Python Bootcamps 1, 2 and 3
v 1: Getting up to speed with Python
v’ 2: Learning to use Python to solve typical problem scenarios
* 3: Detailed modeling of packed-bed and plug-flow reactors

Bootcamp 3 Outline

« Adiabatic, Packed-Bed, Plug-Flow Reactor
o Ammonia Synthesis

« Tubular Reactor with Counter-current Heat Exchange
o Acetone Cracking
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis

. . . . 1
Reaction kinetics for main reaction 3N2+%H2 < NH,

Forward reaction: » =fk .

k =k, e BTk, =10000". L £ _91000 *
| m’s atm | kmol

Reverse reaction: 7. =k, -py,

kmfl- ! E = 141,000 ks

k =k, -e BTk =13%x10"
m's atm kmol
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis

| \ ()

Reactor FeedN, Reactor
Feed FeedH , Dy j‘> FlowH, (V") Outlet
(kmol/h) J' ] FlowNH, (V)
le L ) (kmol/h)
) R 1
Differential Mole Balance on N, Stoichiometric Balances on H, and NH,
d|FlowN, | :(_,,f 4 ),g FlowH, = FeedH , — 3-( FeedN, — FlowN, )
dv '
F H,=2-(F — FlowN
D’ dV is differential volume of empty reactor
A =rm—= V=A L

r 4 P A & is the void fraction of the packed bed
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Ammonia Synthesis
pressure effect

Energy Balance on enthalpy
4 IS Flow,-1,(T) | =0 H(T,P)=[ C,(T)aT+[ V—T(a—Vj dP+H
dV > ! ! ! o P B aT P %
¢ [ C,(r)ar=C, (1)(1-1,)
with constant heat capacity . ov
imati V-T|—| |dP=
approximation Lm{ ( Y jj
dT N (’”f —’?)'(—AHm (T’P))‘g from eqn of state, analytically, or

dVv Flow. . C from P-V-T data. or using the
Z OW;*“pi Generalized Pitzer Correlation
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)
Ammonia Synthesis

Pressure Drop — the Ergun equation for packed beds

{(PO—PL)-,O} [DP} { &’ } 150 { I—¢ 7} written in terms of
. . — . + — . .
G’ I7 I—¢ D,-G,lu 4 dimensionless groups
G, : mass flow rate per unit cross-sectional area £y : upstream pressure
of empty bed -- constant with V F, . downstream pressure at L

. fluid density
Differential form:

2
d_P:i.Uo. I-¢ +Z .[1_3‘9] Gy
dv A D,-G,/Ju 4| ¢ p-D,

- mass flux

packing void fraction

o,
GO
D, : effective particle diameter
&
u : fluid viscosity
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Ammonia Synthesis
Pressure Drop — the Ergun equation for packed beds

Fluid Density
A LTI _ 3
p= M—,FV MW : avg molecular weight, kg V: specific volume, m
V kmol kmol

V from Peng-Robinson Equation of State

P = RT a, Solve nonlinear,

b I7(I7+bm)+bm (V—bm) cubic equation for ¥

7
a ,b : mixture coefficients

MW - P
RT

|deal gas law approximation: p= 20% high at 150 atm
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Ammonia Synthesis
Peng-Robinson EOS Mixture Coefficients

Coefficients for individual components Units: K, kPa, kmol, kJ, m3

22 2
o, = 0.45724 2 (1+m,. [1— \EJJ m, =0.37464 +1.54226 , — 0.26992 "

C

kl.j -binary interactor factors

b; =0.07780— o, -acentric factor for component i
i X . mole fractions

Mixture coefficients

0 k,aa, e k,aa,
Q- \/H ® (1 —K) _ klzc.llaz 0 kia,a; : a, = x' - Q- -x
: : k,..4,.4,
_klnalan e k,,a,.4, 0 |

b =x"-b= n x. -b.
! Zl o ® :item-by-item array multiplication
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Ammonia Synthesis — Simplified Model Information Diagram

| v ¢
L 2 32 A

r.=k,- : ¢ _7 ., RT
FlowN2 d[FlowNZ] ( ) S f pN2 pHZ kf—kof e
< ‘ }4— ——————==\(-r,+r. )€
dv S ] =
rr:kr°pNH3 kr:kor.eﬁ‘
— FlowH , = FeedH , - 3-(FeedN, — FlowN,)
_ FlowN, Pl
—» FlowNH,; =2-(FeedN,—FlowN,) 1 TotalFlow=FlowN, + FlowH, + FlowNH,, e rotalFlow
+FlowAr + FlowCH ,
FlowH, 8
Jr P, ™~ TotalFlow.P ’
+ +
> FlowNH
ar _(r,-r)(-4H,,(T.P))-& _ FlowNH,
d = i TotalFlow

v (ZFIOWZ. -Cpi)

[constant heat capacity and pressure]
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Ammonia Synthesis — Simplified Model Ammonia.py
Header and basic data
import numpy as np Tmid = 350
import matpilotlib.pypilot as plt . CpN2 = HtCap(1,Tmid,CpCoef)
from 5c1py.1n1.:egr“ate import solve_iwvp CpH2 = HtCap(2,Tmid,CpCoef)
from HtCapFn import HtCap CpNH3 = HtCap(3,Tmid,CpCoef)
from PBRsimplifiedFn import PBRsimplified CpAr = HtCap(4,Tmid,CpCoef)
CpCH4 = HtCap(5,Tmid,CpCoef)
Rgas = §.314
MWN2 = 28.08134 kef = 3.6e7
MWH2 = 2.016 Ef = 9.1e4
MWNH3 = 17.031
MWAr = 39.948 k@r = 4.68e13
MWCHA = 16.043 Er = 1.41e5
Dr = 3
Lr = 1
CpCoef = np.array([[40.442, -35.279, 46.918, -19.41, 0], Ar = np.pi*Dr¥*2/4
[28.75, 1.86, e, e, el, Vr = Ar¥lr
[1088.5, -5691.4, 11787, -10900, 3801.6], ,
[36.819, -53.01, 63.973, -27.022, @], Dp = 1.e-3

[24.709, 50.297, 9, 0, 211) eps = 8.4
10
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Ammonia Synthesis — Simplified Model

FeedN2 = 12348
FeedH2 = 37044
FeedhH3 = @

FeedAr = 12391
FeedCH4 = 5652

FeedP = 150
FeedT = 270
v@ = np.array([FeedN2, FeedT])
Solve differential equations
vspan = [@., Vr]
veval = np.linspace(®@,Vr,200) and

unpack the results

result = solve ivp(PBRsimplified,vspan,y@d,t eval=veval,
args=(FeedN2, FeedH2, FeedAr, FeedCH4,
FeedP, k@f,Ef,kOr,Er,eps,
CpN2,CpH2, CpNH3, CpAr,CpCH4) )

vs = result.t

MflowN2 = result.y[@,:]

MflowH2 = FeedH2 - 3*(FeedN2 - MflowN2)

