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This study explored the reaction
characteristics of a novel type of reac-
tor consisting of a tube whose walls are
made of a finely porous material through
which an inert gas or a reactant in
stoichiometric excess can be passed to
reduce diffusion of the reacting spe-
cies to the vessel surface. It was
thought that such a reactor might pro-
vide a new method of ascertaining
the relative contributions of homogene-
ous and surface effects in a gaseous
reaction involving both, or a method
of minimizing surface effects in chemi-
cal synthesis.

Although simultaneous diffusion and
chemical reaction within porous cata-
lyst particles has been studied exten-
sively, both theoretically and experi-
mentally, very little has been pub-
lished about carrying out a chemical
reaction in a flow reactor with porous
walls. Hartnett and Eckert (7) dis;
cuss theoretical considerations involved
in the combustion of a fluid coolant
after passage through a porous wall,
and Weger and Effron (22) investi-
gated the cooling of aerodynamic sur-
faces by endothermic reactions on a
porous tube impregnated with a cata-
lyst.

This study examined the effects of
inert-gas injection through a porous
tube on the rate of heterogeneous de-
composition of hydrogen peroxide
vapor present in the gas flowing axially
through the tube. This reaction was
chosen as the model system because it
is relatively simple, because homo-
geneous reaction is negligible under
the conditions chosen, because only
one set of products is formed. and
because it is a reaction with which the
authors have had considerable experi-
ence. However the method of mathe-
matical analysis is a general one for
a first-order reaction in which change
in number of moles causes insignificant
effects.

APPARATUS AND PROCEDURE

Porous-walled tubes of ultra-fine porosity
Pyrex 7740 glass (10) and type-318 stain-
less steel [designated as 5u particle re-
moval size, type H (4)] were jacketed,
respectively, with nonporous Pyrex and
stainless steel tubes, wrapped with heat-
ing wires, thermally and electrically in-
sulated, and mounted vertically. Figure 1
shows a schematic diagram of the porous
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stainless steel reactor. The Pyrex reactor
was similar in construction. In both re-
actors an inert gas could be forced into
the jacket and through the porous wall.
Pertinent dimensions of both reactors are
tabulated in Table 1. Mainstream gas
from high-pressure cylinders was throttled,
regulated, and then bubbled through con-
centrated liquid hydrogen peroxide, thus
producing a vapor containing up to 4
mole % hydrogen peroxide, several per
cent water, and the remainder inert carrier
gas. Variation in the concentration of hy-

drogen peroxide vapor was effected by

changing the temperature of the bath in
which the bubblers were immersed. The
hydrogen peroxide content of the main-
stream gas before and after the reactor
was determined by bubbling a measured
quantity of gas through water and titrating
the resultant solution with standardized
potassium permanganate.

Gas flow rates were measured with
calibrated capillary flowmeters. Tempera-
tures and pressures within the reactor were
measured at various locations with iron-
constantan thermocouples and a precision
potentiometer, and manometers filled with
water or mercury. A schematic diagram
of the experimental apparatus is shown in
in Figure 2.

Experimental runs consisted of measur-
ing inlet and outlet concentrations of hy-
drogen peroxide vapor under the following
ranges of operating conditions: mainstream
flow rates from 0.04 to 0.40 g. moles/min.;
injectant flow rates from 0 to 0.40 g. moles/
min,; reactor temperatures from 85° to
178°C.; hydrogen peroxide partial pres-
sures from O to 0.04 atm. carrier gas of
nitrogen, carbon dioxide, helium, Freon 12
(CCLF:), or Freon 114 (C.CLF.); and
injectant gas of nitrogen, carbon dioxide,
helium, or Freon 12.

CHARACTERISTICS OF POROUS
MATERIALS

Table 2 shows the porosity charac-
teristics and other properties of the
porous materials. The average pore
radii as calculated from the ratio
2V,/S, agree closely with the values
as determined by the mercury injection
porosimeter. Pore size distributions (21)
were determined by the mercury
porosimeter method. For the stain-
less steel 809 of the pore volume
was represented by pores of average
radius between 4 and 10u. For the
Pyrex, 80% of the pore volume was
represented by pores between 0.7 and
2-p radius. These pores are sufficiently
large that diffusion occurs essentially
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by ordinary bulk diffusion. Only for a
few runs with hydrogen peroxide and
helium was it necessary to make a
slight correction for Knudsen diffusion.
Diffusion in a porous structure may
be expressed in terms of an effective

D9
diffusivity, Degs = ——. D, then re-
T

fers to flux based on total cross section
of porous solid normal to direction of
diffusion. The porous structure was as-
sumed here to follow the mathematical
model of Wheeler (24, 25) in which
the pores are visualized as cylinders of
uniform radius intersecting any plane
at an average angle of 45 deg. Hence
r = 2. Values of D for the various
mixtures in bulk diffusion were calcu-
lated by the methods of Hirschfelder,
Curtiss, and Bird (8). Results are ex-
pressed in terms of D or D, as de-
fined above.

