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Unpacked pipes or tubes, commonly called flow reactors, are often desirable for carrying out
homogeneous reactions. Unless these reactors are properly designed and operated, axial mixing
will alter both the rate of conversion and the distribution of products from successive reactions.
Several hypothetical reaction schemes are analyzed here to show how axial mixing affects the
production of an intermediate. The analysis represents mixing by on axial diffusion coefficient
and is valid when mixing is not extreme. Results from several particular cases are compared,
showing that reactor-product distribution is generally distorted in proportion to a reactor Peclet
number. G. 1. Taylor's theory of axial mixing is used to relate this Peclet number to the physical

characteristics of the reactor.

Although the effects of axial mixing are concluded to be negligible in most commercial or
lorge-scale equipment, they are serious in the case of experimental or pilot-scale apparatus.
Charts are drawn to illustrate design problems for these reactors.

PURPOSE AND SCOPE

The successful scale-up of a process
requires accurate knowledge of yields
and reaction rates in the range of oper-
ation of the scaled-up process. To this
end, a method is given here for design-
ing experimental flow reactors in which
good selectivity can be maintained,
that is, reactors in which the products
formed are characteristic of the reac-
tion chemistry, concentrations, etc.,
and not characteristic of the peculiari-
ties of the experimental reactor.

Excessive axial mixing, or backmix-
ing, in an experimental reactor makes
the interpretation of results on yields
and by-products highly uncertain. It is
especially detrimental with integrated
processes wherein recycle rates, separa-
tion procedures, etc., are based on the
composition of the effluent obtained in
experiments. Unrealistic amounts of
by-products from a faulty experimental
reactor may lead to establishment of a
false optimum in operating conditions
for the integrated process; and even if
this mishap is later discovered, most of
the experiments may involve conditions
near the false optimum, thus yielding
little information for the operating
conditions of ultimate interest. Despite
these pitfalls flow reactors are neces-
sary in the study of certain reactions
which cannot be explored with accu-
racy in bombs or continuous well-
stired vessels because of physical
problems associated with the reaction
mixture.

Although there have been past
studies of backmixing in homogeneous
reactors (4, 5, 6, 7, 8, 9, 10) most ef-
forts have been directed toward the
effect of mixing on conversion of a
reactant and not on selectivity for pro-
duction of an intermediate in a series
of reactions.

Because of its complexity, an exact
analysis of the effects of axial mixing
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on the course of a reaction was not at-
tempted here. Instead an approximate
analysis was used which is valid for all
kinds of reactions when the effect of
mixing on the overall performance is
not excessive. Therefore, the methods
developed are useful not for interpret-
ing data from reactors in which there
has been excessive mixing, but rather
for selecting reactor dimensions and
operating conditions which make back-
mixing effects tolerably small. The
product from the reactor is then sub-
stantially the same as from a batch
reactor.

THE EFFECT OF AXIAL MIXING

Axial mixing in an unpacked tube is
caused by variation of axial velocity
across the radius. Fluid elements near
the center move more rapidly than the
average; thus they penetrate into
downstream material near the walls
and eventually mix with it. The mag-
nitude of this effect depends greatly on
the shape of the velocity profile and
the rate of mixing in the radial direc-
tion. Contrary to first instinct, radial
mixing inhibits axial mixing; this inter-
relation formed the basis for Taylor's
analysis, (1) later extended by Tich-
acek, Barkelew, and Baron. (2) Tay-
lor’s analysis showed that under certain
conditions (sufficiently large Renyolds
number, straight pipes, small concen-
tration gradients) the degree of axial
mixing is proportional to the axial con-
centration gradient, permitting descrip-
tion of the intensity of mixing in terms
of an axial diffusion coefficient.

Axial mixing has been the subject of
much experimental work, some in lab-
oratories but most in pipe lines. Many
data have been taken under conditions
expressly forbidden by Taylor for com-
parison with his theory, and the incom-
patibility of results in these cases has
led to some disregard for the theory.
Data taken under the conditions pre-
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scribed by Taylor, however, do confirm
his analysis. The results of Taylor’s
theory as extended (2) are used in
this work, but only in the range of va-
lidity, hence the restrictions against ap-
plication of this method to reactors
with severe axial mixing.

