Chapter 4

Introduction to Reactor Design




Introduction

The rate equation for a reacting component i is
an intensive measure

(@)

V \ dt /oy reaction

Rate=f (conditions within the region of volume V)

Equipment in which homogeneous reactions are
effected can be one of three general types

The batch

The steady-state flow
he semibatch reactor
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Classification of reactor types

Composition at any
point is unchanged
with time

Feed —=__

Composition 7 —> Product
changes
The batch reactor The steady-state flow reactor

R AN R
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Volume and Volume is constant

a Volume changes iy Product
composition but composition but composition
change is unchanged changes

»rious forms of the semibatch reactor



Material balance for an element of
volume of the reactor

All design is the material balance expressed for any
reactant (or product)

Element of reactor volume

Reactant enters Reactant leaves

Reactant disappears by reaction
within the element

Reactant accumulates
within the element

rate of rate of rate of reactant rate of
reactant reactant loss due to accumulation
flowinto | =| flowout |+ | chemical reaction | +| ofreactant
element of element within the element In element

of volume of volume of volume of volume




Energy balance for an element of
volume of the reactor

/ Element of reactor volume

Heat enters Heat leaves
-*
\ AN
rate of \ rate of
rate of heat rate of heat disappearance :
. accumulation
flowinto | [ flow out of of heat by o
= : . + | of heat within
element of element of reaction within
element of
volume volume element of \
volume

\ volume /




Symbols used for reactors

Batch reactors

At the start
t=0

e

O

Constant pressure \
/— Constant volume

Let time pass
ANNNAD~

Or

7o Vo Nao Pao j
Cao Xao =0

Flow reactors
Fp = Fpo(l —Xp)
v, CA' XA

If there is any
ambiguity call these

Enp vy Cap Xag

N

Fpo = moles fed/hr

vo = m° fluid entering/hr

Cpo = concentration of A
in the feed stream |

V = volume




Relationship between C, and X,
Constant Density Batch and Flow Systems

C
Xpa=1-—== and dX,=-—-=
Cﬁﬂ

C
A =1-X, and dC,=—C,dX,
Cﬁ.!}

For the reaction aA + bB -> rR

CAU_CA=CBU_CE=CR_CRD
Qa b r

CaoXa _ Cpo X3
a b

Changing Density but with T and Pressure Constant

fluid element changes linearly with conversion
V = Vﬂ '[]. + EAXJ’L)




Changing Density system

Y. = Cao — Ca Cy _ 1-X,
A Cﬁlﬂ + EﬁkCﬁ Chf} l -+ EAXH
Cao(1 + £4) dC 1+¢
ax, = — dC A A
A (SRR NON Cun (1+e,X,) X
V:{fj = Vx.=0
EA —_ V}{A:ﬂ = D
Between reactant Products and inerts
EpXy = ERAR Cr _ (rla) X, + Cre/Cyo
Cﬁﬂ ]. + E’AXA

¢ 1
hCm 1+EAXﬂ




Gases in General (varying p,P, T)

Equation of state
PV=ZNRT
At time t=0
P, V,=Z ,N,RT,
At time t=t
PV=Z_ NRT

PoVo — ZoNoTo

PV ZNT
P, Z T_ N
V="Vo(5 )(ZO)(TO)(NO)




aA+bB ——2 ¢C+dD

A+ b B —— SC+ d D
il a - d
Batch Systems
At time t = 0, moles of species A, B, C, D, and |
Nao » Ngo s Neos Npo  and N, respectively

Number of moles remaining in the reactor after conversion X

Initially Change Remaining
Species (mol) {mol} { ol )
A N ag “(NaoX) Ny = Nyg— NpX
b b

B Nag o {H,qnx]x NBENW_ENAHX
C Neo = (NaoX)  Ne= Nep+ = NygX
D N d Moo X Np=N +’ti N, X

1] {_1 ( Al } | T E Al
I {in':“.s:l .Ii.'l'lln Nl = .lﬂirlﬂ_

d ¢ b
Totals Nro HT=NN+[E+£—E—1]HM£




Volume Change with Reaction

Increase in the total number of moles per mole of A

reacted

+E£-2

il B
ooe
|
B )

_ N N,
Ny = Ny + 8N 4o X T 4 TAYEX = 1+ By X
NT‘]‘ NTU

_ change in total number of moles for complete conversion

total number of moles fed to the reactor
V=YV P T 14+ :X)
0 T, Zﬂ |

compressibility factor will not

change P,
V= vﬂ[ ](1+ X}—

i}




Volume Change with Reaction

A mixture of 28% SO, and 72% air is charged
to a flow reactor in which SO, is oxidized.