HYDROGEN PEROXIDE
DECOMPOSITION

Even at relatively low temperatures
and on almost all surfaces hydrogen
peroxide vapor decomposes to water
and oxygen at readily measurable rates.
The low-temperature decomposition is
reported to occur heterogeneously by
approximately a first-order reaction on
Pyrex (1, 9, 15) and on stainless steel
(15, 26). The rates of heterogeneous
reaction, particularly initially, are
strongly dependent upon the previous
surface treatment and may also be af-
fected by the length of time during
which the surface has been exposed to
hydrogen peroxide (15).

The published rate data on nonpor-
ous surfaces treated in the most closely
comparable way to those in the pres-
ent studies are those of Stein (15) on
acid washed, fused Pyrex, and Hoare,
Protherce, and Walsh (9) on Pyrex
cleaned in 409 hydrogen flouride. For
stainless steel Stein reported some val-
ues on pickled and passivated sur-
faces, but these are much more active
than untreated surfaces which have
been exposed only to hydrogen per-
oxide. Data on untreated 304 surfaces
were recently reported by Yeung
(26). Little effect of inert gases such
as air, carbon dioxide, oxygen and
water vapor on the heterogeneous de-
composition of hydrogen peroxide was
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Fig. 1. Diagram of porous stainless steel reactor.

noted by Baker and Ouellet (1) and
Yeung (26), although Forst and Gi-
guere (6) mention that inert gases
tend to inhibit the heterogeneous reac-
tion at low pressures.

THEORY

Reaction in a Porous-Walled Tube Without
Injection Through the Wall

To provide a basis for comparison of
results with injection through the wall
the case of no injection was first
studied. Two simplified limiting models
were considered for mathematical
analysis. (In the remainder of this dis-
cussion hydrogen peroxide is consid-
ered as the active component and the
reaction is assumed to be first-order.
The change in number of moles on re-
action has a negligible effect here
since the hydrogen peroxide is dilute.
The analysis applies to any first-order
heterogeneous reaction of this type.)

Model 1: The flow of hydrogen per-
oxide and the carrier gas is well mixed
radially but not axially (plug flow).

Model 2: The gas flows through the
reactor with a flat velocity profile and
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Fig. 3. Effect of temperature upon apparent rate constants

mass transfer occurs radially by molec-
ular diffusion only.

In both models the hydrogen perox-
ide decomposes as it diffuses through
the porous wall. The exact behavior of
the actual reactor will depend upon
the Reynolds number, entrance and
exit effects, density differences, and
other factors, but can be approximated
by these limiting models.

The extent of reaction as measured
by the decrease in the partial pressure
of hydrogen peroxide as the reacting
gas flows along the porous-walled re-
actor can be expressed in terms of an
apparent rate constant based on the
projected inside tube area. For model
1 and an isothermal system this is

Po  2aR.Z, (rf)P: K (1)
Pout Gms. t
For materials of relatively low activity
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Fig. 2. Schematic diagram of apparatus.
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(porous Pyrex reactor).

such as Pyrex and stainless steel, in
which the reactant penetrates the por-
ous structure deeply, the rate constant
thus calculated will greatly exceed the
true intrinsic rate constant based on
the actual area, that is k¥’ >> k. The
rate of decomposition per unit pro-
jected area of the porous wall is given

ap
kP 1 I £ ("—'") i
by or —D 3B ) and is

related to the characteristic parameters
of the porous material, the diffusivity
of hydrogen peroxide, and the true
(intrinsic) heterogeneous reaction rate
constant k by the following expression

(21):
dpP
k'Py= — Doy '_“> =
P b dB. R=R;
P.Déh [K,(h R,) ] 2)
2 K.(h R,)

where h is a modulus similar to that
of Thiele (20) defined as

__ZF Sy Pk
B = __=\/__"l___ (3)
rD D,

For diffusion into cylindrical walls of
the radii studied here values of k' as
calculated from Equation (2) do not
differ greatly from those calculated for
diffusion into a semi-infinite flat plate.
Mathematical relationships for the lat-
ter geometry have been previously
published (20, 24, 25). Values of K
can be computed from Equations (2)
and (3) with values of the true heter-
ogeneous rate constant and compared
with values of k' obtained from experi-
mental data and from Equation (1).
For model 2, where there is diffu-
sion resistance within the mainstream,
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TABLE 1, CHARACTERISTICS AND DIMENSIONS OF REACTORS

