Chapter 5

ldeal Reactors for a Single
Reaction




Single Ideal reactor
Homogeneous reactions

Batch reactor : Unsteady state operation

Plug flow reactor : Slug flow, Piston flow,
|deal tubular unmixed flow reactor

No element of fluid overtaking or mixing
with any other element ahead or behind

There may be lateral mixing, no mixing along the flow path

Constant flow stirred tank reactor (CFSTR):
Mixed reactor




Single Ideal reactor

» Internal volume of reactor, V,

» While V the volume of reacting fluid

voidage &

Feed Product
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" mixed
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Mixed flow reactor, MFR



IDEAL BATCH REACTOR

Composition is uniform throughout at any instant
of time,

No fluid enters or leaves the reaction mixture
during reaction

=) =)
ig,p{l{t = ng,l?ﬁ:u + disappearance + accumulation
rate of loss of reactant A rate of accumulation
+ within reactor due to = — of reactant A
chemical reaction within the reactor
_ unit
dlsappearan.c:e of A moles A reacting :

by reaction, =(=r, V= (time)(vol F fluid) (volume of fluid)
moles/time ime )(volume of flui

accumulation of A, _ dN, _ d[Ny(1 — X,)] - _N dX,
\ dt dt AV dt




IDEAL BATCH REACTOR

dX
(—=rp)V =Ny d;

_ x, dX,
I_NM-[“ (—ra)V

If the density of the fluid remains constant

= CAofXAdXA— _ICA dCy

0
Volume of reacting mixture changes proportionally
with conversion

fore, =0
Cao — A

XA dXA
0 (—ra)Vo(1 + exX,)

B X, dX,
B CAO JO (—'rA)(l + SAXA)




IDEAL BATCH REACTOR

Graphical representation of the performance equations
for isothermal

General case Constant-density systems only

Area = t/Npq,

from Eq. 3 Araa =HCyg,

from Eq. 4

Area = ¢,
from Eq. 4

Space-Time and Space-Velocity

Proper performance measures of flow reactors



IDEAL BATCH REACTOR

Space-time:

| time required to process one
T = — = | reactor volume of feed measured | = [time]
d at specified conditions

Space -velocity

number of reactor volumes of
§=—= = [time™!]

. feed at specified conditions which

can be treated in unit time

(IIIGIEE A entering
1 CuV \ volume of feed

T=—

s Fy moles A entering
time

) (volume of reactor)

V _  (reactor volume)
v, (volumetric feed rate)

The space-velocity and space-time based on
‘ feed at actual entering conditions




STEADY-STATE MIXED FLOW REACTOR

Composition is uniform throughout reactor

By selecting reactant A for consideration
=0
input = output + disappearance by reaction + accugnfl{atiﬂn

Car=Ca
. , X=X
if F,, = v,C,, is the molar feed rate of component A U;‘f A
(=rp)s=(=rp)
input of A, moles/time = Fyy(1 — X o) = Fag Uniform Fp

throughout

output of A, moles/time = F, = F (1 — X,)

dlsalljpfzz?ii of A o (=r)V = moles A reacting volume of
IITOIES e"timej A (time)(volume of fluid) reactor

FpoXy = (mra)V

On rearrangement:




Steady-State Mixed Flow Reactor

Where X, and r, are measured at exit stream
conditions,

Which are the same as the conditions within the
reactor

If the feed enters the reactor, subscript O
Partially converted, subscript i,
leaves at conditions given by subscript 7

V _AX, Xy Xy ,— VCio _ CasXas — X))
Fro  (=1a) (=7a)s Fag (“"’A)f

Constant-density systems X, =1 - C,/C,, Vv  X. Cu-C
_ ap  Lxo A

Fao N N N Cao(—7a)
|4 _ CaoXp _ Cao— Ca

T=—
U —rA —rA




Mixed flow reactor

General case Constant-density systems only
\%4 T
Area = — = — vC
rea Fpo  Cao 1A Area= 71 = —-FAO
- = AO
from Eq. 11 ' from Eq. 13
Conditions
within reactor —
and at exit
XA CA

0 X
First-order Reaction:

1— X, C, oA

For linear expansion C, 1-X,
V=Vl+e,X,) Cao 1+ esXy

kT




Mixed flow reactor

First-order reaction the performance expression
XA (1 + e Xy)
- 1-X,

Second-order reaction, A —-> products,

—F’A =kC1,EA :I:I,.

The performance equation

kT

for any g4

_Ca—Ca =1+ V1 +4krC,y,

kT or Cu= Sen

Ci




STEADY-STATE PLUG FLOW REACTOR

Composition of the fluid varies from point to point
along a flow path

i

e
L
|
1

Material balance for a reaction component made for a
differential element of volume dV
=0
input = output + disappearance by reaction + accmyn/fatimn
Input of A, moles/time = F,

Output of A, moles/time = F, + dF,
- TBiagppearance of A by reaction, moles/tlme (-rp)dVv




PLUG FLOW REACTOR

» Disappearance of A by reaction, moles/time = (-r,)dV
( moles A reacting) )(vnlume: mf)

