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Course Description in ABET Format



I. COURSEDESCRIPTION INABET FORMAT

COURSE SYLLABUS

CHEMICAL ENGINEERING DEPARTMENT
CHEG 3306 Kinetics and Reactor Design

Please use the following format forthe course syllabi (2 pages maximum in Times New Roman 12 point font)

1. | Course number and name: CHEG 3306 Kinetics and Reactor Design

2. | Credits and contact hours: 3 credit hours; 5 contact hours

3. | Instructor’s or course

coordinator’s name: Dr. Nabila Shamim
4. | Textbook: Title: Elements of Chemical Reaction Engineering,
Author: Fogler, H. S.,
Publisher, Year & Edition: Prentice-Hall, (6th Edition).
5. | Specific course information
a.Brief description of the content of the course CHEG 3306 Kinetics and Reactor Design, Application of fundamental
(catalogdescription) conceptsof reaction stoichiometry, kinetics, and equilibria to the

interpretation of reaction rate data. Application of reaction rate, heat,
and masstransfercorrelations to the design of batch, continuoustank,
and tubularreactors.

Goals: The goal of this course is to teach studentsthe science and
design of reaction engineering processes

b. Prerequisites or CHEG 2013 - Materials Science,
Co-requisites CHEG 3304 - Chemical Engineering Thermodynamics 11
MATH 2043 - Differential Equations |

c.*Indicate whethera required, elective, or selected Required
elective (as per definition provided) course in the

program

6. | a.Specific goalsforthe course specific outcomesof b. Explicitly indicate which of the student outcomes listed in
instruction (e.g. The studentwill be able to Criterion 3 orany otheroutcomesare addressed by the
explain the significance of current research about course.

a particular topic.)
The specific goals for the course specific outcomes listed on the left
Studentswill be ableto : column will address the following student learning outcomes:

(i) Identify the limiting reactant, basisof calculation,
and excess reactants.

(ii) Apply stoichiometric ratios or relative rates and
develop a stoichiometric table based on phase and

components. Outcome 1
(iii) Perform mole balancesand energy balances An ability to identify, formulate,and solve complex engineering
based on chemical reaction and/or reactortype. problems by applying principles of engineering, science, and
(iv) Understand reaction mechanismsand reaction mathematics.
pathways.
(i) Determine the final exit concentration using
Excel.

(ii) Calculate reactorvolume using




approximations.
Determine the optimum conversion based on
graphs generated in Polymath.

(iii)

(i) Evaluatetheselectivity of products in reactions
and choose feed location of raw materials.

(ii) Increase desired product for single and multiple
reactants by selecting appropriate reactorand feed
conditions.

(iii) Research common safety procedures utilized
with different catalytic reactions. Calculation
composition or concentration of components
entering and leaving reactor.

1. Meet design constraintsgiven in the problem
statement.

Outcome 2

An ability to apply engineering design to produce solutions that meet
specified needs with consideration of public health, safety,and
welfare, aswell as global, cultural, social, environmental,and
economic factors..

Brief list of topics to be covered

Mole Balances (4 hours)

Conversion and Reactor Sizing (6 hours)
Rate Laws and Stoichiometry (7 hours)
Isothermal Reactor Design

Multiple Reactions (6 hours)
Catalysisand Catalytic Reactors (6 Hours)
Design (6 hours)

(6 hours)

*Required courses are required of all studentsin the program, elective courses (often referred to asopen or free electives) are
optionalfor students,and selected elective courses are those for which students must take one or more courses from a specified group

Prepared by: Dr. Nabila Shamim Date: May 16, 2022



Il ASSESSMENT RESULTS FOR CURRENT AND PAST THREE PERIODS

Program Outcomes Assessed in this course

Outcome 1:

An ability to identify, formulate, and solve complex engineering problems (CEP) by applying principles of
engineering, science, and mathematics.

Outcome 2

An ability to apply engineering design to produce solutions that meet specified needs with consideration of
public health, safety, and welfare, as well as global, cultural, social, environmental, and economic factors..

Assessment Summary of Class Semester Averages for Outcomes
(Should be provided for Fall 2019 through Spring 2021 Assessment Period)

Outcomes 1 2
Semester Class Average
(%)

Spring 2022 74 91
Spring 2021 74 83
Spring 2020 66 74
Spring 2019 71 85

Semester Semester Class Average (%)

Average is above the ideal
average of 75%

The instructor had several
one to one meeting and
continuously worked with
the groups to help them in
the projects and technical
writing. These helped
improve their overall grades.

Class average is close to
the ideal class outcome
of 75%. Students came
back from online to face
to face option. It took
some time for students to
get adapted.

Comments on
Trend of Data
(Improving or
deteriorating)

*Expected Semester Class Average =70% (or as defined by the program)
Ideal Semester Class Average =75% (or as defined by the program)




End of Semester Course Assessment Reports
Spring 2022 and Last Three Assessment Periods.

Each summary contains the following Information

. Performance Statistics
e Total number of students in class

e Theclass average performance (stated as %) in each course outcome assessed
in this class and the two previous times course was assessed.

e Theacceptableclass average for the class in each outcomearea as set by your
Department.

e Percentage of students who scored below the expected average in each
outcome.

. Implementation Summary

e Brief summary of plansimplemented during the semester based on last
assessment report

. Perceived Problems

e Instructor’s critical evaluation of perceived problems that affected students’
performance. Realistic problems should be identified throughout the semester
and summarized in this section of the report.

. New Plans for Addressing Problems

e Instructor’s plans for addressing the perceived problems the next time the
class is taught. These should be specific enough for another instructor to
implement. Most of these should be things that, you, the instructor can
implement to help students to improve. Be creative.

. Overall Trend over last three assessment periods

¢ Instructors summary of overall performance trend for each outcome
measured over the last three periods.

. Were Expectations Met?

e Answer YES if the class average wasabove the expected average and the
stated percentage of students scored at or above the expected average, else
answer NO.



Table 2.1 END OF SEMESTER COURSE OUTCOME ASSESSMENT REPORT
CHEG 3063-Y01: KINETICS AND REACTORDESIGN: SRPING 2021 SEMESTER

Report Prepared by: Dr. NABILA SHAMIM Report Date: May 17, 2022
Outcome 1.1 Outcome 1.2 Outcome 1
Identify and Formulate | 1.2 Solve reaction engineering Ability to identify,
reaction engineering problem using formulate, and solve
Semester problems using principles POLYMATH/MATLAB complex engineering
of problems by applying
Number engineering/mathematics. pr|n0|ples_0f engineering,
IAnalysis of science.
Type |Students
Expected
Fggrgeerftegf % Expected % Students Percent %
Expected Students | Expected | Percent of N Expected of Students
Class suej‘:i(e)r:ts Class | meeting Class students at Class g;epeé:;gd Class |students| Class | meeting
Average/ above Average | Expected| Average/ orabove | Average Average Average/ | ator |Average | Expected
average Average average above Average
averaﬂe
Spring 2022 Direct| 20 75 70 | 65 | 43 75 70 90 100 75 |70 | 74| 71
Spring 2021 Hybrid| 30 75 70 | 70 | 43 75 70 81 83 75 [ 70 | 74 | 70
Spring 2020 Direct| 23 75 70 | 56 27 75 70 75 64 75 70 66 | 27
1.Students came back to
face to face learning. At
the beginning they were
strugglingand achieved
lower grade on exam 1.
2.Gradually they did better
with problemsolving as
we did one to one
meeting.
3. Students were divided into
small group oftwo with a
specific problemto Think
Pair-Share.
4.Discussion topics were
assigned in CANVAS
helped students to
communicateto complete
T avideo submission. o _ |
implemented » Complex engineeringassigimen Quizzes, Exams, HWs and

Implementation Summary

report

from previous

or after

meeting
previous
instructor

Technology used:
5.Surface prois usedto
deliver lectures.
6.0neNote software gave
the opportunity towrite

page and simultaneously
share with students.
7.The splitscreen option
gave the privilege to share
the theory andsolvethe
problem sideby side.
8.Used active learningand
collaborationtoolsto
make the class more
interactive.
9.Individually students were|
assessed usingexamsand
quizzes.

10. . Students’ basic
concepts on kinetics was
analyzed by multiple
choice questions.

the lecture topics onwhite)

were assigned basedon
Polymath/Matlab

provided to students

o Adetail rubric on the project wes

were given throughout the

semester to formulateand

solve complexengineering
problems




Perceived Problems

Perceived
problemsare
directly related
to the PC and
the sub items
under them

Students struggled on
developingthe CRE
algorithms.

Poor understanding of Mole
balance, Rate laws,
stoichiometry

» They were unableto effectively
apply the information correctly in
mole balance, rate laws, and
combine them to solve complex
problems using polymath. Lackin
explaining dataobtained by
computational tools

Problems were mentioned in

the sub-outcomes.

Plans for Addressing
Problems

Plansfor
address specific
measures to
addressPC and
their sub areas

The following is
recommended for
implementation.
More tutoring is needed, TA
for higher level classes are
required.

The instructor
provided handouts detailing how to|
analyze and explain data.

Plans to address problems
mentioned in the sub-
outcomes

Overall Trend over Periods

IAscertain if therg
were
improvements
over previous
semesters

Class average andthe
percentage of students
reachingthe expected
outcome did not meet
requirements.

Class average of students reaching
the expected outcome and the
percentage of students reaching the
expected outcomemet
requirements

Class average of students
reachingthe expected

outcome but the percentage

of students reaching the
expected outcomedid not
meet requirements.

Were Expectations Met?

Class Average
>75% and >70%)
of Students
Performedator
Above Expected
Average.

NO

YES

No




END OF SEMESTER COURSE OUTCOME ASSESSMENT REPORT
CHEG 3063-Y01: KINETICS AND REACTORDESIGN: SRPING 2021 SEMESTER

Report Prepared by: Dr. NABILA SHAMIM Report Date: May 18, 2021
Outcome 1.1 Outcome 1.2 Outcome 1
Identify and Formulate | 1.2 Solve reaction engineering Ability to identify,
reaction engineering problem using formulate, and solve
Semester problems using principles POLYMATH/MATLAB complex engineering
of problems by applying
Number engineering/mathematics. principles of engineering,
IAnalysis of science.
Type |Students
Expected % Expected E:;ig;id %
Expected Percent of Studuents Expected Percpent of %StUQems Expected of Studuents
Class students Class | meeting Class students at Class meeting Class |students| Class | meeting
Average/ aabtoovre Average | Expected| Average/ orabove | Average if/’;?acéeed Average/ | ator |Average | Expected
average Average average above Average
average
Spring 2021 Hybrid| 14 75 70 70 43 75 70 81 83 75 70 74 70
Spring 2020 Direct| 23 75 70 | 56 27 75 70 75 64 75 | 70 66 | 27
1. One of the main
issuesof onlineteaching and
learningis, itbecomes
monotonous, so new
teachingtechniques were
adopted to improve teaching
with the goal of achieving
optimal learningamong
students.
2. the following
techniques and technologies
were included:
3. In class we
watched short videosand
discussed current topics to
have somebrain breaks
and understand safety
concernsin reactordesign
Atthe beginningofthe [¢ Complex engineeringassignment
class Live Pollingwas  |were assigned based on Polymath
conductedto draw class e Tutorial class were takento
Items attention anda quick familiarize student with Polymath
implemented | review of previousclass. |e A detail rubric on the project wed Quizzes, Exams, HWs and
fromprevious [ 2. Studentswere divided [provided to students projects were given
. reportor after| intosmall breakoutroom |« Remote accessto MATLAB wag throughout the semester to
Implementation Summary meeting in zoom with aspecific |given to studentsviaVDI. . A  [formulateand solve complex
previous problem to Think-Pair-  [SOP was provided showing the engineeringproblems
instructor Share. 3. Discussion steps to get remoteaccess.

topics were assignedin
CANVAS helped students
to know each otherbetter
duringonline classes.
They shared thoughts with
instructor, peers and made|
comments. 4. In class we
watched short videos and
discussed current topics to
have somebrain breaks.
Technology used:
4. Surface prois
used to deliver online
lectures.
5. OneNote
software gave the
opportunity to writethe
lecture topics on white page
and simultaneously share
with students.
6. The splitscreen

e » Adetailed SOP sharedwith
student to complete complex
problems onmultiplereactions.




option is agame changer, it
gave the privilege to share
the theory andsolvethe
problem sideby side.

