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Chapter 4

Isothermal Reactor Design

We focus on the design of various types of
reactors

Part |I. Mole balances In terms of conversion

4.1 Design structure for isothermal reactors
How do we approach a problem?

1) Use the general mole balance equation:

d(N Y
(th):FAO—FA+jrAdv

*Elements of Chemical Reaction Engineering — Fourth Edition
by H. Scott Fogler, Prentice Hall, 2006
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2) Derive designs equations for the specific reactor:

Batch: N 0 (jj_f — _rAV
CSTR: V=Fpo (Ur X
Plug flow: I:Aodx —_r
dv §
Packed bed: FAOdX .
o\ A _rA
dw

3) We need —r, = f(X)
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4) f(X) is not known. We need to derive —tr, = f(C,, Cg, ...)
5) Concentration as a function of X

4.2 Scale-up of liquid-phase batch reactor data to the
design of a CSTR

4.2.1 Batch operator: V =V, (ct volume)

1d(N,)
:rA
V dt
d(C d(C
Or (th)er; - (th):_rA

We can use measured variables (i.e., C,) to getr,



1)
2)
3)

4)
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Typical problem: estimate t necessary to
achieve a conversion X: A=>B

Mole balance: dXx
law:
Rate law r, = kCi
From stoichiometry: C,=C,,(1-X)

The equations are combined to give:

t = 1 ( X j Also called reaction time
KC o \1— X
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If we change the rate law to kC
—T\ = A
t=—In| ——

. ke \1- ’) _ . .
In reality, the cycle time is the su o%t e time to fill, the time to heat, the
time to clean, and the reaction time.

The reaction time is: 1 (ﬁ 1

Example 4.1 shows how one can get the rate law from the data.

Note on batch reactors
a) A+(b/a)B->(c/a)C+(d/a)D
b)  Na = Npo = NagX = Npp(1-X)
c) Moles of B reacted = [(moles of B reacted)/(moles of A reacted)] * moles of A
reacted = (b/a) (N,pX)
d) Ca=(Na/V) = Np(1-X)/V; Cg = (Ng/V) = [Ngg-(b/a) (NagX)I/V;
Cc = (Nc/V) = [Ngt(c/a) (NaoX)I/V; Cp = (Np/V) = [Npp+(d/a) (NagX)1/V
b
N. C. N (@ —xj
O =—"=""9 Asaresult: ~ __\ "~ a etc. .
i C
N .o ° Vv
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4.3 Design of CSTRs
Cao —lOZ

_rA

From Chapter 2:
V = Fpo (M) eiX

X

Fao = Vo Cag V = v, CoXI(-1,)

V. CX
Vo —l

Space time: ; —
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4.3.1 A single CSTR

Cp= Cpy(1-X) pofwX o _CwX  CwX X
A~ “A0 -, ’ kC, kCAO(l—X) k(1-X)
5 — Tk

1+ 7k

e Note on CSTRs
A+(b/a)B->(c/a)C+(d/a)D
Ca = (FAlV) = Foo(1-X)Iv; Cg = (Fglv) = [Fgo-(b/a) (FpoX))V;
Cc = (F/v) = [Fpt(c/a) (FagX))v; Cp = (Fplv) = [Fpot(d/a) (FpeX))v
V=V
C,= CA§(1-X); Cg = Cho(Og (bla) X); etc...
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As a result;

Tk C
C,=C,.(1-X)=C,.|1- —_—A0
A AO( ) AO( 1+ Z'kj 1+ 7k

For first-order reactions, - is the reaction Damkohler number: Da

—Tao

\Y, . .
In general Pa=— — = (Rate of reaction at entrance)/(entering flow rate of A)
kC,V

 For a first-order system, we have Da-= =7k
VOCAO
° - 2
For a second-order system, we have Da - kcéov _ ke,
V

0~ A0

Rule of thumb: Da<0.1 ----- - X<0.1
Da>10 ----- - X>0.9

Da
1+ Da

e For first-order systems: X =
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4.3.2 CSTRsS In series

Co | | 4 ‘ Cps i Cpo

X2
X1

v

Ta1 -r
-, = kC, -
V, Va
Vo = (Far = Fag)l(-1a) = Vo (Cpy — Cpo)l(K; Cypo)
C C
. C..= Al — A0
We can solve for C,,: “az 117,k (1+ lel)(l-l- Tzkz)
Ift,=t,=t and k;=k,=k: ¢, _ C o
(l+ Tk)2
In generaI:C  Chn  Cy Using conversion X, we have:
" (1+7k)"  (1+Da) Koo+t g1

(1+Da)’  (1+7k)
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4.3.3 CSTRs In parallel

Xy Vi = Fpgi X101

|:A01

IfV,=V,=V,, same T, and identical feed rate

Fpo We have: X, = X, = X_=X;

A 4

=S

Tar = Tao = Tan = Ta

Fron V,=Vin; Fpg = Fag/n

=

X, V = F o Xi(-Ta) = FagX/(-14)

The conversion in any of the reactors is identical to what we would achieve
If the reactant were fed in one stream to a large reactor of volume V.
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4.3.4 A second-order reaction in CSTR

X

We start with the rate law and design equation:
V = FpoXil(-1p) = FaoX/(kC?)
Using stoichiometry and v = v,, we have
C, =Cp(1-X)
Also: F, X=v,C,X

V = V,C oo X
As a result kCho (1-X )’

V
Since T:Z we have 1 = X/[kC,,(1-X)?]

= [(1+2 Da) — (1+4Da)2]/(2Da) with Da = tkCAO

Example 4.2 on page 163 illustrates these concepts
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4.6 Synthesizing the design of a chemical plant

The design of a chemical plant requires knowledge
of several process units, in addition to the
reactor. It is also critical to address profit from
the chemical plant.

4.7 Mole balances on CSTRs, PFRs, PBR, and
batch reactors

4.7.1 Liquid phase
We need to monitor the concentration of species.
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aA+bB -> cC+dD
A+(b/a)B->(c/a)C+(d/a)D
Batch: dC,/dt =r,; dCg/dt =(b/a) r,
CSTR: V=Vy(Cag-Ca)/-ra; V=Vo(Cro-Cr)/(-(b/a)r,)
PFR: vodC,/dV =r1,; v,dCg/dV =(b/a) r,
PBR: vodC,/dW =r',; vodCg/dW =(b/a) ',
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4.7.2 Gas phase
We need to use the number of moles.
Batch: dN,/dt =1, V; dNg/dt = rg V; dN/dt =
e V; dNp/dt =1y V
CSTR: V= (Fpg-Fo)/-15; V= (Fgo-Fg)/-15;
V= (Feo-Fe)l-res V= (Fpo-Fp)/-1p
PER: dF,/dV =r1,; dFg/dV =15 ; dF/AV =1 ;
dF,/dV =1y
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 Notes on gas phase (variable v)
C;=F/N=PI(ZRT); Fr =C; vV

Z. compressibility factor

Cro = FrofVo = Po/(ZoRTy);

With z = z,, V = Vo(F/Fo)(Po/P)(T/IT,)

Asaresult  C = F/v = Cyy(F/F)(PIP)(Ty/T)
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