Lecture 8

Chemical Reaction Engineering (CRE) is the
field that studies the rates and mechanisms of
chemical reactions and the design of the reactors in

which they take place.
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Engineering Analysis of Pressure Drop




Pressure Drop in PBRs

F
Concentration Flow System: C, =—%

I K
TP

Gas Phase Flow System:

L= UO(1+£X)




Pressure Drop in PBRs

Note: Pressure Drop does NOT affect liquid phase reactions

Sample Question:

Analyze the following second order gas phase reaction
that occurs isothermally in a PBR:

A->B
Must use the differential form of the mole balance to
separate variables: dX /
Fo——=-1,
aw

Rate Laws ’
Second order in A and irreversible: —r, =kC>




Pressure Drop in PBRs

Stoichiometry o _Fi_ (1-X) P T,
o MA+eX)P T
sothermal, T=T, ¢, =c,, ((11;;% !
0
2 2 2
Combine: dX :kCAO (I_X) P
dw  F, (1+&x) R,

Need to find (P/P,) as a function of W (or V if you have a PFR)

/




Pressure Drop in PBRs

Ergun Equation: 9 _ -G (l‘fj 100-¢)u | 75
dz pg.D, @ D v

p TURBULENT

LAMINAR

Constant mass flow:  m=m,

PL= Py
D
pP=py—
D
F. BT
bro P 1,
P T

v=0,(1+&X)2L—
(e b

L=,




Pressure Drop in PBRs

PTE)FTO

Variable Densit =
y P pOPo T F,

dP _ -G 1—3¢ 150(1— @)z v7sc | BT B
dz  p,g.D,\ ¢ D P T, F,,

p

Let g =—C (1 ¢j{150( ¢>’”+1.75G}
pg.D,\ ¢’ D,




Pressure Drop in PBRs
Catalyst Weight W=zA p, =zA, (1 — ¢)Pc

Where 0, =bulk density
p. =solid catalyst density

@ = porosity (ak.a., void fraction)
(1-¢) =solid fraction

dP . _/80 Po I F T

aw AC(1_¢)/)C P 1, Iy,

28, 1
A(1=¢)p. R,

Let o=




Pressure Drop in PBRs

dy  a T F P
aw 2y 1, I - F,
We will use this form for single reactions:
aw  2(P/R)T,
Ay __a T )
dWw 2y 1,
d o
—y = —— (1 + EX) Isothermal case
dw 2y
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Pressure Drop in PBRs

dX _kCL(1-X) ,
dW  F,(l+&X) i’

dX dP dy

bl nd — — Y

=X P)and — = f(X,P) or — == f(r,X)
The two expressions are coupled ordinary differential
equations. We can only solve them simultaneously using
an ODE solver such as Polymath. For the special case of
iIsothermal operation and epsilon = 0, we can obtain an
analytical solution.

Polymath will combine the , Rate Laws
and Stoichiometry.
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Packed Bed Reactors

For &=0
e
dw 2y

When W =0 y=1
dy’ =—adW

Y =(1-alv)
y=(1-aW)"’




e
@ Pressure Drop in a PBR

P




e
@ Concentration Profile in a PBR

Ca

A

P
CA — CAo(l _X)F

0

No AP

™~




e
@ Reaction Rate in a PBR

{k

_rA
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@ Conversion in a PBR

X

{k

— No AP
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@ Flow Rate in a PBR

For &=0:

7
U =0, F

——

No AP




P
r=1, y=;“
f:UO 1

v (+&eX)y
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Example 1:
Gas Phase Reaction in PBR for 6=0

Gas Phase reaction in PBR with 6 = 0 (Analytical
Solution)

A+B > 2C

Repeat the previous one with equimolar feed of A
and B and:

kp = 1.5dmé/mol/kg/min  C 4 = Cp,
a = 0.0099 kg

Find X at 100 kg
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Example 1:
Gas Phase Reaction in PBR for 6=0

1) dX _ —F'A
aw F,
2) Rate Law —r',=kC,C,

3) Stoichiometry C,=C,(1-X)y

Cp = CAo(l_X)y




e

Example 1:

Gas Phase Reaction in PBR for 6=0
ﬂ:_ﬁ 2ydy =—odW
dw 2y

w=0 ., y=1 y'=l-oW

y={1-aw)”?

4) Combine
7y :ijo(l_X)zyz :ijo(l_X)z(l_aW)

dX _kCi(1-X) (1-aW)
dW F,

20
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Example 1:
Gas Phase Reaction in PBR for 6=0

dX _kCy (
(1-x) F,

1—aW )dW

X  kC, W_aW2
1-X F, 2

W=0,X=0W=Ww,X=X

X =0.6(with pressuredrop)
X =0.75 (without pressuredrop,i.e.a = O)
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Example 2:
Gas Phase Reaction in PBR for 6#0

The reaction
A+2B->C

Is carried out in a packed bed reactor in which there is
oressure drop. The feed is stoichiometric in A and B.

P[} =10 atm O O O

FAU' =2 le/miH ) O O O 0 )—’
C 40 =0.2 mol/dm’ O O

—Z

Plot the conversion and pressure ratioy = P/P, as a
function of catalyst weight up to 100 kg.