MflowhH3 = 2*(FeedN2 - MflowN2)

T = Peault.y[l,:ﬂ

11

Conv = (FeedN2 - Mflowh2)/Feedh2 * 108
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Ammonia Synthesis — Simplified Model

Create plots and display exit temperature and conversion

plt.
plt.
plt.
plt.
plt.
plt.

plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.

figure()

plot{vs,T,c="k")

grid()

xlabel('Reactor Volume - m3")
ylabel( ' Temperature - degC")
title( ' Temperature Profile’)

figure()
plot(vs,MflowN2,c="b",label="N2")
plot(vs,MflowH2, 'm",label="H2")
plot(vs,MflowNH3, 'g',label="NH2")
grid()

xlabel('Reactor Volume - m3")
ylabel('Molar Flow Rate - kmol/h")
title( 'Molar Flow Profiles')
legend()

plt.figure()
plt.plot(vs,Conv,c="k")
plt.grid()

plt.xlabel('Reactor Volume - m3")
plt.ylabel( ' Conversion - %")
plt.title('Conversion Profile')

n = len(vs)

print( 'Exit conversion = {8:4.1f} %' .format{Conv[n-1]))
print('Exit temperature = {0:6.1f} degC'.format(T[n-1]))

12
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Simplified Model
import numpy as np PBRSimplified.py

from HtRxnFn import HtRxn
det PBRsimplified(v,y,FeedN2,FeedH2,FeedAr,FeedCH4,P, \
kef,Ef,k@r,Er,eps,CphN2,CpH2, CpNH3, CpAr, CpCHA) :

Rgas = 8.314

Mflowh2 = y[@] . : .

T = y[1] Function to compute derivatives
MflowH2 = FeedH2 - 3*(FeedN2 - Mflowh2) of N2 and temperature

MflowhH3 = 2*(FeedN2 - Mflowh2)
TotFlow = MflowhN2+MflowH2+MflowNH3+FeedAr+FeedCHA
PN2 = MflowN2/TotFlow*P

PH2 = MflowH2/TotFlow*P
PNH3 = MflowNH3/TotFlow*P

rf
rr

k@f*np.exp(-Ef/Regas/(T+273.15) )+PN2**Q 5*PH2**1 .5
k@r*np.exp(-Er/Regas/(T+273.15) ) *PNH3

dy = np.zeros(2)
dy[@] = -(rf-rr)*eps

HtRx = HtRxn(T)
dy[1] = (rf-rr)*(-HtRx)*eps/ \
(MflowH2*CpN2+Mf lowH2*CpH2+Mf lowhH3*CpNH3
+FeedAr*CpAr+FeedCHA*CpCH4)
return dy 13
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Ammonia Synthesis — Simplified Model

def HtCap(component,T,CpCoet):

HtCapFn.py

cmp = component-1

a

b
C
d
e

CpCoef[cmp,B]
CpCoef[cmp,1]
CpCoef[cmp,2]
CpCoef[cmp,3]
= CpCoef[cmp,4]

TK = T + 273.15
TK1 = TK/1000

return a + b*TK1 + c*TK1**2 + d*TK1**3 + e*TK1**4

HtRxnFn.py
def HtRxn(T):
aa = -1.9314e5
bb = 4.8483e5
cc = -95.944e5
dd = 8.8054e5

ee = -2.9078e5

Tkl = (T+273.15)/1000

Hrx = aa + bb*Tkl + cc*Tk1**2 + dd*Tk1**3 + ee*Tkl**4
return Hrx

Supporting functions for heat capacity and heat of reaction

14
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Ammonia Synthesis — Simplified Model

Heat Capacity Function Test

def HtCap(component,T,Cploef):
cmp = component-1
= CpCoef[cmp,8]
= CpCoef[cmp,1]
= CpCoef[cmp,2]
= CpCoef[cmp,3]
= CpCoef[cmp,4]
TK = T + 273.15
TK1 = TK/1888
return a + b*TK1 + c*TK1#*2 + d*TK1#*3 + e*TK1*¥*4

M . n W

m -
L4
=]
£
= 301 — CpN2
= — CpH2
Foy CpNH3
@ 40 7 — Cphr
3 —— (CpCH4
[
T 30 A

20 1+ - - - - -

250 300 350 400 450 500

Emperature - degC

TestHtCap.py

import numpy as np
import matplotlib.pyplot as plt
from HtCapFn import HtCap

CpCoef = np.array([[40.442, -35.279, 46.918, -19.41, 8],

[28.75, 1.86, 0, e, o],
[1888.5, -5691.4, 11787, -1@9e@, 3801.6],
[36.819, -53.01, 63.973, -27.022, @],
[24.709, 50.297, 0, e, e11)
T = np.linspace(256.,588.)
n = len(T)
CpN2 = []
CpH2 = [] for 1 in range(n):
CpNH3 = [] CpN2.append(HtCap(1,T[1],CpCloef))
CpAr = [] CpH2.append(HtCap(2,T[1],Cploef))
CpCHA = []

CpNH3 . append(HtCap(3,T[1],CpCoef))
CpAr.append(HtCap(4,T[1],Cploef))
CpCH4 . append(HtCap(5,T[1],Cploef))

plt.plot(T,CpN2,c="m"',label="CpN2")
plt.plot(T,CpH2,c="b"',label="CpH2")
plt.plot(T,CpNH3,c="c',label="CpNH3")
plt.plot(T,CpAr,c="r',label="Cpar")
plt.plot(T,CpCH4,c="g',label="CpCH4")
plt.grid()

plt.xlabel( ' Temperature - degC')
plt.ylabel('Heat Capacity - kJ/kmol/K")
plt.legend() 15
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. . . e TestHtRxn.py
Ammonia Synthesis — Simplified Model
Heat of Reaction Function Test
def HtRxn(T):
aa = -1.9314e5
bb = 4.8483e5 import numpy as np
cc = -9.944e5 import matplotlib.pyplot as plt
dd = B.8854e5 from HtRxnFn import HtRxn
ee = -2.9078e5
Tkl = (T+273.15)/16@0 T = np.linspace(250.,500.)
Hrx = aa + bb*Tkl + cc*Tkl1**2 + dd*Tkl**3 + ee*Tkl**4 n = len(T}

return Hrx

HtRx = np.zeros(n)

~108000 - for 1 in range(n):
E HtRx[1] = HtRxn(T[1])
£ ~108500 -
g_m%m_ plt.plot(T,HtRx,c="k")
5 plt.grid()
g—m%m- plt.xlabel(' Temperature - degC')
T

plt.ylabel('Heat of Reaction - kJ/kmol")

—110000 1

250 300 350 400 450 500

TEemperature - degC 16
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Ammonia Synthesis — Simplified Model

Results

Temperature Profile Conversion Profile
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17
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Ammonia Synthesis — Simplified Model
Results

