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E 344
eering and Design

Lecture 18: Thurs, Mar 17, 2022

Non-isothermal examples
Reading for today’s Lecture: Chapter 12.3, 12.6

Reading for Lecture 19: Chapter 13



Lecture 18: Non-isothermal Reactor Design-CSTR with heat exchangers + multiple reactions
Related Text: Chapter 12.3, 12.6

Algorithm for solving CSTERs with heat effects with conversion.

If temperature is specified in the problem (recall assumptions necessary):

_ Cpp(1+w)(T—T,)

 [BH ()]
If conversion 1s specified in the problem:
_ Z[AHn (Toep) 1X
r= Cpﬂ {1 + x} * TC

Once vou have both T and X, you can solve for the reactor volume using the mole balance equation for a
CSTR:

I
- —1al(X, k(7))

If reactor volume is specified in the problem vou will need to plot R(T) and G(T) and find intersections,
as there may be muliiple steady states.

For CSTR with multiple reactions:

Cannot solve with conversion so need mole balance for each mdividual species. For the energy balance
below:

h

VAT —T) _

v
§ _51'CP.1' [T - TEI'] + F E n'J'ﬂHr'x'mt’j + F
A0 &=t a0

The first term 15 posttive if Ty > T (feed in is heating up the reactor contents), the third term is positive if
T, > T (heat exchanger fluid is heating the reactor contents). The middle term is positive if the reaction
rate of species j 1s negative and the heat of reaction 1s negative (exothermic). The middle term 1s our
generation of heat, and the first and last terms are our removal of heat (combined into one for CSTR, as
heat can be changed without reaction either by a heat exchanger or by the feed in being different
temperature than the reactor/outlet temperature). For large coolant flow rate yvou may use (see Lecture 17
summary for defimtions):

R(T) = Cpo(1 +x)(T —T)

v
G(_T} == Z Tij IﬂL'F-'!,r'.x'rt,t"r'

i=1

Example for two reactions:

T
G'[T} = a (_kic.qﬁHmn.m — kaCgAH :E)



Review of PFR/PBR with heat exchanger:

T,(V=0) To(V = Vppr)
m, —/) — M,
Reactants ﬁ' Q) /, ) — T

V=20 / \ V= Vprr
Heat exchanger

Mole balance Energy balance
o dT _ 13BHyn — Ua(T —Tp)
av 2 FiCp;
Co-current E.B. Counter current E.B.
—Ua(T, —T) AT, +Ua(T, —T) AT,

m.Cp,  dV 1. Cp . dv



CSTR algorithm(s) recall assumptions, see L17 and summary

:[Aern(Tref)])f =  Cpo(1+1)(T—-T,)

Reaction heat generated HeatremovedDby:
coolant and reactor ef fluent

T specified X specified
2 CHOT=T)  —[AHp(Te)IX |
—[AHy 1y (Tyef)] Cro(1 + 1) c
v FrioX
—14(X, k(T))
UA
Cpo = Z 0;Cp; T. = kla + 1o K =

14k FaoCpo



’

How can we think of k? Ratio of heat transfer from ‘coolant
to total heat capacity in from inlet flow for our system

UA
K =
UA [=] ) m/fS'l K-1 *}‘ﬂé F40Cpo
/ FAOCPO [=] njﬁ/|5'1 * ) m91_/1 K_l

Lecture 16

How can we think of T,.? Relevant temp to use when
considering our gradient from the reactor temp T

Cpo(1 +x)(T—T)
/

Weighting T, and T, Heat is removed
due to this gradient



If volume of CSTR is specified:

Y _ CPO(1 + K)(T — TC) v = FAOXMB
EB — —
_[Aern(Tref)] —T4 (XMB; T)
X
Plot Xz and X,z vs. T and
find intersections Xes new  Xeg

Caution! There may be multiple steady states, and so if you
don’t graphically look at the plot you may miss some
solutions! To avoid, use G(T) and R(T) and find steady states.



