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Oxygen and carbon dioxide were absorbed by aqueous sodium hydroxide
solutions in an agitated vessel, and the experimental results were interpreted
in terms of the surface renewal theory in order to deduce effective interfacial
areas, The simultaneous physical and chemical absorption experiments per-
mitted a determination of the enhancement factor under identical physico-
chemical and hydrodynamic conditions. It was found that for the unbroken
interface case, the effective areas for physical and chemical absorption are
cqual when the Danckwerts parameter y is approximately unity. y is defined
as the ratio of the increase in absorption capacity of the liquid to the en-
hancement factor. For the case where the gas is sparged through the liquid,
it was found that the effective interfacial area is a strong function of agitator
speed (above a critical speed) and gas flow rate, whereas the mass transfer
coeflicient was found to be nearly independent of agitator speed and gas

sparge rate.

SCOPE

The interfacial area effective for mass transfer was mea-
sured for gas absorption in an agitated vessel. Experimen-
tal enhancement factors were determined for the irreversi-
ble second-order reaction between carbon dioxide and
sodium hydroxide. Physical and chemical absorption rates
were measured under identical physicochemical and hydro-
dynamic conditions by the simultaneous chemical absorp-
tion of carbon dioxide and the physical absorption or de-
sorption of oxygen in aqueous solutions. The experimental
enhancement factors together with theoretical solutions of
the partial differential equations describing absorption
accompanied by an irreversible second-order reaction ac-
cording to the Higbie penetration or Danckwerts surface
renewal theories allows an evaluation of the penetration
time or surface renewal rate. The physical absorption mass
transfer coefficient k.° may then be predicted from a
knowledge of the rate of surface renewal. Thus the effec-
tive interfacial areas may be determined from the mea-
sured values of the mass transfer coefficient times the ef-
fective interfacial area k.°a and the predicted values of
the mass transfer coefficient:

0001-1541-79-2162-0332-800.85. © The American Institute of Chem-
ical Engineers. 1979.
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a = k.alk.®

Danckwerts and Joosten (1973) hypothesize that the ef-
fective area for chemical reaction depends on the type of
reaction through the parameter y, where y is defined as
the ratio of the factor by which the reaction increases the
capacity of the liquid to absorb to the factor by which the
reaction increases the rate of absorption:

v =C/E

Experiments by Danckwerts and Joosten in a packed col-
umn show that when y = 1, the effective area for chemical
absorption is equal to that for physical absorption and that
when y >> 1, the effective area is significantly greater for
chemical absorption than for physical absorption. The re-
action studied in this work, CO, + 20H- — CO;= +
H,0, was chosen because it gives values of y near unity.
Previously used chemical  absorption methods for deter-
mining effective interfacial areas have employed absorp-
tion accompanied by a rapid first-order chemical reaction
with y >> 1,

Experiments were carried out in an agitated vessel for
the case of absorption across an unbroken interface and for
the case where the gas is sparged through the liquid.

AIChE Journal (Vol. 25, No. 2)



CONCLUSIONS AND SIGNIFICANCE

For the case of absorption across an unbroken interface,
the penetration time was found to be sufficiently long so
that it was not possible to operate outside of the instan-
taneous reaction regime for chemical absorption. As a re-
sult, the method could not be used to determine effective
interfacial areas for absorption across an unbroken inter-
face. However, in this case for y = 1, it was found that
the effective area for physical absorption is equal to the
effective area for chemical absorption. This was shown by
comparing the experimentally determined physical ab-
sorption mass transfer capacity coefficient k.°a with the
physical absorption mass transfer capacity coefficient esti-
mated from the chemical absorption experimental data

and the theoretically predicted enhancement factor (Fig-
ure 2).

