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OBJECTIVES

At the completion of this module, the student

should be able to:

1. Deline the concepts of earliness and
lateness of mixing, macrofluid and
microfluid, segregation, macromixing, and
micromixing; and recognize the roles of
these concepts in the behavior of chemical
reactors.

. Define the segregated flow model, and
calculate conversions based on the mode!l
for any residence time distribution and
kinetic scheme.

3. State whether the conversion calculated

assuming segregated flow represents an
upper bound, a lower bound, or an exact

1

estimate of the conversion that can be
achieved in a reactor with a given resi-
dence time distribution.

PREREQUISITE MATHEMATICAL
SKILL

1. Differential and integral Calculus.

PREREQUISITE ENGINEERING AND
SCIENCE SKILLS

1. Kinetic rate laws and design equations for
ideal plug flow and stirred tank reactors,
Residence time distributions (Maodule
E4.7); mixing in chemical reactors
{Modules E4.4, E4.5).

We have seen that the behavior of real chemical
reactors may resemble neither ideal plug flow nor
perfect mixing. Tracer tests can tell us whether a
reactor flow pattern may be approximated as one or
another of these ideal types (Module E4.4); if it
cannot, the parameters of an appropriale model for
nonideal Mow, such as the dispersion model or tanks-
in-series model (Modules E4.5 and E4.6) may be
determined from the tracer response. and the model
may then be used to predict reactor performance.

There is nothing unique about a model determined
in this manner, however. While every real system has o
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unique residence time distribution (Module E4.7), a
giren residence time distribution may correspond to
many different systems, and hence may he reproduced
by many alternative models.

Several questions arise in this regard,
1. Can two reactive systems have the same residence
time distribution, and yet vield dilferent reactant
conversions or product selectivities?
If the answer to the [irst question is yes {it is), what
besides the RTD affects the reactor performance
for a given reaction and rate law?
3. 1l the residence time distribution for a reactor is

I
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known, can the reactor performance be predicted
directly without having recourse to a madel such
as those mentioned in the first paragraph? If so,
how?

4, For a given residence time distribution, how much
variation exists between the possible values of
reactant conversion?

We will propese answers 1o cach of these guestions
in this module,

EARLINESS OF MIXING

Let us consider an ideal plug flow reactor and a
perfect mixer with equal volumes in series. See Figure
1. A second-order reaction A —R. k=10 L /moi « min,
is carried out in this system. The question is, does the
order of the reactors make anv difference in the
conversion obtained?

Let us suppose that someone performed a tracer
impulse response measurement on each of the two
possible reactor arrangements. The results, yielding the
residence time density function, which are shown in
Figure 2, would be identical.

E(n=0,t<i/2
-__-jexp [—E(I——_!'Q)],I?__r_ (H

t

--n|§l

where I is the total mean residence time in the two
reactors, If the system performance were determined
entirely by the residence time distribution, the order
of the two reactors would obviously make no
difference; yet, the order does make a difference. Let
1/2=0.5 min, and C,,=1.0 mol/L.
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Figure 1. Two combinations of an ideal PFR and a perfect mixer
in series yielding the same residence time density function.
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Figure 2. Residence time density functionforanideal PFR and a
perfect mixer in series,
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PFR-CSTR:
The design equation for the plug flow section is:

mJ"*‘" dCA_l[ 1 J
Ca kCi k|1 Cy Cio

2)
and that for the perfect mixer is:
— r Cy—C,
T=lesm= 5= ;\'Ci,4 3)

From these two equations, the intermediate concen-
tration C,, and the final reactant concentration C,,
can be readily calculated:

C’”=2+kr—cm=2+10

Pt &2 /1426C,,  —14./1+20x0.1667
A= =

=0.1667 (mol/L) 4)

kr 10
=0.1082 (mol /L) {5)
{Verify these equations.) The final conversion is:
CA'I
xy=1—-—"=0892
’ Cao
CSTR-PFR:
The design equations are
I Cyp=Cly
Ik )
L[
3 J e, kC ®)

