Practice problem: Isothermal reactor design
CHEN3010/ CHEN5040: chemical reaction engineering

General Instructions for in class Portfolios

1. The portolio is an open-book task.

2. You can use textbooks, the resources provided during class/ workshop etc. to answer the
questions.

3. The portfolio task is made available in both pdf format and as a print.

4, You are free to choose a solution technique. It is not required that you use the provided python
code to answer the questions. You can use any tool (pen and paper, excel, ... ) and any technique
(graphical, numerical, analytical) that you are comfortable with.

5. Irrespective of your solution method, you are expected to write your answers on to the printed
question paper provided. This is what gets marked.

6. The portfolio will take place during designated timeslot communicated earlier by the unit
coordinator. Please refer to the portfolio schedule on blackboard for the portolio dates and
topics.

7. The tasks will be a mix of theory questions, short calculation type and long numerical examples.

8. You have 90 minutes to complete the tasks in the portfolio.

9. When you are required to upload the portolio answers on to blackboard:

« Save your report as a pdf file.

+ Rename the file as STUDENTID_Portfolio_x.pdf (Where STUDENTID is your student ID,
and x is the portfolio number) and

+ Upload it using assessment submission link on blackboard.



Academic Integrity

Academic integrity at its core is about honesty and responsibility and is fundamental to Curtin’s
expectations of you. This means that all of your work at Curtin should be your own and it should be
underpinned by integrity, which means to act ethically, honestly and with fairness.

As a Curtin student you are part of an academic community and you are asked to uphold the Uni-
versity’s Code of Conduct, principles of academic integrity, and Curtin’s five core values of integrity,
respect, courage, excellence and impact during your studies.

You are also expected to uphold the Student Charter and recognise that cheating, plagiarism collusion,
and falsification of data and other forms of academic dishonesty are not acceptable.

For more information, visit https://students.curtin.edu.au/essentials/rights/academic-integrity/


https://oasis.curtin.edu.au/ConductAtCurtin
https://about.curtin.edu.au/who/vision-mission-values/curtin-values/
https://students.curtin.edu.au/essentials/rights/student-charter/
https://students.curtin.edu.au/essentials/rights/academic-integrity/

Introduction

Ethylene oxide (EO) (C,H,0), also known as oxirane, is a colorless, flammable gas with a sweet,
ether-like smell. EO is an important industrial chemical used primarily to make ethylene glycol (a
key ingredient in antifreeze and polyester fiber) and other chemicals, such as surfactants, detergents,
and solvents.

In 2022, global production of EO was nearly 28 millions of tons and s expected to grow at a steady
CAGR of 4.07% during the forecast period until 2032. With a selling price of $1913 per tonne, the
commercial value of EO is around $53 billion.

The primary route for EO production involves the direct vapor phase oxidation of ethylene in the
presence of a silver catalyst:

1
C;Hy + 0, — C,H,0

This reaction is highly exothermic and requires careful control to manage the risk of runaway
reactions. The process typically involves a recovery stage to separate EO from water and other
byproducts.

We want to design a reactor achieve a desired conversion of ethylene. Ethylene and oxygen (as
air) are fed in stoichiometric proportions to a packed-bed reactor operated isothermally at 280 °C.
Ethylene is fed at a rate of 200 mol/s at a pressure of 10 atm (1013 kPa). It is proposed to use 10 banks
of 25.4 mm diameter schedule 40 tubes packed with catalyst with 100 tubes per bank. Consequently,
the molar flow rate to each tube is to be 0.2 mol/s.

The rate law for the reaction is

/ 1/3 p2/3
—r, = kP> P?

with k = 0.00392 atmm—"l at 260 °C. The heat of reaction, A H is -106.7 kJ/mol and the activation

kg—cat s

energy, E is 69.49 kJ/mol.



Question 1: Reactor selection (5 marks)

In order to aid reactor design, laboratory experiments were performed at 260 °C to determine reaction
rate at various ethylene conversions. The data is plotted in Figure 1.

We want to achieve 60% conversion of ethylene. What kind of reactor would you suggest? Why?
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Figure 1: Rate data for oxidation of ethylene

Answer

Since this is a gas phase catalytic reaction a packed bed reactor would be ideal.

The —r’y vs.X graph is monotonously decreasing with conversion. Hence (1/ — 7’y )vs.X increases
monotonically with conversion.

The amount of catalyst required is the area under the curve for a PBR and the area of rectangle with
awidth of X __;, and height of (F o /(—1"4))

exit*
For a monotonously increasing curve, catalyst weight using CSTR will always be higher than a PBR.
Therefore PBR is preferred.



