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ABSTRACT

Nonideal behavior of an imperfectly mixed continuous
flow tank reactor under isothermal condition was investi-
gated by observing the transient response of the outlet con-
centration to simultaneous step changes in inlet flow rates
and concentrations. The saponification reaction of ethyl
acetate with sodium hydroxide was adopted for the experi-
mental work.

Residence time distribution at various mixing levels
was obtained from tracer information, and mixed models of
perfectly stirred tank and plug flow reactors in series
wefe adopted for macromixing models. It was shown that the
conversion decreased with an increase of the mixing rate,

The perturbation method and the method of characteris-
tics were found useful in obtaining the solutions for the
transient concentrations.

Comparing the experimental transient concentration
with those of a plug flow reactor, a perfectly stirred tank
reactof, and the mixed model show deviation from perfect
mixing and confirms the existence of late mixing.

The mixing pattern is a strong function of the reactor

iv
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geometry. The theory developed herein can be applied to
other reactor geometries by obtaining the tracer response
of the system in question. The model then allows prediction

of the reaction conversion for this new system.
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INTRODUCTION

All flow reactors deviate to some extent from the ideal
cases of perfect mixing and plug flow. In a perfectly stir-
red tank reactor, the composition of the reacting fluid would
have a uniform value throughout the reactor and equal to the
output composition. Perfect stirring can be achieved at a
very high stirring rate. However, the power cost for the
stirring may be an important economic factor, and the assump-
tion of perfect mixing cannot be satisfied in many cases.

Ohe of the earliest works on the effect of mixing on the
reactor performance was presented by Bodenstein and wOlgast(lz
who studied the difference between perfect mixing and plug
flow. In 1935, MacMullin and Weber(z) presented a pioneering
work, in which they studied the residence time distribution
of a system of tanks in series with short circuiting.

Methods of modeling of the flow system were first presented
by Danckwerts(B), who defined certain distribution functions,
such as external and internal age distributions, which give
information on the mixing eharacteristics in vessels. The
methods of experimental measurement of age-distribution func-

tions and their interpretation to detect dead regions, by-
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passing, and non-uniform regions are lucidly summarized by
Levenspiel(u), Himmelblau and Bischoff(5), Levenspiel and
Bischoff(é), and others.

In order to study the behavior of the actual reactors,
two modes of mixing, namely micromixing and macromixing,
should be considered. In micromixing individual molecules
are free to move about and intermix, while with macromixing
molecules are visualized as grouped together in aggregate
or packets. |

Many of the main features of macrdmixing effects can
be represented by single coefficient dispersion models.
Levenspiel and Bischoff(7) presented dispersion models for

(8)

second-order reaction and Fan,and Bailile presented those
for the reaction orders of %, %, 2, 3, as well as complete
sets of concentration profiles through the reactor section.
Degree of segregation as a measure of micromixing was
defined by Danckwerts(9). The two limits of‘xmicromixing9
namely complete segregation and maximum mixedness, were de-

fined by Danckwerts(9) and Zwietering(lo)

, respectively,
Reactor performance can be predicted effectively by
mixed models which consist of interconnected flow regions i
with various modes of flow such as plug flow regions, per-
fectly stirred regions, dead space, and crossflow. Models
are frequently determined with the help of age-distribution

functions obtained from the tracer runs on real reactors,

and these models are then used to predict the behavior of
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the real reacting systems.

Age-distribution functions obtained from the tracer studies
give information on macromixing but not on micromixing.
Therefore, tracer curves can predict the performance of the
reaqtors fér the linear processes (first-order reaction)
where interactions between fluid elements do not affect the
reaction rate.

For the nonlinear processes, the tracer curves give only
the limits on“conversion; and information on micfomiXing as
well as macromixing is nécessary for the complete description
of the reactor behavior. Complete segregation and maximum
mixedness are two limits for micromixing. The former con-
siders each fluid elemenf to be totally isolated from the
other elements, while the latter considers the elements to
mix at the earliest possible moment. Determining the degree
of segregation will give a semiquantitative idea of the micro-
mixing behavior in a vessel, but it cannot be related qual-
itatively to the performance of a reactor.

The first work to describe the behavior of a real stir-
red tank reactor for a linear process under isothermal con-
ditions with a mixed model was presented by Cholette and

(11)

Cloutier From the result of tracer_runs, they found

that their reactor was best fittedvby a model consisting of
a backmix region and of a dead space with a portion of the
fluid bypassing the vessel. They also presented these para-

meters as functions of the mixing rate. Bartock et al (12)
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also presented work with linear systems. For a second-order
reaction, experimental work has been presented by LaRosa and

(13)

Manning , who found that measured rates of reaction dec-
reases with the increase of degr=e of mixirg and correlated
the degree of segregation with rpm. A number of further works

have been presented.(14v15:16,17)

Le111(18)

suggested that the residence time distribution
obtained from a reacting-tracer isothermal first-order system
with variable inlet stream doncentrations may more accurately
simulate actual systems of interest. Mathematical theory on
the residence time distribution for reacting systems was first
considered by Nauman.(lg)
Other investigators made an attempt to describe the actual
reactor with stochastic models rather than deterministic ones.
Krambeck et al(zo) presented a mathematical theory which con-
siders the probabilities of flows flowing within n-stirred
tanks arbitrarily connected by interstage flow. It seems that
numerous stochastic variables make this method quite impractical.
In this wofk, the nonideal behavior of an imperfectly
mixed reactor was investigated by observing the transient
response of the outlet conéentration to step upsets in inlet
flow rates and concentrations for a second-order reaction
under isothermal conditions.
First, tracer runs were performed to find age-distri-

bution functions in order to prédict the mixed model.