As a reacting fluid element passes
through a pipe, two effects occur
which cause the reactor product to
differ from what would result if each
fluid element were isolated and al-
lowed to react for the nominal resi-
dence time of the reactor. The first is
a variation of residence times from
one fluid element to another. Elements
spending most of their time near the
center of the pipe move through more
quickly than others and are thus al-
lowed less than average time for reac-
tion. The second effect is the intimate
mixing of fluid elements having differ-
ent histories and thus different com-
positions, each time forming a new
element of a new composition. In the
newly formed element the driving
force for reaction is sometimes less
than the average driving force would
have been had the original elements
not mixed. The first effect can result
from macroscopic interpenetration; the
sccond results only from molecular
scale mixing or diftusion. Both effects
are experienced in varying degree by
every fluid element. Both can influence
the gross reactor product in a different
way, depending upon the kinetics of
the reactions involved.

The combined effects of interpene-
tration and molecular mixing are esti-
mated by simulating the actual reactor
by either a plug-flow reactor on which
is superimposed a type of relative axial
mixing that can be described by the
simple diffusion equation, or by a series
of well-mixed stages, the number of
stages being chosen to give approxi-
mately the same axial-mixing effect as
in the actual reactor. These models are
a more or less successful representation
of the actual system depending upon
the kinetics of the reactions involved
and upon the relative amounts of
macroscopic and microscopic mixing
which contribute to the axial mixing.
Both models are exact if all reactions
have first order kinetics; in that case
the product distribution depends only
on the residence time distribution
if the reactor irrespective of the mech-
anism which has caused it. Regardless
of kinetics, both models become exact
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representations in the limiting case
where the axial spreading of material
becomes very small when compared to
the length of the reactor. In this case
macroscopic convection and micro-
scopic diffusion cannot exert discerni-
bly different influences on the reactor
product.

The exactness of the method in this
limiting case is particularly fortunate.
It allows the design of reactors in
which selectivity losses will be tolera-
bly small. Furthermore, in this case a
single parameter, a type of Peclet
number, can be used to characterize
both the degree of axial mixing and its
effect on the reactor products.

Since axial mixing affects selectivity
when successive reactions are involved,
the following reaction scheme was
analyzed:

ki

A+R-B (A)
ko

B+R-C (B)

The influence of axial mixing on prod-
uct distribution was calculated for vari-
cus types of reaction kinetics in the
above system. The differential equa-
tions describing this system in a flow
reactor operating at the steady state
and with axial mixing described as
diffusion are

0A 3?2A
V—= — ki AmR™ (1)
ax dx?
v 0B _ 2B + ki AmR™
ox o2
ke BrR" (2)
oR 2R
V— = — kit Am"R™ —
ox ox2
ke B*R» (8)

Three methods of solution are used,
depending on the reaction orders. In
the first case treated, the kinetics are
first order in A and B and zero order
mR(m=n=1,m =n = 0); the
equations are integrated directly. In
the second case only the first reaction
is second order, such that m = 2, n =
1, m" = n = 0. A perturbation solu-
tion based on small values of E is used.
In the third case both reactions are
second order, so that m = n = m’ =
n' = 1. Equations (1), (2), and (3)
are not used in this case; the physical
system is simulated by a series of well-
stirred vessels for which the product dis-
tribution is calculated. The series of
well-stirred vessels causes a residencé
time distribution characteristic of flow
with axial mixing. The number of
stages corresponding to a certain de-
gree of axial mixing has been studied
by others (3).

Figure 1 illustrates qualitatively the
effect of axial mixing on the conversion
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Fig. 1. Concentrations of A and B with and
without axial mixing for the first order reac-

k k
tions A—> B— C.

of compound A and the production of
compound B. It is seen that axial mix-
ing retards the conversion of com-
pound A, and for any chosen conver-
sion of A the yield of compound B is
smaller because of mixing. The reduc-
tion in the maximum amount of com-
pound B obtainable from the reactor
is taken as an index of the loss of selec-
tivity for B. Quantitatively, we define
the loss in selectivity, 8, as the differ-
ence between the maximum amount of
desired product produced with and
without axial mixing divided by the
maximum amount which would be pro-
duced without axial mixing.