Question 2: Isobaric reactor design

(a) Write correct mole balance equation(s) for flow reactors (CSTR, and PBR) in terms of conversion
of ethylene. (5 marks)

(b) Using the mole balances developed in (a), determine the weight of catalyst required to achieve
60% conversion in a PBR. Show your working by following the reaction engineering algorithm.
State your assumptions if any. (10 marks)

Answer

(a) We write mole balance equations for the two flow reactors: CSTR, and PBR

1. CSTR
w = FaoX
—
2. PBR
dX ,
Faogyy = ~Ta
and
Fa dF
W = / A
FAO TA
or

(b) Isobaric reactor design

« Mole balance

X
F A0 g = A (1)
+ Rate law
—ry = kP, Py (2)

Where, P, = C,R1T,



« Stoichiometry

For isothermal, isobaric reactors

~ Cy(0;+ 1, X)

=T e ©
Reaction: 1
C,H, + 502 — C,H,0
A+ %B —C
« Combine

Solve equations 1, 2, and 3 to obtain conversion as a function of catalyst weight.

* Evaluate
import numpy as np
from scipy.integrate import solve_ivp

import matplotlib.pyplot as plt

T =280 + 273.15 # K

TO = 260 + 273.15 # K

PO = 10 # atm

k0 = 0.00392 # mol/ (atm kg-cat s)
R = 0.082 # atm dm~3/ (mol K)

E = 69490 # J/mol

# It is usually a good idea to write k as a function of temperature. However,
# since we are simulating isothermal case, we just evaluate it.
k = kO * np.exp((E/8.314) * ((1/T0) - (1/T)))

fa0 = 0.2

fbO0 = 0.5 * fa0

fcO = 0

£i0 = fb0 * (79/21)

ft0 = fa0 + fb0 + fcO + £fiO
thetaA = fa0/fa0

thetaB = fb0/fa0

thetaC = fc0/fa0

thetal = fi0/fa0

ya0 = fa0/ft0
delta = -0.5
epsilon = ya0 * delta



ca0 = pa0O/(R * T)
. kat280°C
— l °
k=0.00392 ol —— at 260 °C.
E(L,l)
k(T) = k(Ty)e™\ T T
o l
kat 280 °C'=0.00691 ol
VA:_l’yB:—l/Q,chl

Ethylene and oxygen are fed in stoichiometric proportions to a packed-bed. The oxygen is fed as air
(21% 0, and 79% N, (Inert)).

F 4y =0.20 mol/s

Fgy = 0.5F,,=0.10 mol/s
F=0.00 mol/s

Fry = 0.5 x (79/21) =0.38 mol/s
Fpy =0.68 mol/s

©, =F;y/F4p: 0 4=100,05=0.50,0,=0.00,0;=1.88 mol/s.
b=1-1—5=—3

Yao = Fao/(Fao + Fpo) =0.30.
€ = Y400 =-0.15.

Pao = yaohy =296 atm

C a0 = PagRT=0.07 mol/dm?.

def pbr(W, y, *args):
X = y[0]

fa0, ca0, thetaA, thetaB, nu A, nu B, epsilon, k = args

ca0 * (thetaA + nu A * X)/ ( 1 + epsilon * X)
ca0 * (thetaB + nu B * X)/ ( 1 + epsilon * X)

ca
cb

pa = ca *(R * T)

pb = cb *(R * T)
rate = k * pa*x*(1/3) * pb**(2/3)
dXdW = rate/ fal

return [dXdw]



nu A = -1
nu B = -0.5

# Solve the pbr model
W =25 # kg

# initial conditiomns
yo = [0]

system_args = (fa0O, ca0O, thetaA, thetaB, nu_A, nu B, epsilon, k)

sol = solve_ivp(pbr, [0, W], yO, args=system_args, dense_output=True)

=
Il

np.linspace(0,W, 1000)
X = sol.sol(w) [0]

X[X > 0.6][0]
w[X > 0.6][0]

x_final
w_final

Weight of catalyst required to achieve a conversion of 60%, W = 13.51 kg. The final conversion is X =
0.60.



Question 3: Effect of pressure drop (20 marks)

As this is a gas phase reaction carried out in a PBR, there is a significant pressure drop. The properties
of the reacting fluid are to be considered identical to those of air at this temperature and pressure.
The density of the 6.35 mm catalyst particles is 1925 kg/m?, the bed void fraction is 0.45, and the gas
density is 16 kg/m?. For these catalyst properties, the pressure drop parameter « is 0.0367 1 /kg

a. How will the equations change when you consider pressure drop? (4 marks)

b. Draw the profiles of concentrations of reactants and products, conversion, volumetric flow

rate ratio (v/v,), and pressure ratio (P/ P,) as a function of catalyst weight. (12 marks)

c. Estimate the catalyst weight required to achieve 60% conversion considering pressure drop.

Compare the results with those obtained in question 2. (4 marks)
Answer

a. How will the equations change when you consider pressure drop?