Additional Information
ky, = 6 dm¥mol?/kg/min
a =0.02 kg’
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Example 2:
Gas Phase Reaction in PBR for 6#0

A+2B->C

1) dX _ —I/'I;
dw F,
2) Rate Law —r =kC,C;

3) Stoichiometry: Gas, Isothermal
P

v =u,(1+ aX)?f

(1-X)
(1+&X)

C,=Cy Y
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Example 2:
(Gas Phase Reaction in PBR for 6#0

4) Cs=Clo ((?IB_'__(;();)

dy o
5) —=——-(1+&X
) aw 2y(+ )

6) f:: :(1+an)
’ 2

7) &€=y ll-1-2] :%[—2] =

C,=2,F,,=2,k=6,0d=0.02
Initial values: W=0, X=0, y=1
Final values: W=100

Combine with Polymath.
If #0, polymath must be used to solve.

Y
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Example 2:
Gas Phase Reaction in PBR for 6#0

POLYMATH Results
POLYMATH Repert 01-30-2006, Eew5.1 233

Calculated values of the DEQ variahles

Yariahle inicial value minimal value naximal wvalue final value

] 0 0 100 100

X 0 0 0.8587763 0.8587763

v 1 0.1148659 1 0.1148659

eps -0, 6666667 -0.6666667 -0.6666667 —0.6666667

Cao [ E 0.2 0.2 0.2

TheataB 2 2 2 2

Chb 0.4 0.0151789 0.4 0.0151789

Fao 2 £ Z 2

x 6 g 5 5

Ca 0.2 0.0075895 0.2 0.0075895

alpha 0.02 0.02 0.02 0.02

ra -0.192 -0.192 ~1.049E-05 -1.049E-05
E ort 45

Differential equations as entered by the usear
[1] di<ydiN) =-rafFaoc
(2] diyd(wW) = -alpha™(1+eps i

Explicit equations as entered by the user
(L] eps={1-2-103

Cao=02

TheatabB= 2

Cb = Cao*(TheataB-2"AN(1+eps™:)™y
Fao=2

k=6

Ca=Cao™(1-X(1 +aps ™y
alpha=0.02

ra =-k*"Ca*"Ch"2

t

e T .

o O O s Ll

]

b e B e e e B ]
— ] el e} b

'
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Example 2:

Gas Phase Reaction in PBR for 6#0
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Gas Phase Reaction in PBR with Pressure Drop T =T,

dX ;
Mole Balance (1) ’ﬁ"&/ﬁw
Rate Law (2) -1, =kC,
Stoichiometry Gas T=T
Cao(l-X)
(3) Ci =
o (1+eX)
dy D!'.(l +&X)
(4) --
dw 2y
(5)-(9) Parameters, €, o, ...
Combine: Polymath with combine for you
f
f
y 1.0 X




Robert the Worrier wonders: What if we increase
the catalyst size by a factor of 2?

P oy
I
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Pressure Drop
Engineering Analysis

150[1‘_ {b]!.alﬂ Turbulent

L.aminar
o 2 8 2 G(] - ¢}
= ﬂ =
Ac(1-9)pcPy Ac(1-)pcPo pﬂgCDP¢3 Dp
MW * P,
po = MW * Cro = RT,
2RT, 150(1 —

a= G A=D1 756

AcpcgcPyDpdp°MW Dp

12
CZ~PO

+ 1.75G




/
Pressure Drop
Engineering Analysis
A. Laminar Flow Dominant (Term 1 >> Term 2)

.
AcDpP;

2 2
malelielon ()
GE ACZ DPE P'D?.

How will the pressure drop (e.g., &) change if you decrease the particle diameter by a
factor of 4 and increase entering pressure by a factor of 3

{:t-h.-

Case 1 / Case 2

Example

]
Dp, = ZDPI and Py, =3Py,

30 —Dyp,




e
Pressure Drop

Engineering Analysis
B. Turbulent Flow Dominates (Term 2 >> Term 1)
GE
 ADP

2 >
crma S22 Ea] [
) G, ) \Aca \Pp ) \Dp,

Agaiﬂ DPE :—DPI and P{]z = 3]3{}1

a

31
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Isothermal Design

Stoichiometry

Mole Balance
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End of Lecture 8
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Pressure Drop - Summary

Pressure Drop

Liquid Phase Reactions

Pressure Drop does not affect concentrations in lquid phase
reactions.

Gas Phase Reactions
Epsilon does not equal to zero
d(P)/d(W)=...
Polymath will combine with d(X)/d(W) =... for you
Epsilon = 0 and isothermal
P=f(W)
Combine then separate variables (X,W) and integrate
Engineering Analysis of Pressure Drop
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Pressure Change — Molar Flow Rate

3 F, P, T
dP "F, P T,
dW  pA_ (1-o)p,
E T

BO—T—

ﬂ_ Fro 1o

dW  yRA_ (1-o)p.

dy o E T
dW 2y E,, T,

2B,
PA(1-9)pc

04

Use for heat effects,
multiple rxns

dX__&

Fr — (1 + gx) Isothermal: T=T, |/ = (1 + SX)

FT 0

dW 2y
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Example 1:
(Gas Phase Reaction in PBR for 6=0
A+B-> 2C

k=154 , a=0.0099%g" , C,,=C,

mol - kg-min

Case1: W=100kg , X=? , P=?

Case2: D,=2D, , FB,=—F, , X=? , P=?

Co i{)o O \ X =7
O
CBO O - ? j P=?
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CA :CB

S=0andT =T, .. y=(1-aW)"’