SOLUTION OF THE DIFFERENTIAL
EQUATIONS

First-Order Reactions

When the reaction rates are propor-
tional to the concentrations of compo-
nents A or B only, the equations are
linear and can be solved directly. The
solution to Equation (1) is

4k E
1+

)|

where k' and k” are constants to be de-

(4)

termined. The boundary conditions

used are
A(w) =0, VA, = VA(0) — EA’(0)
(5)

where the prime represents the deriva-
tive with respect to x. The latter con-
dition represents mass conservation
across the boundary. The first bound-
ary condition is applied to make con-
stants in the solution independent of
location of the downstream end of the
reactor; that end is by the nature of
axial mixing incapable of affecting
what happens upstream. This bound-
ary condition would not be applied in
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the case of true diffusion, but yields a
solution which is a successful approxi-
mate description of a reactor in which
there is axial mixing.

Application of these boundary con-
ditions to Equation (4) gives
Alx) = Ao

——_————¢€Xp

2
4kEe
1
1+\/1+ 72

[Vx(1 4k1E)]
e\ TV T

(6)
Equation (2) can subsequently be
solved to give

B(x) 24, k1
x = s
4k1 E ko — ki
14 1+ 7
[Vx( 4k E )]
exp 5 1— 14 7

Vx

-+ k”' eXp [—Z-E (1 —

) ] + K" exp

Vi B
i

(7)

[Vx(1+ 1+4k2E
°F V2

The boundary conditions used are
E
B(®) =0, B(0) —VB'(O) =0

(8)

The first condition has been explained
above. The second boundary condition
sets the net flow of B equal to 0 at the
reactor inlet; the flux of B thus remains
positive over the entire reactor. The
alternate boundary condition, setting
B(0) =0, results in a net upstream
flux of compound B at the reactor
inlet. The boundary conditions are thus
chosen to render a more accurate de-
scription of reactor product than aver-
age concentration across the reactor
tube. The values of the constants are

1e /14 HE
2
K — — v k7 = 0
1 \/ 14 4k E
+ Vv (9)

The flux of component A as a func-
tion of reactor length, x, is given by
VAo Fa(x) where®

# Some authors refer to thi§ term, “F,” as the
mean-flow concentration or mixing-cup concentra-
tion, its value being calculated according to

1 u
AcFa = f A(r) —(r) 2rdr {a)
f) v

where u is the time averaged axial velocity in the
pipe at the radial position r, The two conceptions
of F in Equations (10) and (a) are for all prac-
tical purposes identical because of the physical
origin of the term E/V. The mean crpss—sechonal
concentration, on the other hand, is given by

A= f‘lA(r) 2rdr (b)

and it is this type of mean concentration that has
been employed }Il)ere as the driving force for chem-~
ical reaction.
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1 [ E
F — —— ’
a(x) o Alx) 7 A’ (x) ]
(10)
and a similar expression applies for

component B. These quantities are
tound to be

Fa (k1E k1x) B

v2’ oy /o
Vx 4k ENC
Pl T VIt >J

) (kz kiE kix ) k1
Fg \ —, 3 =
ki V2V ke — k1 {

Vx
exp -QE< 1—

\/ 4k1 E
1+ ——Vz—- — exp
Vx ( \/ 4k E ) ]
1 s
0o 5
(11)
Since the maximum value of Fp and
the alteration of this value because of

axial mixing both depend on the rela-
tive values of the rate constants in-

volved, calculations. were made for
three cases:

ks

— =102, 1.0, and 5.0

k1

Combinations of First- and Second-Order
Reaction Rates

The differential equations for the
system wherein a second-order reaction
is followed by one of first order is

FA_V A koL,
¥ E o E (12)
_azi_._‘_]_.ﬁg_lzgz_klzp
dx? E ox E
(13)

A direct analytic solution of these
equations cannot be obtained. For
small values of the ratio E/V, how-
ever, a perturbation solution can be
obtained. The concentration A is set
equal to the value it would have if
there were no axial mixing plus a small
correction term due to axial mixing
and proportional to the value of E/V:

E E
A=A —a; B=B —b
1+Va 1+V
(14)

The new variables of Equation (14)
are substituted into Equations (12)
and (13). The values of A1 and B
are found by neglecting all terms con-
taining E/V and solving the remaining
equations:

6A1+k1A2_0 (15
P )
aB1 ke k1

— 4+ — By = — A® 16
ax +V ! A% ! (16)

The solution of these equations is
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Fig. 2. Minimum L*/D for prevention of selec-
tivity loss greater than 0.01,

A 1

Z; - kl Aox (17)
14+

B1 ko . ( ~ks  kox )