Reactor dimensions, inside diameter
Wall thickness
Length of porous wall

Superficial area of porous material in
reactor

Area of nonporous material in reactor
Inside diameter of jacket

Inlet and outlet tube dimensions
Inside diameter

Outside diameter

the basic equations governing the
amount of reaction on the surface of a
cylindrical reactor have been derived
by Damkohler (5), Mickley, Sherwood,
and Reed (I2), and Baron, Manning,
and Johnstone (2). For a first-order sur-
face reaction Baron et al. present an
equation which in the present nomen-
clature and units becomes

Pout © 4

P, 21 2‘:1+ 2( D )2]
in n kR,

e—n,FD‘rrPTZp/Gmx, t (4)
where
k’ Rl ]1(7]1;)
D Io(")n)

As with model 1 values of k' calcu-
lated from experimental data and
Equations (4) and (5) may be com-
pared with values computed from
Equations (2) and (3).

Reaction in a Porous-walled Tube with
Injection Through the Wall

Injection of inert gas through the
porous wall can be considered to have
two major effects: sweeping of the
pores to reduce diffusion of hydrogen
peroxide molecules into the pores, and
formation of a boundary layer of inert
gas which retards diffusion of the hy-
drogen peroxide to the wall. The first
effect can be analyzed by a modifica-
tion of the models used above. It was
expected that the importance of the
second effect could be estimated by

Porous Pyrex Porous stainless

reactor steel reactor
3.38 cm. 3.40 cm.
0.44 cm. 0.20 cm.
69.4 cm. 77.0 cm.
738.0 sq. cm. 835.0 sq. cm.,
154.0 sq. cm. 28.0 sq. cm.
9.5 cm. 10.2 cm.
1.2 cm. 0.91 em.
1.4 cm. 1.13 em.

examination of the agreement between
the experimental results and the results
predictable from a model which takes
pore sweeping into account.

The assumption of plug flow (model
1) was made for simplicity and be-
cause no-injection results indicate that
plug flow appears to be approached in
the system used. As a further mathe-
matical simplification a flat-plate sys-
tem was used for computation of the
effects of injection rather than the
cylindrical system used previously. The
difference between the results pre-
dicted by flat-plate and cylindrical
models is small for the case of no in-
jection, and there is no reason to sug-
gest that a greater difference will occur
in models which take injection into
account. If one considers forced flow
of injectant through the pores in op-
position to the normal direction of dif-
fusion of hydrogen peroxide, the ratio
of the apparent rate constant with in-
jection to the apparent rate constant in
the absence of injection (k';/K'y:) is

Ki/kyy=—w+ '+ 1 (6)
where o
G,
w= SV (1)
P.~\/4kD

The term G, , is the flow rate of in-
jectant per unit area within any pore
in a direction perpendicular to the di-
rection of mainstream flow and is cal-
culated by assuming perfect distribu-
tion over the total wall area; that is
one finds

Gz, y = Gi, ¢/21TR1Z‘;0 (8)

When the effect of dilution of the main-
stream gas by the injectant gas is taken
into account, Equation (1) becomes

K, = In P../Poue -1
Gi, 13 + Cms. t
n——
G, 1
Gl, t
R (9)
27R. Z, Py
Experimental values of the ratio

k'/k's; obtained from Equations (1)
and (9) can be compared with the
theoretical results predicted by Equa-
tions (6) and (7).

RESULTS AND DISCUSSION

Reaction Without Injection—
Porous Pyrex Reactor

Figure 3 shows the calculated and
experimental values of the apparent
rate constants for the porous Pyrex
reactor as a function of temperature
for various carrier gases. Examination
of the figure shows good general agree-
ment between the present experimen-
tal rate data and those calculated from
previously reported data, although
better agreement is obtained with
Hoare’s values than with Stein’s data.
There are two possible explanations.
Stein (17) showed that there was
considerable variation in the rate
constant observed for reaction on
similar glasses which had been given
different surface treatments and even
found a substantial variation in glasses
which had been treated identically.
Thus the better agreement with the
data of Hoare may have resulted from
a fortuitous choice of a particular sam-
ple of Pyrex glass. Secondly the calcu-
lated values of the apparent rate con-
stant are based on the assumption that
there is no effect of the type of cairier
gas on the true rate constant; that is
the effect of the inert gas on the calcu-
lated apparent rate constant appears
only in the diffusion coefficient for the
hydrogen peroxide gas mixture. In
Stein’s work hydrogen peroxide vapor
was prepared by boiling aqueous -solu-
tions of liquid hydrogen peroxide;