When the gas was sparged through the liquid, the
penetration times were short enough so that the effective
interfacial areas could be determined by the method pro-
posed in this work. It was found in this case that the ef-
fective interfacial area is a strong function of agitation
rate above a critical impeller speed of approximately 200
rev/min (Figure 5). It was also found that the effective
area is very sensitive to the gas sparging rate (Figure 6).
The mass transfer coefficient was found to be relatively in-
sensitive to both the agitator speed and gas sparge rate
(Figures 7 and 8).

It is usually not possible to directly measure the effective
interfacial area ¢ in gas absorption equipment; rather it
is a combination of the mass transfer coefficient k.° mul-
tiplied by the effective interfacial area which can be
readily obtained from mass transfer rate measurements.
However, since the process variables and pertinent physical
properties may affect the mass transfer coefficient and
the effective interfacial area in different ways, it is de-
sirable to separate a from k.° in order to obtain more
meaningful correlations of these variables.

Chemical methods employing gas absorption accom-
panied by a fast first-order reaction have been developed
to determine the effective interfacial area. Danckwerts
and Joosten (1973) hypothesize that the effective area
depends on the type of reaction through the parameter
v, where vy is defined as the ratio of the factor by which
the reaction increases the capacity of the absorbant to
the factor by which the reaction increases the rate of
absorption. Experiments by Danckwerts and Joosten in
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Fig. 1. Schematic drawing of gas absorption apparatus.
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a packed column show that when y = 1, the effective
area is equal to that for physical absorption, and when
vy >> 1, the effective area is significantly greater than
for physical absorption.

In this research, the effective interfacial area for gas
absorption in an agitated vessel was determined from
simultaneous measurements of physical and chemical
absorption rates. The experimental technique employed
in this work, which was originally developed by Robinson
and Wilke (1974}, allows an evaluation of k.°¢ and k.
under identical physicochemical and hydrodynamic con-
ditions.

A second-order irreversible reaction was employed in
our work, COz + 20H~ — CO3= + H:0O, rather than
the first-order reaction used by Robinson and Wilke and
other previous workers. Use of a second-order reaction

TABLE 1. AGITATED VESSEL EQUIPMENT SPECIFICATIONS

Absorption column
[A] Glass pipe

Length 304.8 mm
Inside diameter 152.4 mm
[B] Copper baflles
Length 203.2 mm
Width 15.2 mm
Thickness 1.6 mm
[C] Liquid impeller
Stirring shaft diameter 12.7 mm
Impeller diameter 50.8 mm
Disk diameter 38.1 mm
Height from tank bottom 50.8 mm
Blade width 10.2 mm
Blade length 12.7 mm
Length of blade on disc 6.3 mm
[D] Gas impeller
Stirring shaft diameter 12.7 mm
Height from tank bottom 222.2 mm
Impeller diameter 63.5 mm
Blade width 7.6 mm
Blade length 22.9 mm
[E] Vessel tubes
Outside diameter 6.3 mm
Inside diameter 4.0 mm
[F] Gas sparging tube
Inside diameter 4.0 mm
Height below impeller 31.7 mm
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gives a y value near unity, whereas first-order reactions
usually give values of y greater than ten.

The method used to determine the effective interfacial
area is based on the Danckwerts surface renewal theory
and was first suggested by Prasher (1975). The method
may be explained as follows. The enhancement factor
is determined experimentally from the simultaneous mea-
surements of the physical and chemical absorption rates.
Knowledge of the enhancement factor gives the surface
renewal rate s from a solution of the differential equa-
tions describing the chemical absorption in terms of the
surface renewal theory. Once the surface renewal rate
is determined, the physical absorption mass transfer co-
efficient may be determined from

ke = \/m (1)

The effective interfacial area may then be determined
from the measured rate of physical absorption:

_ (kc°a)
=%

Thus, k.° and a can be determined.

