8. Steady-State Nonisothermal
Reactor Design

o Energy Balance

- Overview of User Friendly Energy Balance
Equations

- Manipulating the Energy Balance, AHy,
o Reversible Reactions
o Adiabatic Reactions

o Applications of the PFR/PBR User Friendly Energy
Balance Equations

o Interstage Cooling/Heating

o Evaluating the Heat Exchanger Term
o Multiple Steady States

o Multiple Reactions with Heat Effects



6. CSTR with Heat Effect |

o Apply general energy balance to the CSTR at st st

Q _Ws - FAOZ®iCPi[T _Tio]_AI_I Rx(T)FAOX =0
i=1

Conventional
jacket

May/12 2011 Spring



6. CSTR with Heat Effect I

o Algorithm for CSTR design 1

L

Example: Elementary irreversible liquid-phase reaction

Given Fag, Cao, Ko, E, Cp, AHRy, ACp=0, B=0

A——B

CSTR

Design equation  V =E_ﬁ!_?§
| A

Rate law

Stoichiometry

Combining

~Tp = I{GA

_ Ao BT _ E1_1
k=Ae k4 sx;{R(Tl TJ]
Ca = Cao(1-X)

Vo FaX
kCag(1-X)

il I

v




v

6. CSTR with Heat Effect 111

o Algorithm for CSTR design 2

v

X spacified:
Calculate Vand T

v

Need k(T)

!

Calculate T

T FADX(—.&HEK) +UATg +FpCp, To

UA + FAocpA

v

Calculate k
- ASERT .. Ej1_1
k(T)=A8 k4 ex;{n(_r‘ TJJ

AL

Calculate V

s

¥

V specified.
Calculate Xand T

R

Two equations and two unknowns

1K 1:=VCEQ=V

XMB - 141k ’ FAO V—Q
TASERT
Xaag = 1+ zASEAT
UA(T-T:
—(';.“*--:ﬂ'l +Cp, (T-Ty)
Xeg = .
—[AHH,,]
Plot Xvs. T




6. CSTR with Heat Effect 1V

o Algorithm for CSTR design 3

A
Specify X
Find Vand T
l

Calculate T
From Eqn. (8-56)
$

Calculate k
k = Ae EIRT

(e.g., —rp = kCpo(l — X))

\!
Calculate —r4(X,1)
A3
Calculate V
_ FaoX

—r,

V

B
Specify T
Find X and V
l
Calculate X
From Eqn. (8-55)
\

Calculate k
k= Ae-EIRT

(e.g., —rp = kCpy(l - X))

1
Calculate - (X,T)
l

Calculate V

y_ FaX

—ry,

Xme = conversion calculated from the mole balance
Xpp = conversion calculated from the energy balance

C
Specify V
Find X and T
\’

Use Eqn. (8-55)
to plot Xgg vs. T

Solve Eqn. (8-53)
for Xy = AT)
to ﬁnd XMB vs. T
(e.g., Xmp =

TAexp[—E/(RT)]

1 + TAexp| —E/(RT)]

J
P]Ot XI:'B ﬂnd XMB
as a function of T

)




6. CSTR with Heat Effect VV

o Given X= Find T and V

=1 | inear progression of calc T = calc k = calc K. =
calc -ry, = calc V

- Second order reaction in CSTR, adiabatically, acid-
catalyzed irreversible liguid-phase reaction at 300 K

A S
| A, (300 K) = —3300 caljmol.- °C
vy = 10 dma/min
Cpg =4 molidm® | T CPA =15 CEII/ITIGI i
— Cp, =15cal/mol.°C
——

Cp, =18cal/mol.°C

k(300 K) = 0.0005 dm? /mol- min
— E =15,000cal/mol




6. CSTR with Heat Effect VI

oGiven X= Find Tand V 2

(a) What CSTR reactor volume is necessary to achieve
80% conversion?