Multiple reactions for PFR and CSTR

PFR for one reaction:
dT Ua(T, —T) + ryAH,
av 2. FiCp;
PFR for multiple reactions:
ar Ua(Tg —T) + X1 7ijAHxn i
dV 2. FiCp

CSTR for one reaction (with negligible shaft work)

> —=0:CoilT = Tol = [BHran(Treg) + BCo(T = Tyep)IX

UA(T, - T)

0
Fa0

_I_




Assume ACp=0, and recall don’t want conversions for multiple

'XNS

rAV UA(T, —T)
( —0;Cp ;[T — To]) [Aern(Tref)] F F
AO A0

CSTR multiple reactions

%4 - UA(Ta o T)
Z _HjCP,j [T o TO] T EOZ rijAern,ij + FAO

=1

What does 1;;AH,, ;; mean? i refers to the number of the
reaction, j refers to the limiting species that AH,.,, ;; is

defined for. Soifyou had: A = B; A — 2C
You would have r,, and r,,, each with a different heat of
reaction with respect to A.



CSTR with multiple reactions, assuming all inlet flows are the
same T=T,, no shaft work, steady state, large coolant flow
rates (T,,=T,,), no change in PE, KE (recall those assumptions

from adiabatic E.B.)

Fjo
l
7ncCP,c L FJ
Tq1 -
az Number of rxns
V ~ UA(T, —T)
z _QJCP][T — TO] + _2 TijAern ij +
' Fao ! ' Fao

=0



Today: Going through examples

PBR reversible reaction with co-current heat exchanger (LEP
T12-2) A+B 2 2C

CSTR with multiple reactions and heat exchanger (LEP 12-6)

ki ko
Assuming in this A=B=C Fao
example T, =T,

me CP,C
Tq1




Elementary gas-phase reaction (Chap 12.3)
A+ B2 2C

In a packed bed reactor with inert and with co-current heat
exchanger

dX —ry

Mole balance: —
, C¢
Rate law: —1s = ky| C1Cp — =
K¢

E,/1 1
ki = kq(Ty)exp ( R <T1 — 7))

AH... (1 1
Kc = Kc(T,)exp R T, T




Stoichiometry (gas-phase):
_ Cpo(1 = X) T
Cyp =

(1+eX) T

p
1
8=yAO6=§(2—1—1)=O
To
Ca = Cyo(1 —X)7P
Ty
Cp = Cyo(0Op —X)?P

Ty
Cc = CAO(ZX)7P

Ty
C; = Cpo 717



Ergun Equation: d_P _ __“(1 n eX)l
2p

dw T,
dp —aT
dw  2p T,

Combine (gas-phase):

C?
/ C
—1y = k4 (CACB - _Kc)

202\ (T, \°
—rA=klc£o(<1—X> (65— X) —(KC) )(%’p)

At equilibrium, =1y = 0,X = X,

5 1/2
(05 + DK — (05 + DKC)" — 4K 05(Kc — 4)
Heq = 2(Ke —




Energy balances: Q; Qr
On reactor:

, Ua
d_T _ TAAHpyn — (,0 )(T To) _ Q"g — Q5
dW ZFLCP,l ZFiCP,i

z FiCp; = Fu0|Cpa+ 05Cpp + 0;Cp;+ XACp]

On co-current coolant:

ar, ()T

dW mc CP,coolant




Mole balances using molar flow rates:

dF, , dFg , dF. ,
aw " aw ST aw e
Fy = Fp
Rate law: CCz
—TA = kl (CACB — K_C>

Stoichiometry (gas-phase):

A= Tp

I __ !
_ZTA — TC



Stoichiometry (gas-phase):

F, T,
Cp=Crog—=——
A TOFTTp

Fs T,
Cp = Cro—=——
B TOFTTP

F- T,
Cc =Cro=——
C TOFTTP

FT:FA+FB+FC+FI

dp —aFp T
dW  2p Fpo T,




Using parameters in Living Example Problem T12-2

Ua
dT, ( pb) (T = Ta) dp —aT
dW mcCP,coolant dW Zp TO
dT Qg —Qr dX -m,
dW Y FCp; dW  Fy,

Plus other eqns for K., 14, etc.