Molar Flow Profiles

— N2
35000 \ — H2
30000 - —— NH3

25000

20000 1

15000

'-.-_-_-_-_------_
10000 -

S'D[ID ] /
D .
0 1 2 3 : | 5 2] Fi
Reactor Volume - m3

Malar Flow Rate - krmal/h

Exit conversion = 22.1 %
Exit temperature = 376.3 degC 18
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Modeling
and
Simulation
of a PBR

Ammonia
Synthesis

Full Model
Information
Flow
Diagram

o=k, p!? pl? _%
FlowN, d[FlOWNZ] ( ) S S Ny H, kf :k()f -e
y——_< }47 ————=—=|-r.+r )¢
dv o —
— _E
o=k, Py, k =k, -e BT
— Flosz=FeedH2—3-(FeedN2—FlowN2) T
_ FlowN, p Lr\_
—¥ FlowNH; = 2-(FeedN, — FlowN,) TotalFlow = FlowN, + FlowH , + FlowNH ; P, TotalFlow  lh-mnN N
+FeedAr + FeedCH,
P FlowH p ]
I—’ * TotalFlow  |enp— |
.4 Y r » _ FlowNH;
Hy =Y F,(Cp(T)(T T, )+ H,) > Y TotalFlow — fe— i
T FlowN, -MW, + FlowH, -MW, +FlowNH, -MW,, +FeedAr -MW, +FeedCH, MW,
TotalFlow
S S PN [[EEE PR w7 [
v A D,-G, 4| & D, p 12 V-b V>+2bV-b

(I

H=V-p
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Numerical Technique to Solve the Implicit Relationships

* v ¥
H, =3 F-(CoTMT-T )+ H) [ - —> H, ZF @ ref
. r o a(n)
v RT a(T) —> Pr—=—+—= = =
P=r 5 Taur-r @b V2 4+2bV —b?
+

Newton's Method to solve f(x) =0

Xes1 = A _f(xk)/f’(xk)

flx)
An iterative method with a starting estimate x,,.
0

X1 — Xk

Convergence when < tol

xk+1
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Numerical Technique to Solve the Implicit Relationships

The Modified Secant method based on Newton's method

When f'(x) is difficult or impossible to derive analytically:

/(%) f(x+55)—f(x) O :asmall deviation, e.g., 1.e-7*x

112

Modified Secant Method is then
X1 = X _5f(xk)/(f(xk +5)_f(xk))
If the method diverges, it is also possible to include a decelerator factor (0 < decel < 1):

X1 :xk—decel-&f(xk)/(f(xk+5)—f(xk))
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Full Model

import numpy as np .
import matplotlib.pyplot as plt AmmonlaFuII.py

from scipy.integrate import solve ivp
from HtCapFn import HtCap

from PBRFullFn import PBRFull

from FindTFn import findT

Rgas = 8.314
MWN2 = 28.0134
MWH2 = 2.816

MWNH3 = 17.831
MWAr = 39.948
MWCH4 = 16.0943

CpCoef = np.array([[40.442, -35.279, 46.918, -19.41, @],

[28.75, 1.86, 0, 0, 0],
[1088.5, -5691.4, 11787, -10900, 3801.6],
[36.819, -53.01, 63.973, -27.022, 0],

[24.709, 50.297, e, 0, e11)

22
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)
Ammonia Synthesis — Full Model

ket = 3.6e7
Ef = 9.1e4

k@r = 4.68el3

Er = 1.41e5

Dr = 32

Lr =1

Ar = np.pi*Dr**2/4
Vr = Ar*lLr

Dp = 1.e-3

eps = 8.4

nu = 5.875%e-7

FeedN2 = 12348
FeedHZ = 37844
FeedMH2 = @

FeedAr = 12391
FeedCH4 = 5652
FeedP = 150
FeedT = 270

M@ = FeedN2*MWNZ2+FeedH2*MWH2+FeedNH3*MWNH3+FeedAr*MWAr+FeedCHA*MWCHA
GO = MO/ /Ar/3600

T = FeedT

HO = (FeedN2*HtCap(1,T@,Cploef)+FeedH2*HtCap(2,T8@,CpCoet)

+FeedNH3*HtCap (3,70, CpCoef)+FeedAr*HtCap(4,T0,Cploet) \
+FeedCH4+HtCap(5,T@,CpCoef) ) *TO
v@ = np.array([FeedN2, FeedP, HB])

[B., Vr]
np.linspace(@,Vr,200)

vspan
veval

result = solve ivp(PBRFull,vspan,y®,t eval=veval,
args=(FeedN2, FeedH2, FeedAr,FeedCH4,
kef,Ef,kér,Er,eps,nu,Gd,Dp,Ar,
MWN2 , MWH2 , MUNH3 , MWAr , MWCHA , CpCoef) )

vs = result.t

MflowN2 = result.y[®,:]

MflowH2 = FeedH2 - 3*(FeedN2 - MflowN2)

MflowNH3 = 2% (FeedN2 - MflowN2)

P = result.y[1,:]

H = result.y[2,:]
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n
T =
for

Ammonia Synthesis — Full Model

len(vs)

np.zeros(n)

i in range(n):

Tmid 356

T[i] = findT(H[i],Tmid,MflowN2[i],MflowH2[i],MflowhNH3[i] \
,FeedAr, FeedCH4,CpCoef)

Conv = (FeedMN2 - Mflowh2)/FeedN2 * 108

plt.
plt.
plt.
plt.
plt.
plt.

plt.
plt.
plt.
plt.
plt.
plt.

figure()

plot(vs,T,c="k")

grid()

xlabel('Reactor Volume - m3')
ylabel( ' Temperature - deglC')
title('Temperature Profile')

figure()

plot(vs,P,c="k")

grid()

xlabel('Reactor Volume - m3')
ylabel( 'Pressure - atm')
title( 'Pressure Profile')

plt.
plt.
plt.
plt.
plt.
plt.
.ylabel('Molar Flow Rate - kmol/h")
plt.
plt.

plt

plt.
plt.
plt.
plt.
.ylabel( ' Conversion - %")
plt.

plt

n =

print( 'Exit conversion =
print( 'Exit temperature =

figure()
plot(vs,Mflowh2,c="b",label="N2")
plot(vs,MflowH2, ‘'m’,label="H2")
plot(vs,MflowhH3, ‘g’ ,label="NH3")
grid()

xlabel( 'Reactor Volume - m3")

title( 'Molar Flow Profiles')

legend ()}

figure()

plot(vs,Conv,c="k")

grid()

xlabel( 'Reactor Volume - m3')

title( 'Conversion Profile')
len(vs)

{0:4.1F} %' .format(Conv[n-1]))
{0:6.1Ft} degC’ . format(T[n-1]))

24
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Full Model

import numpy as np

from HtRxnPFn import HtRxnP

from SpecVolFn import SpecVol

from FindTFn import findT

def PBRFull(v,y,FeedN2,FeedH2,FeedAr,FeedCH4,
kef,Ef,k@r,Er,eps,nu,Gd,Dp,Ar,
MWN2 , MWH2 , MUNH3 , MWAr , MWCH4 , CpCoef) :