TABLE 2. CHARACTERISTICS OF POROUS MATERIALS

Parameter Method of measurement Porous Pyrex Porous stainless steel
Porosity, 6 Density measurements 0.36 0.38
Pore volume, V, Mercury injection porosimeter 0.26 cc./g. 0.075 cc./g.
Density of porous material, p» Mercury displacement 1.38 g./cc. 5.07 g./ce.
Density of solid material, p: Mercury displacement 2.23 g./cc. 7.97 g./cc.
Specific surface area, S, B.E.T. method 0.36 X 10*sq. cm./g. 0.018 x 10*sq. cm./g.
Average pore radius r Mercury injection porosimeter 1.30 X 10~ cm. 7.0 X 10~ cm.
2V,/S, From measurements above 1.44 ¥ 10~ cm. 83 X 107 cm.
Page 170 A.1.Ch.E. Journal March, 1963
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therefore water was the carrier gas
and was present in high concentrations.
In the present work and in that of
Hoare et al. nitrogen or other carrier
gases were used, and the gas mixtures
contained only small amounts of water.
If water or the other carrier gases did
have an effect on the true rate con-
stant, it would be expected that the
present data would compare more
closely with those of Hoare rather than
with those of Stein. Figure 3 shows
that the activation energies as calcu-
lated from the complete radial mixing
model are in excellent agreement with
the values reported by both previous
investigators.

In theory the apparent rate constant
k should be proportional to the square
root of the diffusion coefficient. Figure
4 shows good agreement between
theory and the results for model 1.
This agreement and the values of the
activation energy suggest that the
flow in the reactor may have been ap-
proximated by well mixed or plug
flow, even though the Reynold’s num-
ber of the mainstream flow was below
2,000, and in the region normally as-
cribed to laminar flow. The mixing
and turbulence is probably caused pri-
marily by the effects of the entrance
and exit zones which contained con-
strictions, and possibly by wall rough-
ness.

Other experimental observations in-
dicated little effect of flow rate on the
apparent rate constant and no aging
effect of the reactor surface.

Reaction Without Injection—
Porous Stainless Steel Reactor

In the porous stainless steel reactor

Vol. 9, No. 2

an aging effect as shown on Figure 5
made interpretation of the results diffi-
cult. The decrease in the rate constant
may have several possible explana-
tions. Passivation of the surface—This
phenomenon is known to occur in ac-
tual plant operation in stainless steel
pipes which carry hydrogen peroxide
vapor. Reaction and/or removal of im-
purities—Impurities of unknown origin
could have decomposed or reacted
during the operation; since most im-
purities have a higher catalytic activ-
ity for hydrogen peroxide than stainless
steel, a decrease in the reaction rate
could be expected. Physical change of
the stainless steel—A phase transfor-
mation of the stainless steel due to
heating and cooling may have resulted
in a form of stainless steel which was
less catalytic to hydrogen peroxide
than the original form. Such phase
transformations have been reported to
take place during 100 to 1,000 hr. of
heating (8, 16).

After the activity had become re-
duced to a reasonably steady state
level, runs were made in which the
effects of temperature and carrier gas
on the apparent rate constant could
be determined. The data are shown in
Figure 6 together with curves calcu-
lated from intrinsic rate constants
measured by Yeung (26). The dis-
crepancy may be due at least in part
to the fact that Yeung's reactor was
type-304 stainless steel, whereas the
porous stainless steel reactor here was
type-316. The porous stainless steel
reactor, which had relatively smooth
inlet and outlet nozzles, also exhibited
a greater effect of flow rate on the ap-
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The two principal sources of error
in comparing theory and experiment,
as in Figures 3 and 6, are the extent
to which the true effective diffusivity
in the porous structure can be repre-
sented by the simplified mathematical
model (see later), and variation in in-
trinsic surface rates from sample to
sample and that caused by different
treatments. When one considers the
possible variability of surface activities,
the extent of agreement between pres-
ent experimental results on both kinds
of surfaces and those predicted from
rate constants previously reported for
smooth surfaces is surprisingly good
and indicates the applicability of the
models of the porous structure and of
the reactor.

