6. Flow Systems XIV

o Express concentration as a function of conversion

A+285Cci9p
a a a
\
[ |
Liquid Phase Gas Phase
\ \
[ | [ |
Flow Batch Batch Flow
e, c,<Nel Mo c, = Fo| Flow
Vv V V Vv
No phase change V zvoﬁil v:voi&l
V=V V=V o P T "o P o
° by c._NeNuwPT, ¢ _FFuPT
B
Cs =CAO(®B—5XJ N V, B T F v, P T
PT F, PT
€=Yno B TONT PT ® TOFT P, T
S :E+E_E_1 No phase change (or semipermeable membrane
a a a b
Co:i O:onPo Vv, (it X)PO T C CAO((@B_aX] PT,
T ' A — & ——, — -
RT, RT, 0 PT, ° 1+ eX P T
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4. Isothermal Reactor Design

o Objectives

- Describe the CRE algorithm that allows the reader
to solve chemical reaction engineering problems
through logic rather than memorization.

- Size batch reactors, semibatch reactors, CSTRS,
PFRs, PBRs, membrane reactors, and microreactors
for isothermal operation given the rate law and feed
conditions.

- Account for the effects of pressure drop on
conversion in packed bed tubular reactors and in
packed bed spherical reactors



1. Algorithm for Isothermal Reactor Design |

o Isothermal reactor design algorithm for conversion
1) dN

dt

2) Apply mole balance to reactor type

3) Is -r, = f(X) given? = Then evaluate the equation

4) If not, determine the rate law in terms of conc.

5) Use stoichiometry to express conc. as a function of
conversion

6) Combine step 4) & 5) to obtain -r, = f(X)
/) Consider volume change
8) Combine 4) ~ 7) and solve ODE (Polymath)

F,—F +j r,dV

Mar/24 2011 Spring



1. Algorithm for Isothermal Reactor Design |1

French
NA&ns 1. MOLE BALANCES
Analogy PFR CSTR BATCH
& _ FagX dX —raV
—fA dt NAO
— = -
it 2. RATE LAWS ¥ e

Constant flow rate Variable flow rate

Mar/24 2011 Spring

®
KCh CaCo
= .
‘\ﬂ“.
3. STOICHIOMETRY / ........................
.".‘F
BATCH
N
Cp= A
Wi N
Fa=Fag(1=X) Na =Nag (1 = X)
D\ Ny
LIQuUID “# IDEAL GAS IDEAL GAS “# A LIQUID OR GAS

Variable volume Constant volume




1. Algorithm for Isothermal Reactor Design 111

Py T
V = Vg (1 +eX)PT°

vei(1 +tX) P T,

V-~V0
Cag(1=X)PT Cao(1=-X)PT
Ca=Cao(1 -X)| (Ca- LlL=X B T0Y | . ©0U =X F T | C,-Cro(1-%)

‘ ‘
i 4. COMBINE (First Order Gas-Phase Reaction in a PFR)

From stoichiometry

e From mole balance From rate law
dX _ =ra B kCp k. (C (1-X))PT0
dV FAO FAO FAO (1 + IX}
k (1-=X) P
o2l M e ~y -2 Ywherey = — A
dV Vo (1 +EX)y ! Py "

Integrating for the case of constant temperature and pressure gives

(B)

1
= - 1 3 -£X
Vv (1 +¢8)n P £ ]
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2. Applications/Examples of the CRE Algorithm |

Gas Phase
Elementary Additional Information
Reaction
Only A fed P,=8.2 atm
T, =500 K Cro = 0.2 mol/dm?3
2A —- B

k =0.5dm3mols vV, =2.5dm3/s

Solve for X=0.9 for Ais limiting



2. Applications/Examples of the CRE Algorithm 11

Mole Balance Stoichiometry

x dX :
t =N v _e2 Gas:
Batch AOJy r\ ry = kG, V=V,
_ Fao X v _ L2 Gas:
CSTR V=2 W=KC 17 pop.
A
X dX :
PFR V=Fo| —  —r,=kcZ ©2

Mar/24 2011 Spring 7



2. Applications/Examples of the CRE Algorithm |11

Batch

CSTR

PFR

Mar/24

Per mole A ? c - Na_ Np@=X)

fv V,
=Cpol—X)

Per mole A

A R Fy  Fall—X)

=1.01-%)=-05 C,=—"-2=—"2

£ L0WL7) =05 Ba =T V,(L+€X)

Per mole A _C (1-X)

A— 7B ~ A% (1+eX)

g = 1.0(1- %) = -0.5

2011 Spring 8



2. Applications/Examples of the CRE Algorithm IV

1
N+ X
Batch C, Ng pol 2 ):CAOX

Vv V, 2
1
CSTR o Faolt5 X)
v o V,(1+eX)
C X

PFR " 2(1+eX)

Mar/24 2011 Spring 9



2. Applications/Examples of the CRE Algorithm V

1 X 1 1 X
Batch U= { }dX t= ]
KCho IO (1-X)* KCho | (1—X)

F X (1-0.5X)?