— T X —

Ao kl Ao p kl Ao V {
E, ( ko ke x

ATV )_

ko — ko x
m () | e (5525) -
kl Ao } + exp V

1

1 + kl on
\%

where Ei represents the exponential in-

tegral defined by
Y exp y'
m) = J 224y o)

(18)

Values of this function can be obtained
from tables. These values for A: and
B1 are substituted into the perturbation
Equations

6a+2k1A _ 2A1 90

9x \% re= 2 (20)

b ke ki 2B

—+—b=2—A

w Vv et s
(21)

which can then be solved for a and b.
The value of a is given by

kl Aox

In ( 1+
(1 + k1 Aox/ V)2
(22)

where the boundary conditions which
have been applied are

A(0) = 0= A(0) +—€;a(oo)
(23)
E
AO:A(O) '_“‘—/-AI(O) :AI(O) -

kiAo )_1/2

a
Ao \'%

E E E2
“-]—Al (0) + 70(0)'—*{/—2'0'(0)
(24)

These conditions are chosen because of
the same arguments which led to
Equations (5). The term involving
E?/V? in the boundary condition is
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neglected as are terms of this small
order in the perturbation equations.
The solution to Equation (21) is

b L ky Apx
ki A, ( kzx) 1+ v
A v P\TY fx

ka Iny—1
exp[kle(y—l)][4—__._."/1/3 —

ko n ko2 B1 ]
ki Ao yz

(25)

where the boundary conditions have
been set following the reasoning of
Equations (8), (23), and (24). Equa-
tion (25) must be evaluated numeri-
cally. Equations (17), (18), (22),
and (25) were evaluated for the fol-
lowing ratios of ka/kiAs: 0.2, 1, and 5.

Second-Order Reaction Systems

If both reaction rates depend on the
first power of the concentration of each
reactant involved, Equations (1), (2),
and (8) cannot be solved analytically.
Thus assume that a reactor in which
there is axial mixing can be approxi-
mated by a series of continuous well-
stirred reactors. Kramers and Alberda
(3), considering residence time distri-
bution in the two systems, arrive at the
following relation between number of
stages and axial Peclet number:

1 2E

N—1 LV

The approximation is good for values
of N greater than about 5 to 10.

The concentrations of the products
and reactants leaving the ith stage can
be calculated from the concentrations
entering from the preceding stage by
using the relations

(26)

Ai-i—Ai=kiwniAiR (27)
Bi-1 — Bi = ke 7i Bi Ri —
ki7i AiRi (28)
Ri—1 — Ri = 71 Ri (k1 Ai + k2 Bi)
(29)

The case with no axial mixing was
solved first as indicated below, and an
estimate made of the total residence
time necessary in all stages in order to
obtain the maximum amount of com-
pound B. Since it was desired to mini-
mize computations by making this cal-
culation for only ten stages, the total
residence time was divided by a num-
ber near 10 chosen to simplify nu-
merical work. A value of kir/stage was
thus obtained. Each stage requires a
trial and error solution in order to de-
termine the value of Ri for that stage.
The values of A and B can then be
calculated directly. In carrying out
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TasLr 1. KINETIC AND REACTOR PARAMETERS FOR B AT A MAXxIMUM

m n m n ko ‘B kILBA n—n kB Agm—n E ®
kiAgm—n U ° vz VLg E/VLg
1100 02 0.669 2.12 0.01 0.0047 0.0037 0.80
1 100 1.0 0.368 1.00 0.01  0.010 0.010 1.00
1100 5.0 0.134 0.402 0.01  0.0249 0.020 0.80
21 00 0.2 0.512 2.12 0.01 0.0047 0.0048 1.01
2 1 00 1.0 0.284 0.88 0.01 00114 0.0115 1.01
2100 5.0 0.1126 0.33 0.01 0.0305 0.0273 0.83
1111 0.2 0.669 1.56 N =128 0.0424 0.0347 0.82
1111 1.0 0.368 0.675 N= 83 0.0685 0.065 0.95
1111 5.0 0.134 0.232 N = 11.0 0.050 0.041 0.82

these calculations, the initial concen-
trations assumed were A(0) = Ao,
B(0) = 0, and R(0) = 2A4.,.