Reaction With Injection—
Porous Pyrex Reactor

The results of experiments in which
inert gases were injected through the
reactor walls are shown in Figure 7,
where the ratio of the apparent rate
constants with and without injection
are plotted vs. w, a parameter which
combines the injection, reaction, and
diffusion parameters and is a measure
of the theoretical effectiveness of the
sweep gas. Since the model allows for
pore sweeping but not for radial bulk
diffusion, one might expect the experi-
mental results to lie below the model
curve; the difference between the
model curve and the experimental data
would then be a measure of the effect
of boundary-layer formation. How-
ever a substantial part of the results in
fact lie above the model curve. A dis-
cussion of the degree to which the
model actually represents the physical
situation will aid in analyzing this dis-
crepancy.

Uniformity of Injection. Uniformity
of injection of inert gases over the sur-
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face of the reactor was assumed in the
derivation of the model equations.
Measurements indicated that no gross
permeability discontinuities were pres-
ent in either reactor. In the porous
Pyrex reactor the high ratio of the
pressure differential across the porous
wall to the axial pressure decrease of
the mainstream gas on flowing through
the reactor assured uniform injection.
In the porous stainless steel reactor
however the greater inherent permea-
bility led to a smaller pressure drop
across the wall, and there may have
been wundesirable recirculation flow
during experiments at high flow rates.

Accuracy of the Model Parameter
Values. Equations (7) and (8) may be
combined to give

G, o ]

“= [417312,, P, ] [0\/471‘)
(10)

The first term consists of measured
quantities and is believed accurate to
+5%. The second term however con-
sists of estimated and calculated quan-
tities and may be subject to considera-
ble error. The values of the porosity
and D are known to within 109,. The
value of .the average pore radius may

x, fn(r)f[ D, + \/[

be in considerably greater error. In-
cidentally, previous ivestigators and
manufacturers report a variety of aver-
age pore radii for these materials (4,
10, 18, 18). The tortuosity factor was
taken here to be 2, in accordance with
the Wheeler model, but the true value
could be substantially different. The
values of the rate constant were ob-
tained from the data for experiments
without injection. Values of k as a
function of temperature may be calcu-
lated with model 1 or model 2. The
value of k used in Equation (10) was
arbitrarily chosen as the average of the
values calculated from model 1 and
model 2 for similar conditions of tem-
perature, flow, and carrier gas. These
average values could have been in er-
ror by a factor of as much as 2, result-
ing in a corresponding error in w.
Pore Size Distribution. The charac-
terization of irregularly shaped, contin-
uous, and discontinuous pores by open
cylinders of identical radius is a highly
simplified description of the porous
materials. Pore size distributions were
measured and the effects of pore size
variation were estimated by including
the distribution in the derivation of the
model equations. This results in a
modification of Equation (8) to give

]2 4k ]dr

DP,

The integration indicated above was
carried out graphically for several par-
ticular operating conditions and
showed that values of k'+/k'»: calcu-
lated with the pore size distribution
function could be 10 to 209 higher
than the corresponding values of
k1/Ky calculated with the assump-
tion of uniform pore size. This effect
can be explained qualitatively on the
basis that the larger pores carry most
of the injectant flow and that the flow
in the smaller pores is correspondingly
less effective in reducing diffusion into
the pores. Since a large portion of the
area upon which reaction occurs is in
the small pores, the reduction in the
apparent rate constant due to injection
will not be as great when a substantial
pore size distribution exists as when
the pores are essentially uniform in
size.

Wall Roughness and Nonporous
Area. Joining and end sections of the
reactors were constructed of nonporous
materials. These discontinuities and
those produced by sample taps de-
creased the uniformity of injection and
tended to increase turbulence and
mixing within the reactor.

Boundary-Layer Formation. Several
additional factors could have limited
the formation of boundary layers and
thereby reduced the blanketing effect
of the inert gas. For the experimental

= (11)  conditions of laminar flow through the
K'sr j n(r)r \/ 4k dr porous wall the velocity of injectant
tD in the pores varies with the square of
the pore radius. Therefore the distri-
30 . bution of pore radii results in jets of
varying velocities emerging from the
wall. The injection velocity was rela-
20 N tively large compared with that nor-
' mally encountered in the analysis of
flow in ducts with coolant injection
AN \ (11), and increased mixing and tur-
- \ bulence could have resulted. When
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w 1.0 PRI the injectant and mainstream, the
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Fig. 7. Effect of injection parometer w upon ratio of apparent rate con-

stants with and without injection. Parous Pyrex reactor.
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Fig. 8. Radial concentration profiles at certain axial distances
in porous Pyrex reactor. Nonreacting system at 25°C.

