst
and the photometer is not negligible and
must be taken into account in interpreting
both the slab-reactor data and the iso-
thermal-bed data discussed below. The rate
equation for the third-order homogeneous
reaction in a flow system is

1
o ___ . 3
av (n =5 X)
2o dx
F 1
Pka (0’50 — X)? (ﬂ"oz—-?X)
(A-1)

The rate constants as listed by Glasstone,
Laidler, and Eyring (6) and the U.S.
Bureau of Standards (11) were used in
calculations based on this equation.

The photometer was located downstream
of the catalyst bed, of course, and its
measured vaKJe is the reported X; of the
tables. The conversion at the exit of the
catalyst bed, X., was obtained by succes-
sive application of Equation (A-1) in in-
tegrated form over portions of the volume
-between the catalyst-bed exit and the
photometer. This procedure was employed
to allow for the fact that the gas left the
catalyst bed at temperatures as high as
172°C,, although the photometer was close
to room temperature. The temperature in
the photometer chamber was, of course,
known. Since the precise pattern of tem-
perature change between the converter and
photometer was not known and had to be
estimated, there are errors in this pro-
cedure. However the over-all contributions

Thermecoupin
N1

/ lead wir

Constriction

Thermocouple

junction Glass wool

i |5_z cm———*f’——-lﬂj e sl 13.0 eu.s om

Fig. Al. Isothermal reactor.
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of such errors are small because the dif-
ferences between X: and X, are small; it
is a correction to a correction.

With regard to precatalyst conversion in
the slab reactor, it was recognized that
large errors could result from direct ap-
plication of Equation (A-1) because of
incomplete mixing of the reactants early
in the unpacked volume upstream of the
catalyst. Consequently a number of runs
were made in which the gas mixture im-
mediately upstream of the catalyst bed was
bypassed around the catalyst and sent
directly through the photometer. The con-
versions read at the photometer were then
adjusted to those at the catalyst-bed en-
trance by means of the integrated form of
(A-1). Details are given by Jaffer (7).
Some error was undoubtedly involved in
the use of these data; however, again, it is
only a correction to a correction.

The geometry of the reactor system used
to obtain isothermal rate data was such
that virtually perfect mixing in the pre-
catalyst unpacked volume could be safely
assumed. Hence precatalyst conversion
was computed directly with the integrated
form of Equation (A-1).

A-ll. Determination of Isothermal Rates

Isothermal rate data for the oxidation of
nitric oxide over silica gel have been
reported (2, 4, 8, 10) for different temper-
atures than used here and with silica gel
preparations which may well be different.
Hence isothermal rate measurements were
undertaken with the present catalyst and
in the higher temperature region of interest
here.

The range of variables for the isothermal
conversion data were

Temperature 96° to 172°C.
Air flow rates 0.029 to 0.17
g. moles

(min.) (sq.cm.)
Mole fractions,
nitric oxide
Conversions

0.0177 to 0.146
9to 89%

Isothermal Reactor System. This system
was similar to the slab-reactor system ex-
cept for the following: air was supplied
from a compressed air tank rather than a
compressor, reactant stream flow rates were
controlled with needle valves and measured
with rotameters, and both air and nitric
oxide streams were separately preheated.

Isothermal Reactor. (Figure A-1) The
catalyst was contained in four parallel
copper tubes, each 3/16 in. O.D., 0.314
cm. LD, and about 61 cm. long. The
packed length of each tube was 58.4 cm.,
resulting in a total catalyst volume of
18.0 cc., including voids, and a catalyst
weight of 12.0 g. Such small tubes were
used to ensure relatively fast heat transfer,
and the parallel arrangement was used to
give total flow rates which could be
measured accurately. Loss of catalyst was
prevented by tightly rolled cylinders of
wire mesh inserted into fittings which con-
nected the above tubes to a manifold. The
catalyst density was 0.655 g./cc.

Thermocouples were placed along the
length of these tubes, the couple junctions
being located as near as possible to the
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Fig. A3. Specific rate of oxidation of nitric oxide over silica

gel n®xo = 0.002.

axes of the tubes. (See Figure A-1.) The
lead wires were removed through legs of
tees inserted in the tubes, care being ex-
ercised to avoid leakage of gas and to
bring the leads out through an isothermal
zone. These tees also led to a manometer
for pressure measurement. The whole as-
sembly was immersed in an agitated oil
bath which was heated by an immersion
heater.

Isothermal Runs. The catalyst was ac-
tivated in the same manner as in the non-
isothermal runs, and operation of the unit
was essentially the same. The following
data were recorded:

1. Photometer, same as for slab con-
verter.
2. Air flow rate.

3. Nitric oxide flow rate.

4. Ambient temperature.

5. Pressures at four positions along the
reactor (one connection proved sluggish).

6. Temperatures at five points along
the catalyst bed.

7. Temperature of the cooling bath.
More details of the apparatus and pro-
cedure are given by Jaffer (7); however,
the analytical procedure was basically the
same as described before.

Isothermal Data. Eighty-five isothermal
runs were made at the conditions described
earlier.

The data of a representative run are
given in Table A-1. All the data are given
in reference (7).

FRACTIONAL CONVERSION OF NO

Fig. A5. Specific rate of oxidation of nitric oxide over silica

gel n®xo = 0.004.

For all practical purposes isothermal con-
ditions were, indeed, maintained. In some
cases the temperature of one station dif-
fered from the others or from the bath by
1°C., in four cases by 2°C., and in one
case by 3°C.