(2)

THEORY

The physical situation for the absorption of gas A
followed by subsequent irreversible reaction with liquid
phase reactant B (A + 2B — products) can be repre-
sented by a pair of time dependent diffusion equations:

aC 82C,
atA =D, —— = kC4Cp (3)
aC aC
atB =D, asz — 2kC4Cp (4)

The initial and boundary conditions are taken to be

t=0 x>0 CB=CB,', CA=0
aC
t>0 =0 5 =0 Cua=Cu
0x
t>0 x-> Cg=Cp; Cs4=0 (5)

Equations (3) and (4) with boundary conditions given
by Equation (5) have been solved numerically in dimen-
sionless form using the Crank-Nicolson finite-difference
procedure by Pearson (1963), Brian et al. (1961), and
Matheron and Sandall (1978).

Matheron and Sandall used the results of their nu-
merical calculation to deduce the enhancement factor
for this reaction based on the Danckwerts surface renewal
theory. It was found that the enhancement factors based
on surface renewal theory differed only slightly from
those based on the penetration theory. It was also found
that the calculated enhancement factors were in excellent
agreement with an approximate analytical equation de-
rived by DeCoursey (1974)

-M ( M2

. N E.M
2(Eq — 1) 4(E, - 1)

%
b+ 1)
(6)

where E, is the asymptotic value of the enhancement
factor for an instantaneous reaction as given by Danck-
werts (1970) and expressed by Equation (7):

E,=1/erf B (7)

Where B is given by solution of the nonlinear Equation

(8):
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—1-<CB )(——B—> erf B exp B?
2 N Cyo Dy y B
Ds % D
:erfc[B(—ﬁ) ] exp[ DBA ] (8)

A comparison of the DeCoursey formula with the nu-
merical results of Matheron and Sandall showed a maxi-
mum discrepancy in the enhancement factor of less
than 79 over the range 0.2 = Dy/D, = 5 and for
0.2 = Cgi/Cae = 10, Thus, because of both the accuracy
and simplicity of Equation (6), it was used to interpret
the experimental results of this work.

EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 1 is a schematic diagram of the mass transfer ap-
paratus, The apparatus is simitar to that used by Perez and
Sandall (1974a). Table 1 lists the important geometrical char-
acteristics of the mass transfer equipment. The absorption
vessel was a 15.24 cm diameter glass pipe, 30.48 cm long,
sealed on either end by an O ring and metal plate held down
by a screwed clamp ring. The vessel was equipped with stirrers
and four vertical baffles and was designed to conform to the
standard tank configuration as described by Holland and Chap-
man (1964). Separate stirrers for the gas and liquid phases
were mounted on a single shaft which went through a bearing
in the top plate and was driven by a % hp variable speed
motor. The stirring shaft was sealed by an O ring and com-
pressed teflon disk. The cross-sectional area of the gas-liquid
interface was 179.5 cm?2. The liquid depth and liquid volume
in the vessel were maintained, respectively, at 15.24 cm and
2.75 1. Four copper baffles 1.59 mm thick were soldered to the
brass bottom plate at 90 deg intervals and extended vertically
upward 20.32 cm and radially outward 1.52 em from the
vessel wall. The liquid agitator was a 5.08 cm diameter, six-
blade disk mounted turbine impeller located 5.08 cm above
the vessel bottom. The gas agitator was a 6.35 cm diameter
six-blade open style turbine impeller located approximately in
the middle of the gas phase. Stirrer speeds were determined
using a stroboscope.

Unbroken Interface Experiments

The sodium hydroxide solution was prepared in a 50 1 plas-
tic reservoir. In order to obtain good accuracy for the mea-
surement of the physical mass transfer coeflicient, a low con-
centration of dissolved oxygen for the inlet solution was re-
quired. This requirement was met by bubbling nitrogen
through the liquid for a few hours prior to starting the ex-
periment. A stirrer was provided in order to homogenize the
hydroxide concentrations and assist in the desorption of oxy-
gen. The liquid phase left the reservoir through a tap placed
at the bottom and was carried to the mass transfer vessel by
a % hp self-priming pump. A heat exchanger was provided
between the reservoir and the mass transfer vessel in order to
maintain the liquid phase temperature in the tank at around
25°C. The flow rate was determined by a calibrated rotameter.
A simple syphon placed between the agitated vessel and a
20 1 glass bottle took care of the liquid circulation. The flow
rate of the liquid leaving the glass bottle was controlled by a
needle valve, and all the liquid phase was recovered in a plas-
tic container in order to be recycled. Sample ports were pro-
vided both for the inlet and outlet liquid streams.