Because the reaction was nonlinear, two extreme models
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were taken to bound the conversion for macromixing. The
other 1limit for complete segregation with the known res-
idence time distribution was calculated. Mathematical sol-
utions for the transient concentration for a perfectly stir-
red tank, a plug flow reactor, and a mixed model were com-

pared with the experimental data.



EXPERIMENTAL WORK

Figure 1 shows the schematic diagram for the experimental
system. The reagents were stored in 5-gallon bottles and fed,
through a constant temperature bath at 80°F., to the top of
the reactor by air controlled with a pressure regulétor.

Flow rates were measured by Fischer & Porter rotameters rang-
ing in capacity from 20 to 155 cc per minute. The flow lines
were %-inch Folyflo tubing.

The geometry of the reactor is shown in Figure 2.

In order to set the pH probe in an upright position for max-
imum efficiency, the reactor top was sealed, and an overflow
reactor was adopted. The reactor consisted of a 1225 cc
stainless-steel cylindrical vessel which was 4 inches in dia-
meter and 5 3/4 inches in height, mounted with four baffles
13/32~inch wide and 4-inch high). The impeller was a three-
blade stirrer 1 inch in diameter and was mounted 2 inches
from the bottom of the reactor. The saponification reaction
of ethyl acetate with sodium hydroxide was adopted for the
experimental work.

Following are the procedures taken for tracer runs

and transient reaction runs.
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Figure 1.

Schematic Flow Diagram
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Figure 2. Reactor Geometry
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Tracer Runs

First, distilled water from two of the storage bottles
were introduced to the empty reactor through the two reac-
tant tubes at 80 ml per minute each. When the reactor was
filled,vtracer was introduced by turning the three-way valves
to the other two bottles containing 0.1 N sodium hydroxide.
The resulting transient sodium hydroxide concentration at
~the outlet was obtained on a.Mosley 7100B strip-chart recor-

der.

Transient Beaction Runs

Solutions of O.1AN and 0.05 N sodium hydroxide were
prepared and stored in two different bottles connected to
one of the inlet lines, and 0.1 N ethyl acetate solution was
stored in the other two bottles. Initially, 0.1 N sodium
hydroxide and 0.1 N ethyl acetate were passed through the
reactor at the flow rate of 80 ml per minute'each. When
the steady state was observed in the recorder, a sample was
withdrawn to known amount of excess 0.1 N HC1l solution.
After collecting the sample, sodium hydroxide concentration
was upset to 0.05 N by using the three-way valve, and ethyl
acetate flow rate was raised to 100 ml per minute. After
the new steady state was reached, a sample was collected to
known amount of excess 0.1 HCl. Each sameple was titrated
with.0.0l N sodium hydroxide solution immediately after be-

ing withdrawn from the outlet of the reactor, and the tran-

11
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sient concentration of sodium hydroxide was obtained by the
7100B strip-chart recorder. At the concentration employed

in this work, heat generation was negligible and the system

was isothermal.

12
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TRACER INFORMATION

For the step input of tracer with the concentration

C

0! the response of the outlet concentration for the two

ideal cases of perfectly mixed continuous stirred tank

(CSTR) and plug flow (PF) are shown in Figure 3.

1
_ C
I=1 ~ — CSTR PR
Co
0
time

Figure 3. Besponse at the outlet to input
tracer for CSTR and PF

13
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Actuailresponses of an imperfectly mixed stirred tank
reactors would lie somewhere in between these two_limits.

In this work 1 curves as shown in Figure 3 at the various
mixing level were obtained by the continuous injection of
sodium hydroxide tracer (0.1 N) to the inflow line (flow
rate of 0.16 cc per minute; initially water). These curves
were compared with the responses of known mixed models, some
of which are shown in Figure 4.

The experimental data are shown in Appendix (p. 60-62)
and the residence time distributions (I curves) are shown
in Figufes 5a through 5d. The apparent delay action during
the initial portion and subsequent exponential change in out-
put response ﬁo the tracer injection resulted in the choice
of the model of PF and CSTR in series as shown in Figure la.
However, whether PF portion precedes CSTR ~r vice versa could
not be deﬁermined from the tracer-information'alone, as men-
tioned in the introduction.

It was shown from the experiment that the fraction of
the plug flbw portion (Vp/V) consistently decreased with the
increase of the stirring rate (rpm). Figure 6 shows this
trend.

It appeared that 1og(Vp/V) was a linear function of
rpm, and the following correlation was drawn by using the

least square techniques:

log (Vp/V) = -1.075 x 10™(rpm) . 2.001 (1)

14
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V2
Vp V1
Vv R
b oo
Vb
dead
space
Va

al. S-T Model

()

Vp/V
e = vt/V e

az. T-3 Model b. Cholette &

.Cloutier Model

Figure 4. Some simple mixed models

and their residence time %§stribution functions:
in part from Levenspiel
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Figure 5b.

Residence time distribution function I
at 194 rpm



T-1327 19

.10

exp[-1.033(6 -0.0327)]

'® Experimental

.05 Run 4

A 1 1 | | | ! \ l | | L
1.0 2.0

©
Figure 5c. Residence time distribution function 1
atn279 rpm



.10

.05

!