For the comparison case with no
axial mixing in the reactor, that is, for
E = 0, an analytic solution of Equa-
tions (1), (2), and (3) can be ob-
tained. The equations are simplified by
introducing a new parameter, §:

0=%Jjﬂdx’

The system of equations then has the
following simple solution:

(30)

A=A exp (—ki16) (31)
B = Aokl ( k 0)
T ke—ky [exp !
exp (—k28)] (32)
R=R,—2Ac+2A +B (833)

The variable x can subsequently be
retrieved as a function of 4 by

x:V‘[o—(—ig;

The maximum value of B was calcu-
lated for rate constants with the ratios
ka/ki: 0.2, 1.0, 5.0.

(34)

RESULTS

Pertinent characteristics calculated
for the reactor at the point where the
production of B is a maximum are sum-
marized in Table 1. Parameters listed
are the four concentration exponents
of the kinetic equations; the ratio of
reaction-rate constants made dimen-
sionless by inclusion of starting concen-
tration Ao when necessary; the maxi-
mum concentration of B attained
when there is no mixing; value of the
conversion coordinate for the reactor
length at which the maximum occurs
with no mixing; a combination of the
diffusion coefficient with a ratio char-

acteristic of the concentration gradient
to give a term which had been arbi-
trarily chosen in starting the calcula-
tion; a Peclet number based on Ls;
the selectivity loss, 8, and the ratio of
3 to the Peclet number.

It is evident from this table that the
selectivity loss is roughly equal to
E/VLp, and the closeness of this pro-
portionality depends no more on ki-
netic order than on relative magnitudes
of the reaction-rate constants. This
suggests that axial mixing reduces
selectivity for B primarily by the pre-
mature transport of material out of the
reaction zone rather than by interfer-
ence with the reaction rate through
mixing of differing fluid elements. In
other words, the reactor product is af-
tected mostly by residence time distri-
bution and very little by intermingling
so long as the effect of axial mixing is
small. This conclusion is possible be-
cause E/LV uniquely fixes the nor-
malized variance of residence time.

An extension of this analysis (11)
to the case with another reaction de-
stroying compound C indicates that
selectivity loss for C is likewise roughly
equal to E/LV provided C appears in
reasonable quantities. In this case L is
the distance between points in the re-
actor where maxima in B and C would
oceur.

Results of this investigation can
thus be summarized by a rule of
thumb: when 8 is small, it can be esti-

mated by
E

8%_*

VLp (35)
where E is estimated by the methods
of reference 2. Equation (35) is accu-
rate within 209% for all cases studied.
A considerable simplification in apply-
ing this rule can be obtained at the
expense of usually increased conser-

TaBLE 2. VALUES OF CHARACTERISTIC GROUPS IN THE SAMPLE CALCULATION

(v318)1/2 (v31d)1/2
T, Sec. ce./sec. X 105 1/min, x 108
10 2.83 1.70
60 6.93 4,16
600 21.9 13.14

Vol. 9, No. 3

(Tv/d)1/2

(tv)1/2 (7v/8)172
cm, cm. m,
0.01414 1.414 0.01414
0.0346 3.46 0.0346
0.1095 10.95 0.1095
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vatism: in all cases E/LV is an upper
limit on the fractional reduction in the
flux of compound B if the extent of
reaction is less than that required for
attaining maximum B. In this case L is
the actual reactor length.

In development work reaction-rate
constants are often measured in experi-
mental flow reactors. It becomes neces-
sary not only to consider maintaining
the selectivity of the reactor but also
to design the reactor for negligible
errors in the determination of reaction
rates. Errors caused by axial mixing in
measurement of rate constants are esti-
mated by considering how a reduction,
8, in the maximum concentration of an
intermediate compound is reflected in
the values of the rate constants de-
duced therefrom. For many cases the
percentage of error in determining the
relative values of rate constants is ap-
proximately 3008. A more accurate
estimate of the relation between peak
concentrations and relative values of
the rate constants can be made if the
reaction rates are known approximately
when the experimental reactor is being
designed.

Since the degree of mixing which
causes a 1% loss in selectivity gen-
erally leads to errors of several percent
in the determination of reaction-rate
constants, quite stringent limitations
are placed on the design and operation
of an experimental reactor if accurate
rate constants are desired. Further-
more, an experimental reactor usually
must be designed to operate over a
range of flow velocities so that resi-
dence time can be varied easily; the
reactor must be designed for those resi-
dence times at which mixing is most
disadvantageous: long vesidence times
for turbulent flow reactors and short
residence times for laminar flow reac-
tors.