The effect of the constrictions at the
inlet and outlet of the reactors has al-
ready been mentioned. Because of
these factors boundary-layer formation
may not have been as significant as
desired.

Several experiments were carried
out in a nonreactive, room temperature
system wherein concentration profiles
were measured within the porous
Pyrex reactor during conditions of in-
jection, For conditions of vertical flow
of nitrogen as the mainstream gas with
carbon dioxide as the injectant, con-
centration profiles are shown in Figure
8 for several downstream distances.
The straight lines indicate the average
concentration if the injectant and
mainstream gas were completely mixed.
Points near the wall were taken with
0.010 in. diameter steel probes resting
on the wall (14). It is seen that the
boundary-layer effect is not very large.

Experimental Errors. The experi-
mental values of the apparent rate
constants with and without injection
are the integrated values throughout
the entire reactor, and the inaccuracies
inherent in the evaluation of integrated
reaction rate data are well known.
There was usually a substantial dilu-
tion of the mainstream gas by the in-
jectant which increased the variation
of the partial pressure of hydrogen
peroxide in the gas stream. The esti-
mated error in the experimentally
measured values of the ratio of ap-
parent rate constants is about 10%.

Isothermal Operation. The above
analyses assume that the temperature
is uniform throughout the porous
structure. There have been a number
of papers published recently which
have presented methods of estimating
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temperature gradients in porous cata-
lyst particles and indicated the effects
that would be expected by neglecting
possible temperature gradients. See for
example Tinkler and Metzner (19)
and Weisz and Hicks (23). In the
authors” studies with the stainless steel
reactor, thermocouples embedded in
the porous wall showed no significant
temperature increase over that re-
corded by the thermocouples measur-
ing inlet and exit main gas tempera-
tures. This is consistent with the good
thermal conductivity of a metal. Simi-
lar measurements were not possible in
the porous Pyrex reactor. However it
was estimated that the maximum tem-
perature gradient through the porous
glass would not exceed 10°F. under
the most extreme conditions studied
here, namely the diffusion of hydrogen
peroxide through helium, no use of
injectant gas, and a partial pressure of
hydrogen peroxide in bulk stream of
0.04 atm. When one also considers the
low activation energy of the hydrogen
peroxide decomposition reaction, little
error is introduced by the assumption
of isothermal wall conditions.

Comparison of Experimental Data and
Model

The reasons given above explain
why the experimental data do not
agree closely with the model. With the
tortuosity factor of 2, if it were as-
sumed that the correct value of r/k
is about one-third of the value ac-
cepted in the calculations leading to
the positioning of the data points in
Figure 7 [an adjustment of this mag-
nitude is substantiated in the above
discussion and the direction of the ad-
justment is such as to bring the modi-
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fied values of the pore radius and the
rate constant into more close agree-
ment with those previously found (9,
15, 26)], then the abscissa of each
experimental point of Figure 7 is dis-
placed to the left by a constant value.
Such an adjustment would cause the
data to lie below the model curves and
furnish a logical explanation for the
trends and discrepancies observed.

The degree to which injection re-
duces the apparent rate constant is
greater during Iow-temperature opera-
tion (line 19) than during high-tem-
perature operation (lines 21 and 34).
Similarly injection has a greater effect
on the reduction of the apparent rate
constant in experiments with low aver-
age flow rates than with high average
flow rates. Lower flow rates and reac-
tor temperatures are more conducive
to boundary-layer formation owing to
the less intense turbulence. Injection
of high molecular weight gases into a
low molecular weight mainstream gas
is more effective in reducing the ap-
parent rate constant due to favorable
boundary-layer formation at the wall;
conversely, injection of a low molecu-
lar weight gas into heavier mainstream
gases is less effective in reducing the
apparent rate constant. These effects
are confirmed by experiments in non-
reactive systems.

The degree to which experimental
data points lie below the model curve
is an estimate of the ratio of the ac-
tual partial pressure of hydrogen per-
oxide at the wall to that at the wall in
a radially completely mixed system.
For example if one assumed that the
correct value of r/k were one-third
that used in Figure 7, in experiments
where carbon dioxide was injected into
a main stream of nitrogen, the ratio
PBgOs_ wall, Actual/PHzOz, wall, mixed would
vary from 0.72 to 0.76. In the concen-
tration profiles determined in the ab-
sence of reaction (Figure 8) the cor-
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responding ratio varied from 0.75 to
0.92 for the same average flow rates
but for slightly lower rates of injection,
This agreement suggests that the lower

value of r/k is a more realistic charac-
terization of the porous substances.
At very high rates of injection
boundary-layer formation was probably
reduced owing to back mixing, turbu-
lence, and recirculation. Examination
of the model curves shows that in
order to decrease the apparent rate
constant to a value of one-tenth the
value obtained with no injection, very
high injection rates would be needed.
These rates could probably not be
achieved in the present apparatus be-
cause of structural limitations. Also
the accompanying high degree of dilu-

tion is undesirable.