.01

Tw1327

exp(-0)

Experimental
® Run 5 (413 rpm)

A BRun 6, 7, 8
(615, 1060, 1290 rpm)

l .o . 2.0

Figure 5&. BResidence time distribution function I
' over 4_13 rpm

20



T-1327

Figure 6.

Fraction of the plug flow portion
as a function of mixing rate

21
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The exponential change of response to the tracer as
shown in the equation in Figure 4a was in excellent agree-
ment with that obtained from the experiment for rpm range
over 279.. For the lower rpm some discrepancies were shown.
However, the apparent delay action coupled with the trend
of»decreasing Vp/V with the rpm justify the same model for
this region also.

There was negligible error in NaOH concentration and
approximatel& +3% fluctuations in flow rates. The error
in time délay (approximately 5 seconds) from the point where
the tracer was introduced to the point where it was detected
was obtained by the responses at high rpm where perfect mix-
ing is reached. Over 615 rpm the experimental responses
essentially did not change and the delay in these responses
was considered the error, and this amount was subtracted in

each run.

23
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LIMITS ON CONVERSION

In the previous section, it was found that the reactor
system adOpted‘in this study closely followed the arrange-
~ment of perfectly stirred‘tank-~plug flow (S-T).or plug flow--
perfectly stirred tank (T-S) model as shown in Figure L4a.

These models give conversions for macromixing. For a
first-order reaction (A——>products, dCp/dt = - kCp ),

both models will give same conversion by material balance.

[a) "kT

For a second-order reaction (A + B ——> products,
dcp/dt = -kCpCp), material balances give different conver-

sions for T-S and S-T models::

For S-T model,

XA=1+ 1—;JLPCAok{§b+1
200okTh + CaokTp (~1+[1+4Cy KTy)

if Gy = Cy (3)

2%
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Cao (1 + ¥ § e-k (pN)
Cai

where N = Cpo - Cpo

~F + KVN +4 KVpN - 4kVi,CpoF

Cps=
2kVyp
if Cy # Cp (4)
For T-S model,
LWkCAo 7Ch
Xpg = 1 + —1— -J:1 A0 ~b
chok?% kCpoCp + 1

if CA = CB (5)
Xp = 1+ > [1 k ¢, N
A 2kT1Cao b

LGN
(1- k’(TDI\I)2 + L —
) N - Cao -(pkN
+
Cao

if Ca # Cg

(6)

25
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The tracer information thus does not give a unique value
of conversion for}reactions other than the first‘order;
Additional information concerning the relative earliness or
lateness of mixing is aiso necessary.

The following two limits on micromixing were defined by

Danckwerts (9).

(a) Complete Segregation: The incoming fluid
is broken up into discrete fragments or streaks which
are small compared to the tank and uniformly dis-
prersed in it but in which molecules entering together
remain together indefinitely.

(b) Maximum Mixedness: The inflowing material
is dispersed on the molecular scale in a time much
less than the average residence time; the environment
of any particular molecules does not tend to contain
an excess of molecules which entered at the same time
as itself and the mixture is chemically uniform.

From these definitions, it can be seen that micromixing
has no effect on plug flow reactors, and material balance
for perfect macromixing gives the limit for maximum mixed-
ness for the perfectly stirred tank. |

Thus, results from the material balances obtained from
T-S and S-T models are limits for maximum mixedness. For
the limit of complete segregation, the different streams
having different residence times are combined at the reactor

outlet to give the average conversion:

.
XD = S Xa (7 )aE(T) (7)
0

where MT)=1 .-1(7)
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For the residence time distribution of the previous sec-
tion,

ED =1 - exp[-(7- ) /Tl T ~ T)

where U is the unit step function,
the conversions of the second-order system for ¢complete: ség=

regation are from equation (7) to give:

) = kCAoer
1 + kCpo%p
22
KC A0 T 1 PR —
+.§1 + KCaoT G exp[~(T-%) /%] - av
pA 4
Pt ¢y = cg (8)
N
XA =1
Caofl + N -CAo -k /TN
o Cho °© )
+ {1 . NNC . Va8 e -l—exp[;(f;fi)/fﬂ}-d?7
Cpoll + _'E'_Ag e”"e Ny v |
- Ao
%
if Ch # Cp (9)

Initially, the reactor was operated with the same inlet
conditions. The outlet concentration obtained from the ex-
vreriments as a function of rpm was compared with those of
T-S and S-T models and that of complete segregation calcul-
ated from equations 5 through 9 in Figure 7.

It appears that macromixing models satisfactorily pre-

dict the conversion, although at a very low mixing (lower
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Figure 7. Steady state NaOH concentration
as a function of mixing rate

28
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than approximately 100 rpm) some segregationceffect may be
present. This result supports the trend indicated by
Weinstein and Adler(21) that single, isothermal reactions
are only SIightly affected by micromixing but are subs-
tantially affécted by macromixing.

It could be concluded from Figure 7 that the limits on
conversion will predict performance of the reactor qualita-
tively. Any inbonsistencies shown would be due to errors
-from age distribution functions which were not exact and to
fluctuations in flow rates (iB%).

The rate constant was calculated from the perfectly
stirred tank model with the experimental data abéve 890 rpm,
where conversion is not affected with an increase of the

mixing rate.

