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* This presentation covers equiliorium conversion,
optimal feed temperature, interstage cooling, and
the application of energy balance principles in
reactor design.
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Topics to Be Addressed

* 1. Equilibrium Conversion
» 9. Effect of Temperature on Conversion

3. Optimal Feed Temperature for Exothermic and
Endothermic Reactions

* 4. |nterstage Cooling Strategies

5. Nonadiabatic Reactor Operation and Stability
6. Energy Balance for PFR and CSTR Reactors

/. Multiple Steady States and Reactor Stability
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Objectives

* 1. Understand the equilibrium conversion and its
dependence on temperature.

* 2. Learn how feed temperature optimization
impacts conversion.

3. Analyze the importance of interstage cooling in
reactor operation.

* 4. Examine reactor stability and energy balance
considerations.

* 5. Apply theoretical principles to practical reactor
design.
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1 el.wlelrléﬁ»b
endothermic
X A-+heatl] B
A,e
exothermic
All B+heat
0 T
Example) A=B C,g=1 Cgy=0
_Cge _\%&(O * XAe) Xpe Rearrange to solve in
Cae Cngll—Xae) 1-X,, termsof X,
—>Ke(1-Xae) = Xpe =K =Xpe +KcXpe —Ke =Xae (1+Ke)
K
1+|(<: ) = Xpe This equation enables us to express
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Xpe = 5
L ool 2H RX(TR)(l_lj .
Clicker question Kc (Tz) R T T,
material
AH® T,
Exothermic & ACp=0: AH’gx (Tg ) <0, when T T exp{ Ré( R)(_Il_ _TlJ] T & Xpe ¥
2
Makes sense from Le Chatelier’s principle Al B+heat

Exothermic rxn produces heat—
Increasing temp adds heat (product) & pushes rxn to left (lower conversion)

AH’ T
Endothermic & AC,, ~0: AH'gy (Tr) >0, when T T exp[ R|):\(>( R)[_Il_ _Tlﬂ V& Xpo T
2
Makes sense from Le Chatelier’s principle A+heatll B

Heat is a reactant in an endothermic rxn—
COCLEGE TF ERGINEERINGACANL(RERALL pushes rxn to right (higher conversion)
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For reversible, exothermic rxns, optimize feed temperature to maximize %A*"wm

High To: moves X, g line to the right. Rxn reaches equilibrium fast, but low X,

Low T, would give high X, . but the specific reaction rate k is so small that most of the
reactant passes through the reactor without reacting (never reach X, .)

X " From thermodynamics
EB

0.75

0.33

o S 1=3%0
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» Adiabatic operation of each reactor simplifies the energy balance
* Higher feed temp- reaction reaches equiliorium quickly but X, . is low  semwresicss
* Lower feed temp- higher X, , but reaction rate is too slow to be practical

* Cooling between reactors shifts X, g5 line to the left, increasing X,
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final conversion
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The equilibrium conversion increases with increasing temperature, SO US&ii o <

YOUR WAY TC SUCCESS

Interstage heating to increase the conversion

~_ Red lines are from the
_____ energy balance, slant

backwards because

heating process ™~ AH° 5y >0 for
endothermic reaction

~
final conversion

>
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Nonadiabatic PFR/PBR Operation and Reactor Stabili
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1. T changes with distance down reactor- differential form of EB must be used
9. Multiple steady states: more than one set of conditions satisfies both the energy
balance & mole balance
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distance
Negligible shaft work (W¢=0) and adiabatic (Q£O)

a) Use TEB to construct a table of T as a function of X,
o) Use k =Ae®R to obtain k as a function of X,
c) Use stoichiometry to obtain —r, as a function of X,
d) Calculate: XA
V=Fao | a
COLLEGE OF ENGINEERING - awsiml ¥d A
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Heat is added or removed through the cylindrical walls of the reactor Sowr vy e suces
Q=UAA(T,-T)=Ua(T,-T)AV a A
V
Heat exchange
area per volume of
Ty reactor
V+AV
Energy balance on small volume of SS PER:
AQ _(\)NS + ZRHly —ZFHily, 4y =0
Plugin Q:  — Ua(T, —T)AV - Wy + ZRHi|,, - ZRHi\,,»y =0
d> (FH;
Take limitas AV—ee: = Ua(T, - T)- Zc(l\/l ) _ 0
> dR dH;
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va(T, ~T)- =0T - 3R ‘3(', =0
. ‘ . dF dH; dT
Substitute the differentials: av - i =vi(-Ts) and av - Coi Y,
dT
—>Ua(T,-T)-2ZHy(-ra) - XRKCpi Y =0  YvH = AHgy

dT

—Ua(T, —T)—-AHgy (A ) —XFRCpi Ve =0 Solve for dT/dV:

dT . AHRX (rA ) + Ua(Ta — T)

dT
CoLesGE &@cﬁ:@éﬂ&h@‘f@;ﬁ T -7 - dv FCpo.