Design of Reactors with Tolerably
Small Axial Mixing Effects

For turbulent flow reactors a limi-
tation on L/D, the ratio of length to
diameter, arises in the following way.
Consider designing a reactor to be
operated at a chosen Reynolds number
with a reactant mixture of given
Schmidt number; the ratio E/DV is
then fixed (I, 2). If an upper limit is
set for 8, and thereby for E/LV, the
minimum allowable L/D becomes

(36)

For maintaining § = 0.01 the mini-
mum L/D is shown in Figure 2 as a
function of Reynolds number for two
cases: typical gases (Nsc~1) and
typical liquids (Nsc> 100). Low
Reynolds numbers are clearly unde-
sirable.
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Fig. 3. Design chart for experimental reactors:
effects of axial mixing.

For calculating the necessary dimen-
sions of flow reactors the parameters
found convenient as independent vari-
ables are Q, 7, v, and D. Ordinarily the
physical properties of the system and
the residence time are determined by
conditions under which the experi-
ments must be performed, conditions
such as temperature, pressure, and
catalyst concentration. The disposable
design variables are then the reactor
geometry and flow rate. The following
parametric equations relate maximum
reactor diameter, minimum reactor
length and flow rate:

Dmax = (v 8)1/2 Ngg/2 (_E_)‘l/g

DV
(37)
Ty 1/2 E 1/2
= (22)" o ()
5 "\ DV
(38)
—~1/2
= L (1,378)1/2 Ng,3/2 (_12.)
Q= ()N g
(39)

These equations can be written using
the definition of Reynolds number, the
fact that residence time is L/V, and
by setting & = E/LV. The set is suffi-
cient because of the unique relation
between E/DV and Nre for a given
Nsc as already mentioned.

The dependence of Dmax and Lmin
on Q for a turbulent flow reactor has
been calculated from Equations (37)
to (39) and illustrated in Figure 3.
Geometric limitations do not appear as
severe at high flow rates as at low flow
rates; the design is most constrained in
experimental reactors where high flow
rates cannot be maintained. It should
be noted that the curves in Figure 3
cannot be extrapolated to values of
the abscissa lower than 2 X 10* be-
cause this becomes a region wherein
the flow is metastable, possibly turbu-
lent, but without a well-defined turbu-
lence pattern.

For laminar flow the value of E/DV
is given by (I)

E DV —NReNSc
DV 192D 192

(40)
If the selectivity loss must be less
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than §, then Dmax can be calculated
from Equation (41):

Dimax == (192 6@1‘)1/2 (41)

The maximum tolerable diameter in
this case depends not on flow rate but
on the molecular-diffusion coefficient
and the shortest residence time antiei-
pated. With the diameter fixed, the
length necessary for the laminar flow
reactor is set by the flow rate desired
at the longest residence times:

I - 4:Q
xD?

Specifications for little axial mixing in
a laminar flow reactor can therefore
be met even it the residence time is
long and the flow rate is small. The re-
actor diameter, however, must usually
be rather small as shown below.

(42)

EXAMPLE OF APPLICATION OF
RESULTS

The methods developed here can be
illustrated by application to a typical
problem. Consider the process

k1
A+R-—>B

ko
B+R—>C

where B is the desired product. These
reactions are to be studied with com-
binations of catalyst concentrations and
conversions such that residence times
between 10 sec. and 10 min. are neces-
sary.

Preliminary  experiments indicate
that the first reaction is approximately
three times as rapid as the second. At
maximum expected catalyst concentra-
tion A is one-half converted within 30
sec. What would be a practical reactor
design with regard to the flow rates
generally feasible in an experimental
study?

A reactor design is chosen to main-
tain selectivity for B when it is pro-
ducing B at maximum possible concen-
tration. However, the flow rate through
the reactor will be varied in order to
vary the conversion. For conversions
insufficient to produce the maximum
amount of B this assumption leads to
a slightly conservative design as pre-
viously stated.

The average physical properties of
the reaction mixture are estimated as

vy = 0.2 centistokes = 0.002 sq.
cm./sec.
p=0.6g/cc.

D = 1.0 X 107* sq.cm./sec.