A pair of runs at essentially identical
conditions but at quite different times
were made for each of the five temper-
atures. The worst disagreement in any of
these was 57.5 vs. 58.1% conversion; the
others were in considerably better agree-
ment. It is thus clear that there is no
evidence of loss of catalyst activity.

Interpretation of the Isothermal Data.
The basic relationship by which specific
reaction rates were obtained from the iso-
thermal data is

Xo—X, = f7" rd(V/F) (A-2)

The fact that the feed rate, rather than
catalyst volume, was varied experimentally
introduced a complication. Both X; and X,
varied with feed rate: X; because of
varying residence time available for
homogeneous reaction in the precatalyst
volume and X: because of changes in X,
and varying residence time in the catalyst
bed. A mathematical analysis (7) was
developed to take these factors into ac-
count.

Since total pressure varied over the
length of the isothermal bed as well as
from run to run, and since the effect of
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Fig. Ad. Specific rate of oxidation of nitric oxide over silica

gel n®°xo = 0.003.
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TABLE A-1. REPRESENTATIVE DATA OF IsoTHERMAL Runs, Run [—14 not at all comparable. While the temper-
ature range is considerably different from

that used by Baker, Wong, and Hougen

Coolan ° °C.
W, t temperature ?).600t8(;3$7g.cr:noles /min. (2), .their results and these seem to be
Wyo 0.00152 g. moles/min. consistent. For n’xo = 0.003, a conversion
¥°xo 0.146 of 0.578, and a temperature of 60°C., the
n°xo 0.00500 moles nitric-oxide converted/unit mass feed equation given by Baker, Wong, and
X,* 0.000807 moles nitric-oxide converted/unit mass feed Hougen predicts a rate of 0.000065
X,* 0.00401 moles nitric-oxide converted/unit mass feed g. moles nitric oxide convert'ed/ (min.)
X,* 0.00421 moles nitric-oxide converted/unit mass feed (cc.) at 1 atm. An extrapolation of the
Xa/1°x0 0.843 present results to 60°C. yields a rate of
0.000075. The temperature dependence of
Station through bed 1 2 3 4 5 this reaction is the same in direction as
Pressure, atm. abs. 1.029 — 1.020 1.013 1.007  that observed by all previous workers. The
Temperature, °C. 96 96 96 96 98  decrease of the temperature dependence at

® X3 is a measured quantity; X2 is calculated from it as a correction for the homogeneous reaction. hlgher temperatures conforms to the ob-

X1 is calculated for the homogeneous reaction.

pressure was not specifically studied in
this investigation, it was necessary to as-
sume a pressure dependence on the basis
of available data. Although there is little
agreement in the literature in this regard,
proportionality of the rate to the square of
absolute pressure represents a reasonable
compromise between reported correlations
(2, 4, 8, 10). This relationship was as-
sumed in deriving the reaction rates re-
ported here.

Rates of Isothermal Reaction. The cal-
culated rates of isothermal reaction are
plotted in Figures A-2, 3, 4, 5, and 6. The
ordinate is R, for use in the equation

1
X — Xy = — VRszdV
F o

(A-3)

The abscissas are fractional conversions
and the parameter temperature. A separate
curve is given for each value of n°yo.
Tabulated values are given by Jaffer
(7). No empirical or semitheoretical equa-
tion has been found to correlate these rates,
although there is evidence for strong
adsorption of nitrogen dioxide in the
practically zero rates at high conversions.
Negative rates shown in some curves and
in the tables at very high conversions re-
flect slight errors, of course. Such rates are,
for all practical purposes, zero. The ab-
sence of a significant effect of gas-phase
diffusion on this catalytic reaction has been
reported by Baker et al. (2); accordingly
any effect of velocity of flow has been
neglected in interpreting these rate data.
Comparison of these results with those of
others is difficult because conditions were

servations of Kurin and Blokh (8) and
the theoretical treatment of Glasstone,
Laidler, and Eyring (6).

It will be noted that for high initial
nitric oxide concentrations and high con-
version of nitric oxide, reaction rates at
103°C. are shown to be higher than those
at 96°C. Such a reversal of the effect of
temperature on the reaction has not been
reported previously. No successful attempt
has been made in the present investiga-
tion to explain this phenomenon; the effect
is not large and occurs only at high
conversion of nitric oxide.

A good verification of the method and
of the accuracy of these rate data is that
they can be used to reproduce by calcula-
tion -the integral conversion data observed
with excellent agreement. In run I-14 the
measured value of X. was 0.00401; when
one integrates Equation (A-3) with these
rate data, the calculated value is 0.00412.
The absolute magnitude of the rate in this
calculation varied thirty-fold from entrance
to exit of bed.

Multicomponent Diffusion Problems

HSIEN-WEN HSU ond R. BYRON BIRD

University of Wisconsin, Madison, Wisconsin

Analysis of four three-component diffusion problems by means of the Stefan-Maxwell equa-
tions is presented. In three of these problems heterogeneous chemical reactions are occurring ot
a catalytic surface. Characteristic curves are presented for the better understanding of the
analytical solutions. The results of one of the exact solutions are compared with those by the

fective diffusion- ici . . .
effective diffusion-coefficient approach The derivation of Equation (1) from

the kinetic theory of gases has been
given by Curtiss and Hirschfelder (3).
Only » — 1 of these equations are in-
dependent because 3x; = 1.

The equations describing the diffu-
, sion in a »-component mixture of gases
are the Stefan-Maxwell equations (I1):

’ ~ -
Vxe = 3 (€ D) (2N,—2,N.)

j=1

i=12--—» (1)
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