The intermediate and final concentrations are:

o Tl T+2KIC,, ~14/1+20
10

= i = =0.3582
{(mol/L) 9

, Cu 03582
A2 T 1 0.3582
1+k(§)c;[ +3x%03

={.1283 (mol/L)

(10)
The final conversion is

x',‘=1—24‘5=0.872-‘0.892 (11
Cao
Let us consider the diflferences between the
configurations that might have led to the different
conversions. A second-order reaction is favored by a
high reactant concentration; for example, doubling C,
quadruples the rate. In a plug flow reactor the
concentration decreases gradually fram its maximum
value, whereas in a CSTR the decrease is abrupt,
Placing the PFR first in the sequence keeps the
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concentration as high as possible for as long as
possible, and so yields a higher conversion than the
reverse placement.

Viewed another way, in an ideal PFR all fluid
elements age at the same rate. In the PFR-CSTR
arrangement, mixing between fluid elements of
different ages is therefore delayed as long as possible,
while in the CSTR-PFR uarrangement, elements
entering the system are immediately mixed with other
elements of different ages. The result just obtained
suggests, at least for a second-order reaction, that rhe
reactor performance is affected both by the age
distribution at the outler and by the earliness or
lateness of the mixing required to achieve this
distribution.

Later, this result will be generalized to show that
for a given residence uime distribution, early mixing
increases conversion for reaction orders less than
one, has no effect on first-order reactions. and
decreases conversion for reaction orders greater than
one. It may aiso be shown that earliness of mixing
has an even greater effect on product distributions in
multiple reaction systems than on reactant conversion
in a single reaction.

STATES OF AGGREGATION AND MICROMIXING

This and previous modules have referred rather
casually to “fluid elements,” without ever really saying
what was meant. Let us now defline a fluid element, or
“clump,” as a group of molecules small enough to
occupy no more than a microscopic volume (a
“point™} in the reactor, but large enough for the
concept of reactant concentration to be meaningful,
As a rough estimate, a clump may be considered to
contain 10%? molecules, give or take five orders of
magnitude,

Two extreme states of aggregation of a process
fluid are represented schematically in Figure 3. and
are referred to as macrofluid and microfluid. In a
macrolluid, molecules move together in clumps; the
clumps are distributed in residence times, but all
molecules within a clump have the same age. In a
microfluid, the clumps are dispersed: all molecules
move independently of one another, regardless of age.

A real process fluid is generally neither a macro-
fluid nor a microfluid, but may approach one or the
other of these extremes. For example. in a spray
tower the liquid may be considered a macrofluid and
the gas a microfiuid. and vice versa in a bubble tower,
Viscous elastomers are much more likely to behave as
macrofluids than gases and low viscosity liquids,

In general, however, the state of aggregation of a

89 0 0 0S5
o< 0p

P o0 0P8
Mgerofluid Hicrafluid

Figure 3. States of aggregation of a process fluid.
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fiuid depends on various physical properties, the
apparatus in which the operation takes place, the
force fields to which the fluid is subjected. and the
residence time in the process unit. The aggregative
state may be guessed at using intuition and perhaps
turbulence and mixing theory. but it cannot be
predicted with certainty,

The residence time distribution in a reactor is in a
sense a measure of the degree 1o which fluid elements
(clumps) mix: in an ideal plug flow reactor no mixing
occurs, while in a perfect mixer there 1s uniformity
among elements of different ages. It has also been
seen, however, that mixing on another level occurs,
namely, between molecules in different {luid elements.
The terms macromixing and micromixing are used to
denote these two mixing modes. Another term is the
segregation of a system, meaning the extent to which
micromixing is negligible. Saying that a fluid is
completely segregated 1s the same as saying that it is
a macrofluid.

Two conceptual models have been developed to
describe the extreme cases of segregation.

Segregated flow model

The process luid behaves as a macrofluid. Some
clumps exit early, others late, as required by the
residence time distribution, but the molecules in each
clump are surrounded only by molecules of the same
age at all times, Mixing of molecules of different ages
occurs as late as possible, that is, at the reactor exit
where the outflow is formed.

