Design for Single Reactions



Design for Single Reactions

There are many ways of processing a fluid:

Single batch or flow reactor.

Chain of reactors possibly with inter stage feed injection
or heating.

Reactor with recycle of the product stream using various
feed ratios and conditions.

Which scheme should we use? Unfortunately, numerous
factors may have to be considered in answering this
guestion

In this chapter we deal with single reactions.



SIZE COMPARISON OF SINGLE REACTORS

Batch Reactor
Advantage of small instrumentation cost and

flexibility of operation (may be shut down easily
and quickly).

It has the disadvantage of high labor and handling
cost, often considerable shutdown time to empty,

clean out, and refill, and poorer quality control of
the product.

Batch reactor is well suited to produce small
amounts of material and to produce many
different products from one piece of equipment.

It is easy to relate the performance capabilities of
the batch reactor with the plug flow reactor.



Mixed Versus Plug Flow Reactors, First-
and Second-Order Reactions

« comparison for the large class of reactions approximated
by the simple nth-order rate law
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Comparison for nth-order rate law

With constant density, or ¢ = 0, this expression integrates to
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Comparison of the performance of plug flow

with mixed flow reactors
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Comparison of the performance of plug
flow with mixed flow reactors

* The ordinate becomes the volume ratio V,/V, or space-

time ratio [../[, If the same quantities of identical feed
are used.

* ldentical feed composition C, and flow rate F,, the
ordinate of this figure gives directly the volume ratio
required for any specified conversion

1. For any particular duty and for all positive reaction

orders the mixed reactor is always larger than the plug
flow reactor.

The ratio of volumes increases with reaction order.



2. When conversion is small, the reactor performance is only
slightly affected by flow type. The performance ratio increases
very rapidly at high

3. Density variation during reaction affects design; however, it is
normally of secondary importance compared to the difference in
flow type.

4. In plug flow, the concentration of reactant decreases
progressively through the system;

5. In mixed flow, the concentration drops immediately to a low
value.

6. Plug flow reactor is more efficient than a mixed flow reactor for
reactions whose rates increase with reactant concentration,
such as nth-order irreversible reactions, n > 0.



Comparison of performance of mixed flow and
plug flow reactors for any reaction kinetics
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« The ratio of shaded and of hatched areas gives the
ratio of space-times needed in these two reactors.

« Mixed flow always needs a larger volume than does
plug flow for any given duty.



MULTIPLE-REACTOR SYSTEMS

Plug Flow Reactors in Series and/or in Parallel

N plug flow reactors connected in series, and let X, X,, . .., X, be
fractional conversion of component A leaving reactor 1, 2, . . .,
N.
Vi_ sz- dX
0 Xi_l —r
FO i=1 FO FO
=jX1 d_)£+fX2£i_)£+ ... _|_fo ngXNg)_(
Xy=0 —r X, —r Xy —T 0o —r

Hence, N plug flow reactors in series with a total volume V
gives the same conversion as a single plug flow reactor of
volume V



EX- ﬁﬂuﬁ' OPERATING A NUMBER OF PLUG FLOW REACTORS

The reactor setup shown in Fig. E6.1 consists of three plug flow reactors in two
parallel branches. Branch D has a reactor of volume 50 liters followed by a
reactor of volume 30 liters. Branch E has a reactor of volume 40 liters. What
fraction of the feed should go to branch D?

Branch D

g W Branch E

Figure E6.1

Branch D consists of two reactors in series; hence, it may be considered to be

a single reactor of volume
Vo = 50 + 30 = B0 liters

Now for reactors in parallel V/F must be identical if the conversion is to be the
same in each branch. Therefore,

$,-(),  Bww
F/in \FJ/e f_é Ve

Therefore, two-thirds of the feed must be fed to branch D.
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Equal-Size Mixed Flow Reactors in Series
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First-Order Reactions
Material balance for component A about vessel |

COVi Vi Co(Xi B Xi-l)
'TI. — — T mm— T

F, v —Ta
Fore=0 c
= Col(1 — C/Cy) — (1 — Cy/Gy)] _ Ci-1 — G -1+ kT,
" kC, kC, G

Space-time 7 (or mean residence time t) is the same in all the equal
size reactors of volume Vi.

Therefore G__1 GG Cva_ W
c.Ci-x, ¢ ¢ dtkn
Total t for N reactor
N C 1/N
TN reactors — NTI = E [(C_i) o 1]
For N [, this equation reduces r o= _1_ In _C_O
p
to the plug flow equation kK C




Comparison of series of N equal-size mixed flow with

plug flow reactor (first-order reaction)
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Second-Order Reactions

* N reactors in series we find

: }N
Cv-p| 242 -
4k, 142V —-1+2V1+4Cekr,

 Whereas for plug flow

C
= =1+ Ckr,
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VoV,

MIXED FLOW REACTORS IN SERIES

At present 90% of reactant A is converted into product by a second-order reaction
in a single mixed flow reactor. We plan to place a second reactor similar to the

one being used in series with it.