1. CSTR Design Equation: V = FugX
2. Rate Law: —r1, =kC4
3. Stoichiometry: C, =C,(1- X)
4. Combine:
V U X :
kC .o (1-X)

- KCL K[Cap(1-X)F




6. CSTR with Heat Effect VII

o Given X= Find Tand V 3
5. Determine T: adiabatic energy balance

T_ X- AHg (TR)]+ T @iEPiTD + XACpTx
ACp =Cp, —Cp, =(15-15)cal/mol -°C =0

T_ X[ AHg (TR)]+ 3 ®i"§F'iTIII

T = '|'|:| + X[_ ﬂHHE (TH )]




6. CSTR with Heat Effect VII

o Given X= Find Tand V 3
5. Determine T: adiabatic energy balance
- Substituting for known values and solving for T

(0.8)— (— 3300cal/mol)|
[(15 +18)(cal/mol- °C)]

6. Solve for the Rate Constant (k) at T = 380 K:

k(T)= k(TQexpE{ 1 1ﬂ

T=300K+ T=380K

T, T
| cal |
; [15,000_]
k(380 K)=| 0.0005— M| exp mol ( 1 1 ]
mol - min cal 300K 380K
1.887
mol - K ]

k=0.1 dm” /mol - min



6. CSTR with Heat Effect VIII

o Given X= Find T and V 4
/. Calculate the CSTR Reactor Volume (V):

_ U X
KC »q(1- X)*

[10‘:'_”13J(0.a)

Y

min

[0.1 dm’ J(ri m_‘:"]ﬂ —0.8Y

mol-min |\ dm?

V:

V =500dm°




6. CSTR with Heat Effect I X

oGiven V= Find Xand T

(b) What conversion can be achieved in a 1000 dm 3
CSTR? What is the new exit temperature?

1. CSTR Design Equation: V = FugX
2. Rate Law: —r1, =kC4
3. Stoichiometry: C, =C,(1- X)
4. Combine:
V U X :
kC .o (1-X)

- KCL K[Cap(1-X)F




6. CSTR with Heat Effect X

oGiven V= Find Xand T 2

More convenient to work with this equation in terms
of space time, rather than volume

1 X
T= 5
kCan (1- X)
5. Solve the Energy Balance for X5 as a function of T:

X _ S ®C(T-Tp)
EB =
_ﬂHRx(TR)




6. CSTR with Heat Effect XI

o Gliven V= Find Xand T 3
6. Solve the Mole Balance for X,z as a function of T:

(1-X)’

(2tkC pp + 1) — 4TKC 4 + 1

XME =

2(1kC )
Da = tkC Al
(2Da +1)—-/4Da + 1
XME =

2(Da)



6. CSTR with Heat Effect XI|I

oGiven V= Find Xand T 4
7. Plot X gg and X 5 :

CO Example Froblem 8-2, Fart B

0.900 ya ___ . 87, 387 K

0.000 300,000 330,000 330,000 420.0i



6. CSTR with Heat Effect X111

oGiven V= Find Xand T 5

(c) How would your answers to part (b) change, if the
entering temperature of the feed were 280 K?

CO Example Froblem 8-2, Part C

—¥eh 0.700

—xXmb

[
[m} 1 S
2 0.500
11

0
. 300

0.1a0

~0.100 4~

Temperature, T (K




6. CSTR with Heat Effect X1V

o Given T = Find X and V

=1 | inear progression of calc k = calc K. = calc X =
calc -ry, = calc V

- First order reaction in CSTR, adiabatically, acid-
catalyzed irreversible liquid-phase reaction

- AISO glven k, E, CPA:CPB’ AHRX y CAO’ a.nd VO

T-:-JF.H.-:- J.I"l-:- -'G.H.-:-

R A

T, X

May/12 2011 Spring 16



6. CSTR with Heat Effect XV

o Given T= Find Xand V 2
F, X

- I'J!:L

Mole Balance : V =

RateLaw: -r, =k(C,
k:AE-EI‘RT
stoichiometry: C, =C, (1-X)
Combine: V= Can¥o X =:»i'.'=li
kC, (1-X) kil-X)

(-AH,,)X

Eneroy Balance: T=T, -

P



6. CSTR with Heat Effect XVI

oGiven T= Find Xand V 3

Gmven T

_ Chu(T-T,)