Maximum mixedness model

The molecules of the feed immediately upon
entering mix and become associated with the
molecules in whose company they will eventually
leave the reactor.

Mixing that falls short of complete segregation is
referred to as partially segregared flow. Figures 4a and
4b illustrate segregated and partially segregated flow.
The system is viewed as being able 10 accommodate &
fluid clumps of four subelements apiece, At fixed time
increments, 3 clumps leave the system and 3 new
clumps enter in their place. Between increments the
subelements may mix to form new clumps with
distributed ages.

Figures 4a and 4b show the ages of all {luid
subelements in the system and in the exiting fluid
when the system is at steady state. The age of a
subelement in the reactor is the time that has elapsed

entering fluid

@yn}t:n exiring fluid
e

Figure 4a. Segregation flow.
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ing fluid
enriring systen exiting fiuld

Figure 4b. Partially segregated fiow.

since the subelement entered the reactor, and the exit
age (residence time} in the effluent fluid is the time the
subelement spent in the reactor. An age of one for a
subelement in the system indicates an age less than
one time period in the system, while age 2 indicates
an age greater than or equal to one but less than two
periods, and age 3 indicates an age larger than or
equal 1o two but less than three periods. In the
effluent fluid age one indicates a residence time equal
to or greater than one period but less than two, and
exit age 2 and 3 are defined in the same manner. Note
that the residence time distribution is the same for
both models in Figure 4: a third of the emerging
molecules have ages of one, a third have ages of 2,
and one third have ages of 3.

In segregated flow the Muid behaves as if the
boundaries of each clump were impermeable. The
fluid is completely segregated by age, and no mixing
between elements of various ages occurs until the exit
is reached. If reaction were taking place, each of the
clumps would behave like a batch reactor, with the
reaction time being equal to the residence time of the
clump,

In Figure 4b, the dashed lines may be viewed as
permeable boundaries. Tn every time period the
boundaries break, and the contents are mixed with
the incoming fluid 10 form new loose clusters.

Procedures have been derived 1o predici the
performance of a reactor in the extremes of segregated
flow and maximum mixedness. and it has also been
shown that these two models provide the bounds for
conversion that can be achieved for a single nth-order
reaction and a specified residence time distribution.
The maximum mixedness formula is difficult to
implement, generally requiring the numerical solution
of a differential equation (3). and will not be discussed
further. The next section illustrates the application of
the segregated flow model to reactor analysis.

SEGREGATED FLOW MODEL

Consider a segregated fiow reactor with 2 known
residence time distribution. in which a reaction 4—R
with & rate of disappearance of 4 given by [—r,(Cy 00,
r4C,) takes place. See Figure 3. Since the fluid Mows
in clumps and is completely segregated by age, each
clump behaves like a batch reactor. For a constant
density fluid, one can calculate the reactant concentra-
tion in every clump from:

4C
- ( dr‘)glump =r (C.{.:]ump) ( 12}

Modular Instruction Series

[a]
)
Q

Q
o

Q

©

©

Qo
©
Q
=7

(4]

o

Figure 5. Reactor with segregated flow.

which may be integrated to vield:

Aclum
Jﬂ o (13)
C.,[o r.4(C.-l)

From Equation 13, C,,, can be determined
explicitly as a function of time for all nth-order
reactions, and for other rate laws an implicit relation-
ship may be obtained. The mean concentration in the
outflow can be found as follows:

of reactant in

mean concentration)
exit stream

concentration
of reactant

=C,=lim rernaining in
Ar—0  all elements an element
of exit siresm (Clllmp) of age
between r and (1 + Ar)

fraction of
exit stream

. | which is of
age between
t and {1+ Ar)

Using Equation 12 for the reactant concentration
remaining in an element that has been in the reactor
for a time 1, and recalling that by definition,
E(1)dr=the fraction of the exit stream with ages
between r and (1 +4d1). one obtains

o

6”=J‘ C s enump (DE( (14)

The reactant conversion is x,=1~C,/C,,, so that

e CA )
~-x,= e E(r)dt {15)
‘ jo (C.-w clump

Example 1:

A first-order reaction (k=2 min~ '} is carried out in
a flow reactor with the following residence time
distribution:

E{fy=0 when r<1 min
= exp (1 —1) when r=1 min

Estimate the fractional conversion using the sepre-
gated MTlow model.
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Solution:
For a first-order reaction,

C, )
=exp {—ki)=cxp {—21}
(CAO clump P P

From Eguation 135,

) C-i)
lowx, = : Elrydr
4 j; (CAO clump )

'[r exp (1 —3i)dt

1

1
=—3 exp {1 —30)]T=00451
Therefore,
x,=0955

Example 2:

An impulse tracer test produced the exit age
density function presented in Table 1, for a reactor in
which a first-order reaction with rate constant k=0.1
min~ ! is taking place. Find the reactant conversion at
the same operating conditions at which the tracer test
was performed.

Solution:
Let us first verify that E(r) is properly normalized,
using Simpson's rule to perform the integration.

= A
-[ E(z)dz;-?[ (E,+4[E,+E,+...Es,]
0

F2AE;+. Bz 4 By )

Then from Equation 13,

lwx4=j.
0

or
x,=07i2
The mean residence time in the reactor is

Simpson’s
rule

e MEindr === 0.288

E=J' tE(dr ==>15.13 min

0
If ideal plug flow is assumed [or the reactor,

=0.220=x ppr = 0.780
and if perfect mixing is assumed
) 1 1
e T T 803

As expected the conversion based on the actual
residence time distribution lies between these two
extremes.

|—x, =g Hmg 1:513

= 0.398 =>'"Y,4CSTR = 0.602

Example 3:

Evaluate the conversion lor a second-order reaction
with rate constant k=10 L/mol « min in a reactor
with the residence time distribution of a perfect mixer,
assuming segregated flow. The feed reactant concen-
tration is C,p=1 (mol/L) and the mean residence
time is =1 min. Then compare the calculated
conversion with that which would be achieved if the
reactor contents behaved as a microfluid,

Solution:
The residence time density function

5
—=— 1 H -
3 {0.0+4[0.03 4 0.05+0.02 +0.002] E) - JRY S
+2[0.050+0.040+0.010] +0.0} The clump concentration is
=10 ( Ca ) 1
The table can now be extended; see Table 2. Cio Joump 1+kIC,o 1410
Table 1.
1 {min) ] 5 10 15 20 23 30 35 40
E(1) (min~ "} 0 0.030 0.050 0.050 0.040 0.020 0.010 0.002 0
Table 2.
1 {min) 0 5 10 5 20 25 30 35 40
EU) (min~'} 0 0.030 0.050 0.050 0.040 0.020 0.010 0.002 0
et I 0.606 0.368 0.223 0135 0.082 0.05¢ 0.030 0.018
e MEND 0 0.0182 0.0184 0.0112 0.0054 0.0018 0.0003 0.00006 1]
1E(r) 0 0.15 0.5 0.75 0.8 0.5 0.3 g 0
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The segregated flow model. Equation 13, predicis

-

k3 = 1d;
erl

= | 1
]—.\' =( r— M”d =
Tl ixkc, it @ Jn P10 -

This integral may be evaluated in terms of a 1abu-
lated function called the exponential integral (see
Homework Problem 3) or it may be integrated
aumerically. The result is

[—x,=02012x,=0799

Recall that when the earliness and lateness of
mixing was discussed at the beginning of this module.
it was shown that late mixing favors higher conver-
sions for second-order reactions. One would suspect,
since segregated flow implies the latest possible
mixing, that conversion in a segregated perfect mixer
is higher than in the one in which a microfluid is ideally

mixed. The familiar design equation for an jdeal
CSTR,

C,4G"C4
—Ty (C.4 )

presumes that the fluid in the tank is completely
homogeneous in composition, that is, a microfluid.
Substituting a second-order rate law for —r, in this
equation eventually yields:

_(14+4KC )2~ 1

=

l—-x =
4 2kiC

If,

k=10 (L/mol min}

=1 (min)