Oxygen (99.6% purity) and carbon dioxide (99.8% purity)
were supplied from gas cylinders through pressure regulators.
Gas flow rates were measured with calibrated rotameters and
the gases were mixed before being saturated with water in a
sparging bottle. In this case, the gas mixture entered and left
the vessel above the liquid surface at a constant flow rate.
After the gas left the mass transfer vessel, it flowed into the
glass bottle containing the spent liquid. This procedure was
followed in order to operate the vessel at about the same pres-
sure as the mass transfer vessel so as to insure proper operation
of the syphon. A liquid seal was then provided for the gas
outlet by placing a 1000 ml Erlenmayer flask in series with
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Fig. 2. Unbroken interface mass transfer capacity coefficients for
physical adsorption determined by physical and chemical absorption
as a function of impeller speed.

the glass bottle. A manometer measured the gas pressure above
the mass transfer vessel.

Bubbling Experiments

Basically the same apparatus was used, but the solution was
first saturated with oxygen instead of nitrogen. In these experi-
ments, oxygen was desorbed from the solution. Desorption
was preferred to absorption in this case because of the high
efficiency of mass transfer when the gas was sparged through
the liquid. Liquid phase outlet concentrations were found to be
too close to saturation values for the case of absorption. How-
ever, in the case of desorption, it was possible to operate under
conditions such that outlet liquid phase concentrations were
significantly removed from saturation. Thus much better ex-
perimental accuracy for kc.°a was obtained by employing de-
sorption rather than absorption.

In this case, a gas cylinder containing a gas mixture of car-
bon dioxide (approximately 20% ) and nitrogen (approxi-
mately 80% ) was used. A chromatographic analysis of this
mixture was made in order to accurately determine its com-
position. The same flow system as in the first case was used,
but the gas was introduced through a 4 mm ID sparge tube
located in the liquid 3.17 cm directly below the turbine im-
peller.

Experimental Procedure

Liquid samples of approximately 25 ml were withdrawn by
syringes from the inlet and outlet streams approximately 30
min after the agitation rate and gas flow rates were selected
and the liquid heights in the tank and in the glass bottle had
stabilized. A second set of samples was taken 15 min later as
a check on the steady state operation. The concentrations rela-
tive to the chemical absorption were determined by a wet
chemistry technique. A polarographic device was used to de-
termine dissolved oxygen concentrations for the measurements
relative to the physical absorption,

EXPERIMENTAL RESULTS AND DISCUSSION

Unbroken Interface

For this case, the surface renewal rates were found
to be so low that the effective interfacial area could not
be determined with sufficient accuracy. The enhancement
factor is relatively insensitive to the surface renewal
rate for low rates of renewal. Thus it was not possible
to determine the effective area in this case, Data were
taken, however, in the instantaneous reaction regime
to verify that for y = 1, the effective area for chemical
absorption is equal to the effective area for physical
absorption.

AIChE Journal (Vol. 25, No. 2)

To ensure that the data were obtained in the instan-
taneous reaction regime, the hydroxide concentrations
were set so as to satisfy the Danckwerts (1970) criterion
for an instantaneous reaction:

8D, k
2 c E.2
r s Bi >> 4E,4 (9)

The rate constant k was obtained from the literature
as a function of temperature (Danckwerts and Sharma,
1966) and ionic strength (Nijsing et al., 1959).