CSTR V = (C2 (1= X)? | 2e(1+¢€)In(1—X) |
V=ké*£0 Loy A’ X
Fro (%] 1-0.5X)? : 1-X
_ dX
TR ke, H 1-XY '

Mar/24 2011 Spring 10



2. Applications/Examples of the CRE Algorithm VI

_ il
Batch KCa0o=(0.5)(0.2) H t=90s
=0.1s1

kC?,, = (0.5)(0.2)?
= 0.02mol/dm?3-s
CSIR I E o= CagiV
=(0.2)(2.5) = 0.5 mol/s

V = 680.6 dm3
1=V, =272.3s

V =90.7 dm?
PER 1=V, =36.3s

Mar/24 2011 Spring 11



3. Design of CSTRs | v Lo
o Single CSTR 1 | -
- Design equation F, X ’“T

(_ rA)exit ) T'
- Substitute F,, = viCag v _ V,C po X
—_ rA
- Space time t CroX
T =—=
Vo —Ia
-1%orderxnassume  Coo X _1( X j
-r, kll1-X
. K
- Rearranging X =
1+ Tk

Mar/24

2011 Spring
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3. Design of CSTRs i

o Single CSTR 2
- Ca=Cpo(l1-X) C C Ao

A=

1 , k
T\T
- Damkohler number = dimensionless number

e quick estimate of the degree on conversion
achieved by continuous reactors

—r,V  Rate of n at entrance
.o Entering flow rate of A

Da =

B A N rate
A convection rate

Mar/24 2011 Spring
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3. Design of CSTRs I

o Single CSTR 3
- Damko6hler number for a 1st order irrev. rxn
Da — A\ _ KCL.V _ ok
|:AO VOCAO
- Damkohler number for a 2"d order irrev. rxn

. 2
Da — NaV _ KCL .V — kC,,

I:AO VOCAO
- Rule of thumb

eif Da<0.1, then X<0.1
e if Da > 10, then X >0.9
= 1St order rxn, X = Da/(1 + Da)

Mar/24 2011 Spring
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3. Design of CSTRs IV

o CSTRin series 1 -
- 1st order irrev. rxn with no change in volumetric flow
rate, effluent of the first reactor C - C.o
Al l
+1,K,
- For 2" reactor v, _ Foy— Fo  Vo(Ca—Cu)
, = —
— a5 k? CA?
- Solving for Cy, C,, = Cas — Cao
1+ t,k, (1+1,k )1+ 1k)
-Forn CSTRs In series ~ _ C o _ C o
M@l +7k)" (1 +Da)”
-ntank in series |y _, 1 1 1

Mar/24 - (1-|— ’Ck)n T (1+ Da)” 15




3. Design of CSTRs V

o CSTR In series 2

O Daztkz].g-o-grRrsdaes
| Y e
0] Ibal' ;JDE. = = 0.5
= | y e -
= - §Foo# L
= i r + ey
I B Pt
E 'ﬂ . .
| g e
G pap £ - Da =1k =0.1
' Ij 4
Jr-I'l1 r" CAO
':LE::.. ,E’ —rAn = kCAn = 1 k .
T g ( + T )
:' S AU N WA TN T T N S R N D
o 1 2 3 4 3 & 7 B2 3 O 0N &2 B

Mumber of tanks, 0

Mar/24 2011 Spring
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3. Design of CSTRs VI

o CSTR in parallel 1
- One large reactor of volume V

o 2"d order reactor in a CSTR
V — Fro X _ Fao X _ V,C Lo X
M kCﬁ kCﬁo(l— X)?

Vo ) kCAO(l_ X)Z

- Dividing by v, __ V X

- For conversion X  (1+2Da) -1+ 4Da Ex 4-2,

2Da p 163

X




4. Tubular Reactors |

o Design equation

- Differential form dX

* Q or AP Froqy = "
- Integral form v_e [ dX
*no Q or AP oo

o 2"d order reactor in a PFR 1

x dX
V:FAofo@

Mar/24 2011 Spring
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4. Tubular Reactors 11

o 2"d order reactor in a PFR 2
- Liquid phase reaction (v =V,)

» combining MB & rate law dX kC}
dv  F,

* conc. of A, C,=C,,(1-X)
e combining

V:FAOJX- dx :vo(xj
kCZ J (1-X)2 = KkCy\1-X

0
e solving for X

X — KC,y _  Da,
1+1tkC,, 1+Da,




4. Tubular Reactors |11

o 2"d order reactor in a PFR 3
- Gas phase reaction (T =T, P=P,)

econc.of A, c _C 1-X
.. A Pl1+eX
e combining

V - F J‘ (1+eX)
Mo KCy (1 X)?
j(1+8X)

kC2 (1- X)?

V=

{28(1 re)in(l— X)+ e X + (11+_‘°’);X}

A0



5. Pressure Drop In Reactors |

o Pressure Drop and the Rate Law

- In PBR In terms of catalvst weiaht
dX , gram moles
Fror = T :
dw gram catalyst - min
e rate equation, r_ 2
quati —r, = kC;

e stoichiometry c o C,(l-X)PT,
" 14eX BT
e isothermal _ ? ’
FAOd—X — k CAO (1 X) E
dW 1 +¢X P

2 2
9 ICu[Cul= OT(P)T Xy
dW v, | 1+¢X P dW



5. Pressure Drop in Reactors I

o Flow through a Packed Bed
- Ergun equation

P G (1 - ¢J{150(1—¢)u X 1_756}

dz pg.D, | ¢ D,

e pressure drop in packed bed

d—P__B P(T)| K
dz " P To ) Fro

dP P(T
= - _B. 2| — | (1+&X
dz BOP(TOJ(+8)

By =

G(1-¢)

150(1 — ¢)

- Po 9. Dp ¢3

|

P

+ 1.756}