30
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TRANSIENT CONCENTRATION

In this section, transient concentration of sodium
hydroxide to step changes in inlet flow rate of ethyl acetate
~and inlet concentration of sodium hydroxide is considered
at various mixing rates.

The solutions for the ideal cases of perfectly stirred
tank and plug flow reactors are obtained by the perturbation
method and the method of characteristics, and are combined

to give the solution for the mixed models.

Perfectly Stirred Tank Reactor

The steady state equations for a second-order system

under isothermal condition are:

Fpo Cho - F Cp- KVCp Cp (10a)

]
o

|
o

For the unsteady state, accumulation terms are taken

into account to give

ac |

VA = Faolao + FCA - KVCACp (11a)
dc

v at& = Fpolpo - FCp - KVCxCp (111b)

3

3i
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For step changes in inlet concentration of sodium hydroxide-

(A) by K and inlet flow rate of ethyl acetate (B) by 63,

each variable can be written as the sum of the steady state

value and the perturbed value as follows:

Substituting these into

Cao = Cpo *+ X
Ca = Cp + Cf
6y = Oy + CB
Fo = FBo + @
F = F + 65

the unsteady state equations and

subtracting the steady state equations, we get

ach
at

= a; + biCf + cqCf + ACACH

a, + bZCA - CZCé + dCACé
a; = (O(FAO—. @EA )/V

by = -(F +p+ kVCg) /V

.d = =k

(12a)

(12b)

a2 = ((3%Bo BB /Y
b2 = -kCp

Cy i -(F + @+ kvb‘A)/v

(For convenience, primes will be deleted henceforth.)

The system of equations (12a, b) can be easily solved

by the Laplace transform method or characteristic root method,

if the flow rates and concentrations are such that Cp can be

32
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written as a function of Cg (e.g. Cp = Cp, and Fao = Fpo)

or if the perturbation is spall and ﬁhe nonlinear téfms are
negligible, -However, when the nonlinear terms are not neg-
ligible, as in the present case, they should be taken into

account.

Numerical methods, such as the predictor-corrector
method or the Runge-Kutta method, are at hand, but they
require considerable time for derivative evaluations and

~iterations. Following is the solution.of the system of equa-
tions 12a, 12b by the perturbatién method.

First, nonlinear terms are perturbed by the perturb-

ation parameter/}&, wherg/q <1l:

dcCp

ac = a4 + bch + Och + //(d.CACB (133)
dCg
3T - ap + bpCp + coCg + /{/(dCACB (13b)

Then the transient concentrations are sought in terms of a

power series in/ﬁ& as follows:

= C 1n (14a)
Ca Cpolt) + ig?;m.cAl(t)
n :
Cg = Cpolt) + .Z;//Lchi(t) (14b)
i=

For the first order approximation,

substitute

Ca(t) = Cpolt) +/MCA1(t)

Cpo(t) +/ACB1(t)

]

Cp(t)

33
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into equations 13a and 13b to give

dCao dCa1q
+ —_—t = a - b4C + ¢4C

+ M(b1Ca1 - €10B1 + dCAGCBO)

+ higher order terms in//& (15a)
dCpo dCnq
220 —t = g - boC + ¢oC
it M 2 2CA0 2CBo

+ M(b2Cpy -~ e20B1 + dCaoCRo) (15p)

+ higher order terms in//(.

Matching the coefficients of /Mp and /M},

we get
d_CAo
it -3 * Dbilpo * c10po (16a)
ac
Al b1Ca1 + c1Cp1 +3CaoCRo (17a)
dCpy :
I = boCp1 + c2Cp1 +dCAoCRO (170)

These systems of equations are linear and are solved as
follows.

First we solve the system of equations 16a and 16b.
Taking the Laplace transformation, with the initial con-
ditions

Cab0) = Cpol0) = 0,

and rearranging, we get,
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(s-b1)Cpq
~-bs EAO + (S—CZ)EBO

Solving for Cpq

Cao

CBo

where

il

——

- ¢1Cpo

a]_/s

an/s

and 6%0

.ajls -d3)

s(s-ol;) (5-05)
as(s-o{y)

s(s-a&)(s—05)

% [by + cp + V(b1+cz§-4(b1cz-9201i]

% [bl + cp = V(b1+02§"u(b1°2"b2°1.)]

cy - azcy/ay

bl . albz/az

Inverting equations 19a and 19b, we get

where

and

Golr - ¢ (31‘30(1t * @zedzt)]

(et + a2t
_adly
(o ook
I RN
o, - ay (o3 - olp)
? O(2 (°<2" °<1)(3 o]

(18a)

(18b)

(19a)

(19b)

(20a)

(20D)
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By - . 2%
- oly oy

_ 8.2 (O<)+~O[1)
Bu = 1 (g =e) (3

az(d@f‘(}/z)
Cs = ol (=0 (3

Gs *+ (y=1

CAo(t) and CBo(t) (equations 20a and 20b) are the solutions

for the small perturbations.