Figure 2 shows the data obtained for the unbroken
interface case plotted as the physical absorption mass
transfer coeflicient multiplied by the effective interfacial
area vs. the impeller speed. (k.°a)pnys was obtained by
direct measurement, and (k.°a)cnem was obtained by
dividing kea for chemical absorption by the predicted
enhancement factor:

(ke®a) chem = kea/Eq (10)

As can be seen in Figure 2, (k.°a)pnys shows good agree-
ment with (kc°@) chem, the maximum deviation being 6%.
This indicates that for these experiments, the eftective
area for physical absorption is equal to the eflective area
for chemical absorption. y in these experiments ranged
from 0.85 to 0.96.

The mass transfer coefficients were calculated assuming
perzect miaing in the liquid phase using Equations (11)

and (12):
Cogz — C %
(ke*a) s = 5 o= 2w ((2n )
V. (Cos® — Cos2) Do,
(11)
o — Cew—
kcaz—F;- (Con-a. on—,2) (12)

% 2Cco0s°

The square root of the ratio of the diffusivities of carbon
dioxide and oxygen is included in Equation (11) in
order to correct the mass transfer coefficient measured
for oxygen to a value which would apply to carbon dioxide.
The diffusivities of carbon dioxide and oxygen used in
Equation (11) were taken to be those for pure water
(Vivian and King, 1964) since the presence of ions is
expected to affect Dco, and Do, in a similar way, and
thus the ratio Dcoy/Do, should not be affected. The
saturation solubilities of oxygen, Co,®, were measured
using the polarographic device; the carbon dioxide solu-
bilities were calculated from solubility data in the litera-
ture (Perez and Sandall, 1974b) and were corrected
for the presence of ions in solution using the method of
Nijsing and Kramers as given by Astarita (1967).

It is assumed in our analysis that the gas phase mass
transfer resistance is negligible compared to the liquid
phase resistance. This assumption was checked by estimat-
ing a maximum effect in the following way. A lower
bound for the gas phase mass transfer coeflicient was
calculated assuming that the gas bubbles were rigid spheres
with no circulation. An upper bound of 3% for the gas
phase resistance was then estimated when the gas phase
resistance so determined was compared to the minimum
resistance found experimentally for the liquid phase.

Bubbling Case

For the case where -the gas was sparged through the
liquid, the surface remewal rate was so fast that the
instantaneous reaction regime could not be achieved.
Thus, in this case, plots such as Figure 2, showing that
the effective areas for physical and chemical absorption
are equal, could not be made. However, since the en-
hancement factor is quite sensitive to the surface renewal
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Fig. 3. Mass transfer capacity coefficient as a function of impeller
speed F = 67.7 mi/s.

rate for these fast renewal rates, the effective interfacial
areas could be determined.

Mass transfer rates were large enough so that the
partial pressures of oxygen and carbon dioxide changed
significantly from the gas inlet to gas outlet condition.
In order to determine the saturation or interfacial values
of the liquid phase gas concenlrations Co,* and Ccoy®,
the arithmetic average partial pressures were used. It was
thus assumed that the gas bubbles did not coalesce within
the liquid phase, and hence there was no mixing within
the dispersed gas phase.

Figure 3 shows the physical absorption mass transfer
data plotted as a function of impeller speed for a con-
stant gas sparge rate of 67.7 ml/s. It may be seen that
the agitation speed has little effect on the mass transfer
rate below impeller speeds of 200 rev/min,

Figure 4 shows the physical absorption mass transfer
data plotted as a function of the gas sparging rate for a
constant impeller speed of 400 rev/min. The mass trans-
fer rate shows an almost linear relationship with gas
flow rate. Table 2 summarizes the bubbling case experi-
mental mass transfer data.