Reaction With Injection—
Porous Stainless Steel Reactor

Experimental results and a model
curve for conditions - of injection
through the wall of the porous stain-
less steel reactor are shown in Figure
9. The discussion above concerning
the applicability of the model to the
physical situation applies equally well
to the porous stainless steel reactor.
The experimental results follow the
same trends as in the porous Pyrex re-
actor; however there is less reduction
of the apparent rate constant. If modi-
fied values of r/k are accepted, the ex-
perimental data points will also lie
below the model curve. The stainless
steel reactor had a somewhat greater
pore size distribution, and the possi-
bility of back mixing and recirculation
also add to the discrepancy between
the model and the experimental results.

A comparison of the data in the
porous stainless steel reactor with the
heat transfer data of Stubbs (17) can
be made. Stubbs used a 1 in. LD.
porous stainless steel tube in which
heat was transferred from the wall to
the stream gas flowing through the
tube. The heat transfer coefficient de-
creased rapidly at first when the injec-
tion velocity was increased, but the de-
crease soon approached a constant
value (contrary to theory) so that a
maximum of 209% reduction in the
heat transfer coefficient could be ob-
tained at high injection rates. Although
the systems are quite different in their
characteristics and in the measured
quantities, the results indicate com-
parable effects of injection and com-
parable deviation from theory.

CONCLUSIONS

The magnitude and the dependence
on temperature and type of gas of the
apparent rate constant in a porous
walled reactor in the absence of in-
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jection was adequately predicted in
terms of models which employ the
characteristic parameters of porous
materials and rates of reaction on non-
porous materials. The injection of gas
through the wall of a porous reactor
significantly reduces the apparent rate
constant; the greatest reductions occur
when low reactor temperatures and
high molecular weight injectant gases
are used. However with the rates of
injection which would not be detri-
mental to the study of the mechanism
of a reaction or to use in chemical syn-
thesis the overall reaction rate is still
much higher than in a nonporous
reactor of a similar material, so this
does not appear to be a practical
means of avoiding heterogeneous re-
action.

The operating characteristics of
porous-walled reactors may suggest
possible applications to other chemical
reactions. For example the walls of a
porous reactor may be impregnated
with a catalyst and one reactant forced
through the wall by means of a pres-
sure gradient, thus minimizing coun-
terdiffusion of gases into and out of
the catalyst structure and providing
ease of control of residence times and
of flow. Porous-walled reactors also
provide a method of feeding one com-
ponent into the main reactant stream at
a uniform rate to achieve a uniform
concentration axially. They may also
provide a method of achieving more
uniform temperatures axially than can
be obtained in the usual multitube
packed catalyst reactor.
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NOTATION

D = molar diffusivity of hydrogen
peroxide in carrier gas, (mole/
min.cm.atm.), D.. = D8/s,

and is based on total cross
section of porous solid

G = mainstream flow rate, (mole/
min.)

G.: = total injectant flow rate,
(mole/min.)

G., = injectant flow rate per unit

area within pore, in y direc-
tion, (mole/min. sq.cm.)

G+ = mainstream flow rate at reac-
tor inlet, (mole/min.)

h = modulus defined by Equation
(3)

JoJ. = Bessel function, first kind,

zero and first order
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k = true (intrinsic) first-order rate
constant, (mole/min. sqg.cm.
atm.)

K, Ky = apparent rate constant with-
out injection, based on pro-
jected area of porous wall,
(mole/min. sq.cm. atm.)

k' = apparent rate constant with
injection, based on projected
area of porous wall, (mole/
min. sq.cm. atm.)

Ko K, = modified Bessel functions,
second kind, zero and first
order

n(r) = number distribution function
for pore radius, cm.™

P = partial pressure of hydrogen
peroxide, atm.

P, = partial pressure of hydrogen
peroxide at inside reactor
wall, atm,

P,, = partial pressure of hydrogen
peroxide at reactor inlet, atm.

P... = partial pressure of hydrogen
peroxide at reactor outlet,
atm.