Rgas = 8.314

MflowN2 = y[@]
P = y[1]
H = y[2]

MflowH2 = FeedH2 - 3*(FeedN2 - Mflowh2)
MflowhH3 = 2*(FeedN2 - Mflowh2)

TotFlow = MflowN2+MflowH2+MflowhH3+FeedAr+FeedCH4
PN2 = MflowN2/TotFlow*P

PH2 = MflowH2/TotFlow*P

PNH3 = MflowNH3/TotFlow*P

T
T

350
+indT(H,T,MflowN2,MflowH2 ,MflowlH3, FeedAr, FeedCH4 ,CpCoef)

PBRFullFn.py

25
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Full Model

rf
rr

kef*np.exp(-Ef/Rgas/(T+273.15) )+PN2**0  5*PH2**1.5
ker*np.exp(-Er/Regas/(T+273.15) )*PNH3

dy = np.zeros(3)
dy[@8] = -(rf-rr)*eps

(MF LowN2FMWMN 2-+MF LowH 2 *MWH2+Mf LowNH3*MWNHS 1\
+FeedAr*MWAr+FeedCHA*MWCHA) /TotFlow

MWavg

z = np.array([MflowhN2, MflowHZ, MflowWH3, FeedAr, FeedCH4])/TotFlow
w = np.array([ ©.839, -8.216, @.25, 0.001, 0.011])

Tc = np.array([126.2, 33.19, 405.65, 150.86, 198.564])
Pc = np.array([3394, 1297, 11277, 4870, 4641])
K = np.array([[8, -0.836, 98.222, 8, 08.836],
[-0.036, @, @, 0, ©.202], dy[1] = -(150*(1-eps)/Dp/GO*mu+7/4)*(1-eps)/eps**3/Dp \
[0.222, @, @, @, @], /RhoGas*GO**2/Ar/101325
[0, @, 8, 0, 0.023],
[0.036, 0.202, 0, 0.023, 0]]) HERx = HtRxnP(T,P)
SV = SpecVol(T,P,z,w,Tc,Pc, K} dy[2] = (rf-rr)*(-HtRx)*eps

RhoGas = MWavg/SV return dy

mu = nu * RhoGas

26
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Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Full Model

from HtCapFn import HtCap
def fH(H,T,MflowN2,MflowH2,MflowNH3, FeedAr,FeedCH4,CpCoet):
result = H - (MflowN2*HtCap(1,T,CpCoef)+MflowH2*HtCap(2,T,Cploef) \
+MflowNH3*HtCap(3,T,CpCoef)+FeedAr*HtCap(4,T,CpCoetf) \
+FeedCH4*HtCap(5,T,CpCoet) ) *T

return result

def findT(H,T1,MflowN2,MflowH2,MflowNH3, FeedAr, FeedCHA, CpCoef):
tol = 1.e-7
while True:

T2 = T1 + 8.1
Tnew = T1 - @.1*tH(H, T1,MflowN2,MflowH2 ,MflowNH3 , FeedAr, FeedCHA

,CpCoetf) / \
(fH(H,T2,MflowN2,MflowH2 ,MflowNH3, FeedAr, FeedCH4, CpCoet) \
- fH(H,T1,MflowN2,MflowH2 ,MflowNH3, FeedAr, FeedCH4,CpCoet))
if abs((Tnew-T1)/Tnew) < tol: break
Tl = Tnew
return Tnew

FindTFn.py

Modified Secant
method
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Ordinary Differential Equation Models
Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Full Model

def HtCap(component,T,Cploef):
cmp = component-1
a = CpCoef[cmp,@]
b = CpCoef[cmp,1]
¢ = CpCoef[cmp, 2]
d = CpCoef[cmp, 3]
e = CpCoef[cmp,4]
TK = T + 273.15
TK1 = TK/1088
return a + b*¥TK1 + c*TK1**2 + d*TK1**3 + e*TK1**4

HtCapFn.py



Ordinary Differential Equation Models
Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Full Model

import numpy as np

Rgas = 8.314

def PR(V,T,P,am,bm):
er = P - (Rgas*T/(V-bm) - am/(V¥*2+2¥bm*V-bm**2})
return er

def SpecVol(T,P,z,w,Tc,Pc,K):
Tk = T + 273.15
PkPa = P * 101.325
m = 0.37464 + 1.54226%w - 0.26992%w**2
alpha = (1 + m*(1-np.sqrt(Tk/Tc)))**2
a = 0.45724*%Rgas**2*Tc**2/Pc*alpha

b = 8.0788%Regas*Tc/Pc
Q = (a*a)**0.5%(1-K)
Qz = Q.dot(z)

am = z.dot(Qz)

bm = z.dot(b)

V1 = Rgas*Tk/PkPa

tol = 1.e-6

while True:
delta = 9.08081*V1
V2 = V1 + delta
Vnew = V1 - delta*PR(V1,Tk,PkPa,am,bm) \
/ (PR(V2,Tk,PkPa, am,bm)-PR(V1,Tk,PkPa,am,bm})
if abs((Vnew-V1)/Vnew) < tol: break
V1 = Vnew
return Vnew

Modified Secant
method

SpecVolFn.py
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Ordinary Differential Equation Models
Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Ammonia Synthesis — Full Model

Rgas = 8.314 HtRxnPFn.py
def HtRxnP(T,P):

import numpy as np

Rgas = 8.314
aa = -1.9314e5
bb = 4.8483e5
cc = -9.944e5
dd = 8.8854e5
ee = -2.9078e5
Tk = T + 273.15

Tkl = Tk/1000

Pk = P¥101.325

HrxT = aa + bb*Tkl + cc*Tk1**2 + dd*Tk1**3 + ee*Tk1**4
Tc = np.array([405.6, 126.2, 33.2])

Pc = np.array([112.5, 33.5, 12.8])

Omega = np.array([0.25, 0.04, 8.8])

Tr = Tk / Tc

Pck = Pc*101.325

B@ = 0.1445 - 0.33/Tr - 0.1385/Tr**2 - 8.0121/Tr**3
Bl = ©8.073 + 0.46/Tr - 0.5/Tr**2 - 0.097/Tr**3 - 8.0073/Tr**g
dBO = 0.33/Tr**2 + 8.277/Tr**3 + 0.0363/Tr**4

dBl = -0.46/Tr**2 + 1_/Tr**3 + 0.291/Tr**4 + ©.0584/Tr**9
H = Rgas*Tk*(1-Pk)/Pck*((dB0-BB/Tr)+0mega*(dB1-B1/Tr))
Hrx = HrxT + np.array([2, -1, 3]).dot(H)

return Hrx 30



Ordinary Differential Equation Models

Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)

Emperature - degC

Ammonia Synthesis — Full Model
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Ordinary Differential Equation Models
Modeling and Simulation of a Plug-flow, Packed-bed Reactor (PBR)
Ammonia Synthesis — Full Model