Cio=1 (mol/L)
then,

1-x,=0270
and, '

x,=0730<(x,)

seprepated flow

Thus, as expected, the conversion in segregated flow
is higher than that obtained if the reactor contains a
microfluid. '

EFFECT OF MICROMIXING ON CONVERSION

The final result of the last example may be
generalized by determining how micromixing affects
reactor performance for a reaction of arbitrary order.
Let us consider a single reaction

A=R. —r,=kC"

taking place in a flow reactor with an arbitrary
residence time distribution. Let us make the following
claims;

1. For a first-order reaction {or a series of first-order
reactions), micromixing has no effect on the reactor
performance. Conversion is thus predicted exactly
by the segregated flow model (Equation 15).

Modular Instruction Series

2 Micromixing decreases vonrersion Jur reaction
orders greater than I, and increases it for orders less
than 1. The segregated flow model consequently
predicis an upper bound on conversion for n> 1,
and a lower bound for ne1.

Let us present a qualitative argument to Justify
these claims. Figures 6a. b. and ¢ show rate curves for
nth-order reactions and the effects of micromixing on
the rate —r,=kC7 versus C, for a) n< Lbyn=1, ¢
n>1.

Let us consider two Muid elements of equal
volumes, one containing 4 at a concentration C, the
other at a concentraijon C,,> C,,. If these two
elements are not mixed {that is, if flow is segregated),
the combined rate of reaction in both elements on a
unit volume basis is the average of the rates in each
element;

i
~Fe=g (=rat =1y

Graphically, —7, may be found by drawing a line
between (C,,, —r,,) and (Can —r42) On the plot of

Figure Ba. n< 1,

“Fa =l / N
|
1
vt v mr - i I
i
il=
A Hel 3!
" 1 i |
l -
= CL Cl Cy
Al An AZ
Figure6b. n=1.
n>}
-5, .
o
~r =T
A A |
Ta

Figurec. n>1.
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: —r,versus C,, coming up to this line from the . 0-C,
: midpoint of C,, and C,, on the abscissa, and reading -
the rate at the intersection (sce Figure A)

C,=i
Now supnpose the clements are mived cnmpictclv 4
The uniform reuactant concentration in the combined v =09
clement is R

As expected. conversion in scgregated flow is fower (in
this case, considerably lower) than that for a micro-
Nuid. Regardless of the degree of micromixing in the
reacior, the conversion can never be less than 60L.4%,

The absence of a micromixing effect for n=1
should appear reasonable [rom anather point of view.
In a first-order reaction, the probability of un
individual reactant motecule undergoing transforma-
tion in a given time interval is the same, irrespective
of its age and the Lypes and ages of the malecules
surrounding it. Consequently, the overall conversion
achieved depends only on the residence time distri-
bution of the molecules, and niot on how they are
dispersed within 1he reactor.

1
- (C.ij + C.-l:)

CA,,,: 3

The rate of reaciion —r, . is the value of —r,
corresponding to this concentration: il is found
graphically by proceeding vertically from C, 10 the
rate curve, and reading the value of —¢ 4 dl the
intersection.

Itis clear from Figure 6a that il n<1, —F, < =r, :
that is, mixing of fluid elements of different ages
increases the average reaction rate, and hence the
conversion, For n=1 (Fiaure 6h) mixing of elements
of different ages has no effect on the average rate. and

i for n<1 {Figure 6c). micromixing decreases conver-
sion {—r, < —F,}. Similar arguments apply for two