7. Used active
learningand collaboration
tools to make the class more
interactive, pollingtool,
breakout room and
collaborative annotation
session.

8. Individually
students wereassessed using
exams and quizzes.

9. . Students’ basic
conceptson Kinetics was
analyzed by multiplechoice
guestions.

Perceived
problemsare
directly related

Students struggled on
developingthe CRE
algorithms.

» They were unableto effectively
apply the information correctly in
mole balance, rate laws, and
combine them to solve complex
problems using polymath. Lackin

Problems were mentioned in

Perceived Problems to the PCand |Poor understanding of Mole 2 - the sub-outcomes.

the sub items balance, Rate laws, engnmlgggiitg:a?ttglggd by

under them stoichiometry Due to pandemic academic

integrity was at risk.
The following is
Plansfor :
- recommended for The instructorshould:
Plansfor Addressing ac:ggszf;gg(;glc implementation. Continue providing handouts Plﬂgntgoaﬁgdrﬁiﬁéc;tﬂgws
Problems More tutoring is needed, TA[  detailinghow to analyze and
addressPC and outcomes

their sub areas

for higher level classesare
required.

explain data.

Overall Trend over Periods

IAscertain if therg
were
improvements
over previous
semesters

Class average and the
percentage of students
reaching the expected
outcome did not meet
requirements.

Class average of students reaching
the expected outcome andthe
percentage of students reaching the
expected outcome met
requirements

Class average of students
reachingthe expected
outcome but the percentage
of students reachingthe
expected outcomedid not
meet requirements.

Were Expectations Met?

Class Average
>75% and >70%)
of Students
Performedator
Above Expected
Average.

NO

YES

NO
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END OF SEMESTER COURSE OUTCOME ASSESSMENT REPORT
CHEG 3306-P01: KINETICS AND REACTOR DESIGN: SRPING 2021 SEMESTER

Report Prepared by: Dr. NABILA SHAMIM Report Date: May 18, 2022
Outcome 2.1 Sub-Outcome 2.2 Sub-Outcome 2.3 Outcome 2
Number of | Ability to define the kinetics | Ability to Conducta Review [Ability to perform detailed desigr| An ability apply engineering
Semester  |Analys| Students | and reactor designProblems of the Literature of complex chemicalengineering[design to produce solutions that
s Type design. meet specified needs with
consideration of publichealth,
safety, and welfare, as well as
global, cultural, social,
environmental, and economic
factors.
Expected|Expected | Class % of
Class | Joof |Average | stdent | Expey Ftentof | Class | mesting |-oeced O Cotinror | Glass [sucen] Giass| potentof | Class | mesting.
A d b d Clas: A / ) ass
| Shove average Avera| et 5.1 Average | S| T\t i Average e ayersgd e S aversod S
average ge/ d /
Averag
Spring 2022 | Direct 14 75 70 89 | 100 | 75 70 90 100 75 70 92 |100| 75 70 91 | 100
Spring 2021 [Hybrid 30 75 70 78 83 |75 70 85 96 75 70 87 |100| 75 70 83 93
» Complexengineering New techniques andteaching e The instructor gave Clearef the students gathered

Items implemented
from previous

assignment to identify and
solve reactor design problems
such as gas phase reaction with

method wereadopted as
mentioned earlier.

instruction on the design off
complex problem. Instructo
gave examples of multiple

knowledge onhowto use
prerequisiteinformationand
design areactor. They leamed

i ressure drop, membran i -
Img:j:rrr?ﬁ]r;tftlon mr:erf[?r';to';,:\t}gzs pressu erzaoc%r embrane In class we watched safety gealcltl:))ns.t_ K CRE how to write reportand do
y instgupctor : videos and discussed current |°® IO a'trc])ra 'VKAV\{O[ hon literature reviewand gather
topics to havesomebrain algoritnms. WVIEL €ach groups jnformationto complete the
breaks several times onthe progress of design
) the project
e Few Student struggled with| ¢ Notall Students were working
developingrelative rate lawg on the project and were nof
Perceived problems| and combine pressure drop. Students completed  the able to incorporate their
Problems - gneq ’ information on catalyst from| . the sub-outcomes.
sub items under literature e It was hard to evaluate
them ' individual students. Thisis one
of the reason of higher average)
was observed for projects
TAarerequiredto help Hand on reactor system can
emphasisthevisualization ofthe
projectand would help students
better understand the design . .
AF:jlspessfs(i)r: STS?; fﬁ;gggrr::io TA for higher level classes are| equations and how they are used The Elua[?.sor&igﬂqoeze:r;n the
g [P required in the reactor design.
Problems address PC and recommended.

their sub areas

Some Individual projects would

be helpful to evaluate all student.

Plant tours would be good for
design purpose

Class average and expected
outcome were significantly

Average is above the ideal
average of 75%

. high The instructor had several one-
OverallTrend | wre mrovemans Clss averageandoxpeolel | 1 yepapanduciat | onemeetgond
over Periods ozg:nperset\é:gus high outcome were significantly high groups to help themin the
projects and technical writing.
These helped improve their
overall grades.
Were YES YES
Expectations YES YES
Met?

11



END OF SEMESTER COURSE OUTCOME ASSESSMENT REPORT
CHEG 3063-Y01: KINETICS AND REACTORDESIGN: SRPING 2021 SEMESTER

Report Prepared by: Dr. NABILA SHAMIM Report Date: May 18,2021
Outcome 2.1 Sub-Outcome 2.2 Sub-Outcome 2.3 Outcome 2
Number of | Ability to define the kinetics | Ability to Conducta Review [Ability to performdetailed desig| An ability apply engineering
Semester  |Analys| Students | and reactor designProblems of the Literature of complex chemicalengineering[design to produce solutions that
s Type design. meet specified needs with
consideration of publichealth,
safety, and welfare, as well as
global, cultural, social,
environmental, and economic
factors.
Expected|Expected| Class % of
Class | Joof |Average | stdent | Expey o tentof | Class | mesting |-eced O Cotanror | Glass [sucen] Giass | potentof | Class | mesting.
e vt | Averl s of Average | s A s ) verae [T ragq 00 £ verag 20
average ge/ d /
Averag
Spring 2021 [Hybrid 30 75 70 78 83 |75 70 85 96 75 70 87 |100| 75 70 83 93
» Complex engineering The instructor gave clearer
assignmentto identifyand | New online techniquesand instruction onthe design of the students gathered

Implementation
Summary

Items implemented
from previous
report or after

meeting previous
instructor

solve reactor design problems

such as gas phase reaction with

pressure drop, membrane
reactor.

teaching method were adopted
as mentioned earlier.
Discussiontopics weregiven
to conduct literature review
Due to pandemic academic
integrity was at riskand
project weight was increased.

complex problem. Instructor gave
examples of multiple reactions.
Instructor made necessary
arrangements to access software
remotely . collaborative work on

several times onthe progress of
the project

CRE algorithms. Meteach goups| informationto complete the

knowledge onhowto use
prerequisiteinformationand
design areactor. They leamed
how to write reportand do
literature reviewand gather

design

Perceived
Problems

Perceived problems|
are directly related
to the PC and the
sub items under
them

Few Student struggled with
developingrelative rate laws
and combine them togetherto
develop thedesign equation.

Students struggled with the
design problems and gather
information from literature

Not all Students were working on|
the projectandwere notable to
incorporate their knowledge of

prerequisites intheir work.

Itwas hard to evaluate individua

students. This is one of thereasor
of higher average was observed

for projects

Problemswere mentionedin
the sub-outcomes.

Plansfor
Addressing
Problems

Plansfor address
specific measures to
address PC and
their sub areas

TAarerequiredto help

TA for higher level classesare
required

More emphasis should be made
on design equations and how they
are used in the reactordesign.
Some Individual projects would
be helpful to evaluate all student.
Plant tours would be good for
design purpose

The plans mentioned inthe
sub-outcomes are
recommended.

Class average and expected
outcome were significantly

Average is above the ideal
average of 75%

. high The instructor had several one-
Overall Trend w/tfg ?rrr:i)lrol\tetrﬁﬁs Clatss average ar_1d e_>f<_pectt(|9d Class average and expected t_to-onel meetlgdam_jth th
over Periods O\Slg:nperset\éirgus outcome Wf]rizli'gm icantly 1 outcome were significantly high C%?O'Sgsltjg r)mlevlvg?trhemvi\g the €
projects and technical writing.
These helped improve their
overall grades.
Were YES YES
Expectations YES YES
Met?
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CHEG 3306-P01: KINETICS AND REACTOR DESIGN

Title of Assignment: EXAM 1

TOPICS COVERED IN EXAM 1

Exam 1 covered the following topics:
1. Mole Balance, Stoichiometry
2. Membrane Reactor, Gas Phase reaction
3. Perform mole balances and energy balances based on chemical reaction
and/or reactor type.

13




CHEG 3306-P01: KINETICS AND REACTOR DESIGN

SAMPLE TEST QUESTIONS, SOLUTION,
AND GRADING SCHEME FOR MID-TERM EXAM

14



Kinetics and Reactor Design CHEG 3306 PO 1
Spring 2022
Exam | Time: 1Hr 20 min Date: March 9 2022
Instructor: Dr. Nabila Shamim

Total points: 100

ABET OUTCOME 1 An ability to identify, formulate and solve complex engineering problem by
applying principle of engineering science and mathematics.

STUDENT NAME: ...y e, DATE: ...
Competency area Points Score earned
Outcome 1.1 Identify and formulate 55

(i) Understand the given problem and
identify the subject area and concepts
involved

Derive mole balance equation rate law and
develop stoichiometry table

(i) Formulate the CEP into a mathematical
model [using basic, intermediate and
advanced mathematics ranging from algebra
& trigonometry, calculus

Combine all equation to solve for volume

2.1 Solve problems 45

a. Calculate volume, space time,
concentration
Total 100

Closed Book Exam NO CELL PHONE USE (PUT THEM AWAY), NO RESTROOM BREAKS NO
COLLABORATION

PROVIDE UNITS ON ALL CALCULATIONS AND ANSWERS

ANY DISHONESTY DURING THE EXAMS WILL RESULTIN “F” GRADE

WORK ALL PROBLEMS ON THE QUESTION SHEETS AND DO NOTUSE ANY SHEET OF
YOUR OWN

Student Signature: ..........ooeiiiiiiiiiii

15



Problem 1 (15 points)
The followingelementary reaction
A+2B > C

is carried out ina CSTR. For an entering volumetric flowrate of 10 dm3/sat a concentration of 0.5
mol/dm3, what is the space time for the reactor to achieve 90% conversion?