Heat Heat Heat / Lo
generated removed Multiply Ua and generated (e R

YOUR rAY TC SUCCESS

dT _ AHrx(ra)+Ua(Ty-T) g (<T16>I)1bi R dT _ AHgy (ra)—-Va(T- Ta)
dv > FCpi dv 2.FCpi
o Switched
AHrx = AH'Rrx(TR) +ACp (T=Tg) | Substitute and multiply out sign & order
F =Fao (© +viXa) the denominator in bracket
[ ( )}( \ : ) —> for A—>B
AHORX (TR) + ACP T - TR ra )+ Ua(T,-T b
ar _ i viCpi = Cpg —Cpa = ACP
dv Fao 2 (OCpi +CpiviXa )
dT [AH°RX (TR)+ACp (T-Tg )} (ra)+Ua(Ty ~T) Energy balance for
— dav = SS PFR, W =0
70 (Z0;Cp; + ACpXp ) °

dXa _ ~Ta |PFRenergy balance is qoupled to the PFR design eq, and PR design
dV  Fag eqiscoupledto Arrhenius eq for k or K

equil

COL"EGE, ,&%W%qﬁ%‘ﬁ&fﬂlﬁ#&must be simultaneously s
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A B liquid phase rxn carried out in PFR; Wg =0 & pure A enters the'PER

 More b dX, —ra i
ole balance =
dV  Fag
Ca |
v’ Rate law —p =k|Cp ——2 with
N R
: E(1 1) ' AHRx (TR)( 1 1)
K =k.exp| o[ T L] PKe(T)=Ke (T,)ex ||
i H{[Tﬂﬂiic() o (T,) r{ 1
v’ Stoichiometry Ca =Caol—Xa) Cg =CaoXa
dX,  K[1-Xa — XA Ka]l
v Combine v | o A/ C]i
.. O . :
/ Eneray balance a7 | AHRx(TR) +ACk (T—Tg) |(1a) +Ua(T, - T)
av Fao (2©Cpi + ACpXp ) '

Solve these equations simultaneously with an ODE solver (Polymath)
If this were a gas phase rxn w/ pressure drop, change stoichiometry accordingly & include an equation for
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Review: Nonisothermal CSTR«

, Isothermal CSTR: feed temp = temperature inside the CSTR st e sy
Case 1: Given Foo Cao, A, E, Cj, H®), @and X, calculate T & V R er et

a) Solve TEB for T at the exit (T,.; = Ticide reactor)
b) Calculate k = Ae’RT where T was calculated in step a
c) Plug the k calculated in step b into the design equation to calculate Vg

Case 2: Given F5o Cap, A, E, C, H®), @and V, calculate T & X,

a) Solve TEB for T as a function of X,

b) Solve CSTR design equation for X, as a function of T (plug in k = Ae®RT)

C) Plot X, gg Vs T & X, pg Vs T on the same graph. The intersection of these 2 lines is
the conditions (T and X,) that satisfies the energy & mass balance

Xa g = CONnversion determined from the TEB equation
Xams = conversion determined using the design equation

Intersection is T and X, that
satisfies both equations
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0 100 200 300 400 500 600
T (K)

* Plot of X, ggVvs Tand X, g vs T

* Intersections are the T and X, that satisfy both the mass balance and energy
balance

» Multiple sets of conditions are possible for the same rxn in the same reactor

with the same inlet conditions!  Reactor must operate near one of these steady
- 1 1 . o l
COLLEGE OF ENGINEERING - sl aSjltes this requires knowledge of their stability!
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Consider a jacketed CSTR with constant heat capaci
AC,=0, first order kinetics, all feeds at the same temperature (T
jacket, and an overall heat transfer coefficient