We proceed to solve the first-order correction terms,

Cpq and CBlf by substituting C, and Cp (equations 20a and
20b) to equations 17a and 17b and solving the resulting sys-

tem of equations.

g%él = P18t 0 Cpy |
oo [ et e[ et
(21a)
ggﬁl = béCAl * 220
- agofy [} (€1edit+PZed2%£][; | (Pued1t+€3édzéﬂ
(21D)

Taking the Lapalace transformation of equations 21a and 21b

with the initial conditions

CAl(o) = Cqq(0) =0

and proceeding as before, we get
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(22) { ﬁ - N»o .mwo AV TR
(ot ot tosZom) (TR Tg)- | *(p+)0)
.l N
R A N B
oz + Zm)f0 T ..
L (Ppg+torCom) T~ | alpe
p@os ey Corpen) Cpetn) pGprtemy

ﬁwma+ﬁo+mo- ("g%d+77 ¥g))

Amz+ﬁo+mo-v¢@ﬁ® Nz+ﬂo+mo, m@m%

4
N -Ty
§+x¢+p®fv 692 + = NNCQ dvﬁ .
To-To-Zo ~To-Z5 (B0+Zo-To) (ehT0) E o-To | a%0°
(%p-) (%o = T (Mo-) (+%0-) (Cpz+10) (%0~ ")
. (Fp+Co- oidmmxmﬁlﬂ ( x+mo..ﬁo§%m (Yo+8o-To) (5929)
NANB* .Vo..v_....., _, NA o+ \Q HX+NX.. ANX+{.¢HMOI
AN g g
Aﬁ?monﬁov,%m\%% + %15 2, + TS0t o] m+ % T T80t - pc% .
o~
— R 0
m..* Z2o- 1o mm &.@
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The assumption that

El o(1t &zt:l [1 F A1ty (jgeo(gt:l

where o = 3 .(O{i + 0(2)

(23)

gives simplified solutions for the first-order correction

terms,

C ;= d(50(33 (yo . Xledlt__ Xzeoth_ XBeO(t) (23a)

where B} Cy=Cy
Ty 5?

e (cq=cot 1) o

L R Y (=)

Y - (cl'_‘cz"'dz)‘d

Y ) "c'l'-lcz'-'i-()(
3 () (d - )
T R R S BT
where YLp = (:2;21
1

X X (by=D, +oly)
57 ol U=l ) (o —ofy)
B) _ A (by=b, +0,)

}/ bz—b1+o(
T ) (K=K )
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For the present experimental setup with large concent-
ration and flow rate upsets, transient sodium hydroxide conc-
entration calculated through the first-order correction terms
using equation 22 showed little difference from that using
equation 23a, as the following table shows, and the assump-
tion of equation 23 appears to be good.

TABLE Transient NaQOH Concentration

Time (min.) using Eq.22 using Eq. 23a

0 0.02200 0.02200
1 0.01947 0.01916
2 0.01722 0.01697
3 0.01552 0.01572
7 0.01055 0.01108
10 0.00888 0.00856
12 0.00826 0.00799
0 0.00716 0.00716

Continuing with the approximations

CAiCB\f} = CA,n-]_CB,n_l i, Ln-1 (242a)
Can & Cp g @(1 - &XF) (241)
Cpn = Cp,p-g @) (1 - ) (2hc)

we get the following general expressions for the correction

terms:

Cap™ ndCA,n_l(a»CB,n_lkw)(y;—ygéflt-fgéxzt_zééxt)(253)

Cppy™ ndCA,n—lex)CB,n,1(°®(XL‘)geult~y;é%2t-3;é%t)
(25b)
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Now convergence of the correction terms can be easily
checked by equations 24a and 24b. Then we'relag/}&to 1

to get the transient concentrations

C, = G v (26a)

A + C

Al

CB = CB + CBO +‘CBl + e (26Db)

For the present experimental setup, the transient conc-

entration converged after the first correction terms to 0.5%.

Plug Flow Reactor

The unsteady state equation for the second-order PF
reactor is
[N

ot = -kC

2Cy
+ v 52*

A% (27)
For the inlet flow upset, we write linear flow velocity as
the sum of steady state value and perturbation.

v=yv+v!

With the change of variables,
& = vt/L; y=z/L; 7r=v'/v; X=CA/CAo

equation 27 becomes

X

aX (28)
00

f

+ (1 - v'/%) %-;i

Lo
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Substituting the stoichiometric relation

Cg = Cy (Cpg = Cpy)
into equation 28, we get
X L(q 4 ¥'y X _ XL
e TATF) 5 = = Xcy (Crom Co)
- .. XLCao X(X - M)
v
= . P X(X .- M) (29)
where M= (Cp, - CBo)/CAo and P = kLCAo/ v
. (22)
The change of variable suggested by Koppel
X o
(.1 (4 1 X(C-M
%—--ﬁ (é =P 1n CEX M; for M#O
C{ ;"M) M -
%;q,
1 _ 1 -
“3)ZE 7 R C, for M=0 (30)
where C is an arbitrary constant,
reduces equation (30)) to |
(31)

%g+ [1 + r(@ﬂ%ﬁf‘ =1 where r(0)=v'/v

Equation 31 is written as two ordinary differential equations

by the method of characteristics,
de T+ 0(0) aQ (32)
ae = dy (33)
The solutions of these are
o
(34)

o +
(35)
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Where K, and K, are arbitrary constants.
The solution of equation 31 was obtained by the method
of characteristics for the arbitrary initial conditions and

(22) Following is the solution

forcing fqnctions by Koppel.
procedure .for step changes in inlet concentration of A and
inlet flow rate of B by the method of characteristics.

The general solution of equation 31 is K, = f(Kl),
where f is an arbitrary function.
Thus, |

3] v
6 - p=f(o+ jr(»)maf - y) (36)

For the step change in inlet concentration of A by &,

p(o,8) =ﬁV(0,0) + {U(0)
where U(6) is the unit step function and ?(0,0) is the
initial steady state value.