Additional Information: ka = 0.01 mol/dm3es

16



Problem 2 (30 Points) For the gas phase reaction

Compound A undergoes a reversible isomerization reaction, A < B, over a supported metal catalyst.
Under pertinent conditions, A and B are liquid, miscible, and of nearly identical density; the
equilibrium constant for the reaction (in concentration units) is 6.0. In a fixed -bed isothermal flow
reactor in which backmixing is negligible (i.e., plug flow), a feed of pure A undergoes a net
conversion to B of 50%. The reaction is elementary. If a second, identical flow reactor at the same
temperature is placed downstream from the first. The reaction is reversible at constant temperature
and pressure.

Follow the CRE algorithms to complete the problem (for example Mole balance equation, Rate laws,
Stoichiometry, combine and evaluate etc.)

Develop the rate laws

Develop the stoichiometric table.

Write the concentration of A and B in term of Cao and X.
Combine the equations.

What overall conversion of A would you expect?

agrwnE

17



Problem 3 (15 Points) The gas phase irreversible reaction is carried out isothermally in a PBR.
—A— B

The reaction is zero order. The entering temperature is 400 K, and the entering pressure is 10 atm. The

flow is turbulent. For a 10 kg PBR with a pressure drop parameter a.= 0.01 kg1, the exit conversion was

found to be 0.4.

a) What catalyst weight of the PBR will you require if you need an exit conversion of 0.8?

18



b) (10 Points) Assuming that the particle diameter is decreased by a factor of 2 so that the pressure drop
parameter a, is now increased to 0.02? Assume all other operating conditions are the same as for the base

case (i.e. W = 10 kg). For a 10 kg PBR with a pressure drop parameter o.= 0.01 kg?

For the fixed inlet pressure of 10 atm, will the volumetric flow rate v, (dm?3/s), be greater, smaller, or
remain the same when the particle diameter is decreased by a factor of 2?

a. Increased

b. Decreased

c. Remain the same

d.None of the above
Show your work.

2

dp _a
aw  2p

(1+¢X)

p=(1- c’alW)ll2

19



Problem 3 (30 Points)
Problem 3a. (5 Points) Given the following liquid phase reaction and feed conditions what is the correct

expression for Cp as a function of the conversion of the limiting reactant X?
A+3B «—— 2C+D

Ca0=Cpo=1 mol/ min Ceo=2 mol/min Cco=0

a)Cp = Cso (1-X)
b)Cpb = Cso ( 1+X)
¢)Cp = Cgo ( 1- X/3)
d)Co=Cego (%2 + X/3)

Problem 3b. (5 Points) Consider the following elementary reactions

) A—R 5B O

Ik
2y A—52 5] ‘3) (4
3) A2y \
T
4y A—Ee 1y T

a) Which reaction has the higher activation energy?

b) Which reaction is virtually temperature insensitive?

Problem 3c. ( 5 points) the hydrogenation of acetylene to form ethane
CoH2+2H2, — C2oHs

20



Lets consider 20 Kmol/h acetylene and 50 Kmol/h of hydrogen are fed to the reactor. Which one is the
limiting reactant?

Problem 3d. (5 Points) The adiabatic exothermic irreversible gas phase reaction
2A+B—— 2C
is to be carried out in a flow reactor for an equilmolar feed of A and B. What is the value of &?

21



Problem 3e. (10 Points) The exothermic reaction
A—->B+C

was carried out adiabatically and the following data are given:

012 T T T
o1

0.08

A, (L*rmindrmal)
o
o)
53]

R

0.c2

The entering molar flow rate of A was 400 mol/min.

a. The volume of a CSTR required for 20% conversion is

b. The volume of a PFR required for 20% conversion is

22



L3b-4

Numerical Evaluation of Integrals (A.4)

Trapezoidal rule (2-point): Simpson’s one-third rule (3-point):
Xl h X2 h
[10cx =S [f(Xo)+ FX0)] || [T0c)dx = Z[f(Xo )+ 4F(Xy)+ (X))
0 0
hle—Xo h=X2_XO X1=X0+h
2

Simpson’s three-eights rule (4-point): X1 = Xo + h X5 = Xo + 2h

[10ax = Sh[f(Xo)+ 3(Xq) + 3f(X2)+f(Xs)]  p=Xs=%o
0 3

Simpson’s five-point quadrature :

h _X4-Xg

4

)ijji‘(x)dx = §[f(x0)+ 4F(Xq)+ 2f(X5)+ 4f(X3)+1(X4)] h

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Above Average Student Original Graded Assignment

Page T4
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Kinetics and Reactor Design CHEG 3306 PO 1
Spring 2022
Exam | Time: 1Hr 20 min Date: March 9 2022
Instructor: Dr. Nabila Shamim

Total points: 100

ABET OUTCOME 1 An ability to identify, formulate and solve complex engincering problem
by applying principle of engineering science and mathematics.

STUDENT NAME: .. Z5iahh WARSS pate: 3/3. (2222
Competency area Points Score carned
Outcome 1.1 Identify and formulate 55

(i) Understand the given problem and
wdentify the subject area and concepls
involved

‘ Derive mole balance equation rate law and
develop stoichiometry table

(ii) Formulate the CEP inte a mathematical
maodel [using basic, intermediate and
advanced mathematics ranging from algebra
& trigonomerry, caleulus

Combine all equation to solve for volume

2.1 Solve problems 45

a. Calculate volume, space time,

concentration {

Total | 100 87

Closed Book Exam NO CELL PHONE USE (PUT THEM AWAY), NO RESTROOM
BREAKS NO COLLABORATION

PROVIDE UNITS ON ALL CALCULATIONS AND ANSWERS

ANY DISHONESTY DURING THE EXAMS WILL RESULT IN “F" GRADE

WORK ALL PROBLEMS ON THE QUESTION SHEETS AND DO NOT USE ANY SHEET

OF YOUR OWN
ol Wi

Student SIGRIURE: ... eeeeicsiansinr e e
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Problem 1 (15 points)

The following elementary reaction

LR 7, = 10dm /s

3
is carried out in a CSTR. For an entering volumetric flowrate of 10.dm /s ata

concentration of (.5 mol/dm’, what i; the space ime for lh; reactor ta achieve 90%
conversion”? C,’- o5 ""l/a"‘ 1= v ’X‘ 09
o

Additional Information: ks = 0.01 mol/dm’ss

Mole Balane b (STR . .
e _ .
V. X AR ETZ A

| =
g - Cas o-S/g,o.léé?,wl/a

[
\ (1)
C&,’ ﬂ-f(:/s) = 20,3%%3 pl
{

hiclw: .~
4 “Ya< hﬂ C4C6
(o-’ C%T‘!’ v 13“ / — FA-;5CA0 1;0
A E |-
Stoich- (CA —% %LZL Giali-2)
nm&r‘xjt (] f ; é‘_h (’/;)
4" ST
Fo. (b5 - 22) Cro (V6)
?v = Carlbs-2x)
° ﬁg p2
# Cas (2775

Cg = 20k (\—'x'w

ol 2
ml (55

it i) [20 D) YOS (1A

fﬁ L & Gﬁ:'vox
z ¢ = i : oy
v mﬂ] Hh(n&.-g
foay ——\  deln’s
: = 711

7% % TpaCarCO 7S 4 oot 50166 e} (0.1 e
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%\

Shwie | "v\‘

4

Ve Vo doe Vg phase

r ;
3)0." T —"F"s' £ . Ch

(g -

\

] a
Problem 2 (30 Paints) For the J.:_Mm——

Compound A undergoes a reversible isomerization reaction, A <> B, overd supported metal

catayst, Under petinca conditions, A and B are liquid, miscibe and of nearly identical
ensity, the equ

- m“i“r‘:ﬂ‘ﬂ‘wﬁmemmm units) is 6.0, In a fixed-
bed wothermal For i which backmixing 1s neghgible (1.e., plug flow), 8 feed of pure

A undergoes a net conversion to B of 50%. The reaction is elementary. 1Fa second, identical
flow feactor at the same lemperature s placed downstream from the first. The resction is
reversible at constant temperature and peessure.

Follow the CRE algonthms to complete the problem (for example Mole balance equation, Rate
laws, Stoichiometry, combine and evaluate e1¢.)

He = 6.0
¢ na'/Jﬁ’
I Develop the rate laws A=R
2. Develop the stoichiometric table |
3. Write the concentration of A and B in tenn of Cao and X
4. Combine the equations.
5 What overall conversion of A would you expect”
& Goevievel
Mele Gal ance 1) ﬂ‘wwi : 05 K CA
-1,
__-»--"’\‘x % —-_'A" RN TRIL -V, * wolo Aattard
d\\/ YAe /
(V [f’:ﬁ( Y5 kala- hglyg ke Ly
} “(a (3

T Hal Chan w

M

m(Cr%CO "
o - 7

¢ 1quikbouesy g =0

::l-’:i‘nv ‘

fox faden Q-C.V;L |

< |
AL f«vf; Catig)= ShE
- " k‘

fa.

1l

"Np<4«\

K, \$

» fa%X
’{T‘ = Cacx = 05(h

c('l'X) =) 0-S(Ae (reh macter \\'
' | &
SN\

3¢ Tauhal (5° O e 152 WAV (3 /D

C‘t —

Ca(1-x) = €ri (0.8 =(0.5as)(0:)
= 0.15C

28



b) (10 Points) Assuming that the particle diameter is decreased by a factor of 2 so that the
pressure drop parameter , is now increased 10 0,027 Assume all other operating conditions are
‘h;za;ﬂ: a's for the base case (1.e. W = 10 kg). For a 10 kg PBR with a pressure drop parameter o
SRS

For the fixed inlet pressure of 10 atm, will the volumetric flow rate v, (dm'/s), be greater,
smaller, or remain the same when the particle diameter is decreased by a factor of 27

o Increased

P )

b, Decreased

-

¢ Reman the same

d. None of the above

Show vour work. TN
(2 T \(Ps)
u=u011~£XA)'— B B
Z; \To AP f/
dp |

D Z(1+aX) |

daw 2p /p‘ _— (‘l = aW)Uz f)’

o

P ( v{o.sz)l,«}h

fncapsed

' Al wl ‘)
Ot kst N
valug_
7
P, <P, 0/

7
> rw“npl\fmc.l

= 1,0 'f’x)for
—

\’ w-'\l ALertote

)
b:J a S A“(/
ya L
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- mna PBR.
Problem 3 (15 Points) The gas phase imeversible reaction is camed out MJ,/L”";'-“-“'V -
A reis 10
The reaction is 7ero arder. The entenng temperature 1s 400 K, and the entenng P";'“i v the
atm, WIS turtnilent, For a 10 kg PBR with a pressure drop parameter o = 0.01 kg ",
EXIEconversion was found 1o be 0.4,

2]
) What catalyst weight of the PBR will you require if you need an exit conversion of 0.8'

dx "rA’ )/‘9‘?