Q=UA(T,-T)
) n
TEB:0=Q- I:Ao_Zl@iCp,i [T = Tio] = AHrx(T)Fa0Xa
1=
Substituting for Q =UA (T, -T) and AHgx(T) = AHgx (TR) since ACp =0
n
—>0=UA(T,-T)- I:Ao_Zl@iCp,i [T~ Tio ]~ AHrx (TR )Fa0 XA
I=
Bring terms that remove heat to other side of equation:

n
- FAO_Zl@iCp,i [T-Tio] -UA(Ty = T) = ~AHrx (TR )Fa0 XA
=

n UA(T, -T O
S 3 eculT-Tol- A0 =T _ s ()
i1 Fao
\ J \ J
| |
Heat removed term = R(T) Heat generated term = G(T)

COLLEGE OF ENGINEERING - s 2 S1G3(Y -state occurs when R(T) = G(T)
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’ TR \
n UA(T, - T o
Z ®iCp’i [T B TIO] - (F 2 ) — _AHRX (TR)XA
- 0 FagX Vv
—r
Cpo = 20Cp; V="A0ZA _  TAT X
—Ta Fao
UA(T, -T . Y
Substitute  — Cpyg IT-To]- (Ta—T) = —AHpy (TR)( A )
Fao Fao
L UA TaFanChn + UAT.
More substitutions: & = T, = 0" AO™p0 a _ kTa +Tg
CpoFao UA + CpgFag 1+ &

AHRy" = AHRy" (TR )

— Cpo (1+x)[T = Te ] = —AHgy’ [‘rAVj

Fao
Heat R(M)=Cpoo(1+x)[T-Tc|]  peat

COLLEGE/OF ENGINEERING - assaumllayls  generated: G(T)=-AHgx"
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Heat removed: R(T)

A A

Heat generated G(T)

[ | I

Cpo (1+ K) [T — Tc] = —AHRXO
Fao

R(T) line has slope of Cpy(T+x)

R |

Increase T,

»
»

T

When T, increases, slope stays
same & line shifts to right
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’d P P
K= UA/CDOFAO TC — 1a+ " 0
RT) Tr=oo )
K=
Increase
° T, To T

When « increases from lowering
or increasing heat exchange, slope
and x-intercept moves

T.<T,: x-Iintercept shifts left as k1
T.>T,: x-intercept shifts right as k1
=0, then T=T, «

K :oo‘ then Ti:Ti



gradually (o™

G(T)>R(M)soT
— - gradually rises to
G(T) R(T) T-ss,
R(T)>G(T)so T
gradually falls
L G(T)>R(TM)soT O T=35;

| gradually rises to
T:SS1

S

| Temperature

G(T) & R(T)

3 steady states satisfy the TEB and BMB

* Suppose a disturbance causes the reactor T to drift to a T between SS;, & SS,
* Suppose a disturbance causes the reactor T to drift to a T between SS, & SS;
* Suppose a disturbance causes the reactor T to drop below SS,

* Suppose a disturbance causes the reactor T to rise aobove SS;

Co""ééi Qﬁdeééiﬁ% %I b’&%{ﬁt&m to them after temp pulse)
ke OMORISRIE
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)
.
\

T X
06 } Increasing T above these T
Tos cause a temperature jump to

the higher T

TO,Q To,1 T

* Changing the inlet T will shift the steady state temperature (T¢)
* Notice that the number of steady state temperatures depends on T,
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Temperature Ignition-Extinction Cud@®

* Slight increase in T above T .., causes

reactor T to jump to I~
* Ignition temp: T where jump from Ts 450
Ts upper OCCUIS P

. . =
* Slight decrease in T below Tg g, CAULES
reactor T to drop to

T W
» Extinction temp: T where drop from Tg ., o
tO T¢ |ower OCCUIS A T
' T, along dashed line
Plot Tg vs T, o are unstable
= Upper steady state
S
D
g | Lower steady state
>I\ |
2 lignition t t
S lignition temperature
(Vp]
g ! |
=’ |/

|
ENGINEERING - g
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Ignition temperature is very important: once Incredeetin Exoli:rmic
T, exceeds T

ignition transition to the upper reaction rate reaction
steady state will occur

e undesirable
e dangerous

Runaway reaction

mmmmmmP> R(T) only intersects with

upper steady state
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Summary

* In this presentation, we explored the key factors
affecting equiliorium conversion, optimal feed
temperature, and interstage cooling.

» We also reviewed the energy balance principles for
different reactors and discussed the importance of
reactor stability.

» Understanding these concepts Is essential for
optimizing reactor performance and safety.
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