This condition reduces equation 36 to

0
8 - £(0,0) -oU(8) = £(0 + &fm‘m (37)

Equation 37 is the functional relation being sought.

To solve this, set

0
2 =0+ \rtwar (38)
<0
g(z)
0=z . Sr(’C)d’C (39)
0
where g(z) is a function satisfying
(z)
glz) =z fr(z)dt (40)

0
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The functional relation f can be obtained by substituting

equations 38 and 39 into equationz37.

g(z)
£(z) = 2 s r(Q)at - $(0,0) - o{u(e) (41)

0 .
Now that the function f is known, it can be used in

equation 36 to give

p=y. S?mdf + 4(0,0) +o{u(z -Sﬁ%’az‘) (42)
‘ _ T ) 0
where T = g(0 +-&;%z3dir- y)
For the step change in inflow rate by (3
r(e) '-'@U(G) _ (43)
Then,
g(y) =y -'_@g(y)
gly) = y/(1 +@3) (4h)
gle+pe-y) = 0 - y/(1 +p) (45)
The solution for the transient concentration of A then
becomes
y (59 + $,(0,0) for @ 'J_.%—
p0- < —+ ¢ (0,0) for e)l_ (o)
1+( 1 | 1+03

where 5&0(0,0) is the concentration of A before the upset
at the inlet in terms of‘$0 and %(0,0)_ is that after the
upset.

For the transient concentration at the outlet,

y = 1, and equation 35 becomes
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1 - B0 + #,(0,0) for & <t
_ S
+¢,(0,0) for &> T

P(1,0 )=

1
1 4—@
The tfansient sodium hydroxide concentrations for the

perfectly stirred tank by équation 25a and the plug flow
reactor by equation 47 are shown in Figures 8a through 8c.
Note)that for the plug flow reactor, inlet concentration
change 1is not felt until it reaches the 6utlet, whereas
inlet flow rate increase changes the output concentration
due to change in residence time. Combining these two with
appropriate changes in initial conditions gives the exp-
ression for the mixed models. For T-S models, the inlet
concentration and flow rate upsets were hardly felt at the
exit of plug flow portion until one residence time because
the plug flow portion was at most approximately 8% at no
mixing. Thereafter the outlet concentration showed step
changes for the perfectly stirred tank portion. The re-
sulting solutions were compared with the experimental data
in Figures 8a through 84. ‘Note that the curve for the

T-S models are based on the residence time distribution
functions for the lower rpm given in each of these figures.
At no mixing (Figure 8a) the experimental curves were some-
what lower than those for T-S models, indicating segrega-
tion may be present. As the mixing increases the T-S models

seem to get closer to the experimental data, indicating
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Figure 8a.

Transient NaOH concentration
at no mixing
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Figure 8b. Transient NaOH concentration

at 205 and 300 rpm.
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Figure 8c. Transien NaOH concentration

at 433 and 582 rpm.
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Figure 8d.

Transient NaOH concentration

at 890, 1050, 1550 rpm.
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macromixing information is sufficient for the description
of the reactor performance.

The large portion of the curves show exponential change,
which confirms the tracer results that a large fraction of
the reaétor is perfectly mixed. The existence of a delay
in response close to time zero shows the effect of plug flow.
From these facts, transient runs for a reacting system could
be used directly to qualitatively describe the performance
of a reactor and replace the tracer run for more realistic
determination of the residence time distribution.

Figure Se show the trend that conversion decreases with
the increase of the mixing rate due to the decrease of plug
flow portion as evidenced by the delay in response near

time zero.
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Figure 8e.

Comparison oflthe experimental transient
NaOH concentration at various rpm range.
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CONCLUSIONS

For the reaction system adopted in this study (second
order, isothefmal), a plug flow reactor and a perféctly
stirred tank reactor in series were found as appropriate
models for macromixing by tracer experiments. It was'found
that the plug flow portion exponentially decreased with the
increase of the mixing rate.

By comparing the conversions at various mixing rates
with those of complete segregation, it was found that, at
a very low mixing rate (close to no mixing),_there existed
a small effect of segregation. In géneral, the micromixing
effect was much smaller than that of macromiking.

The perturbation method was found to be time saving for
calculations for the transient concentration of the perfectly
mixed reactor, and the method of characteristics of Koppel
was extended for the solution of the transient concentra-
tion of the plug flow reactor.

Comparison of the experimental transient concentration
with those of the mixed model predicted by the tracer runs
showed good agreement. This suggests that the transient

runs for a real reacting system could be an effective method
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to observe the nonideal behavior of imperfectly mixed
reactors.

It was shown for the second-order reaction that con-
version decreased with the increase of the mixing rate.

This result does not necessarily suggest that we could

leave the reactor unmixed for the maximum conversion, because
there existed higher noise at the lower mixing rate, which
might cause difficulties with reactor control.