(a) For the same treatment rate as that used at present, how will this addition
affect the conversion of reactant?
(b) For the same 90% conversion, by how much can the treatment rate be in-

creased?
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(a) Find the conversion for the same
treatment rate.

For the single reactor at

90% conversion we have kCor=90.

For the two reactors the space-time or
holding time is doubled; kCo =180

Staying on the 90% conversion line, we
find for N = 2 that kCo r7=27.5



 Comparing the value of the reaction rate group for N =1 and
N=2, we
(kCyThy=2 _ =2 _ (Viv)y= 2 _ 275
(KCyTIn=1  Tne=1 [1"." U}."-.-—i 90

Since V., = 2Vy-, the ratio of flow rates becomes

LIH.
U e *z? 5(2) =

Thus, the treatment rate can be raised to 6.6 times the original.,




Mixed Flow Reactors of Different Sizes
INn Series

Two types of questions may be asked:

* how to find the outlet conversion from a given reactor
system,

 Inverse question, how to find the best setup to achieve a
given conversion.

Finding the Conversion in a Given System

considering three mixed flow reactors in series with volumes,
feed rates, concentrations, space-times, volumetric flow rates

* space-times equal to residence times because €=0



Notation for a series of unequal-size mixed
flow reactors

Volumetric flow rates is same at steady state
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Determining the Best System (Given Conversion)

'Tl _ Jfl E _ XE — Xl
Gy (=r) Cy (—r)
+ Arbitrary

Area measures
size of first unit

Of second unit




Maximization of Rectangles

construct a rectangle between the x-y axes and touching the
arbitrary curve at point M(x, y). The area of the rectangle is the

A This area is maximized when oy
= X 8.2
Y dA =0 =ydx + xdy dx  x

Arbitrary Y’ 4

¥ R g b g
Diagonal = -~ A it

X

Depending on the shape of the curve:
There may be more than one or there may be No "best" point.
However, for nth-order kinetics, n > 0, there always is just one "best" point



Optimum size ratio of the two reactors

Slope of the rate curve at M equals the diagonal NL.

This determines the intermediate conversion X, as well as the
size of units needed.

Slope of The optimum size ratio dependent on the

curve at kinetics of the reaction and on the conversion
M level

/ n=1 Reactions equal-size reactors are best
n>1 smaller reactor should come first
n<1 Larger should come first




Reactors of Different Types in Series

Performance equation the three reactors

Vl___Xf“Xo E:szdX V3:X3“X2
F (=r)y = F x—r F (—=7)s

Guidelines for order of reactors
nth-order reaction,

n >0 Reactors should be connected in
series

n>1 Keep the concentration of reactant as
high as possible

n <1 As low as possible if the curve is
convex




RECYCLE REACTOR

Advantageous to divide the product stream from a plug flow

reactor and return a portion of it to the entrance of the
reactor.

Let the recycle ratio R

R= volume of fluid returned to the reactor entrance
volume leaving the system

* Recycle ratio is raised the behavior shifts from
plug flow (R = 0) to mixed flow (R = [l).

(Fao)

Fp Plug flow

Fao X ) R+ Doy vy V. (X=X, dX,
K Uy Xpo — — — - F e 7
Ug _o e LJ‘ >XAf=XA2 F.r Xd” _}..A
Xp0 = lef AD :
U3 = va




RECYCLE REACTOR

Where F,, would be the feed rate of A if the stream entering the
reactor (fresh feed plus recycle) were unconverted

P A which would enter in an ) N (A entering in'
A unconverted recycle stream fresh feed

= RFpg+ Fpo = (R + 1)Fy,

XAlz 1—CA1/CAO C :FAl:FAO+FA3
1+ e, Ca1/Capy ALT T 0 + Ry,

Fpo + RF (1 — Xy)
R Ug + Rvo(l + SAXAf)

c ( 1+R—RXAf)
M\1+ R+ Re Xy
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RECYCLE REACTOR

Performance equation for recycle reactors,
good for any kinetics, any ¢ value and for X, =0
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The approach to these extremes

o dX
Fi —(R+ 1;1J‘ i
AD | L
I I
Hl=ﬂ H‘Tm
L_r«d% V. _ Kar
Fag I8 Ta Y
plug flow mixed fow

Integration of the recycle equation gives, for first-order reaction, € = 0,
i —In [Ehg +RI':M
R+1 (R +1)Cy
and for second-order reaction, 2A — products, -r, =kC,?, €=0

kcA[ﬂ' _ C_qﬂ{{-'m - C_ﬁf-]
Small recycle Large recycle R+1 CofCap + RC,f)




first-order reactions
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Comparison of performance of recycle and plug flow
for first-order reactions
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Comparison of performance of recycle reactors
with plug flow reactors (second-order reactions)
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AUTOCATALYTIC REACTIONS
A+R—=R+K, —r, = kC% C§