The effective interfacial areas as determined from the
data in Table 2 are shown in Figures 5 and 6. Figure 5
shows that for a constant gas sparging rate of 67.7 ml/s,
the interfacial area increases with increasing agitator
speed. The effect of gas sparging rate on the interfacial
area is shown in Figure 6. For a constant impeller speed
of 400 rev/min, the data in Figure 6 show that the
effective interfacial area is quite sensitive to the gas
sparging rate.
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Fig. 4. Mass transfer capacity coefficient as a function of gas sparg-
ing rate. N = 400 rev/min.

Figures 7 and 8 show the mass transfer coefficients
for physical absorption as determined by the calculated
surface renewal rates. Calderbank (1958) has considered
power requirements for agitation in sparged vessels for
an impeller geometry identical to ours. Using his correla-
tion, we can show that for the conditions of our experi-
ments, power input increases with impeller speed for a
constant gas sparge rate. In Figure 7 it is seen that the
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Fig. 5. Effective interfacial area per unit volume as a function of
impeller speed. F = 67.7 ml/s.

L
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TaBLE 2. BuBBLING CASE Mass TRANSFER DATA

N Con-

Run T (°C) (rev/min) F’,ml/s C®cop
1 27.1 100 67.7 129
2 24.6 200 67.7 15.8
3 25.7 300 67.7 10.5
4 24.8 400 67.7 10.1
5 258 500 67.7 53
6 249 400 170 184
7 24.6 400 26.0 11.7
8 24.6 400 33.7 75
9 24.6 400 413 9.8
10 24.6 400 49.8 7.7
11 24.6 400 58.8 6.1

Page 336
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(k°ca)phys. kc° x 100
E(exp.) % 1000 (s—1) (em/s) a(cm?) ™
3.65 437 2.45 490 2.0
3.80 4.67 247 520 2.4
3.14 5.84 2.44 658 2.0
2.96 8.22 2.42 934 2.0
2.18 11.13 2.50 1224 17
2.66 5.36 3.66 403 39
2.63 5.99 2.82 584 2.6
235 6.68 2.76 666 2.0
2.64 7.37 2.73 742 2.2
2.52 7.84 2.53 852 1.9
231 8.66 2.50 951 1.7
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Fig. 6. Effective interfacial area per unit volume as a function of
gas sparging flow rate.

mass transfer coefficient is independent of impeller speed,
thus, increasing the impeller speed or the power input
to the agitated vessel increases the interfacial area but
has no effect on the mass transfer coefficient. The effect
of increasing the gas sparging rate on the mass transfer
coefficient for a constant impeller speed of 400 rev/min
in shown in Figure 8. The power requirement results of
Calderbank (1958) indicate that for a constant agitation
rate, the power input decreases with increasing gas flow
rate. For gas flow rates greater than 25 ml/s, the mass
transfer coefficient is relatively insensitive to the gas flow
rate. A possible explanation for the decrease in k.° with
increasing gas flow rate at the lower gas sparge rales is
that at the lowest flow rate the gas bubbles remain in the
central region of the agitated vessel where the surface
renewal rate is high. As the gas flow rate increases, the
gas bubbles become more uniformly distributed throughout
the vessel, and therefore the average surface remewal
rate becomes lower.

For these experiments, y ranged from 1.7 to 2.8 except
for one run for v = 3.9. This range in y was about as
low as could be achieved experimentally in order to have
good accuracy in the determination of the surface renewal
rate. Thus, y for these experiments was not as close to
unity as for the unbroken interface experiments in which
it was shown that the effective interfacial area for chemical
absorption is equal to that for physical absorption under
identical physicochemical and hydrodynamic conditions.
However, the values of y for these bubbling experiments
were at least an order of magnitude lower than for pre-
vious experimental effective area determinations employing
first-order kinetics. Thus, the hypothesis that @een = Gpnys
should be more closely satisfied for our experiments.

NOTATION

a effective interfacial area per unit volume, em~—?

Ca = concentration of dissolved gas, g mole/cm?

Cao = interfacial concentration of dissolved gas, g mole/
cm?