A= k.q /
p= (1-aw)*

p= ( |- bo1o)) il

P 4.45
v=Vs (1162 o
Fae
\/J':;'A—fdx fae = Chve

[ 10Am o — 045 (I6) = 4 5atw

| ! ?\ /
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Problem 3c. (5 points) the hydrogenation of acetylene to form ethane
Cally « 1 —— o1,

Lets consider 20 Kmol b acetylene and 50 Kmolh of hydrogen are fed to the reactor Which one

15 the imiting reactant? ot

Ctu-'_," (2 ”z —“% C? HL ¥ conrechira K
\/

Zowifl,  Sores[L Lot 2 2wkt Zo)
1

¥4

ik, = |(2°):2/o g”lg 5owo».
2, 7? 2@ fen i
SR G el
{ Hy s H-u.,‘w\wq r'rud-u-s(-— X ‘
l

L= =

Problem 3d. (5 Points) The adiabatic exothermic jreversible gas phase reaction
2A - B———2C

flow reactor for an equilmolar feed of A and B. What is the value of e?
Car~C 4y

15 10 be carmed oul ina

A= (3)(09) ~ Ewit Lt &

B 1(0:5)=° 3
A 3 l»"’"l»f-n)

4282 C
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Problem 3e. (10 Points) The exothermic reaction
AaB+(

Was camied ot adiabatically and the following data are given

a2

0,0y 3
5,
d
s

0.0

0 02 04 ne ou 1

The entering molar Qow rate of A was 400 mol min.

a The volume of o CSTR required for 200% conversion is @ X=0:2
FAY - FﬂvX(’r‘L)’
Yz LeE— = 7 (agoa)[o.z)(o.cva)
rA pael { L'lﬂh/(/.'
b, The volume of o PR required for 20% conversion is , Y: ”.g j = S
i ~ Pren undar
IN“%I(:JM»\ \ V: Fas "‘_o‘x PALLINE
0( " cf\" ‘rA (
| Nk Aseded. ’ idiot J- T syt ama
Cov ey ot |
r "oy | v V’.’ (H00~al/ﬂ{n> [(0,0@)( oZ) f%{ﬂb")(op 2)-1

V/\_/,
! M‘f‘/mol 8
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Kinetics and Reactor Design CHEG 3306 PO 1

Spring 2022

Exam I Time: 1Hr 20 min Date: March 9 2022

Instructor: Dr. Nabila Shamim

Total points: 100

ABET OUTCOME 1 An ability to identify, formulate and solve complex engineering problem
by applying principle of engineering science and mathematics.

STUDENT NAME: mwaﬂdbﬁoﬂ .....................

DATE: 035/04/22

Competency arca

Points

Score eamed

Outcome 1.1 Identify and formulate

(i) Understand the given problem and
identify the subject area and concepts
involved

Derive mole balance equation rate law and
develop stoichiometry table

(i) Formulate the CEP into a mathematical
model [using basic, intermediate and
advanced mathematics ranging from algebra
& trigonometry, calculus

Combine all equation to solve for volume

55

2.1 Solve problems
a. Calculate volume, space time,
concentration

45

Total

100

6%

Closed Book Exam NO CELL PHONE USE (PUT THEM AWAY), NO RESTROOM

BREAKS NO COLLABORATION

PROVIDE UNITS ON ALL CALCULATIONS AND ANSWERS

ANY DISHONESTY DURING THE EXAMS WILL RESULT IN “F" GRADE
WORK ALL PROBLEMS ON THE QUESTION SHEETS AND DO NOT USE ANY SHEET

OF YOUR OWN

Student Signature: ... 4
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Problem 1 (15 points)
The following elementary reaction

A+2B-C
ric flowrate of 10 dm?/sata

is carried out in a CSTR. For an entering volumet 90%
ve 90%
concentration of 0.5 mol/dm’, what is the space time for the reactor 10 o

conversion?

Additional lnformatlon kA—om mo!ldm . wol wol
1t =UACAGs ™ N0 =0 %5 ‘Lh’w'dm K \Cko‘o"’o""?'/
N= Fn Y - \1 C““”x xgq Cho C
e 2= Choy 5 p=Bnt
No -TA -YA
Spedes M Ccho Yemaimna
A Ch -lw Ch=%(*jﬂ /
v CeeOaly  —260K (=t (B6-2%)
C —_— "‘CID* CC-"CA-UY\ 65’9-5"‘ Z
_yp =UACe = (00t ) e (1-X om0 -2%) ”
=000 (oa \ﬁ]eg 2%) 8-

Y= Cho__ (0.2)
OOlCM \1)(6.5-&) @O\ﬁ’”r c.«.,)(\ x)(e.,,-zx

| (09)

m‘jﬁ’f Xd‘f‘aﬂmf |- 0"0(9& 1(0‘1\)
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MAJ\](L fndrson

Problem 3 (15 Points) The gas phase irreversible reaction is carried out isothermally in a PBR.

A——— B
The reaction is zero order. The entering temperature is 400 K, and the entering pressure is 10
atm. The flow is turbulent. Fora 10 kg PBR with a pressure drop parameter a = 0.01 kg, the
exit conversion was found to be 04,

2) What catalyst wejght of the PBR will you require if you need an exit conversion of 0.87

Guen \wfa:
261 Mr-.:-r,‘,-: ‘T:‘HDK‘ P= 10 ook | X=0.¢
"0 phase isthermad vin = T=Tp, £=0
N =\, (\"'f)}\) : -’é" ‘-‘—I V=V, (\)/p =N=Vo P
|
\) Mok, aloriee ! s\b%\,—ﬁm

2\ Mgkt Low: -ra= K

2) stchiometwy
Levgning
%K-CC\(’ S \_\__2 C_homg/« Robe {l—ﬂ
6 0 +Fp_°* F5=Fﬁo*

4) d 0 2 bt 3

oW By ) | ‘)
0 g B (p4-0) = (0 ts= P (0
B RC——

Ly 0.€

0 ! _ 1w __0‘)
W= = (p.%
8) in =,Ita.=7ﬁiw=i? X W=
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b) (10 Points) Assuming that the particle diameter is decreased by a factor of 2 so that the
pressure drop parameter . is now increased to 0.02? Assume all other operating conditions are

the same als for the base case (i.e. W = 10 kg). Fora 10 kg PBR with a pressure drop parameter a
=0.01 kg’

For the fixed inlet pressure of 10 atm, will the volumetric flow rate v, (dm?s), be greater,
smaller, or remain the same when the particle diameter is decreased by a factor of 22

@ Increased

b. Decreased

¢. Remain the same

oy TET. ”
d. Nonec of the above a-sswmma lé(ﬂ‘mmai S0 T‘To avd g D

Show your work. / |
U:uo(1—£ A)'E.I‘T :.&)..' =7 V-VO,P
Zy \Tp !\ P / /
ﬂ:-f_(p,gx) v \/\/

V=Y ";7) y L_=105
For a,=o.0|—.'§ | p=(1- (oo)1019) "= pr0a48 P

= |\
Rr a=0atgy ) p=(1- v -M%j)lzbvm"Lz B=0G |

fpplying /P EL \”‘\Jo(f'l‘”')l v N},d tg)%ge’ml Yhe

| d . Yap g ynd- That P=7py e
dme“xﬁfdﬁmﬁf oJole 12 p\vw\% X' " Q\Q&X\C v v\e:\r\ i
b 4o 5 w7 0V T % |\ (6)
Qs\)no& v \T\):\\ Wecepse 08 We dscrepye stk ol

\wluc.
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Problem 3c. ( 5 points) the hydrogenation of acetylene to form cthane

C;H2 + 2H; — C:Hs
Lets consider 20 Kmol/h acetylene and 50 Kmol/h o

xl}c limiting reactant? \/
\& e V‘:{\,\Q_ gy Yo 60\/ 25

f hydrogen are fed to the reactor. Which onc

¢tz 16 ¥ne WY

reaCtont .
i

o
Twy W WS

120 20 20
20
n#“*‘h‘ﬂ% vk 4 /
Cz,‘“z-

Problem 3d. (5 Points) The adiabatic exothermic irreve
2A + B—2C

w reactor for an equilmolar feedof Aa

istobecarriedoutinaﬂo

>

rsible gas phase reaction

nd B. What is the value of e?

stmg ‘eqwmo)ar'-J ik 0%0 -

sg;ib-'k
£= (0.50)(-) ‘}N\“\"?s

@
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Problem 3c. (10 Points) The exothermic reaction
A->B+C

was carried out adiabatically and the following data are given:

012 T T

% conversionis /'

- ""%\lcm’t=f&_% = 05w %0.20) =y, X, = 1322,2L
1 'Yhm\' ; ,
The volume of a PFR required for 20% conversionis

\lf*r""x wmzwrulc
h=X~ y“-oZ-O gt

_QD. yoyoL
W £{xo =
J; (1o =72 ( m*wﬂ F(%o) = i L Wllbr.L L
Yy 0:00

v 8







Below Average Student Original Graded Assignment
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Kineties and Reactor Design CHEG 3306 roi
Spring 2022
Exam 1 Time: 111r 20 min Date: March 9 2022

Instructor: Dr. Nabila Shamim
Total points: 100

ABET OUTCOME 1 An ability to identify, formulate and solve complex engineering problem
by applying principle of engineering science and mathematics.

STUDENT NAME;\fmm....ﬁmm ........ B ..DATE: . Mavch q 73

Points Score camed

Competency arca

Outcome L1 Identify and formulate 55
(i) Understand the given problem and
identify the subject area and concepts
involved

Derive mole balance equation rate law and
develop stoichiometry table

(i) Formulate the CEP into a mathematical
model [using basic, intermediate and
advanced mathematics ranging from algebra
& trigonometry, calculus

Combine all equation to solve for volume
2.1 Solve problems

a. Calculate volume, space time,
concentration

Total | 100 4 I

45

Closed Book Exam NO CELL PHONE USE (PUT THEM AWAY), NO RESTROOM
BREAKS NO COLLABORATION .

PROVIDE UNITS ON ALL CALCULATIONS AND ANSWERS

ANY DISHONESTY DURING THE EXAMS WILL RESULT IN “F" GRADE

WORK ALL PROBLEMS ON THE QUESTION SHEETS AND DO NOT USE ANY SHEET

OF YOUR OWN

Student Signaxure WA e
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Problem 1 (15 points)

The fo!\gu'm elementary reaction
A+2B->C
Jsata

is carried out in a CSTR. For an entering volumetric flowrate of 10 dm
2 0,
space time for the reactor to achieve 90%

concentration of 0.5 mol/dm’, what is the

conversion?
Additional Information: ka = 0.01 mol/dm’+s

\este= .E‘;E;(xh 7 |
. - (= YERERC

J

Xr- 909 = 0.9
Cro= 0.5 mol ldm?3

V = \0dm3/s e
)(= 0.0l Mol [dm>s \45Se,c I

j.._.:")/a’ """:(—\“__—.
0 = !

44



gz:::m g ( 30 Points)

m 3a. (5 Points) Gi

gligtgrcct expression f)'O?g: t;:sﬁ;cﬁioqumg liquid phase reaction and feed condition
s DO T nction of the conversion of the limiting reactant X?

s what is

Cao=Cmo = i
o= Cpo = 1 mol/ min Cgp=2 mol/min Cca=0

a) Cp=Cao(1-X)

b) Cp=Ceso( 1+X)
¢) Cp=Cno(1-X/3) A » 286 G % (
@ Cp = Ceo ( % +X/3)
o gL L}
3 2
Problclfl 3b. (S‘vl"oints) Consider the following elementary reactions
p A—P Ink S - QU#‘
3

2 which reaction has the higher activation energy?

on is virtually temperature insensitive?