2502 + 02 4 2803

SO, +3;0, — S0,

g=y, 0 =(028)(1-1—3)=—0.14

We further simplify these equations by defining the parameter ©;,
allows us to factor N,, in each of the expressions for concentration:

@ = N _ Cio _ Yio
YNy Gy | Yao0
_ Nao[Ngoy/Nag—(b/a)X] Ny, (B, — (b/a)X] 0. = Ngo

[

A




Variable-volume batch reactor

' =Fm..—— FU ' :FT= P
0 vy  ZyRT, ' v ZRT
FT PU T ’
V=04 |5 |7 P
[}[Fm1 P {Tn] v =vo(l+6X) (}{}
0
Frsz'l"FADaX C_L'F.I.‘f.. ff}
Iy N
U=UFT0+FA¢15X Pol T uﬂ.fli?',{
O Fpo P|T, Fro P Ty,
Fro | F) T,)
N P P L z[u_m [f {ﬁﬂ] T
0 F]"ﬂ P T{] ﬂj 1'") 1] y
- Pyl T C,=Cpl|lZ || || =
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CONCENTRATIONS IN A VARIABLE-
VOLUME GAS FLOW SYSTEM

c=FA=Fm{."f]' _ Full-X) [Ty | P =C (1-% Py
Ay v vy(l+eX) | TP, *“k|+gx T | P,

, EB_FB _Fal®—(b/a)X]  _ Fyl®y~(b/a)X] (Ty) P _ - (@, —(b/a)X Ty [ P
B v vp(l+eX) | T )P, *"“L I+eX |T P

c.=Fe _Fwl®cte/aX] _ FulBct(c/a)X] T\ P _ . [(BctlcraX|Ty(p]
€ v v(1+eX) | T)P . MU 1+ex TPy
c _Fy  Ful®p+(d/a)X] _ Fuyl®p+(dia)X) [Ty P _ c (O, +(dia) X\ T, p)
Py v v(1+eX) (T )P, M T+eX T [P
' v vell +eX)| T | P, l+eX | TP,




Batch and Flow Systems for Gases in
General (varying p, T, p)

- S (In)
HA + bB _*er, CA[]. Tﬂﬂ Cﬁ 1 - XA. (Tﬂﬂ)
Xy= or =
- &(m) Cuhny 1+ e X \Tmy
a+b#r A \Tyr
Gy G (T’Tﬂ) ﬁ_ﬂX
Cap Cag \Tym Cg Cu a A (Tﬂ“’)
XA= =
T’]Tﬂ,

or
b N Cy (Tﬁﬂ) Cao 1+ e X,

ﬁ+fg{h

CR _ CAU il (Tﬂ'ﬂ')

Chﬂ B 1 + EAXA THU

For high-pressure non-ideal gas behaviour replace

Ty T
() o (577)
To change to another key reactant, say B
agy bep  CpoXy  CyoXp
Cao  Cg a b
For liquids or isothermal gases with no change pressure and




Example

Feed to a steady-flow reactor. The isothermal gas-phase

reaction Is
Cﬂﬂ = 1':“]._. CEI} = 2[][], Cm - 1'::“]

If C, = 40 at the reactor exit, what is C,, X,, and Xg
there?

A + 3B —->6R
Solution:
A + 3B — 6R
Cag = 100 Cp = 40
Cgo = 200 Cg=7?
C10=100 XA=7




x=0

A +3B—>6R

Inert A B R
100 100 200 0
5= (6-3-1)
g=2*1/4= 0.5

_ SACB() _ (1/2)(200) _ l
8" pC,,  3(100) 3

Cao— Ca 100 — 40 60

X = O TenCh 100+ (1240 120 X2
_ bCaoXa _ 3(100)(05) _ -
B Cpo 200 ==
1— Xy 200(1 — 0.75)
—_ o —_ 4
Cp = Cao (1 + sBXB) 1 + (1/3)(0.75) 40



Chpp = 100
bo= 22 1 ¥, =08 2, =0
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Example
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