Cp = concentration of liquid phase reactant, g mole/
cm3

Cpi = concentration of liquid phase reactant in the bulk

AIChE Journal (Vol. 25, No. 2)
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Fig. 7. Mass tronsfer coefficient as a function of impeller speed. Gas
sparging flow rate — 67.7 ml/s.
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Fig. 8. Mass transfer coefficient as a function of gas sparging flow
rate. Impeller speed = 400 rev/min,

liquid, g mole/cm?

Ccop” = interfacial concentration of carbon dioxide, g
mole/cm?

Co,,1 = inlet concentration of oxygen, g mole/cm?

0,2 = outlet concentration of oxygen, g mole/cm3

Co,® = interfacial concentration of oxygen, g mole/cm?

Cou~,1 = inlet concentration of oxygen, g mole/cm?

Con~ 2 = outlet concentration of hydroxide, g mole/cm?

D, = diffusivity of dissolved gas, cm?/s

Dp = diffusivity of liquid phase reactant, cm?/s

Dco, = diffusivity of carbon dioxide, cm?/s

Do, = diffusivity of oxygen, cm?/s

E = enhancement factor = k./k.°

E, = asymptotic value of the enhancement factor given
by Equation (7)

F = volumetric liquid flow rate, cm?/s

F” = volumetric gas flow rate, cm3/s

k = second-order reaction rate constant, cm3/g mole s

k. = mass transfer coefficient for chemical absorption,
cm/s

k.° = mass transfer coefficient for physical absorption,
cm/s

(kc®) pnys = physical absorption mass transfer coefficient
determined from physical absorption experiments,
cm/s

(kc®) chem = physical absorption mass transfer coefficient
determined from chemical absorption experiments,

cm/s

M = DjkCgi/(k.°)?

) = rate of surface renewal, s~1

V= volume of liquid in agitated vessel, cm®

x = distance measured into the liquid from the free
surface, em

v = ratio of the increase in capacity of the solution
to absorb a gas to the enhancement factor

T = penetration time, s
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The Co-current Reactor Heat Exchanger:

Part I. Theory

Mathematical development is presented for the theory of a reactor heat
exchanger in which the heat generated in the reaction stream is simultane-
ously transferred to a co-currently flowing coolant stream. The advantages
of this scheme include isothermal conditions for the reaction stream, de-

creased parametric sensitivity, and improved stability.

THOMAS F. DEGNAN
and
JAMES WEI

Chemical Engineering Devartment
University of Delaware
Newark, Deloware 19711

SCOPE

Catalytic reactions which liberate (or absorb) large
quantities of heat must have specially designed reactors
to deal with them. Temperature excursions caused hy
insufficient cooling can lead to premature aging of the
catalysts, production of undesirable side products, a shift
of thermodynamic equilibrium against the completion of
the reaction, or ultimately to the destruction of the reac-
tion vessel. It is necessary to control the temperature de-

viations and to manage the temperature profile for the
maximum yield of product, Numerous schemes have been
employed (Froment, 1974).

This paper describes a theoretical analysis of a reactor
heat exchanger that combines many of the desirable traits
of current designs. Attainment of isothermal condition for
reactant stream, parametric sensitivity, and stability of
autothermal systems are considered.

CONCLUSIONS AND SIGNIFICANCE

The theory of a co-current reactor heat exchanger is
presented and has led to the design of a reactor where
the reaction stream remains isothermal in spite of highly
exothermal reactions. It is shown that the isothermal de-
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sign is easiest to obtain for first-order rate expressions
and is extended to reactions of arbitrary order and to
Langmuir-Hinshelwood kinetics. In each of these nonfirst-
order cases, nonuniform catalyst distribution in the direc-
tion of flow is required.

An isothermal reactant stream is attained only at nar-
row windows of design and operation variables. These
windows are defined by an exact balance between heat
generation by exothermic reaction and heat removal by
transport to the coolant stream. Outside of the window,
the reactant stream either heats up or cools down.
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