A limit of 0.01 on the selectivity loss,
8, is chosen to insure against errors
larger than 8% in the rate constants. If
values of = equal to 10, 60, and 600
sec. are chosen for calculations, then
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Fig. 4. Design limitations for an experimental
reactor for the example problem.

with » = 0.002 sq.cm./sec. and & =
0.01, the values of the required charac-
teristic groups are as shown in Table 2.
The wvalues of these characteristic
groups can be used to calculate Dmax
and Lmin as a function of Q by using
Figure 3. The results are shown in
Figure 4.

In Figure 4 many of the limitations
of a turbulent flow reactor become ap-
parent. First, long residence times
make a flow reactor inconvenient un-
less the laboratory is suitable for the
erection of long straight pipes. In this
example, the minimum length of the
reactor is 7.88 meters if a residence
time of 10 min. is desired. Secondly,
cnly a very long reactor will be satis-
factorily operable with flow rates
which are reasonable for laboratory-
scale experiments. Decreasing the re-
actor length can be accomplished only
at the expense of increasing flow rate
and reactor diameter. Finally, one of
the severest limitations of flow reactors
appears: lack of flexibility of operation.
It is difficult to build one reactor which
will be operable over a considerable
range of residence times. For instance,
a reactor of 12 meters length and 3.75
cm. diam. would be operable with a
flow rate of 1.31 liters/min. to give
residence times of 10 min. If this re-
actor were to be operated with resi-
dence times of 10 sec., the flow rate
would have to be increased to 600/10
X 1.81 or 79 liters/min. The alterna-
tive to increasing the flow rate exces-
sively is to shorten the reactor for
smaller residence times, or, for that
matter, to construct a different reactor.
In this example, if the 3.75 cm. diam.
reactor is to be shortened, its length
would be 1.2 meters and the flow rate
approximately 8 1/min. for a residence
time of 10 sec. A design such as this,
however, is meaningless because en-
trance effects grow to overriding pro-
portions when the ratio L/D becomes
less than 100.

If use of a turbulent flow reactor
is unavoidable and the required length
is intolerable, the reactor might be
built up of a few long sections. By no
means could the reactor be coiled, nor
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should the straight sections be con-
nected by gentle bends or curves. A
sharp 180 deg. reversal of flow by
close-turning elbows is far less harm-
tul, even though the pressure drop may
be greater.

In preference to a sectional turbu-
lent flow reactor a laminar flow reactor
might be used. For laminar flow, the
values of Dmax calculated according to
Equation (41) are 0.438 mm. for + =
10 sec., 1.07 mm. for r = 60 sec., and
3.4 mm. for + = 10 min. This reactor
need only be long enough to give the
desired flow rate at the longest resi-
dence time, according to Equation
(42).

The analysis thus far has indicated
no convenient reactor design for car-
rying out accurate experiments; a com-
promise can be investigated. The most
nearly practical design was the laminar
flow reactor so a modification of this
design might be acceptable. Assume it
possible to construct a reactor 1 mm.
in diam. and to vary catalyst concen-
trations in a way which eliminates the
need for residence times less than 30
sec. What error would be introduced
into such experiments?

Rearrangement of Equation (41)
yields the relation

D2
S =
192D+

For D = 0.1 cm. D = 107* sq.cm./
sec., and r = 30 sec., the loss in selec-
tivity,- 8, is 0.0174. If the maximum
concentration of B is to be used in de-
termining the ratio of ks/ki, this error
of 1.74% in Bmax will introduce an
error of about 5% in the ratio of k2/k1
for the case where ko/ki ~ 3 and the
reaction kinetics are first order with
respect to all reactants. If this 5%
error is tolerable, then for a 1 mm.
diam. reactor residence times as short
as 30 sec. may be used.

The length of the reactor can be
calculated from Equation (42). If 25
ce./hr. is a sufficiently large flow rate
for analysis, the length necessary for
the longest residence time, 600 sec., is
530 cm. from Equation (42). At the
shortest residence time, 30 sec., the
flow rate will be 500 cc./hr. based on
25 cc./hr. at 600 sec.

This peculiarity of flow reactors is
clear; for reactor lengths equal to the
normal dimensions of a laboratory, the
flows must be either very small in the
case of laminar flow or very large in
the case of turbulent flow.