Mixing pattern is a strong function of the reactor
geometry. The theory developed herein can be applied to
other reactor geometries by obtaining the tracer response
of the system in quesﬁion. The model then allows prediction

of the reaction conversion for this new system.
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LIST OF NOMENCLATURE

C: Concentration (g-mole/liter)

F: Volumetric flow rate (liter/mih)

F: Residence time distribution functionm, 1-CA(t)/CAo
I: Residence time distribution function, 1-F

K: Second-order rate constant (liter/mole min)

L: Reactor length (ft)

M: (Cpo= Cpo)/Cag

N: CAo' CBo

b

kLcAo/ v

Unit step function

< o

: Reactor volume (liter)
Linear flow rate (ft/min)

: Conversion, 1 - CA/CAo

Size of the step change in inlet NaOH concentration

“e

: Size of the step change in inlet EtAc flow rate

e

i. Constants
i: Con-.tants
Constants
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y:
r(t):

/A&:
fﬂ:
T

2

Dimensionless distance
Dimensionless perturbation of velocity
Perturbation parameter for the perturbation method

Transfbrmed dimensionless concentraion defined by
equation 30.

V/F

Dummy variable of integration

Subscripts
A: Sodium hydroxide
B: Ethyl acetate

b: Perfect backmixing

p: Plug flow

(1): 1i-th correction term in the perturbation method
Superscripts

.
*

.
.

Steady state

Laplace transformation

Perturbation
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APPENDIX

EXPERIMENTAL DATA

Tracer Runs

A: NaOH Temperature: 80°F
Initially C, = 0, Reactor volume=1225 ml
At time zero, upset C, to 0.1 g-moles/liter
Flow Rates 0.16 liter/minute

Run 1.VNb.miking

time (min) 0 " Ca 1
0.65 0.0675 0. 1.
1.0 0.1306 0.0026 0.974
1.5 0.1959 0.0100 0.900
3.0 0.3918 0.0263 0.737
5.0 0.6530 0.0247 0.573
7.65 1. 0.0617 0.383
9.0 1.1754 0.0692 0.308

11.0 1.4366 0.0776 0.224
13.0 1.6978 0.0832 0.168
15.3 2. 0.0871 0.139
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Run 2. No mixihg

time (min) 0 Cp (mol/1) I
0.65 0.0675 0.0000 1.000
1.0 0.1306 0.0000 1.000
1.5 0.1959 0.0007 0.993
2.0 0.2612 0.0186 0.814
4.0 0.5224 0.0331 0.669
6.0 0.7856 0.0537 0.463
8.0 1.0448 0.0708 0.292
10.0 1.3060 0.0794 0.206

Run 3. 19& rbm'

0.43 0.056 0.0000 1.000
1.0 0.1356 0.0069 0.931
2.0 0.2612 0.0126 0.874
3.0 0.3918 0.0224 0.776
4.0 0.5224 0.0324 0.676
5.0 0.6530 0.0437 0.563
' 7.65 1.0000 0.0676 0.324
10.0 1.3060 0.0759 0.241
Run 4. 279 rpm
0.25 0.0327 0.0000 1.000
1.53 0.2 0,0282 0.718
3.06 0.4 0.0437 0.563
6.12 0.8 0.0550 0.450
7.65 1.0 0.0646 0.354
9.18 1.2 0.0724 0.276
10.7 1.4 0.0776 0.224
12.5 1.6 0.0893 0.107
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Run 5. 413 rpm

Time (min) 0. Cp(mole/1) I
0.313 0.0410 0.0000 1.000
1.5 0.1959 0.0149 0.851
3.0 0.3918 0.0277 0.723
5.0 0.6530 0.0464 0.536
7.65 1.0 0.0650 0.350
9.0 1.1754 0.0702 0.298
11.0 1.4366 0.0775 0.225
13.0 1.6979 0.0827 0.173
15.3 2.0 0.0873 0.127

Run 6. 615 rpm (Time 1ag=0.10 min.)

Run 7.”i660“rﬁﬁ(Time lag=0.05 min.)

Run 8. 1é§O'fbm(Time lag=0.)

1.5 0.1959 0.0173 0.827
3.0 0.3918 0.0323 0.677
5.0 0.6530 0.0480 0.520
7.65 1.0~ 0.0632 0.368
9.0 1.1754 0.0692 0.308
11.0 1.4366 0.0763 10.237
13.0 1.6979 0.0817 0.183
15.3 2.0 0.0865 0.135
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Transient Reaction Runs

Time

Min.

[N
OCVWION\NRETWNFR O

-
s

el el
wnEHEWN

Initial conditions&

CAo = CBo =

]

Fro ™ Bo

At time = 0:

Upset CAo

0.1 N

80 ml/min.

to 0.05N

and  Fp to 100 ml/min.

A: NaOH

Temperature = 80°F

B: Etac.

Cro (g-moles/liter)