Molar Flow Profiles Conversion Profile
£ 30000 1
E 15
E 25000 - =2
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2 20000 - =
o —_— 2 1 10
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£ 15000 - — NI =
[T =
- ""--.._________-_--_-_ [ ]
L%} i
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=
5000 1 /—
0 0
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Exit conversion = 21.4 % Compared to Slmphfled Exit conversion = 22.1 %

Exit temperature = 376.4 degC model results Exit temperature = 376.3 u::lneglt3

2




Case Study 2
Tubular Reactor with Counter-current Heat Exchange

Example: Vapor-phase cracking of acetone to ketene
CH,COCH,= CH,CO+CH,

Feed: 7850 kg/hr Reactor: 1000 1" Sch 40 tubes
7.85 kg/hr per tube Total volume: 2 m3
0.135 kmol/hr Tube ID: 26.7 mm

Inlet temperature: 1035 K Tube length: 3.57 m

Inlet pressure: 162 kPa (1.6 atm)
Assume AP =0

Counter-current heat transfer

Air: 90 T/hr
Inlet temperature: 1250 K

adapted from
Fogler, H. Scott, Elements of Chemical Reaction Engineering, 4" Edition, Prentice-Hall, 2006, p. 504.



Case Study 2
Tubular Reactor with Counter-current Heat Exchange
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Basic data:

r,=—k-C, ln(k):42.529—¥

kmol

3

r, . reaction rate of acetone,

hr-m

C, : concentration of acetone, #mo!

3
m

k : rate parameter, 1/Ar

T : temperature, K



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene
Basic data: Heat capacity
kJ T[K]

Acetone: C,, =6.8132+278.6-Tk—156.28-Tk” +34.76- Tk’
kmol - K 1000

Ketene:  C,, =18.909+143.56-Tk —130.23- Tk’ +66.526 - Tk* —14.112- Tk*

Methane: ¢, =-0.7030+108.48- Tk —42.522 - Tk* +5.8628 - Tk* + 0.67857 - Tllcz

T Tk
~  Cpy(T)-ar [ Cpi(tk)-d(ik)
Cp,(T)="= =1000-—
T-T, Tk — Tk,

Heat of reaction

kJ Aern(T):Aern(ZSOC)_AHA(T)+AHK(T)+AHM(T)

kmol AHi(T)=1000°I;k .CPl.(tk)d(tk)

AH,  (25°C)=80,770

rxn

endothermic



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Feed concentration:

162[kP
Cr :gz RPT N k [ 3 | =0.018 km301
g 314 P 035K "
kmol - K
Reactor balances: .
Air energy balance:
dF, F, T, ,
=r,=-k-C, C,=—Cpp— dH
dVv F, T y Ia/ =UA(T—Ta)
F.=F,=F,-F, F.=F,+F +F, (= )\
JE counter-current
—=UA(T,-T r_p O
1 (7,-T) H,=F,-C,(T) (T T,,ef)
H=H,+H,+H,, Note:

H,=F,(Co,(T)(T-T,)+H,) ..



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene — full model

F

%
INIESH
~ a?j

Il
|
e
O
mﬁ
;.Q
Il
|
%Q
~

r,=k-C,

T
Fy . Fy, F
F.=F,=F,.-F, F,=F,+F,+F, . .
: T
H=F,(Cp(T)(T-T, )+ H,)+.. k=ko'€xp(—ij
R-T
% %:w(g_r) ) Information Flow Diagram
4] Integrator

- 7,

H, dH - = _
%‘7 —=UA(T-T,) | H,=F,-C,(T)(T-T,) Nonlinear

T algebra




Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplification of the enthalpy balance

dH

= =UA(T, -T)

V

] d)Y (FH.
- av v av
Zg =h=V '(_rA)
df;, _ . dT assuming constant heat capacity
av "dv © ’
dH

-r,)> v.H, +—ZFCP,

Zvl.Hl. =AH,_ v, . stoichiometric coefficients

T

ro-AH, +UA(T,-T)

av

SRC,

dH
d(-V)

assuming constant heat capacity

~uA(T-T,)

and molar flow rate
dH

oo, AT
dv dVv
dr, UA(T,-T)

dV B F;CPa



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene - simplified model

F, drF,
:—]/'A
dv r

CA

r,=k-C,

I~

F

T

FK FM FAF F

JF

M

F,=F,+F,+F,

k

|
o

|
I) )

| T dr _r,AH T)+UA(T,
av- > FC,

T ar, _UA(1,-T)
dV - FZICPa

%

E
k=k,- ——
0 exp( R-Tj

Information Flow Diagram

@ Integrator




Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Solution Strategy

Estimate final air temperature atv =0
— Solve model fromv=0tov=Vr
Determine air temperature at v = Vr from solution

If air temperature at v = Vr meets spec —— done!

— Adjust final air temperature at v =20



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplified model

import numpy as np
from scipy.integrate import solve_ iwvp

from AcetonePFRsimplifiedFn import AcetonePFR

import matplotlib.pyplot as plt

Rgas = 8.314
Tref = 298.15
MWA = 58.08

MWAir = 28.96

NoTubes = 1866
TotalVolume = 2

VolPerTube = TotalVolume/NoTubes
TubelID = 26.7e-3

TubeXC = np.pi*TubeID**2/4
Tubelength = VolPerTube/TubeXC

U
A

488
4/TubeID

AcetonePFR_Simplified.py

ReactorMassFeed = 7858
FAM = ReactorMassFeed/NoTubes
FAF = FAM/MWA

TF = 1835
P = 162
CAF = P/Rgas/TF

AirFeed = 11888*8

FaM = AirFeed/MNoTubes
Fa = FaM/MWAir

TaF = 1258

Tad 1117.7

[0., VolPerTube]
np.linspace(8., VolPerTube, 2080)

vspan
veval

y@ = [ FAF, TF, Ta@ ]

result = solve ivp(AcetonePFR,vspan,y®,t eval=veval, \
method="LS0DA',args=(FAF,CAF,TF,Fa,U,A))}



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplified model

vs = result.t

n =

len(vs)

FAout = result.y[@,:]
FKout = FAF - FAout

FMout
Tout

FAF - FAout
= result.y[1,:]

Taout = result.y[2,:]

Conv = (FAF-FAout)/FAF * 100

plt.
plt.
plt.
plt.

plt

figure()
plot(vs,Fhout,c="k",label="Acetone")
plot(vs,FKout,c="g",label="Ketene")
grid()

.ylim(@, ©.14)
plt.
plt.
plt.
plt.
plt.