P, = total pressure in reactor, atm.

r = average pore radius, cm.

r = pore radius, variable, cm.

rf = roughness factor

R = radial coordinate of reactor
models

R. = inner radius of reactor wall,
cm.

R. = outer radius of reactor wall,
cm.

S, = specific surface area of porous
material, (sq.cm./g.)

T = temperature, (°C.) or (°K.)

V, = pore volume of porous mate-
rial, (cc./g.)

Y = coordinate perpendicular to
flow direction for models with
flat-plate system

Z, = length of porous section of re-

actor, cm.

Greek Letters

o = parameter equal to G, y/DPr,
cem.™

o, = nth root of Bessel equation
L(x) = 0

7. =root of equation wu.J:(9.)/]
(n.) = KR/D

0 = volume void fraction or poros-
it

pr = dZnsity of porous material
(g./cc.)

T = tortuosity factor, taken here to
equal 2

3 = flow coeflicient per pore,

(mole/min. cm.*)
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Dispersed Phase Mixing: .
Theory and Effects in Simple Reactors

order reactions or mass transfer rate controlled reactions in the dispersed phase.

R. L. CURL

Shell Develop t Company, Emeryville, Colifornio

When drops in a two-liquid phase chemical reactor are able to mix with one another by
coalescences and redispersions, any spread of concentration among the drops tends to be
averaged out. This phenomenon can affect average reaction rate and selectivity in non first-

it was found

that for mass transfer rate controlled reactions, or the equivalent zero-order reaction, quite
large dispersed phase mixing rates are required to bring conversions close to the level obtained

with complete mixing.

A well-stirred flow reactor which
contains two immiscible liquid phases
generally can be treated as an ideal
stage with respect to the residence
time distribution and the concentration
uniformity of the continuous phase.
For the dispersed phase however the
distribution of concentration among
the drop population in the same vessel
depends not only upon the residence
time distributions and reaction or mass
transfer conditions but also upon the
number of coalescences and redisper-
sions that occur during a nominal resi-
dence time. Therefore when a chemical
reaction of other than first order occurs
in the dispersed phase in such a reac-
tor, mixing of that phase can have an
important effect on the reactor size
required for a given conversion or on
the conversion and selectivity in a
given reactor. The two extremes of no
mixing and complete mixing of the dis-
persed phase have been considered by
Rietema (5) for a single-stage reactor
in which a zero-order reaction is pro-
ceeding  in the dispersed phase. He
calculated the ratio of residence times
required for a given conversion for

R. L. Curl is with Technische Hogeschool Te
Eindhoven, Eindhoven, Holland.
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these two cases and found for example
that mixing can make a factor of 3
difference at 80% conversion.

More recently Madden and Damer-
ell (3) have described work in which
they measured the rate of dispersed
phase mixing in a 5% in. diameter

stirred vessel. The question naturally -

arises of whether under particular cir-
cumstances a certain measured rate of
dispersed phase mixing represents a
case closer to no mixing or to complete
mixing. It would also be desirable to
estimate the actual effect of mixing on
the conversion or selectivity in a par-
ticular system. A mathematical model
is presented here for the simultaneous
effects of reaction, mass transfer, and
dispersed phase mixing in a continu-
ous flow stirred reactor. From this
there are obtained the consequences
in batch mixing, zero-order chemical
reactions, and cases of mass transfer
controlled reactions in the dispersed
phase. The model used is a simplified
one. For example it is assumed that all
drops in the system are of equal size
and have equal probability of coalesc-
ing, and that redispersion occurs im-
mediately after a coalescence to form
two equal drops.
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It is possible to consider any number
of combinations of direction of mass
transfer, number and order of reaction,
consecutive reactions, and series or
other arrangements of stages. However
the intent here is primarily to suggest
a model for dispersed phase mixing
which subsequently can be introduced
into various reaction and reactor
schemes. The examples and applica-
tions given here are both by way of
example and to provide quantitative
answers for a case of basic interest, the
zero-order or mass transfer controlled
reaction.

There is similarity between the phe-
nomena associated with incomplete
dispersed phase mixing and incomplete
homogeneous mixing. In the terminol-
ogy of Danckwerts (1) the latter is
segregated flow and is the cause of
changes in overall reaction rate for re-
actions of other than first order. In the
homogeneous case the scale of segrega-
tion may have a number of definitions
as there are no sharp boundaries be-
tween the clumps or streaks of differ-
ent concentrations. In the present case
the phase boundary permits a clearer
concept of segregation or concentra-
tion distribution.

This idea of homogeneous but segre-
gated flow has been extended by
Zwietering (8) to continuous flow sys-
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