(41a)

LIMITATIONS OF THE ANALYSIS
The complexity of the physical sys-

tem being studied prevented an exact
analysis of the way in which axial mix-
ing affects the course of a reaction. In-
stead, the problem was treated in terms
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of an effective axial diffusivity super-
imposed on an idealized plug-flow
reactor. When the parameter E/LV
is small (on the order of 0.01), slight
but significant differences from the
idealized reactor are predicted. The
solutions presented are therefore in the
nature of perturbations to the idealized
reactor. They are expected to be valid
approximations for small values of
E/LV. Unfortunately, no definitive ex-
periments have been performed to
mark the limitations of this analysis.

For the case of a laminar flow reactor,
Cleland and Wilhelm (4) have carried
out an exact solution of the problem of
reaction with axial mixing. Their cal-
culations were, however, concerned
only with the conversion of one react-
ant. The values calculated by their
exact method agree well with those
found by the approximate method de-
veloped here as long as the value of
E/LV is equal to 0.05 or less.

It is evident from the foregoing that
the methods used in this report are use-
ful for designing reactors in which axial
mixing is to be held within certain
limits, rather than in interpreting data
from reactors in which there has been
excessive axial mixing,.

It should also be borne in mind that
the methods presented here are limited
to straight pipe reactors and are invalid
for reactors which have curves or
bends. In curved pipes, mixing is
known to be much more severe and is
difficult to analyze quantitatively.

NOTATION

A
)

concentrations of compounds

A and B

Ao = concentration of A in the re-
actor feed

At concentrations of compounds

A and B in the first approxi-
mation, neglecting the effects
B1 of axial mixing

a concentration perturbations for
compounds A and B which
give the first approximation to

b the effects of axial mixing

D = diameter of reactor tube

Dmax = maximum allowable reactor
diameter

D = molecular-diffusion coefficient

E = axialmixing coefficient, ex-
pressed as a diffusion coeffi-
cient, area/unit time

Fa flux concentrations of com-

pounds A and B; sometimes
called mixing-cup concentra-
Fg - tions

ki, ke = reaction-rate constants
L = length of the reactor
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L = length of the reactor required
to reach maximum concentra-
tion of B

Lmin = minimum allowable reactor
length

m, m’, = exponents expressing depend-

n, n ence of reaction rates on con-
centrations of reactants; de-
fined in Equations (1), (2),
(3)

N = number of well-mixed stages
used to approximate a con-
tinuous flow reactor

LV

Npe = Peclet number, = 5

DV
Nre = Reynolds number, = —
14
v
Ns¢ = Schmidt number, = —
D

Q@ = flow rate of reaction mixture,
vol./unit time

R = concentration of reactant R

Ro = concentration of R in the re-

actor feed

reduced radial coordinate: r

= 0 at center, r = 1 at wall

axial velocity at a point

averge flow velocity in the re-

actor

axjal coordinate of the reactor

a mathematical variable

loss of selectivity; the frac-

tional reduction in the maxi-

mum attainable amount of the

product of interest

parameter defined in Equation

(30) has units of the recipro-

cal reaction-rate constant

v = kinematic viscosity, area/unit
time

T = residence time

_}
i

I

<=
!

=
f

S
ot

=
i

LITERATURE CITED

1. Taylor, G. 1, Proc. Roy. Soc. (London),
A219, 186 (1953); A223, 446 (1954);
A2925, 473 (1954).

2. Tichacek, L. J., C. H. Barkelew, and
Thomas Baron, A.LCh.E. Journal, 3,
439 (1957).

3. Kramers, H., and G. Alberda, Chem.
Eng. Sci., 2, 173 (1953).

4. Cleland, F. A., and R. H. Wilhelm,
A.ICh.E. Journdl, 2, 489 (1956).

5. Levenspiel, Octave, and Kenneth Bis-
choff, Ind. Eng. Chem. 51, 1431
(1959).

6. Schoenemann, K., Dechema Mono-
graph., 21, 221 (1952).

7. Horn, Friedrich and Leopold Kiichler,
Chemie Ing. Technik, 31, 1 (1959).

8. Zwietering, T. N., Chem. Eng. Sci.,
11, 1 (1959).

9. van Krevelen, D. W., Chemie Ing.
Technik, 30, 553 (1938).

10. Hedden, K., ibid., 385.
{1. Tichacek, L. J., Preprint 27, AL.Ch.E.
Atlanta meeting (February 21, 1960).

Manuscript received November 20, 1959; revi-

sion received November 9, 1962; paper accepted

November 12, 1962. Paper presented at A.I.Ch.E.
Atlanta meeting.

Page 399