xlabel( 'Reactor Volume - m3")

tick params(axis="x',labelrotation=-90)
ylabel( 'Molar Flow Rate - kmol/hr')
title('Molar Flow Rates')

legend()

plt.figure()
plt.plot(vs,Tout,c="b",label="Reaction")
plt.plot(vs,Taout,c="r",label="Air")
plt.grid()

plt.xlabel( 'Reactor Volume - m3")

plt.tick params(axis="x",labelrotation=-90)
plt.ylabel (' Temperature - K")
plt.title( ' Temperature Profiles’)
plt.legend()

plt.figure()

plt.plot(vs,Conv,c="g")

plt.egrid()

plt.ylim(@, 108)

plt.xlabel('Reactor Volume - m3")

plt.tick params(axis="x",labelrotation=-9@)
plt.ylabel( ' 'Conversion - %')

plt.title( 'Conversion Profile')

print( " \nAir Entry Temperature = {0:7.1f} K'.format(Taout[n-1]))
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene
Simplified model

import numpy a5 np AcetonePFRsimplifiedFn.py HtRxnAcetoneFn.py

from HtRxnAcetoneFn import HtRxn

def AcetonePFR(v,y,FAF,CAF,TF,Fa,U,A): def HtRxn(T):
Rgas = §.314 Hx@ = 8?.??e3
Cph = 163.89 TE = T/10680 ? '
CpK = 84.65 Tk® = (25+273.15)/1000
CpM = 71.79
° HA = (6.8132e-3%Tk+0.2786/2*Tk**2-0.15628/3*¥Tk**3 \

CpAir = 33.44
Tove — 43 599 +0.03476/4¥Tk**4 - (6.8132e-3%Tk0+0.2786/2%Tk0**2 \

- * k% * o *1
k& = np.exp(lnke) 0.15628/3*TkR**3+0.03476/4*¥TkO**4))*1000

E = 284522

FA = y[0] HK = 18.909%Tk+143.56/2%Tk**2-130.23/3%Tk**3 \

T ?1] +66.526 /4% Tk**4-14.112/5%Tk**5 \

Ta__yy[2] - (18.909%Tk0+143.56/25Tk0**2-130.23/3*¥Tk@**3 \
= * k¥A_14 1 % sk

K - FAF - EA +66.526/4%Tk@**4-14.112 /5% Tk@**5)

ET - EiF+_FEﬂ+ - HM = -0.703028*Tk+108.4773/2%Tk**2-42.52157/3*Tk**3 \

CA = FA/FTECAF*TE/T +5.862788/4%Tk**4-0.678565/Tk \
B . -(-0.703028*Tk0+108.4773/2*¥Tk0**2-42 .52157 /3*TkO**3 \

;ﬂ = k@*np.exp(-E/Rgas/T)*CA +5.862788/4%Tk@**4-0.678565/Tk@)

dy - "E'ZEP°5(3} hx = Hx® + (-HA+HK+HM)*1080

yle] = -rA return hx

SumCp = FA*CpA + FK*CpK + FM*CpM

dy[1] = (r&*(-HtRxn(T))+U*A*(Ta-T))/SumCp

dy[2] = U*A*(Ta-T)/Fa/CphAir

return dy 44



Tubular Reactor with Counter-current Heat Exchange

Malar Flow Rate - kmaol/hr

Example: Vapor-phase cracking of acetone to ketene
Simplified model
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene
Simplified model

Temperature Profiles
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplified model — Solve two-point boundary value problem
import numpy as np SOlVZPBV.py

from scipy.integrate import solve ivp
trom AcetonePFRFn import AcetonePFR

import matplotlib.pyplot as plt ReactorMassFeed = 7850

from scipy.optimize import brentq FAM = ReactorMassFeed/MNoTubes
tfrom SolvAcetoneFn import SolvAcetone FAF = FAM/MWA
Ta® soln = brentq(SolvAcetone,1100,1150) TF = 1835
P = 162
Rgas = 8.314 CAF = P/Rgas/TF
Tref = 298.15
AirFeed = 11088%8
A = 58.08 FaM = AirFeed/NoTubes
MiALr = 28.96 Fa = FaM/MWAir
NoTubes = 1086 Ia; - #2;@ 1
TotalVolume = 2 ag = lad_soln
VolPerTube = TotalVolume/NoTubes vspan = [@., VolPerTube]
TubeID = 26.7e-3 veval = np.linspace(8., VolPerTube, 208)
TubeXC = np.pi*TubeID**2/4
TubelLength = VolPerTube/TubeXC y@ = [ FAF, TF, Ta@ ]
U = 488
A = 4/TubeID



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplified model — Solve two-point boundary value problem

result = solve ivp(AcetonePFR,vspan,y@,t eval=veval,
method="LS0DA",args=(FAF,CAF,TF,Fa,U,A))

vs = result.t plt.figure()

n = len(vs) plt.plot(vs,Tout,c="b",label="Reaction")
FAout = result.y[@,:] plt.plot(vs,Taocut,c="r',label="Air")

FKout = FAF - FAout plt.grid()

FMout = FAF - FAout plt.xlabel('Reactor Volume - m3')

Tout = result.y[1,:] plt.tick params(axis='x',labelrotation=-98)

Taout = result.y[2,:] plt.ylabel( ' Temperature - K')

plt.title('Temperature Profiles')

Conv = (FAF-FAout)/FAF * 100
onv ( out)/ plt.legend()

plt.figure()

plt.plot(vs,FAout,c="k',label="Acetone") plt.figure()
plt.plot(vs,FKout,c="g',label="Ketene") plt.plot(vs,Conv,c="g")

plt.grid() plt.grid()

plt.ylim(e, ©.14) plt.ylim(0, 1080)

plt.xlabel('Reactor Volume - m3') plt.xlabel('Reactor Volume - m3"')
plt.tick_params(axis="x",labelrotation=-98) plt.tick params(axis='x",labelrotation=-98)
plt.ylabel( 'Molar Flow Rate - kmol/hr') plt.ylabel('Conversion - %')
plt.title('Molar Flow Rates') plt.title( 'Conversion Profile')

plt.legend()
print('\nAir Entry Temperature = {0:7.1f} K'.format(Taocut[n-1]))



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplified model — Solve two-point boundary value problem

import numpy as np
from scipy.integrate import solve_iwvp
from AcetonePFRFn import AcetonePFR

SolvAcetoneFn.py

TF = 1835
def SolvAcetone(Tad): P = 162
Rgas = 8.314 CAF = P/Rgas/TF
Tref = 298.15

AirFeed = 11088*8
FaM = AirFeed/NoTubes
Fa = FaM/MWAir

MWA = 58.08
MWAir = 28.96

NoTubes = 1000 TaF = 1250
TotalVolume = 2
vspan = [@., VolPerTube]
VolPerTube = TotalVolume/NoTubes veval = np.linspace(@., VolPerTube, 200)
TubelID = 26.7e-3
TubeXC = np.pi*TubeID**2/4 y@ = [ FAF, TF, Ta@ ]

Tubelength = VolPerTube/TubeXC
result = solve_ivp(AcetonePFR,vspan,y®,t eval=veval, \

U = 400 method="LSO0DA" ,args=(FAF,CAF,TF,Fa,U,A})}
A = 4/TubelD
vs = result.t
ReactorMassFeed = 7850 n = len(vs)
FAM = ReactorMassFeed/NoTubes Taout = result.y[2,:]
FAF = FAM/MWA return Taout[n-1]-TaF
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplified model — Solve two-point boundary value problem - results