 Reactions with such rate-concentration curves lead to
Interesting optimization problems

* 1/(-r,) versus X, curves with their characteristic minima

A A

_ N? Hd . Point of
) In 1ee MAaXIMUm
= |I"' —
g /_\ A K rate
Progress ;
of reaction \_/
Progress
of reaction

Ca Xa



Plug Flow Vs Mixed Flow Reactor
(No Recycle)

Which reactor is superior for a given job
(which requires a smaller volume)

1. At low conversion the mixed reactor is superior to the
plug flow reactor.

2. At high enough conversions the plug flow reactor is
superior.

« we should note that a plug flow reactor will not operate at
all with a feed of pure reactant.

* In such a situation the feed must be continually primed

with product, an ideal opportunity for using a recycle
reactor.
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Optimum Recycle Operations

When material is to be processed to some fixed final
conversion X,:in a recycle reactor.

A particular recycle ratio which is optimum in that it minimizes
the reactor volume or space-time.

The optimum recycle ratio is found by differentiating with
respect to R and setting to zero.

d{,—fcm}zﬂ T J'J:’A_r R+ld;{ﬁ
adR Cao *"'m‘::i—?r (—ra)
From the theorems of calculus, if
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F(R) = j ((I’:)) f(x, R) dx
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Recycle too high

Incoming

reachor

feed to H’H

Recycle just right

———

Xap Iar Xay Q@

Recycle too low

xm Iﬁu

In words, the optimum recycle ratio introduces to the reactor a feed whose
1/(-r,) value (KL) equals the average ll(-rA) value in the reactor

as a whole (PQ in Fig. 6.20).



Occurrence of Autocatalytic Reactions.

The most important examples of autocatalytic reactions are
the broad class of fermentation reactions which result from
the reaction of microorganism on an organic feed.

Another type of reaction which has autocatalytic behavior is
the exothermic reaction (say, the combustion of fuel gas)

Autothermal, heat may be considered to be the product which
sustains the reaction.

Reactor Combinations

For autocatalytic reactions all sorts of reactor arrangements are to
be considered

if product recycle or product separation with recycle is allowable
one should always try to reach point M in one step

(using mixed flow in a single reactor)
Then follow with plug flow or as close to plug flow as possible.
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FINDING THE BEST REACTOR SETUP

» At a given enzyme concentration Cg tests in a laboratory
mixed flow reactor give the following results:

C xg, mmol/m’ 2 5 6 6 11 14 16 24
C,, mmol/m? 05 3 1 2 6 10 8 4
7, Min 30 1 50 8 4 20 20 4

We wish to treat 0.1 m*/min of this waste water having C,, = 10 mmol/m® to
90% conversion with this enzyme at concentration Cg.

(a) One possibility is to use a long tubular reactor (assume plug flow) with
possible recycle of exit fluid. What design do you recommend? Give the
size of the reactor, tell if it should be used with recycle, and if so determine

. the recycle flow rate in cubic meters per minute (m*/min). Sketch your
recommended design.

SOlUthn Co. mmol/m’ 2 5 6 6 11 14 16 24
C,, mmol/m’ 05 3 1 2 6 10 8 4
T, min 30 1 50 8 4 20 20 4
s
l 7 _mmm g 55 19 2 08 5 25 02




Part (a) Solution. From the —1/r, vs. C, curve we see that we should use plug flow with recycle.

ol ¢ From graph

CAin = 66 mlefm3

8 Cpo =10 C .= Cao*RCy
’ Al R+1

R= Cao —Ca1
Car— Car
R = M = 0.607
6.6 —1
o Equal Total area =
areas  r=1.2(10-1) V = qu, = area (vy) = [(10 — 1)(1.2)](0.1) = 1.08 m?

vg = YR = 0.1(0.607) = 0.0607 m*/min




(b) Another pussihilitﬁs to use one or two stirred tanks (assume ideal). What
two-tank design do you recommend, and how much better is it than the
one-tank arrangement?

Part (b) Solution.

« Drawing slopes and diagonals according to the method of maximization of
rectangles

V.
Areay =5 = -= = (2.6 - 1)10 = 16 min

Forltank V=t =90(0.1) = 9.0 m?
Vi=mr=592(01) = 0.59}
Vy=rr=16(0.1) = 1.6 m*

tad

For 2 tanks V....=219m

total

Area; =7 =(10-2.6)0.8 = 5.92 min

Y




(¢) What arrangement of plug flow and mixed flow reactors would you use to
minimize the total volume of reactors needed? Sketch your recommended
design and show the size of units selected. We should mention that separa-
tion and recycle of part of the product stream is not allowed.