+ Mole balance

No change
dX
Fyo aw Ty (4)
* Rate law
No change
~ry = kP’ Py )

Where, P, = C;RT|,

« Stoichiometry
The reator is no more isobaric

For isothermal reactors

U—”O=<1+6X> (%)

 Cap(©;+v,X) (P
o)== () @




Reaction:

« Pressure drop

Where: p = P/ P,

« Combine

1
CoHy + 5 0, — GH,0

1
A+EB——>C

(07

N ES ()

2p

Solve equations 4, 5, 6, and 7 to obtain conversion as a function of catalyst weight.

+ Evaluate

def pbr_with_pressure_drop(W, y, *args):

L£,p=y

fa0, ca0, thetaA, thetaB, nu_A, nu B, epsilon, k, alpha = args

ca
cb

pa =ca * R x T

ca0 * (thetaA + nu A * X)/ ( 1 + epsilon * X) * p
ca0 * (thetaB + nu B * X)/ ( 1 + epsilon * X) * p

pb = cb *x R x T

rate = k * pax*(1/3) * pb*x*(2/3)

dXdWw = rate/ fa0

dpdW = - alpha * (1 + epsilon * X) / (2 * p)

return [dXdW, dpdWw]

nu A = -1
nu B = -0.5
nu C =1
nu Il =0

# Solve the pbr model
W =25 # kg

# initial conditions
#atW=0,X=0; p=1
yo = [0, 1]

alpha = 0.0367

system_args = (fa0O, ca0O, thetaA, thetaB, nu_A, nu_B, epsilon, k, alpha)
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sol

T < o=
[

x fi
w_fi

= solve_ivp(
pbr_with_pressure_drop,
[0, wl,

yO,

args=system_args,
dense_output=True

np.linspace(0,W, 1000)
sol.sol (w) [0]
sol.sol(w) [1]

X[X > 0.6][0]
w[X > 0.6][0]

nal 2
nal 2

b. Draw the profiles

# Co
# C_
ca
cb
cc
ci

# vo

ncentrations

j = C_AO * (Theta_j + nu_j * X) * p/
lambda X, p: ca0 * (thetaA + nu A *
lambda X, p: ca0 * (thetaB + nu B *
lambda X, p: ca0 * (thetaC + nu C *
lambda X, p: ca0 * (thetal + nu I *

lumetric flow rate ratio

(1
X)
X)
X)
X)

epsilon *X)

p / (1 + epsilon
p / (1 + epsilon
p / (1 + epsilon
p / (1 + epsilon

# v/vO = (1 + epsilon * X) * P_O/P = (1 + epsilon * X)/p
vvO0 = lambda X, p: (1 + epsilon * X)/p

# Se

ca_p
cb_p
cc_p
cip

vvO_

plt.
plt.
plt
plt

plt.
plt.

t up graph

X[X < 0.6]
plX < 0.6]
w[X < 0.6]

= ca(x_p, p_p)
cb(x_p, p_p)
cc(x_p, p_p)
ci(x_p, p_p)

p = vwo(x_p, p_p)

plot(w_p, ca_p, label='$C_A$'
plot(w_p, cb_p, label='$C_BS$'

.plot(w_p, cc_p, label='$C_C$'
.plot(w_p, ci_p, label='$C_I$'

)
)
)
)

xlabel('Catalyst weight (kg)')
ylabel('Concentration $mol/dm~3$')
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# Setting x and y axis limits
plt.x1im(0, np.ceil(w_final 2))
plt.ylim(0, 0.14)
plt.legend(loc='upper right')

ax = plt.gca()

ax.grid(which='major', linestyle='-', linewidth='0.5', color='gray')
plt.show()
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Figure 2: Concentration profile (2 marks)

plt.plot(w_p, x_p, label='conversion ($X$)')
plt.plot(w_p, vvO_p, label='$\\upsilon/\\upsilon_0 (£)$')
plt.plot(w_p, p_p, label='$P/P 0 (p)$"')

plt.xlabel('Catalyst weight (kg)')
plt.ylabel('$X, f, p$"')

# Setting x and y axis limits
plt.x1im(0, np.ceil(w_final 2))
plt.ylim(0, 1.4)

plt.legend ()

ax = plt.gca()
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ax.grid(which='major', linestyle='-', linewidth='0.5', color='gray')
plt.show()
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Figure 3: Conversion, volumetric flow ratio, pressure ratio profile (4 marks)

* half marks for essentially correct procedure but wrong answers.

c. Estimate the catalyst weight required to achieve 60% conversion

Weight of catalyst required to achieve a conversion of 60%, W = 16.07 kg. The final conversion is X =
0.60.

As the presesure decreases within the reactor, the cocentration (and consequently the rate) decreases.
This results into lower conversion for the same catalyst weight.

For the isobaric case, to achieve a conversion of 0.60, we needed 13.51 kg catalyst. If we used this
catalyst weight to manufacture our reactor, the real life conversion would have been 0.55 and our
reactor would severely underperform.
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