1) Calculate X = AH_

2) Calculate k= Ae™"" = k, (T )exp E(l - l]

RiT T

1 X

3) Calculater= ————

) culate t K1-X)

4) Calculate V=v,T



/. Multiple Steady States (MSS)

o CSTR with Heat Effects

Al |

Q_ Wﬁ'_"ﬂ:{ﬂz E]r'EF_,{T_ Tig) —[AH (Tp) + ACp(T— TR)1F X = 0|

- For very large coolant rate, T, Is constant
Q = UA(T,—T)

-AC, =0 ?m — T) = 30,C,(T— Ty) — AHp, X = 0
AD
= Fﬂﬂj{{_ﬂHRﬁ -+ TTA T& +FHDCPRTD
B U“&"+FHDCP‘¢._

May/12 2011 Spring
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/. Multiple Steady States I

o CSTR with Heat Effects 2

;ﬁ{r— 7,)+30,C,(T—T)
Y = Al

[ —AHR,(Tp)]

| U4 |
-Ingeneral  [x-aHy, )] - FE:IiGPi{T—TDHF—{T—TH}J: 0
Ll

[Heat Generated—‘ [Heat Remwed—‘
_ =0
| Gm | RO
Cp, = 20Cp,
A
H(=AMHpsy )= CPD T-"Th+ (T-"T;)
FroCp,

May/12 2011 Spring



/. Multiple Steady States I

o CSTR with Heat Effects 3

T4
Let =

FuoCrp,

X(~4Hpy )= Cp, (T+€T- Ty —«T,)

T, ++::T3J

=Cp (14+1 )T -
Py { 1+«

= DPD”-I— T{}{T—Tc }

T. _ TEI +1--“.’_'I'EL i F,mé/_
“ T 14k —r (X, T)

May/12 2011 Spring 21



/. Multiple Steady States IV

o CSTR with Heat Effects 4

_XﬁH}‘;t = "':'r‘ﬂ”{] -+ H}{T‘ T::}

Cr (T T,) o CARI(X)
A, Gt
K=

R(T)

Increose Ty

R(T)

Increase x

May/12 2011 Spring 22



/. Multiple Steady States V

o Heat of generation
- First-order liquid-phase reaction

G(T)= X (-AHg, )=

May/12

Fﬂﬂj{ DHDUDE
CkCug(1-X) kCug(1-3X)
X _
Il':: P :
1-X a Increasing T

. Tk the ERT
1+ e 14 pe EET

the BRT T
(—AHg, )

14 ae BRT

2011 Spring 23



/. Multiple Steady States Vi

o Heat of generation

R(T), G(T)
R(T), G(T)

abcdetf

TeiTgr Tee Tse Tsa
T

May/12 2011 Spring
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sk Self Test

o MSS for an Endothermic Reaction

- Can there be multiple steady states (MSS) for a
irreversible first order endothermic reaction?

Sol)
G(T) = (G0C-LHgy )
- For an endothermic reaction Hyy IS positive, (e.g.,
Hzyx = +100 kd/mole).

G{T)=-100 X

otk tae PRI
T4tk 14The ST

May/12 2011 Spring
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sk Self Test

o MSS for an Endothermic Reaction 2

1.0 G(T]

X D\ X

-ERT
G = —100 ¢
1+ ghe EET

T 00 — — == = = = -
_ T
B(T)= Cp, (1+E)T - T¢)
Teqg Tea T F(T)
/// R(M) 0 c1 lcz lca » T
R(T) ’ >T G(t)
Increasing T ¢

100 - G(T)
B —200

=200

—300 —300




%k Self Test 2

o MSS for an Endothermic Reaction 2

1.0 G(T]

X D\ X

-ERT
G = —100 ¢
1+ ghe EET

T 00 — — =1 — — =

_ T
E(T)= Cp, (1+EX}T-T¢)
Teq Tea T FiT)
/// R(M) 0 c1 lcz lca » T
RT) > Git)
Increasing T ¢
—100
—100 ot GiT)
=200

—300 —300