Part (c) Solution.
Following the reasoning in this chapter we should use a mixed
flow reactor followed by a plug flow reactor.

10— ¢
E L

L E

E By graphical integration

A Graphicz
alb Tp = 3-8 min For the MFR Vm=u—rm=o.1(1.2)=n.12mﬂ}v -
t,uJ: Jar

2 - Ty = (0.2)(10-4) = 1.2 ForthePFR  V,=v7,=01(58)=058m’ ] *° ==
0 = >
o 1 2 4 6 8 10



6.1. A liquid reactant stream (1 mol/liter) passes through two mixed flow reac-

6\

tors in a series. The concentration of A in the exit of the first reactor is
0.5 mol/liter. Find the concentration in the exit stream of the second reactor.
The reaction is second-order with respect to A and V,/V, = 2.
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6.3. An aqueous reactant stream (4 mol A/liter) passes through a mixed flow

reactor followed by a plug flow reactor. Find the concentration at the exit
of the plug flow reactor if in the mixed flow reactor C, = 1 mol/liter. The
reaction is second-order with respect to A, and the volume of the plug
flow unit is three times that of the mixed flow unit.
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6.5. Originally we had planned to lower the activity of a gas stream containing
radioactive Xe-138 (half-life = 14 min) by having it pass through two
holdup tanks in series, both well mixed and of such size that the mean
residence time of gas is 2 weeks in each tank. It has been suggested that
we replace the two tanks with a long tube (assume plug flow). What must
be the size of this tube compared to the two original stirred tanks, and
what should be the mean residence time of gas in this tube for the same

extent of radioactive decay?
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6.7. We wish to treat 10 liters/min of liquid feed containing 1 mol Afliter to
99% conversion. The stoichiometry and kinetics of the reaction are given
by

C, mol
A—R, AT 02+ C, liter - min

Suggest a good arrangement for doing this using two mixed flow reactors,
and find the size of the two units needed. Sketch the final design chosen.



6.9. At present we have 90% conversion of a liquid feed (n = 1, C,, = 10 mol/
liter) to our plug flow reactor with recycle of product (R = 2). If we shut
off the recycle stream, by how much will this lower the processing rate of
our feed to the same 90% conversion?



6.11. Consider the autocatalytic reaction A — R, with —r, = 0.001 C, Cy mol/
liter -s. We wish to process 1.5 liters/s of a C,, = 10 mol/liter feed to the
highest conversion possible in the reactor system consisting of four 100-
liter mixed flow reactors connected as you wish and any feed arrangement.
Sketch your recommended design and feed arrangement and determine
Cyy from this system.
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6.13. 100 liters/hr of radioactive fluid having a half-life of 20 hr is to be treated
by passing it through two ideal stirred tanks in series, V = 40000 liters
each. In passing through this system, how much will the activity decay?
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6.15. The kinetics of the aqueous-phase decomposition of A is investigated in
two mixed flow reactors in series, the second having twice the volume of
the first reactor. At steady state with a feed concentration of 1 mol A/liter
and mean residence time of 96 sec in the first reactor, the concentration
in the first reactor is 0.5 mol A/liter and in the second is 0.25 mol A/liter.
Find the kinetic equation for the decomposition.
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6.17. The elementary irreversible aqueous-phase reaction A + B — R + S is
carried out isothermally as follows. Equal volumetric flow rates of two
liquid streams are introduced into a 4-liter mixing tank. One stream contains
0.020 mol A/liter, the other 1.400 mol B/liter. The mixed stream is then
passed through a 16-liter plug flow reactor. We find that some R is formed
in the mixing tank, its concentration being 0.002 mol/liter. Assuming that
the mixing tank acts as a mixed flow reactor, find the concentration of R
at the exit of the plug flow reactor as well as the fraction of initial A that
has been converted in the system.
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6.19. We wish to explore various reactor setups for the transformation of A into
R. The feed contains 99% A, 1% R; the desired product is to consist of
10% A, 90% R. The transformation takes place by means of the elementary
reaction

A+R—R+R
with rate constant k£ = 1 liter/mol - min. The concentration of active materi-
als is Cap + Crg = Ca + Cg = C, = 1 mollliter
throughout.

What reactor holding time will yield a product in which Cy = 0.9 mol/
liter (a) in a plug flow reactor, (b) in a mixed flow reactor, and (c) in a
minimume-size setup without recycle?
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6.21. For an irreversible first-order liquid-phase reaction (C,, = 10 mol/liter)
conversion is 90% in a plug flow reactor. If two-thirds of the stream leaving
the reactor is recycled to the reactor entrance, and if the throughput to
the whole reactor-recycle system is kept unchanged, what does this do to
the concentration of reactant leaving the system?
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