7

b) which reacti
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Problem 3c. (
. (5 points ;
E:}h FNL i C)’.::‘l: hydrogenation of acetylenc to form ethane
ts consider 20 Km
ol/h
acetylenc and 50 Kmol/h of hydrogen are fed to the reactor. Which one

is the limiting reactant?
Cita = 80 ¥ [h A
2“3\ = 50 ol B

2 ‘

C2H dg

o Z\ - Dimwhngy - veahont (5 B (W2 '

H AR, Caila Lar Bo>5C
4% moles A

‘Nz o mesf H(50) = p
(2) = o s & \(8d) =50 MAAE
exothermic irreversible gas phase reaction

problem 3d. (5 Points) The adiabatic
. 2A+8B ey 2 C
f A and B. What is the value of 2?7

is to be carried ot in a flow reactor for u
A=B
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Problem 3e. (10 Points) The exothermic reaction
A-B+C
was carried out adiabatically and the following data are given:

Q12 ]

»
VL

\ :01 ...........

s

Y A
.‘ {

. —

e ‘ e
& 30 S fg.s e 08 =0 T

4 f K " 1
meueﬁumolnmmofAmlmnuﬂm
The volume of a CSTR required for

é(o Q-YO OQ- 0.0l _=0.0|9_L Db

‘l'bewhmeoh PFR required for conversion is

i

f-?: el JM-_?—E.;W‘;W’}

0

Pany ree V=’— qObb )
f.'%‘"hff(ﬂ*{(x )] ha X% -Xo 8
s . h=0.2-0 =02
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CHEG 3306-P01: KINETICS AND REACTOR DESIGN

Title of Assignment: Quiz 1

TOPICS COVERED IN Quiz1

Quiz 1 covered the following topics:
Mole Balance, Stoichiometry

48




CHEG 3306-P01: KINETICS AND REACTOR DESIGN

SAMPLE TEST QUESTIONS, SOLUTION,
AND GRADING SCHEME FOR Quiz

49






S w IS e 8 ed W G AL T RAC L AT STT B R T L™ e TRV

e et B ot

Name: Toaah Llates

aO Chemical Reaction Engineering CHEG 3306
Quiz 1 (25 Points) January 26 2022
Mole Balance

Problem 1 (5 Points each)

1) For the reaction below, which is the limiting

reactant?
A+2B+3C - products
)'n)/l f.—.l“

Fap = 2 Mol/sec, Fyo=Feo =5 mol/sec

A2 2eel/s
A) A 262 Smils T TSl
B) B

B Smelfc 7 )U0Fe|
fo)c ts /s

2) Which change cannot increase the rate -r,?

\\1/}?3!56 temperature

B) Use better catalyst
C) Switch to better type reactor
D) Change solvent in liquid phase reaction

51



. : atch
3) Which information below is used in deriving the design equation forab

reactor?
Answer choices

a) Gj=V*Rj
jo=Fj=0
c) dNj/dt=0

d) E=mc2

a=hCa ¥ /odw’/mn
Problem 2 (10 Points) The first order reaction A=y B is carried out in a
tubular reactor in which the volumetric flow rate w_lg_is'ggg;gnt.
(— a. Derive an equitation relating the reactor volume to the entering and exiting
P’gw Fle,, concentration of A, the rate constant K and the volumetric flow rate ve.

Raoctsr b, Determine the reactor volume necessary to reduce the existing
concentration to 1% of the entering concentration when the volumetric flow

rate is 10 dm*/min and the specific reaction rate k is 0.23 /min

Grading Method

(i) Understand the given problem and identify the subject area and concepts
involved. Convert the problem into a well labeled sketch.

(ii) Formulate the problem into @ mathematical model stating all relevant
assumptions,

(iii) Solve the resulting mathematical formuyfations numerically.

o Tuble /PFR

E @%‘" 7 S bendy s bt

v vy Radial dttvbben ¢owsbo e

GMBE
Qa. = 2
) f).o_ E +G: = 4V, = »N

T Bl Bt frav-o

lonfu

e — A — W - S G TR DI E
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Name,

-‘

1
)
?

S
©
<

Pl

c

AN
Visa Fjln-b\f - F' ‘v
AN N
iF
iy = /47 /
T s ob A
YA = /d—-FA—
dv
v fa
_(df
1o+ g .
FM
V’ FA " F-Ao F;Q;PF_A__.
' C =
f =, V- Ach V.CA Vex
i "—'—_—_
KCA 3
/ V- 'V. (CA CDT /
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e W AR o S o 7= =

. ——arad o

Y w(G,e)  eanyes

Uo'/o‘{""/mh,
MCA C4 = 0,0/(;"
G
V’ A (/oo(A'a) Joe, - CA
kCx .
v Ve (9940
¥
Vr; q?vo = qq (’0("‘!/0);()
K
( 0.23/94)

[V’ LBOL(dm; /
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Name: Olum&twm'mm ’Modt.

\b Chemical Reaction Engineering CHEG 3306

Quiz 1 (25 Points) January 26 2022

Mole Balance

Problem 1 (5 Points each)

1) For the reaction below, which is the limiting
reactant? hushy uchal rdsd At o of

A+2B+3C - products
oty Iy Vet s

Fpo = 2 Mol/sec, Fgg=Fep =5 mol/sec

Y 4

€) C

2) Which change cannot increase the rate —r,?
IR d;mnmwt 5 A

A) Raise temperature
B) Use better catalyst 7
l@ C), Switch to better type reactor

Change solvent in liquid phase reaction /... 4,
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Name: Otuwdum&(u'nu AL\JQ ‘

3) Which information below is used in deriving the design equation for a batch

reactor? ' . : g
Answer choices —;, L;I. S —:::‘d‘ (u ;74«.1
£t [ty ,»N&
a) Gy=V*'R) d‘f.ﬁ&ﬂ,
,
MFjO =Fj=0 /
c) dN)/dt=0
d) E=mc2

Problem 2 (10 Points) The first order reaction A=——>

B is carried out In a

PR tubular reactor in which the volumetric flow rate v, is constant.
+ukes a. Derve an equitation relating the reactor volume to the entering and exiting
concentration of A, the rate constant K and the volumetric flow rate v..
Jo '\“'HL‘ x ~ ¥ Ty
b. Determine the reactor volume necessary to reduce the existing
faNC concentration to 1% of the entering concentration when the volumetric flow
G iy rate is 10 dm’/min and the specific reaction rate k is 0.23 /min
LA B2
Grading Method
(i) Understand the given problem and identify the subject area and concepts
involved. Convert the problem into a well labeled sketch.
(i) Formulate the problem into a mathematical model stating all relevant
assumptions.
(iii) Solve the resulting mathematical formulations numerically.
Acsumin ¢
b Lt )
ona 3 O 3 ‘
S Sty e
A_u bei{lmo raactor beamsst
h=- 0wt Gnm = u % Folis
. 1)
<FJ g 1 Sf.&l 2z il;t I:f “rdn “‘c&.ﬂ (-r‘!#(‘)
b ™ s - 2
Erg - Mm\/
o
e i Tléing Lt o boll gicls
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|
|
|

Name; 'OLM;,{“W:(JM Aokt

G »
Gl
{x = G

-l’, 2 \l-' . C],_—gﬁ
.
Cx 2 6:01Cae

'rn > k(*
Ty 2 kKD b Ae
-fa 2 b 28%0° b (4

a2 0-0023(As

g\, 000230 ny 2 \!Ll_b—_ﬁ__\'@k;_

®

V«’M

n-0l

Vs Q'&dlﬁz(‘
=

8"

K- 035{"“”

\, todw i
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Name:

Yozmne Rincen

/X Chemical Reaction Engineering CHEG 3306
Quiz 1 (25 Points) January 26 2022

Mole Balance

Problem 1 (5 Points each)

1) For the reaction below, which is the limiting
reactant? -
reactantr

A+2B+
4 £ 3 g - products

Fao = 2 MOl/sec, Fgo = Feo =5 mol/sec

2) Which change cannot increase the rate —rp?

Lé A) Raise temperature
/ ) Use better catalyst
) Switch to better type reactor
D) Change solvent in liquid phase reaction

60



Mame:

3) Which information below is used in deriving the design equation for a_batch

reactor?
Answer choices

a) Gj=V*Rj
®) Fio=Fj=

c) dMj/dt=0

)’-ﬂ/ E=mc2

Problem 2 (10 Points) The first order reaction A—> B is carried out in a
tubular reactor in which the volumetric flow rate v is constant.

a. Derive an equitation relating the reactor volume to the entering and exiting
concentration of A, the rate constant K and the volumetric flow rate ve.

b. Determine the reactor volume necessary to reduce the existing
concentration to 1% of the entering concentration when the volumetric flow
rate is 10 dm?/min and the specific reaction rate k is 0.23 /min

& _ AD QO
Grading Method Ae KCa Nor OO
(i) Understand the given problem and identify the subject area and concepts
invelved. Convert the problem into a well labeled sketch.
(i) Formulate the problem into a mathematical model stating all relevant
assumptions.
(iii) Solve the resulting mathematical formulations numerically.
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' Name:

A — {5
T%’ feacwon
xnuw‘\s
- rA = kCA

Vo = 10 am?
mimn

—K’b""«f‘ feaction

Dna\ \lmm’nvN
fecbeerioy ayed?

fau- Fa =\
’— — 5=
kCa R
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CHEMICAL ENGINEERING DEPARTMENT
KINETICS AND REACTOR DESIGN CHEG 3306 P01
SPRING 2022

Assignment 3
TOPICS COVERED

1. Formulate and Solve Reaction Engineering Problem (multiple Reaction)
using POLYMATH/MATLAB




CHEMICAL ENGINEERING DEPARTMENT
KINETICS AND REACTOR DESIGN CHEG 3063 Y01
SPRING 2022

Assignment #3 QUESTIONS, SOLUTION,
AND GRADING SCHEME
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Chemical Reaction Kinetics and Reactor Design CHEG 3306 PO 1 (Spring 2022):
Assignment 3 Due Date: April 18, 2022

STUDENT NAME: ... .o DATE: ...

Open Book Assignment

Upload the graded homework in task stream under OutcomelMultiple Reactions (use Polymath)

Student Signature: ...........c..ooeiiiiiiiiii

Chemical Reaction Engineering CHEG 3306
SPRING 2022

Homework Assignment 3: DUE DATE April 18 2022

Chapter 6: Isothermal Reactor Design: Moles and Molar flow rates

Text Book: Elements of Chemical Reaction Engineering, 6™ Edition, by H. Scott Fogler

Problems:

Problem P6 -4z Problem P6-7s and Problem 6-11;

65



P6-4 Problem Statement:

The elementary gas-phase reaction

Is carried out 1zothermally at 400 K in a flow reactor with no pressure drop. The specific reaction rate at
30°C 1z 10 min (from pericosity data) and the activation energy is 85 kJ/mol. Pure di-tert-buty] peroxide
enters the reactor at 10atm and 127°C and a molar flow rate of 2 5mol/min, that i1z, F = 2 5mol/min.

(CH3)3COOC(CH3)3 — CyHg + 2CH;COCH;

A-B+2C

1. Use the algorithm for molar flow rates to formulate and solve the problem. Plot Fy, Fg, Fc, and then X
as a function of plug-flow reactor volume and space time to achieve 90% conversion.