3 elements of unequal volumes. “and for an arbitrary
number of elements. NOMENCLATURE
Example4 C, = molar concentration of reactant 4
A zero-order reaction 4—R, —14—9 mol /min, is o = mes.]“ molar concentration of 4 in the
carried out in a perfect mixer. The mean residence oulilow . . el
time is T=1 min, and the feed enters at C,,=10 Cicwmp = molar concentration of 4 in a fluid element
mol /L. Calculate the fractional conversion that will (clump) on of
be achieved a) in segregated flow, b} if the reactor Cy, = feed concentration of 4
coniains a microfluid. E(1) = residence time density function
k = reaction rate constant
Solution n = reaction order
a) Seeregared flow —r, = rateof dlsappearance of reactant A4
] ’ ! = lime
e 7 = idence time
i C [ mean resi _
T —r,= _fﬁ= — (C—4 Xy = [ractional conversion of 4
dt 40/ clump T = reactor space lime
2 10
W =1.0—0.9t when rgg
[ LITERATURE CITED
i =Uwhen 1 > — . Levenspiel, 0., *Chemical Reaction Engineering,”” 2nd Edition,
0 when 1> I. L 1,0.,"*Ch iR E dEd
9 Chapter 10. John Wiley & Sons, New Yark (1972).
2. Wen,C.Y., andL.T. Fan, *"Models for Flow Systems and
1 i , Chemical Reactors,”” Chapter 11. New York, Marcel Dekker
Ef)==e¢"""=e" (1975).
r 3. Zwietering, T. N., Chem. Eng. Sci.. If, 1{1959).

4. Abramowitz, M. and L. A. Stegun, **Handbook of Mathematical
Functions,” National Bureau of Standards, Washingion (1964).

= C"{ )
1—x,= E(ndr
! .[0 (Cao elump

=J~mg (1.0—0.91)e~'dr =0.396 STUDY PROBLEMS
o 1. Briefly define the following terms:
e a} Clump

b and therefore. b) Macrofluid

Frinina——

x,=0.604
by Microfluid
C.m -C A

-,

T:
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¢} Microfluid

d} Segregalion

e) Macromixing

) Micromixing

g} Segregated flow model

h} Maximum mixedness model
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2.

Jm

A second-order reaction is carried out in an ideal
piug flow reactor. Is ihe reactor performance
affected by whether the fluid behaves as a macro-
Nuid or a microffuid? Explain. B

- A second-order reaction is carried out in a perfect

mixer.

a) 1s the reactor performance affected by whether
the Muid behaves as a macrofluid or a micro-
fluid? If so, how is it affected?

b) How would the answer change if the reaction
was first-arder? Half-order?

¢} Does the usual CSTR material balance equation
presume rmacrofluid or microfluid behavior?

. An ideal CSTR and an ideal PFR are to be

convected in series. How should they be connected
{CSTR first, PFR first, or order immaterial) 10
achieve the highest conversion for an nth-order
reaction with

a) n==%

b} n=1

c) n=32

. An nth~order reaction is carried out in a reactor

with a nonideal residence time density function E(1).
Conversion is calculated based on the segregated
flow model using Equation 15, but in fact, the
reactor is only partially segregated. Is the predicied
conversion too high, too low, or correct, for

a) n=+4

b) n=1

c) n=3/2

. A continuous fluidized bed reactor is used in ore

roasting. A large excess of the reactant gas is used,
5o that its concentration in the reactor is almost
constant. The rate of depletion of the solid reactant
is given by:

o TG4

so that
(Ci/Ca=F(t, C,)

for every particle. The mean residence time of the

solids in the reactor is I,

a) What residence time distribution should one
assume for the solids il no tracer data are
availahble?

b) How would the conversion of solids be calculated?

HOMEWORK PROBLEMS

1.

Given below are three residence lime density
functions. For each one, calculate the mean residence
time

- x>

I= l‘ tE(1)dr

W 0

and the expected reactant conversion x,, assuming
i) segregated fow; ii) ideal plug flow with the same

Modular Instruction Series

1: iii} perfect mixing {=icrofluid) with the same T,
When you calculale x, based on segregated flow,
state whether the calculated value is an upper
bound. a lower hound. or an exact estimate of the
possible conversions for the given residence time
distribution,

2} For Figure 7.

—r,=01C3 (mel L. min)

Cho=2mol/L)

b) For Figure §,
—r,=25C,
C,p=1(mot/L)

c) For Figure 9.
—-r,=0.5C}? (mol/L - min)
C o=1{mol/L)

2. A first-order reaction,
A=R, =r,=004C, (mol/L - 5

is carried out in an ideal CSTR with a mean

residence time of 20 seconds.