Molar Flow Rates Conversion Profile
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Simplified model — Solve two-point boundary value problem - results

Emperature - K

Temperature Profiles
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Tubular Reactor with Counter-current Heat Exchange

Example: Vapor-phase cracking of acetone to ketene

Full model

import numpy as np

from scipy.integrate import solve ivp
from AcetonePFRFn import AcetonePFR
import matplotlib.pyplot as plt

from CpFn import CpAavg,CpAiravg
from findTFn import findT,findTa

Rgas = §.314
Tref = 298.15
MWA = 58.08

MWAir = 28.96

NoTubes = 1080
TotalVolume = 2

VolPerTube = TotalVolume/MNoTubes
TubeID = 26.7e-3

TubeXC = np.pi*TubeID**2/4
TubelLength = VolPerTube/TubeXC

U
A

A66
A4/TubeID

AcetonePFR_Full.py

ReactorMassFeed = 7858
FAM = ReactorMassFeed/NoTubes

FAF = FAM/MWA
TF = 1035
P = 162

CAF = P/Rgas/TF

AirFeed = 11888*8

FaM = AirFeed/NoTubes
Fa = FaM/MWAir

TaF = 1258

Ta® = 1117.7

HfA = -216.67*%1200
H® = FAF*(CpAavg(TF)*(TF-Tretf)+HfA)
Ha® = Fa*CpAiravg(Tal)*(Tad-Tref)

[@., VolPerTube]
np.linspace(@., VolPerTube, 200)

vspan
veval

y@ = [ FAF, HO, Had ]
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Full model

result = solve ivp(AcetonePFR,vspan,yd,t eval=veval, \
method="LS0DA",args=(FAF,CAF,TF,Fa,Tad,U,A})

vs = result.t
n = len(vs)

Fhout = result.y[0,:]
FKout = FAF - FAout
FMout = FAF - FAout

Tout = np.zeros(n)
Hout = result.y[1, :]
for 1 in range(n):
Tout[i] = findT(Hout[1],TF,FAout[i],FKout[1i],FMout[i])

Haout result.y[2,:]
Taout = np.zeros(n)
for 1 in range(n):
Taout[i] = findTa(Haout[1],Ta®@,Fa)

Conv = (FAF-FAout)/FAF * 100
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.

plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.

Full model

figure()
plot(vs,FAout,c="k",label="Acetone’)
plot(vs,FKout,c="g",label="Ketene")
grid()

ylim(@, ©.14)

xlabel('Reactor Volume - m3")

tick params(axis='x',labelrotation=-9@)

ylabel('Molar Flow Rate - kmol/hr")
title( 'Molar Flow Rates')

legend()

figure()
plot{vs,Tout,c="b"',label="Reaction’)

plot{vs,Taout,c="r",label="Air")

grid()

xlabel('Reactor Volume - m3")

tick params(axis='x",labelrotation=-9@)
ylabel('Temperature - K')
title('Temperature Profiles')

legend()

plt.
plt.
plt.
plt.
plt.
plt.
plt.
plt.

print({’'\nAir Entry Temperature = {8:7.1f} K'.format(Taout[n-1]})

figure()

plot(vs,Conv,c="g")

grid()

ylim(@, 100)

xlabel( 'Reactor Volume - m3")

tick params(axis="x"',labelrotation=-90)
ylabel( 'Conversion - %')

title( 'Conversion Profile')
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Full model

import numpy as np
from findTFn import findT,findTa

def AcetonePFR(v,y,FAF,CAF,TF,Fa,Ta®,U,A):
Rgas = 8.314
Ink® = 42.529
k@ = np.exp(lnk®)

E = 284522

FA = y[8]

H = y[1]

Ha = y[2]

FK = FAF - FA

FM = FAF - FA

FT = FA + FK + FM

T = findT(H,TF,FA, FK, FM)
CA = FA/FT*CAF*TF/T

rA = k@*np.exp(-E/Rgas/T)*CA
Ta = findTa(Ha,Ta®,Fa)
dy = np.zeros(3)

dy[@8] = -rA

dy[1] = U*A*(Ta-T)
dy[2] = U*A*(Ta-T)
return dy

AcetonePFRFn.py
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Full model

from CpFn import CpAavg,CpKaveg,CpMavg,CpAiravg

def

def

fH(H, T,FA,FK,FM):

Tref = 298.15

HfA -216.67e3

HfK = -61.89e3

HfM = -74.81e3

HAT = FA*(Cplaveg(T)*(T-Tref)+HfA)
HKt = FK*(CpKavg(T)*(T-Tref)+HfK)
HME = FM*(CpMave(T)*(T-Tref)+HfM)
Hout = H - (HAt+HKt+HML)

return Hout

FindT(H,TF,FA,FK,FM):
T1 = TF
tol = 1l.e-6
while True:
T2 = T1 + 8.81
Tnew = T1 - @.01T*fH(H,T1,FA,FK,FM) \

/ (TH(H,T2,FA,FK,FM)-TH(H,T1,FA,FK,FM))

if abs((Tnew-T1)/Tnew) < tol: break
Tl = Tnew
return Tnew

def

def

findTFn.py

fHa(Ha,Ta,Fa):

Tref = 298.15

Cp = CpAiravg(Ta)

Haout = Ha - Fa*Cp*(Ta-Tref)
return Haout

findTa(Ha,Ta®,Fa):
Tal = Ta®
tol = 1.e-6

while True:
Ta2 = Tal + 9.61
Tanew = Tal - @.81*fHa(Ha,Tal,Fa) \
/ (fHa(Ha,Ta2,Fa)-fHa(Ha,Tal,Fa))
if abs((Tanew-Tal)/Tanew) < tol: break
Tal = Tanew
return Tanew

56



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

def

def

Full model

CpAavg(T):

a 6.8132

b 278.6

C -156.28

d 34.76

Tref = 298.15

Trefk = Tref/10080

Tk = T/1000

CpT = a*Tk + b/2¥Tk**2 + ¢/3*Tk**3 + d/4*Tk**4
CpTret = a*Treftk + b/2¥Trefk**2 + c/3*Trefk*®*3 + d/4*%Trefk**4
cpav = (CpT-CpTref)/(Tk-Trefk)

return cpav

CpKavg(T):
a = 18.909
b = 143.56
c = -130.23
d = 66.526
e = -14.112

Tref = 198.15
Trefk = Tref/1000
Tk = T/1000
CpT = a*Tk + b/2¥Tk**2 + c/3*Tk**3 + d/4*Tk**4 + e/5*Tk**5
CpTref = a*Treftk + b/2*¥Trefk**2 + ¢/3*Trefk**3 \
+ dfA*Trefk**4 + e/5*Trefk**5
cpav = (CpT-CpTref)/(Tk-Trefk)
return cpav

def

def

CpFn.py
CpMavg(T):
a = -8.703029
b = 188.4773
c = -42.52157
d = 5.862788
e = B.678565