PFR with Heat Effects PFR with Heat Effects

] =T

E—Ta

Conversion
Temperature(K)

"0 1000 2000 3000 4000 W0 ——""o00 2000 3000 4000
Wikg)

Wikg)



Discuss with your neighbors:

Which PBR has the highest heat exchange (Ua)?
Is that the ideal reactor condition for X?
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Next example: CSTR (liquid phase) 12-6

10
1000

V =10 L;|v, = 1000 L/min; C,, = 0.3 mol/L; T, = 283 K; T=

Heat capacity

Cpa = Cpg = Cpc = 200 J/mol-K (AC, = 0)

k k
ASBS3C

Kinetics

k,(300 K) = 3.3 1/min; k,(500 K) = 4.58 1/min;

E_, =9900 cal/mol; E,, = 27000 cal/mol;

Thermodynamics

AH,yn 14=-55 ki/mol; AH,,, ,5=-71.5 kl/mol;

Heat Exchanger

UA= 40000 J/min-K; T,=57 °C (330 K) Assume constant T,




Qs: What is the outlet concentration, are there multiple
steady states, and are they stable?

Start with reaction rate laws:

ra = —kiCy = —1ip
r,p = —k,Cp
g = —k1Cy

rg = k1Cq — k,Cp

Mole balance for A in a CSTR (not in terms of conversion):

Fpo —F4  vo(Cyo — Cy)
V — —
—Ta k1Cy

Vo Ca—Cy _ G
—=7= — Cy =




Mole balance for B in a CSTR:
Fgo —Fp vy (Cpo — Cp)

V = —
_TB _k]_CA + kZCB
A TRl Cgo — Cs = T(—k1Cy + kyC
UO_T_—leA+k2CB > LBo B =T(—k1(y 2Cp)
CBO + Tk]_CA — CB(l + sz)
CBO +Tk1CA
— CB
1+ kytT
Qgg—‘l‘ Tkch B Tk]_CAO

1+k,t (A +k, )1+ k1)



Energy balance: Positive if T, > T
Positive if Ty > T

Negative if T, < T

v UA(T, — T)
D, ~OCelT = Tol + 7 ) by + =0

Negative if T, <T

=1

%
Cro(L +1)(T = To) = 7— ) 7ijAHrin )

40731

Cpo = 2 0;Cp; = 04Cp g+ 0pCpp+0cCpc=Cpy

Two terms from three because recall the reactor effluent
removing heat is also like a heat exchanger and is part of T_.



rl]Aern ij — rlAAH‘rxn 14T rZBAern 2B

o N

(moI A Lt s1)(kJ [mol A]?) (mol B Lt s1)(kJ [mol B]1)

Species j is switching (no A in rxn 2), between sums

*Note 1y 4AH 5, 14 is positive if A is being consumed in rxn 1
and the reaction is exothermic (makes sense in E.B.)

n

z TijAern,ij — _kchAern,lA o kz CBAern,ZB
=1

C Tk C
= _k, A0 1C40

AH
1+ kg T4 (1 +k,7)(1 + kq7)

Aern,ZB



K = = 0.667
FAOCPO

T, = Kl + 1o _ 301.8K
1+ k

CPO — CP,A —_ 200]/m0l y K

R(T) = Cpo(1 + 1)(T — T¢)

n

=1

T

AQ

|74
Z 1ijAHxn,ij =

(_kl CAAern,lA o kZ CB Aern,ZB)




Discuss with your neighbors:

How many stable steady states are there for these conditions
for the multiple reactions CSTR we solved for?

00f L ;f;,}*" i

1200
1000
300 |
500 |
400}
200}
I:I:

G(T)
1 R(T)

G(T).R (T)=10%(J/mol)

300 400 500 600 700 800

A) 5 C) 2

@ D) No stable steady states
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