2_ Calculate the plug-flow volume and space time for a CSTR for 90% conversion
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Problem P6-Tg Problem Statement

Fuel Cells Rationale. With the focus on zltemative clean-ensrgy scurces, we are moving toward an
increazed uze of fuel cells to operate appliances ranging from computers to automobiles. For example, the
hyydrogen oxygen fuel cell produces clean energy as the products are water and electricity, which may
lead to 2 hydrogen-bazed economy instead of a petroleum-bazed economy. A large component in the
processing traim for fuel cells is the water-gas shift membrane reactor. (M. Gummala, N. Gurpla, B.
Olsemer, end Z. Dardas, Paper 103¢, 2003, AIChE National Mesting, New Orleans, LA )

Co _H:OHCO:_H:

Here, CO and water are fed to the membrane reactor containing the catalvst. Hydrogen can diffnse out the
sides of the membrane, while CO, HyO, and CO; cannot. Based on the following mformation, plot the
concentration: and melar flow rates of each of the reacting species down the length of the membrane
reactor. Assume the following: The velumetric feed 15 10 dm3 /min at 10ztm, and the equimolar feed of
CO and water vaper with CT0 = 0.4mol'dm3. The equlibrium constant is Ke = 1.44 with k=137
dmé/mol kg-cat - min, and the mass transfer coefficient kH, = 0.1 dm3/kg-cat - min (Hint: First calculate
the entering molar fiow rate of CO and then relate FA and 3)
(a) What 1z the membrane reactor volume necessary to achieve £3% conversion of CO7
(b) Scphia wants vou to compare the ME. with a conventional PFR. What will vou tell her?
(c) For that same membrane reactor volume, Nicolas wants to know what would be the conversion of
CO if the feed rate were doubled?

Fuel Cell

i

Az |- |

-
Cadyir

LR { Efudaida
Losiabynt

Cashocsn 4+ -

(==}

Fig. 6
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Prohlem 4-11g Problem Statement

Pure butanol iz to be fed into 2 semibatch reactor containing pure ethyl acetate to produce buty] acetate
and ethanel. The reaction

CH;COOC.H: ~CH0H — CH;CO0C.H; ~C;H.OH

is elementary and reversible. The reaction iz carried out izothermally at 300 K. At this temperature, the
equilibrium constant i3 1.02 and the specific reaction rate is 9 = 10-3 dm3/mel-s. Initially, there iz 200
dm3 of ethy] acetate in the vat, and butanecl iz fed at a volumetric rate of 0.03 dm3/z. The feed and initial
concentrations of butancl and ethyl acetate are 10.93 mel/dm3 and 7.72 mol'dm3, respectively.

(2] Plot and analvze the equilibrium conversien of ethyl acetate as 2 function of time.
(b} Plot and analyze the conversion of ethyl acetate, the rate of reaction, and the concentration of

butanel as 2 function of time.
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Problem Statement 1:

The catalytic gas phaze reaction A — B is to be carried out in a packed bed reactor under
izothermal operation. The reactant is pure A with an inlet concentration of 1 g-mol/dm3, the
entering pressure is 23 atm and the entering volumetric flow rate i3 1 dm3/min. the first order
reaction rate constant K which is based on reactant A 13 1 dm3/deg cat. min.

1. Develop the chemical reaction engineering algorithm, - mole balance, rate laws
stoichiometry and combine them together, finally solve the following using
Polymath MATLAB.

2. Study the effect of the pressure drop on the conversion for the first order reaction and plat
conversion and pressure (p= P/Po) as a function of the weight of the packing material W.
consider the pressure drop parameter o is between 0.05 - 0.2 kg, also consider the
maximum weight of the catalyst is 2 kg,

.

K =1dma3/ kg.cat.min
W = 2 kg ( catalyst weight)
a = range from 0.05 - 0.2/kg

09 0 09
* | @ .... ® '
CAO = 1 g-mol/min

PO = 25 atm
vO= 1 dm3/min

Assumptions

To successfully evaluate the Packed bed reactor, we must assume the following.

# The process is isothermal [T=T0)
¢ Flow iz due to gravity
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¢ There i3 a reaction occurring at the surface of the catalysts
¢ Elementary Gas Phase Feaction

Tdentify

The identify, formulate, and solve methodology iz a tocl uzed to carefully analyze engineering
problems. The identify step will list the given information. The problem statements lists the
following parameters

Given Information:

CAD (Initial Concentration of species A) =1 z-mol’ dm’
v0 (Initial Veolumetric Flow Rate) =1 dm’ ‘min

PO (Initial Pressure) = 25 atm

K (Rate Constant) = 1 dm’ / kg cat. min

ot = ranges from (0.03-0.2) kg

W (catalyst weight) = 2 kg

Formulate

The formulate step consistz of preparing equations and steps needed to complete a project. The
following equations and information allowed us to carefully analyze the packed bed reactor.

Mole Balance

For a packed bed reactor (PBR),

d¥, v,

dlW  Fag
The mole balance for the packed bed reactor includes the differential value, X which represents
the conversion factor of species A entering the reactor. The variable W reprezents the Weight of

the catalyst, FAQ is the Initial Molar flow rate of species A, and v', is the rate law and is
dependent on the concentration of a species.
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Rate Law

', = kCy

The rate Law equation developed from the reaction given in the problem statement will assist in
calculating the weight of the catalyst.

Stoichiometric Table
Table 1: Problem 1 Stoichiometric Table
Symbol Initial Change Remaining Concentration

A Cao -CacXa Cao— CAoXa i V=X A
Ca = Cao 1t ex B
SXA Po
B 0 +Cao Xa 0+ CaoXa P Xa *ﬁ
BT "%+ ex, P,

In the table above species, A and B are analyzed. Cx and Cg are the concentrations of both A and
B and include the conversion XA ¢ represents the product of delta and the mole fraction of A in
the gas phase. Delta 1s the sum of stoichiometric coefficients of the reactants and products. This
table also includes the expression P/Po which represents the pressure drop in the reactor. The
denominator of the C, and Cg equations was added to account for the gas phase reaction. The
equation below substitutes the rate law into the packed bed mole balance equation.

1—-X i P
ﬂ = k & o +_A-—p;
aw LA T
1-X F '?P_
Where k * C49 “—}_—f—g 1s the rate law equation under 1sothermal conditions with pressure drop.
-}
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Polymath Program Results

 Differential Equations: 2  Ausdiary E quations 12 v/ Ready for solution

FAO =CAQ* W0
CAQ = 1 # Inttial Molar Flow rate (g-mol/dm*3)
= 1 # Initial Volumetric Flow rate (dm*/min)
rA=(k*CAD*(1-XA)"y)
d(XAVDIW) = rA / FAD # Mole Balance Equation for Packed Bed Reactor
0)=0
(f) = 2 # Maximum weight of the Catalyst (kg)
XA0) =0
eps = yAD * delta
delta = 0
yAD = 1
d(pVd(W) = -alpha * (1 + eps * XA/ 2 * y) # Differential form of Ergun’s Equation
y = (1-alpha*W)*05
PO = 25 # Pressure (atm)
alpha = (0.05 + 0.2)/ 2 # Alpha
k = 1 # Rate Constant (dnv*3/kg cat mun)
pl0) =1
P =P0 " (1-alpha* W)* 0.5 # Final Pressure (atm)

Figure 1: Polymath Algorithm

The Polymath application allowed me to input the algonithms, equations, and 1mitial values to
solve key parameters for the packed bed reactor. All vanables were clearly defined in the

application and the Ergun’s equation was used to relate pressure drop and the catalyst weight.

The alpha term was found by taking the average of the range of (0.05-0.2).
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O el e, airid A

I =

Figure 2: Packed Bed Reactor with Pressure Drop (Conversion vs catalyst weight)

Figure 2 above is a graph generated by Polymath that show the effects of pressure on ¢
Again we can ohserve that the pressure drop causes a decrease in the ¢
The x-axis represents the weight of the catalyst and the v-axis.

Solve

VErsioHn.
version of our reactor.

Solving is the final step in the three-step methodology. In this step, we vse the equations we
derived and manipulated to find the values needed. The Polymath algorithm solved the missing

parameters as shown below.

Caboulated values of DE] variables
Warkabhe Initial value Mmimal vabee Mol vahse Fnal valoe

W
KA

E.'ﬁ

Cal
FAD
k
wAD
delta
10 aps
11 alpha
12 |FD
13|y
.]4 A
15 |F

ORI EEEac

0.125

25.
0.B660254
0133577
21.65064

2-
08457579

2.
0.B457579
0.75

1.

1.

0.125

25,
0.BSE60254
01.1335776
2165064
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Figure 3: Generated values for the packed bed reactor using the Polymath Algorithm

Figure 3 above displays the parameters generated by the Polymath Algorithm. The final pressure
was 21.63 atm and the final conversion value of A was 0.83.

Conclusion:

In conclusion, the Polymath algorithm allowed us to successfully solve the conversion and study
the effect of pressure drop on the conversion, By developing the engineering algorithm that
consisted of the rate law, stoichiometry, and combined equations, we were able to generate data
and graphs as show in the figures above, This application was a terrific way to solve complex
problems in a short amount of time,

Problem Statement 2:

The dehydrogenation of a compound (elementary kinetics) is taking place in a selective
membrane reactor under isothermal conditions.

Ae— B+iC

The reaction 1s reversible, and Kc is the equilibrium constant. The manner in which Ke (the mass
transfer coefficient at volumetric flow rate vy) increases with flow rate depends upon the flow
geometry and the mass transfer dependence on velocity is given by

Ke=keo {:"p'."‘n'u.} 12
And the membrane transport of C is given by keaC: when permeate concentration of € is low.

1. Compare the calculated cutput valued of FB, the molar flow rate of B for no pressure
drop.

Assumptions

To successfully analyze the packed bed reactor, we must assume the following:
e Elementary Gas Phase Eeaction
o The process is isothermal (T=T0)

¢ There i3 a reaction occurring at the surface of the catalysts regardless of membrane
transport
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Tdentify:

Given Information:

Fap (Initial Molar Concentration) = 10 kg-mol/min

v (Initial Volumetric Flow rate) = 50 dm3 /min

k (rate constant) = 0.3 dm3 kg min

c {Constant depending on the packing bed) = 0.002 atm'kg
Po (Inlat prezsure) = 10 atm

W (Weight Catalyst) = 200 kg

Formulate

Mole Ealance

d¥, v,

diW  Fy,
The mole balance for the packed bed reactor includes the differential value, Xa, which represents
the conversion factor of species A entering the reactor. The variable W reprezents the Weight of

the catalvst, FAQ iz the Initial Molar flow rate of species A, and v, iz the rate law and is
dependent on the concentration of a species.