2) How would vou expect the conversions for a
macrofluid and a microfluid to differ?

b) Calculate the conversion, assuming segregated
flow (Equation 15) and then assuming a

E(rr.in'lj
0.25
2 6 t{min)
Figure 7.
2
E(min-1)
] t{min}
Figure 8,
- [(miu*g)
1/6
6 t{min)
Flgure 9.
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microfluid {the usual CSTR formula). \’enf} calculated in this manner (e.g. x,<__ . or
vour prediction of Pait {(u). Xz )

dy Culeulute the contersion based on the sepre-

3. A second-order reaction, gated flow model. Note: values of the exponen-

A=R, —r, =035 C3 (mol/L-min) tial ”nga"‘ .
4 C—‘
is carred out in an idesl CSTR-PFR series Ez)=| ~—dy
comgination. The mean residence lime in each er
reactor is | minute. and C,, =5 mol/L. are tabulated in a number of reference hand-
a) Two alternatives are to put the PFR first books, such as that of Abramowitz and Stegun
followed by the CSTR. and vice versa. Would (4). One such value is E H1.41=0.116219,
you expect the first alternative to yield a higher
conversion, a lower conversion, or the same 4. A first-order reaction 1k=0.1 min~"') is earried out
conversion as the second? in a flow reactor. A tracer response test is vsed 10
b} Calculate the conversions for both arrangements determine the residence time density function in the
assuming microfluid behavior, and verily your reactor, with the results given in Table 3. Verify that
prediction, the E(r) curve is normalized. Then calculate the
c) Suppose the segregated flow mode! were used o mean residence time and the expected conversion,
predict the conversion. Write the integral using Simpson’s rule for all required integrations.
formula you would use, making all required Finally, calculate the conversion that would be
substitutions but not eva]uatmg the integral. achieved in an ideal PFR and a perfect mixer with
Then give a range for the possible value of X, the same mean residence time.
Table 3.
1 {min) 0 2 4 6 8 10 12 14 16 18
Elry (min~"} 0 a 0.008 0.004 0.013 0.032 0.060 0.088 0.100 0.089
I {min) 20 22 24 28 28 30 32
E(r} imin~ 1) 0.060 0.032 0.013 0.004 0.002 0 0
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(a)

(b)

(c)
(d)

(e)

()

(h)

Module E4.8

SOLUTIONS TO THE STUDY PROBLEMS

TR A b e e R b e S e R e e e e EE M A Ras R A et i —

Clump: a collection of molecules small enough to occupy no more than
@ microscopic volume in a reactor, but large enough for the concept of
concentration to be meaningful.

Macrofluid: molecules are organized in coherent clumps. A1l molecules
in a clump have the same age.

Microfluid: molecules are randcmly dispersed, irrespective of age.

Segregation: The tendency of the contants of a reactor to behave as.
a macrofluid. '

Macremixing: the phenomenon whereby residence times of clumps are
distributed about a mean value,

Micromixing: mixing among molecules of different ages. (Put another
way, mixing between macrofluid clumps.)

Segreqated flow model: the Tluid in a flow reactor is assumed to
behave as a macrofTuid. Each clump functions as a. miniature batch
reactor. Mixing of molecules of different ages occurs as late as
possible.

Maximum mixedness model: the fluid in a flow reactcr behaves as a micro-

fluid. HMixing of molecules of different ages occurs as early as
possible.

Every molecule in an ideal PFR is surrounded by other molecules with

the same age, so that all adjacent clumps have the same composition.
Whether or not there is exchange between clumps is immaterial.

(a)
(b)

(c)

lYes. Conversion is higher for the macrof1uidi

1st - order: No difference.

¥ - order! Conversion is higher for the microfluid.

incrof1uid.

Modutar Instruction Series
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b)

U

CSTR-PFR

[ o difference]

PFR-CSTR

Too Tow

Too high

s

1
t

E(t) = — exp(-t/%)

Use the seqregated flow model [Eq. (15)], Using the usual CSTR equation
would be equivalent to assuming that the solids behave as a microfluid,

which is certainly not the case.
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