Run 1 Run 2 Run 3 Run 4

0 _rpm 0 _rpm 205 rpm 300 rpm
0.01850 0.01900 0.02030 -0.02080
0.01798 0.01861 0.01927 0.02042
0.01525 0.01572 0.01622 0.01708
0.01337 0.01297 0,01372 0.01441
0.01135 0.01111 0.01154 0.01265
0.01012 0.00988 0.01048 0.01120
0.00905 0.00920 0.00958 0.01019
0.00802 0.00861 0.00888 0.00950
0.00730 0.00771 0.00823 0.00874
0.00661 0.00730 0.00794 0.00821
0.00630 0.00670 0.00737 0.00798
0.00605 0.00648 0.00709 0.00741
0.00601 0.00624 0.00683 0.00722
0.00582 0.00615 0.00669 0.00703
0.00580 0.00601 0.00660 0.00690
0.00580 0.00601 0.00660 0.00690
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CAo (g-moles/liter)
Time Run 5 Run 6 Run 7 ‘Run 8 Run 9
min. 433 rpm 582 rpm 890 rpm 1050 rpm 1550 rpm
0 0.02140 0.02170 '0.02202 0.02200 0.062200
1 0.02080 0.02041 0.02000 0.01931 0.01936
2 0.01698 0.01732 0.01741 0.01700 0.01698
3 0.01537 0.01542 0.01521 0.01523 0.01521
L 0.01292 0.01342 0.01375 0.01372 0.01377
5 0.01150 0.01221 0.01220 0.01221 0.01221
6. 0.01052 0.01100 0.01111 0.01119 0.01120
7 0.00978 0.01019 0.01030 0.01031 0.01023
8 0.00902 0.00950 0.00951 0.00971 0.00953
9 0.00854 0.00908 0.00894 0.00924 0.00893
10 0.00793 -0.00854 0.00873 0.00891 0.00861
11 0.00756 0.00811 0.00810 0.00850 0.00817
12 0.00731 0.00779 0.00778 0.00821 0.00789
13 0.00709 0.00745. 0.00767 0.00801 0.00783
14 0.00706 0.00725 0.00749 0.00791 0.00749
“15 0.00706 0.00720 0.00720 0.00758 0.00726
16 0.00706 0.00720 0.00720 0.00742 0.00720
17 0.00706 0.00720 0.00720 0.00720 0.00720
18 0.00706 0.00720 0.00720 0.00720 0.00720

64



T-1327

10.

11.

"LITERATURE CITED

Bodenstein, M.,and Wolgast, K., Z. Physiol. Chem. 61,
p. 422(1908).

MacMullin, R.B.,and Weber, M., The theory of short-
circuiting in continuous-flow mixing vessels in ser-
ies, abd the kinetics of chemical reactions in such
such systems: A.I.Ch.E. Trans., v. 31, p. 409-458

(1935).

-Danckwerts, P. V., Continuous flow systems---distribu-

tion of residence times: Chem. Eng. Sci., v. 2,
p. 1-14 (1953).

Levenspiel, 0., Chemical reaction engineering: New
York, Wiley, Chap. 9 (1962).

Himmelblau, D. M., and Bischoff, K. B., Process Analy-
sis and simulation: New York, Wiley, Chap. 4 (1968).

Levenspiel, 0., and Bischoff, K; B., Advances in chem-
ical engineering, v. 4: Academic Press, New York,

p. 95 (1963).

Levenspiel, 0., and Bischoff, K. B., Backmixing in
the design of chemical reactors: Ind. Eng. Chem.,
v. 51, p. 1431 (1959).

Fan, L., and Bailie, R. C., Axial diffusion in iso-
thermal tubular flow reactors: Chem. Eng. Sci., v. 13,

Danckwerts, P. V., The effect of incomplete mixing on
homogeneous reactions: Chem. Eng. Sci., v. 10,

p. 93-102 (1958).

Zwietering, Th. N., The degree of mixing in continuous
flow systems: Chem. Eng. Sci., v. 10, p. 93-102 (1958).

Cholette, A., and Cloutier, L., Mixing efficiency

determinationa of continuous flow systems: Can. J. Chem.

Eng., v. 37, p. 105-112 (1953),

65



T-1327 66

12.
13.
14,
15,
16.
17.
18.
19,
20.
21,

22.

Bartock, W., Heath, C. E., and Weis, M. A.,, Mixing in
a jet-stirred reactor: A. I. Ch. E. Jour., v. 6,
p. 6850687 (1960).

lLaRosa, P., and Manning, F. S., Intensity of segreg-
ation as a measure of incomplete mixing: Can. J. Chem.
Engo, ,Vo L"Z, p. 65-68 (1964’)0

Cholette, A., Blanchet, J., and Cloutier, L., Perfor-
mance of flow reactors at various levels of mixing:
Can. J. Chem. Eng., v. 38, p. 1-18 (1960).

, Optimum performance of
combined flow reactors under adiabatic conditions:
Can. J. Chem. Eng., v. 39, p. 192-198'(1961).

Worrell, G. R., and Eagleton, L; C., An experimental-
study of mixing and segregation in a stirred tank
reactor: Can. J. Chem. Eng., v. 42, p. 254-258 (1964).

Ng, D. Y. C., and Rippin, D. W. T., The effect of
incomplete mixing on conversion in homogeneous reac-
tions: Paper, Third European Chemical Reaction Eng-
ineering Symposium (1964).

Lelli, U., Prediction of residence time distribution
from the unsteady behavior of chemical reactin% sys=-
tems: Ind. Eng. Chem. Fund., v. 4, p. 360-361 (1965).

Nauman, E. B., Residence time distribution theory for
unsteady stirred tank reactors: Chem. Eng. Sci., v.24,
P. 1461-1470 (1969). '

Krambeck, F. J., Shinnar, R;, and Katz, S., Stochas-
tic mixing models for chemical reactors: Ind. Eng.
Chem., Fund., v.6, p. 276-288 (1967).

Weinstein, H., and Adler, R. J., Micromixing effects
in continuous chemical reactors: Chem. Eng. Sci.,

v. 22, p. 65-75 (1967).

Koppel, L. B., Dynamics of a class of nonlinear, dis-
tributed-parameter, chemical reactors: Ind. Eng. Chem.
Fund.o ’ V. u’, po 269""275 (1965) .