Fate Law

T"I,.'i =k f_,q:

The rate Law equation developed from the reaction given in the problem statement will assist in
calculating the weight of the catalyst.
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Stoichiometric Table:

Tahle 2: Prohlem 2 Stoichiometric Tahle

Symbol Initial Change Eemaining Concentration
A Can -CanXa Cap—CAN C.=C 1-X, F
4= T v o
14+ X, Py
E Cgp=0 CanXa 0+CAXs Ay F
Ce=CousT =3
1+ E.]I:r_,q_ P.;]
C Cen=10 Cana 0+ 172C AN, C Xy F
c

=y — g —
A1+ eXe Py

Polvmath Results

Kmnetcs Homewaork 2

Uert

FAD = 10 & Inatial Malar Flow rabe {lgmalimin)

vl = 50 # Valumetric Flow rate {dm* imin

ICAD = FAD /v # Inizal Concesirabon ol species & (kpmal damJ
A=k CAD " (1 - X&) 71+ eps ® XA) " y # Rate Law equation
W = (1- alpha " W) * 0.5# FFl

ACAVET = 1A | FAD # Mol Balancs for Packed Bed

WD) =10

YT = 200 2 Weight of the catalyst (kg

AL =0

eps = wAD * delta

delta =05

wAD = 1 # Moz fraction of A in the Gas phase
alpha = 0.002 7 [mmdkg)

k= 0.5 # rate constant 3 dm* kg min)

dip)/d{¥W) = -alpha * (1 + eps * XA | 2 * (1 - alpha * W) * 0.5) # Diferential form of Ergun's Equabon
pil = 1

Pl = 10 # pressure (atm)

P =F0 * (1 - slpha * W) * 0.5 # Final Presours (stm)

FB = FAD * XA # Molar Flow Rate of B

Figure 4: Generated values for the packed bed reactor using the Polymath Algorithm

The Polymath application allowed me to input the algorithms, equations, and initial values to
solve key parameters for the packed bed reactor like problem 1. However, the focus of this
problem was to calculate Fg and compare its values with and without pressure drop. All variables
were clearly defined in the application and the Ergun’s equation was used to relate pressure drop
and the catalyst weight, and find the molar flow rate of species B.
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Figure 5: Generated values for the packed
bed reactor using the Polymath Algorithm

Concluzion

Pressure Drop
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Varable Initnal vakie Minenal vahie Maximal valis Pl vk

1 W
A
Féa

Vo
ChAa
k
L
A
§ eps
10 Fa
11 alpha
12 Po

13 4
4P

m e e | e

]

]
10
50,
0.2
0.5
0.5
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0.5

1.

0.5
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0.0a2

1m

0.0 44414
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Figure §: Generated values for the packed
bed reactor using the Polvmath Algorithm

Without Pressure Drop

The results generated by Polymath allowed s to correlate the effect of pressure drop on our
molar flow rates. From the data we can see that FB decreased when pressure drop is present. We

were gble to input differential equations, rate law equations, and even Ergun’s Equation to allow
Polymath to create an algorithm and solve both problems 1 and 2. Figures 3 and 6 show the
molar flow rate going from 7.98 kz-mol'min without prezsure drop to 7.64 kz-mol'min with

pressure drop. The driving force for this change in flow rate is pressure.
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Chemical Reaction Kinetics and Reactor Design CHEG 3306 PO 1
(Spring 2022)

Project 1

TOPICS COVERED IN Project 1

1. Define/Understand the Kinetics and reactor design Problem
a. Develop mole balance equation
b. Rate law and stoichiometry and combine
2. Perform detailed design of complex chemical engineering design




Chemical Reaction Kinetics and Reactor Design CHEG 3306 PO 1
(Spring 2022)

Final Project # QUESTIONS, SOLUTION,
AND GRADING SCHEME
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Final Project CHEG 3306
Spring 2021 Due Date April 30, 2022

Project objectives:

» To demonstrate your understanding of designing a packed bed reactor.
» Show that you can calculate the required design taking heat, pressure drop and changing
physical properties into account.
« Design and create a plan of action that you will follow to achieve your goal.
* To reflect afterwards on your group’s progress and judge how you followed your plan.
You are required to design a shell and tube packed-bed reactor for methanol synthesis. The
complete problem statement follows.

1. Projects are to be tackled in groups, with one report per group. Each student will submit at the
end of the project a confidential assessment of the relative contributions of the members of the

group.

2. The methodology used in the design of the reactor must be clearly explained; all assumptions
must be identified and evaluated; the results must be clearly presented and discussed. In particular
you must have a section at the start of your report where you: “clearly explain the strategy you
will follow to achieve the project’s objective”. Use bullet points showing the sequence of steps
you planned.

3. Reports must be written in an acceptable and professional style and should not exceed 15 typed
pages (including any appendices). Any polymath code you choose to include in part of your page
limit. Y ou must submit your report using Canvas.

4. All published information consulted must be appropriately referenced.
5. At the end you must have a section called “Reflection”. Answer these 3 questions in the
section:

» How accurately did our group stick to the plan (there is no penalty from deviating from
your plan, but describe why you deviated).
» How would we go about the project differently if we could redo it?
« What did we learn from doing this project (bullet points are OK).
Problem statement

A new catalyst has been proposed for the synthesis of methanol from carbon monoxide and
hydrogen gas. This catalyst is reasonably active between temperatures of 330 K to about 430 K.
The reactions to be considered are:

CO + 2H2 «~CH30H

CO+H20 < CO2+H2
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The reactions are elementary and occur in a reactor containing tubes packed with a precious metal
catalyst on a silica support. Heat is removed from the reactor by generating steam on the shell
side of the tubes. The feed consists of 7 /15 hydrogen gas, 1/5 carbon monoxide, 1/5 carbon
dioxide, and 2/15steam. The total flow rate is 300 mol.s—1. The entering pressure may be varied
between 1 atm and 160 atm and the entering temperature between 300 K and 400 K. A total
tubular rector volume of 2 m3 is to be used.

The following tasks should be completed:

1. Discuss the commercial application of this reaction in terms of the overall process, economics,
process conditions, reactor types and configurations typically used, type of catalyst, typical
conversion and end product usage.

2. Assuming isothermal and isobaric conditions, determine the entering conditions of temperature
and pressure that will optimize the production of methanol. Hint: Do this by conducting several
simulations at discrete combinations of To and Po. First try TO = 330 at PO = 40 atm, then try TO =
380 and PO = 1 atm)

3. Carry out a detailed reactor design of a shell and tube reactor for the optimal feed conditions
determined in part 2. Pressure drop and non-isothermal effects are to be taken into account.

The shell side temperature can be controlled by adjusting the steam pressure and may be assumed
constant at a value specified by you. Physical property estimation sources, techniques and
assumptions should be clearly presented. The design should include the following:

« the reactor dimensions and number of tubes

e the reactor conditions; including composition, pressure and temperature profiles (as a
function of reactor length).

¢ A mechanical sketch of the reactor should be included.

¢ Not required: mechanical design of the reactor, including specification of the reactor
material of construction, shell and tube wall thickness and capital cost for the design.
4. Determine the effect of variations in:

« ratio of feed H2to CO,
« ratio of feed H20 to CO,
 assumed heat transfer coefficient, U
5. All results must be presented in SI units throughout the report.
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The following results should be tabulated in your report:

Inlet temperature [K]

Outlet temperature [K]

Inlet pressure [Pa]

Outlet pressure [Pa]

Maximum tube-side temperature [K]
Location from inlet of maximum temperature [m]
Methanol production rate [kg.s—1]
Reactor length [m]

Total inlet concentration, CTO at 330K
Rate constant, k1 at 330K

Equilibrium constant KC,1 at 330K
Rate constant, k2 at 330K

Equilibrium constant KC,2 at 330K
Heat of reaction for reaction 1 at 330K
Heat of reaction for reaction 2 at 330K

The following results for Reactor in and Reactor out in a tabular form must be presented
Flow [mol.s—1]

Pressure [Pa]

Temperature [K]

CO (mole fraction)

H2

CO2

CH30H

H20

If you are using MATLAB, A working set of MATLAB files must be emailed to the instructor
with submission of your final report. These MATLAB files must generate the final profiles used
to obtain the flows, pressure, temperature and mol fractions in the above tables. Non-working
code, or code that does not lead to the values in the table will lead to a penalty in the grade.

Additional problem information Thermodynamic and rate data T is in Kelvin, but R = 1.987
cal.mol* .K 1. The subscript 1 refers to the methanol reaction, while subscript 2 refers to the
water-gas shift reaction. V = 40 dm?

, [30620/1 1 y][dm?
K, = 131667(0.001987T) exp[ . (?_ﬁ)] s

0834 1 1
KZ = 103943 exp[T(?—m

k., =0933x10°° 2.5 31400( 1 1) dm’ 2g-1
1= exp | 25( (3307 7))| Wmal’

)
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Project Objectives
& To demonstrate yvour understanding of designing a packed bed reactor.

& Show that yvou can calculate the required design by taking heat, pressure drop, and
changing physical properties into account.
s Design and create a plan of action that vou will follow to achieve your goal.

¢ Toreflect afterward on your group’s progress and judge how you followed your plan,

Project Tasks
1. Discuss the commercial application of this reaction in terms of the overall process,

economics, process conditions, reactor types and configurations typically used, type of
catalyst, typical conversion, and end product usage.

2, Assuming isothermal and isobaric conditions, determine the entering conditions of
temperature and pressure that will optimize the production of methancl. Hint: Do this by
conducting sevaral simulations at discrefe combinations af I and FO. First try T0 = 330 et
PO = 40 atm, then try T0 = 380 and PO = [ atm),

3, Carry out a detailed reactor design of a shell and tube reactor for the optimal feed
conditions determined in part 2. Pressure drop and non-isothermal effects are to be taken into
account. The shell side temperature can be controlled by adjusting the steam pressure and may
be assumed constant at a value specified by you. Physical property estimation sources,
techniques, and assumptions should be clearly presented. The design should include the
following:

¢ the reactor dimensions and number of tubes
¢ the reactor conditions; including composition, pressure, and temperature profiles (as a
function of reactor length).
¢ A mechanical sketch of the reactor should be included.
4. Determine the effect of variations in:
¢ ratio of feed H2 to CO, ratio of feed H20O to CO, assumed heat transfer coefficient, U
5. All rezults must be presented in 51 units throughout the report.
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Plan of action
1. Discuss schedule conflicts with group members.

[

Discuzs group project tasks and deadlines.

Aszign group leader: Jazmaine Carter

e LA

Bezearch potential sources for data.

th

Write down any questions for Dr. Shamim about the project.
Schedule 1¥ meeting with Dr. Shamim. (4-12-22) zoom.
Eeview and make comections after meeting with Dr. Shamim.

Schedule 2™ meeting with Dr. Shamim (4-26-22) in person.

B

Conszult with Dr. Shamim for ealculationEquation verificaticons.
10. Consult with Dr. Shamim for schematic diagram verification.
11. Gather all given and calculated data for polymath

12. Run polymath program

13. Collect all data from polymath program

14. Fimish writing report

15. Start PowerPoint for presentation

16. DONE!

Executive Summary

MMethancol synthesis reaction i3 an excthermic reaction that 1= hizhly possible source for
alternative energy. To produce methanol iz by using a mixture of carbon menoxide, and
hydrogen under high pressure and temperature. For our process, Co/'Zn0 will be used for the
reactor catalyst for an optimal production. The synthesis of methanol 1z dependent on the
temperature, pressure and catalyst used. Methanol 1s produced through the catalytic
hydrogenation of CO. The overall design is executing a Packed Bed Reactor (PEE). A lot of
companies use PBEs because the reactor is a good mixer, uniformity of temperature, catalyst can
be continuously regenerated and can get a higher conversion per weight of catalyst compared to
other catalytic reactors. The impertance of designing a PBR 13 mass transfer and heat transfer It
iz important to optimize heat transfer through the PBR. because of cost of the equipment. The
catalyst should be chozen wisely becavse it has effect on the mass and energy transfer.

Introduction

Methanol iz a toxic, colorless, volatile flammable simplest alechol used commeonly for
everyday prodocts including plastics, paints, car parts, etc. This aleohol is a clean energy
rescurce and is produced at various companies by using different techniques to produce the best
quality of methanol. One of the most current ways to produce methancl i3 by using three
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compounds: carbon dioxide, carbon monoxide, and hydrogen After researching different
catalyst. the most effective for the reactor to make as much produoect 13 Co/@n0. Using a high
temperature and pressure with our chosen catalyst, the reaction can produce the desired optimal
product methanel.