(time)(volume of fluid)/\ element

F, = (Fy + dF,) + (—rydV \
dF, = d[Fu(1 — X,)] = —FdX,
FpodXy = (—ra)dV

Distance through reactor

vdV _ IXAIdXA
0 Fap

0 _FA




PLUG FLOW REACTOR

Difference in plug flow r, varies, whereas in
mixed flow r, is constant

V _ fofé_X_A

FAO XAf —I’A

Case of constant-density systems

XAf "FA

T= CAOJ

g, =0

C dC
X,=1-—2 and dX,=--—-2
A C.M] A Cﬁﬂ



Performance equations for plug flow reactors

V _ 7 (xydXy Cas dCA
gy =0 Fao Cao 70 —r4 CAIII Can —
V Xp dX o
Vo _T'A
General case Constant-density systems only
_v._t
Area = Foo — O N .
A rea=t = —FE,
from Eq. 19

r—C curve
for the
reaction




Simpler integrated forms for plug flow

Zero-order homogeneous reaction:

kC,,V
k'T= Al = CAOXA
FAO

First-order irreversible reaction:
kr=—(1+g)In(l—X,) — e, X,

First-order reversible reaction
, A#rR, CRU‘ZCFLG = M
—ry = kiCy — kCq

Equilibrium conversion X,

M + FXM
k1T=

Xﬁ.
Mt |:—{1 + EAXAF)IH(]. EE) EEXA]




Second-order irreversible reaction

Second-order irreversible reaction
A + B -> Products with equimolar feed or
2A -> Products

constant £,

Xa
1_'X."L

Caokt=28,(1 + £)In(1 — X,) + £5X, + (84 +1)°




Holding Time and Space Time

- ( time needed to ) v CoV

treat one reactor 7
volume of feed Yo A0

t of flowing material

mean residence time
in the reactor
J["A d-XA

0 (=ra)(1 +e,X,)

constant density systems
(all liguids and constant density gases)

-V
T=1=—
v

_For changing density systems 7+ rand7# Viy,

AN

\
A\

= Chag




Holding Time and Space Time

Consider three cases of the steady-flow popcorn
Takes in 1 liter/min of raw corn and produces 28 liters/min
Consider three cases, called X, Y, and Z,

Case X Case Y Case Z
ﬁ\—* 28 liter/min —» 28 liter/min —>» 28 liter/min
Pop and :zoo.,up.,ue:;" &) v
- o RO
e?];;?gd r {,— Unpopped X580 = Popped
; popcorn g{%@ popcorn
OSAD :
- 550 R
V=1 liter ~\[ii: V=1 liter "0 V=1 liter ~2:9
: XA Rr e
RS S
H S Pa RS
RO 0%2 ke
P Pop andﬁf?ﬁy NEF
f expand f T
here
1 liter/min 1 liter/min, 1 liter/min,

of unpopped corn unpopped unpopped




Holding Time and Space Time

Case X : All the popping occurs at the back end of the
reactor

Case Y : All the popping occurs at the front end of the reactor

Case Z : The popping occurs somewhere between entrance
and exit vV 1liter

Ty =Ty = Tz = = 1 min

v, 1liter/min

Irrespective of where the popping occurs

Residence time in the three cases is very different

_ 1 liter

[y = —— — = ] min
X1 liter/min

i 1 liter
T 28 liter/min

= 7 sec

f; is somewhere between 2 and 60 s

e of ¢ depends on what happens in the reactor,
TSmggenendent of what happens in the reactor



Performance Equations for nth-order Kinetics and g, = 0

Table 5.1 Performance Equations for nth-order Kinetics and £, = 0

Plug Flow or Batch

kr _ Cﬁﬂ_ Ca

=10
—Fy =
n=1
_r_'q_ kC&
n=32
“Fy = kCzA
any n
_.r_'q_ = kC"A
n=1
1
A;IER
CRIJ = U

General rate

=X (20
Co G ‘
0 Cao 1
kt=In C. =In - X, (3.12)
o Cm: B CA. _ X&
krCap = e Tiox, (3.16)
_ Ca \'™ _
(n—1DCGkr=="] —-1=(1-X)"-1
Cao
(3.29)
_ _Cﬁz CAH_CAE)_ ( X )
le_ (1 Cﬁﬂ) ln(ca_cm —Xm.ln XM_XA
_ [ndCa _  [*acdXa
T*J'cﬁ —rh_c‘*"’jn —7 (19)

Mixed Flow
T
o= CM}C; Ca _ ] fr}& (14a)
ko — (CMC; Ca) _ cm{ll" s < (15)
fr= C.w — CA. _ XA

o Ol = Xy

_ (Cﬁ.u - C&](Cm:l - Cﬁr) _ XAXAE
CAD(CA - CA:) X Ae Xh

kTt

CAD - CA _ Cﬂﬂxﬁ

g “Tar

(13)

T=




Performance Equations for nth-order Kinetics and &, # 0

Table 52 Performance Equations for ath-order Kmetics and 2, = 0

Flug Flow Pl Flov
n = kr Er
_r* - k If.ﬁl x"l 'm r-.m l‘lql
M= . 1 _ KL+ e, )
— = k) kr=1(1 + &,lln T-x T, £, X, (20 kT - X, [ 1%}
o= 2 . y X Xl +&, X, F
—r, = kCL krCas = 2oyl + s lin(l = X} + el X, (g o+ 1) _}ﬁ (23} ErCp= "“ -.ﬂv* {15}
e o Xl + ey Xy
—-r, = kY el - X.r
a=1
ﬁ.?fﬁ E (Ll +e, X, ]n m L (22} E ..t',_,.??,. L
'clq| = I}
[
Ceneral expression = l‘.'...-hr"ﬁ 1T g —2TA (i)
0 —1'.. _r.'.
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