Tref = 198.15
Trefk = Tref/1066
Tk = T/1000
CpT = a*Tk + b/2*¥Tk**2 + c/3*Tk**3 + d/4*Tk**4 + e/5*Tk**5
CpTreft = a*Trefk + b/2*¥Trefk**2 + c/3*Trefk**3 \
+ d/4*Treftk**4 + e/Trefk
cpav = (CpT-CpTref)/(Tk-Tretk)
return cpav

CpAiravg(T):

a = 28.09

b = 8.801965

C = B.000064799

d = -0.000000001965

Tref = 298.15

CpT = a*T + b/2¥T*¥2 + /3¥T**3 4 d/4%T**4

CpTreft = a*Tref + b/2*¥Tref**2 + ¢/3*%Tret**3 + d/4*%Tref**4
cpav = (CpT-CpTref)/(T-Tref)

return cpav



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene
Results for estimate of exit air temperature

Molar Flow Rates Conversion Profile
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene
Results for estimate of exit air temperature — 1117.7 K

Temperature Profiles
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Solve the two-point boundary value problem — full model

i:gﬁpzcggzpiniZg:Ete import solve ivp ReactorMassFeed = 7850

from AcetonePFRFn import AcetonePFR FAM = ReactorMassFeed/NoTubes Solv2PBV FU".py
import matplotlib.pyplot as plt FAF = FAM/MWA -

from scipy.optimize import brentg

from SolvAcetoneFullFn import SolvAcetone TF = 1835

from CpFn import CpAavg,CpAiravg P = 162

from findTFn import findT,findTa CAF = P/Rgas/TF

Ta® soln = brentq(SolvAcetone,1100,1158) .
AirFeed = 11088*8

Rgas = 8.314 FaM = AirFeed/NoTubes
Tref = 208.15 Fa = FaM/MWAir

TaF = 1258
MWA = 58.08 Ta® = Tad _soln

MWAir = 28.96

NoTubes = 10680

TotalVolume = 2 HfA = -216.67*1000
HB = FAF*(CphAave(TF)*(TF-Tref)+HTA)

VolPerTube = TotalVolume/NoTubes Ha® = Fa*CpAiravg(Tald)*(Tae-Tref)
TubeID = 26.7e-3
TobeLength - VolPorTube/TubeXC vspan = [0., VolPerTube]

gth = veval = np.linspace(®., VolPerTube, 200)
U = 498
A = 4/TubeID v@ = [ FAF, H@, Ha@ ]



Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Solve the two-point boundary value problem — full model

result = solve ivp(AcetonePFR,vspan,y®,t eval=veval, \
method="LSODA" ,args=(FAF,CAF,TF,Fa,Tad,U,A))

vs = result.t
n = len{vs)

FAout = result.y[@,:]
FKout = FAF - FAout
FMout = FAF - FAout
Tout = np.zeros(n)

Hout = result.y[1,:]
for i in range(n):
Tout[i] = findT(Hout[1i],TF,FAout[i],FKout[1],FMout[1i])

Haout result.y[2,:]
Taout = np.zeros(n)
for 1 in range(n):
Taout[i] = findTa(Haout[1],Ta®,Fa)

Conv = (FAF-FAout)/FAF * 160
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Solve the two-point boundary value problem — full model

plt.figure()
plt.plot(vs,FlAout,c="k",label="Acetone")
plt.plot(vs,FKout,c="g",label="Ketene")
plt.grid()

plt.ylim(@, ©.14)

plt.xlabel('Reactor Volume - m3")

plt.tick params(axis="x",labelrotation=-98)

plt.ylabel( 'Molar Flow Rate - kmol/hr') pitjﬁgzmﬂ)c e
plt.title('Molar Flow Rates') Elt'gpidg¥5’cmv’c""}
plt.legend() plt.ylim(@, 160)

plt.xlabel( 'Reactor Volume - m3')
plt.figure() plt.tick_params(axis='x",labelrotation=-90)
plt.plot(vs,Tout,c="b",label="Reaction") plt.ylabel('Conversion - %")

plt.plot(vs,Taout,c="r",label="Air") plt.title( 'Conversion Profile")

plt.grid() print('\nAir Entry Temperature = {8:7.1f} K'.format(Taout[n-1])})
plt.xlabel('Reactor Volume - m3")

plt.tick params(axis="x",labelrotation=-98)

plt.ylabel( ' Temperature - K")

plt.title( Temperature Profiles')

plt.legend() 62



Tubular Reactor with Counter-current Heat Exchange
Solve the two-point boundary value problem — full model

impo
from
from
from
from

def

SolvAcetoneFullFn.py

rt numpy as np

scipy.integrate import solve ivp

AcetonePFRFn import AcetonePFR
CpFn import CplAavg,CplAiravg
findTFn import findTa

SolvAcetone(Tad):
Rgas = 8.314
Tref 298.15

MWA = 58.88
MWAir = 28.96

NoTubes = 1088
TotalVolume = 2

VolPerTube = TotalVolume/NoTubes
TubeID = 26.7e-3

U
A

406
A/ TubeID

ReactorMassFeed = 7858
FAM = ReactorMassFeed/NoTubes
FAF = FAM/MWA

TF = 1835
P = 162
CAF = P/Rgas/TF

AlrFeed = 11888*8

FaM = AirFeed/NoTubes
Fa = FaM/MWAir

TaF = 1258

HfA = -216.67%1000

Haout = result.y[2,:]
Taout = np.zeros(n)
for i in range(n):
Taout[i] = findTa(Haout[i],Ta®,Fa)

return Taout[n-1]-TaF

HB® = FAF*(CpAavg(TF)*(TF-Tref)+HfA)
Ha® = Fa*CpAiravg(Ta®)*(Ta@-Tref)

vspan
veval

y® = [ FAF, HO, Ha® ]

[B., VolPerTube]
np.linspace(@., VolPerTube, 280)

result = solve ivp(AcetonePFR,vspan,y®,t eval=veval, \
method="LSODA' ,args=(FAF,CAF,TF,Fa,Ta@,U,A))

vs = result.t
n = len(vs)




Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Solve the two-point boundary value problem — full model

Molar Flow Rates Conversion Profile
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Tubular Reactor with Counter-current Heat Exchange
Example: Vapor-phase cracking of acetone to ketene

Solve the two-point boundary value problem — full model
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Python Bootcamps 1, 2 and 3
v 1: Getting up to speed with Python
v 2: Learning to use Python to solve typical problem scenarios
v’ 3: Detailed modeling of packed-bed and plug-flow reactors
References:
Applied Numerical Methods with Python

Steven C. Chapra and David E. Clough
McGraw-Hill, 2022.

Introduction to Engineering and Scientific
Computing with Python

David E. Clough and Steven C. Chapra

CRC Press, Taylor & Francis, 2023.

Elements of Chemical Reaction Engineering, 4t" Edition
Fogler, H. Scott,, Prentice-Hall, 2006.

i A

“Prof. Clough, may | be excused? My bréin is full.”

Contact David.Clough@Colorado.edu for follow-up assistance.