The synthesis of methanol cccurs in two different steps. The steps are as follows:

Reaction 1: CO + 2H; —CH:;0H

Beaction 2: CO + H:0 — COz - Hz
In Reaction 1, carbon monoxide reaction with hydrogen in a hydrogenation reaction producing
methanol. In Reaction 2, carbon monoxide reacts with water and produces carbon dioxide and

hydrogen gaz. By using these steps will accomplish the synthesis of methanol According to our
research, companies uze these steps as well az various alternative methods to produce methanecl.

Overview

Our project that we are tasked with is executing the alzorithms, research, and Polymath
for methanol synthesis using a shell and tube packed bed reactor. First, we had to do in depth
research to determine which catalyst would best suit the production of methanol. There was
numerous catalyst that could’ve been chosen for this process, but we chose CuZn0 specifically
for a desired optimal production of methanol. Throughout the report will demonstrate why we

chose our catalyst, caleulation steps of mole balance, rate law, stoichiometry, molar flow rate,
importance of our catalyst and the process in a general aspect.

Problem Statement
A new catalyst has been proposzed for the svathesiz of methanc] from carbon monoxide and
hvdrogen zas. This catalyst is reasonably active between temperatures of 330 K to about 430 K.

The reactions to be considered are:
CO+ 2H: —CH;0H CO-+-H:0— COz+H:
A+2B1—C Ar+D—E+EBa

The reactions are elementary and occur in a reactor containing tubes packed with a precious
metal catalyst on a silica support. Heat is removed from the reactor by generating steam on the
shell side of the tubes. The feed conzists of 7 /15 hydrogen gas, 1/5 carbon monoxide, 1/5
carbon dioxide, and 2/15steam. The total flow rate is 300 mol/ 5. The entering pressure may
be varied between 1 atm and 160 atm and the entering temperature between 300 K and 400

K. A total tubular rector volume of 2m? iz to be used.
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Shell and Tube
Packed Bed
Reactor

Figure 1. Schematic Diagram of Shell-Tube Packed Eed Reactor

Aszumption: The tubes wse up all the space in the reactor and thergfors we can consider it the

overall area af reactor.

Catalyst active between
temperatures of 330K and 430E.
Feed consists of:

o Hig) =T715=47

o CO(g)=135 =2

o COig)=15 =12

o HO(g)=215=.13
FT =300 mol /s

Po =1 atm — 160 atm
=101325Pa— 1.6E+7 Pa

To=300K — 400K

Total tubular reactor volume

(V) = 2m’

Givens
Additional Problem Information
» R=10987cal ' mol*K
» K= 13166?{.00193?1‘)1 exp [
9g38 1

¢ Ko=103943 exp [(z — )]

2ee

30620 .1 1 ...dm® 5
raCerrd)l i)

dm* z

—
o k1=933x10 Fexp[ 25 (5 Gy — IR |
1800 , 1 1, . dm3
¢ ka=.636x10° ep [ G - D]

Beactor equipment data
s Catalyst bed void fraction (®) = 40%
o Catalyst density (pc): 1600 kg 'm°
o Tube diameter (i.d.): 3.21 cm = 03%1m
¢ Owerall heat transfer coefficient (U): 631 W/im*K
¢ Tube diameter (0.d.): 4.20cm = 042 m
o Shell side water temperature: 373K
o Catalyst particle size: 3mm = 005 m
¢ Average gas viscosifty (u), aszumed constant over all
temperature: 75 x ""%Pa =
s Number of tubes in the heat exchanger: 250 tubes
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Mole Balance
dFA

aw ~ "4
dFB _
aw
dFC_
—— E
aw
aFD _
aw "
dFE _
aw
MNet Rates

rA=r'Al+r'A2
r'BE=r'B1+r'E;
r'C=r'Cy
r'D=r'D:
r'E =r'E:

Therefore,

r’A = _kiCaCe - lnCaCp
r'B = (2) (- kiICACE?) + lknCaCp

r’C =kiCaCe?
r’D=-k:CaCp
r'E=kCaC

' A1=k1CaCs?

" As=k1CaCE?

' A= -k1CaCs’
rAr=ka1Cc
rAnet=rAs+rA;
Hence,

r'A=1k1CaCE +k-1Cc
Butwe need r'A

Hence,
TA=kCaCz? - k1Ce
Note: Kc1= e

k—'
Hence, -r"A = k[CaCz? - ﬁ]

Relative Rates:
r'B1=2(r A1), r'Ci=1'A1

Table 1

Stoichiometry

FA
CA =CTO0—<F
FT

CB = (CTO £5 P
B FT

FC
ro— P

CcC
FT

CD =CTO FD P
B FT

CE =CTO FE P

- FT
T\nte:p=P—u;
dP —fo Po FT

dW ~ A(1—%)pc P FI0
FI=FA+FB +FC+FD+FE

Table 2

Rate Law

-r'Dr=13CaCn

-r'De=kCaCp

rDf=-2CaCp

r'Dy=k2CeCr

rDaet=rDs—1Dr

Hence,

r'D = CaCn+ k2CeCh

But we need -r'D

Hence,

'D=1CaCp - k-2CeCe

Note: K= -2,
k-

Hence, -r'D = kg [CaCo- =55

Kez
Eelative Rates:
rarz=rhrE=-rDrrBi=-rin

Calculate: Molar Flow rates
FA=CO= {%:](SDEI-mol 5) = 60 mol'z
FB=H:= ({3T]llil-mnl 5) = 140 mol's
FC=Cn= [%]{iﬂﬁmnl's} = 60 mol's
FD = H:0 = (5)(300mol's) = 40 mols
Molar Masses:

CO=28.01 g/mol
H; =202 g/mel
COz=44.01 g'mol
H;0=138.02 g'mol

For mass flow rate (m):

We use th = {mass) (flowrate)

mH? = (00202 kg/mol) (140 molz) = 20 ka's
mC0 = (02801 kg/mol) (60 mel's) =17 kg's
mC0z = (04401 kg/mol) (60 mol's) =26 kg's
mHQ = {01202 kg'mol) (40 mol'sh = T2ks/s
TOTAL m: 5.31 kg/s
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For Area of Pipe/heat exchanger:

4= nDi*

Since,

Di= _0381m
n =230 tubes
Hence,

A=285m’

For overall area
of heat exchanger:

Note: we assumed the fubes
occupy all the space inside the
reactor and thergfore we will
consider it the overall area.

Therefors, we can use, A= xDil

We isolate L (length of tubes/reactor),

A
Hence L =5
L =2m?

Calculations for Area, fo, and o
For fo:

Gl1-%} 150{1-
ﬂu=ﬁ[;—p‘j+ 1.756]

We know:
=2.7x10~3 X5
o mzE
(1) =6
k
po= 1600 =2
Xgm
e=1n
Dp=.005m
= 054
p=75%10-¢ 42
Hence,
2.7x10™% Sfc1-9) 150(,8) k
- BT -3 "4
po fr600 ) 2Ly coosm) 064) [Coosmy T 1730271077 55)]
Pa
fo =4.4x10> N
For a:

= iBo
Apeii=¥ipPa

We know:
A= 285m*
-4 Pa
ﬁn-4.4:-nl_ﬂ —
pe= 1600 -2
(1-9=6
P; = latm = 160atm
Mote: latm = 101325Pa

Hence

]

-y P
= 2(d4u1074 —_

(-285m32)[1600 :—f; J63101325Pa)

a=45x10"1% /kg

Note: the value above is atf [Pa, and can
Be repeated for different Pressure values as needed

Table 3
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Inlet Temperature (K) 330
Outlet Temperature (K) 360
Inlet Pressure (Pa) 40
Outlet Pressure (Pa) &0
Maximum tube-side Temperature (K) 375
Methanol production rate (Kg/s) 0.6
Eeactor Length (m) 20
Total inlet concentration at 330K 1477.17
Rate Constant, k1 at 330K 933 x 107
Equilibrium constant KC, 1 at 330K 37585
Rate constant, k2 at 330K 09y 10t
Equilibrium constant KC, 2 at 330K 20770
Heat of reaction for reaction 1 at 330k 4508
Heat of reaction for reaction 2 at 330K -19.31
Stoichiometric feed H2 to CO 21
Stoichiometric feed H1O to Co 1:1
heat transfer coefficient, U (W/m*K) 631

Table 4: Reactor Data 1

Table name and number

Side Note: After doing our calculations and typing in the algorit SOE€S ON top Of the table
conclesion that our optitnum pressure 15 40 atm (4053000 Pa) an
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In Reactor Out Reactor
Flow (mol.s-1) 300 183.9
Pressure (Pa) 10 60
Temperature (K) 330 330
CO (mole fraction) 0.2 0
H2 (mole fraction) 0.47 0.24
CO2 (mole fraction) 0.2 0.05
CHIOH (mole fraction) 0 0.71
H20 (mole fraction) 0.13 1]

TFable 5: Reactor Data 2

Discussion/ Task 1

The economic feasibility of methanol synthesis as a method for CO2 reduction and
energy storage has been an analysis that has been studied to evaluate how to obtain methanel
from the chemical reaction. Some studies paid attention to the design and modeling of methanol
synthesis process, others focused on the electrolysis technology, and implementation in a future
renewable-based energy system. Greenhouse gas is used in energy supply. industry, agriculture,
etc. and according to our research approximately 36.44 billion of total global CO; emission from
fuel combustion. Research shows that greenhouse gases has been a problem for centuries and
serves as a climate control for the earth. As technology has improved there has been an increase
of COz emissions and there have been efforts towards trving to regulate it. Through time
greenhouse gas emissions must be reduced becanse of major effects of glebal climate change,
flooding, and desertification. Comparisons of methanol, from recyeldy mitted from a
fiozsil-fuel power station to hydrogen produced by water electrolyzis. There are three types of
electrolysis, alkaline water electrolysis polymer electrolyte/proton exchange membrane water
and zolid oxide high temperature electrolysis. With these three electrolysis technologies for

10
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green Hy production method for the making of methanel. Our catalyst choszen for our reactor,
Cu'Zn0, would speed up the rate of the reaction which would save money becavse the process
wouldn't have to operate for as long to get the same amount of product. The catalyst would
reduce the amount of energy which iz good for sustainable development vsed in the reaction.
Alzo taking into consideration, methanol electrical energy prices, the different conygen selling
prices, and PEM electrolyze capital cost. MeOH i3 a renewable energy-based electricity. To
make methanol vsing CO2 hydrogenation, the process needs mininum production cost and can
sustain the operating conditions as well. Most of the energy that is produced in the world is
mainly from combustion.

The production of methanol iz majorly important as it iz used as a feedstock for
production of other chemicals; natral gas, biomass or coal i3 used as the feedstock. Carbon
dicmide {CO7) mitigates CO: emissions to the atmosphere is converting CO2 to 2 valuable
product resulting in methancl. This stody shows the application of response surface methodology
for optimization methanol production vsing CO; hydrogenation. Methanol production process
starts as gasification of any solid bearing such as biomass or reforming of natural gas to produce
carbon monoxide, carbon dioxide, and hydrogen which 15 used eventually in the process to
produce methaneol over Cu- based catalyst. According to the chemical industry, the downstream
of methancl purification stage to specifications from costumers. The overview of methanal
production process: (1) reaction of carbon monoxide with hydrogen (2) reaction of carbon
dioxide with hvdrogen (3) water-gas shift reaction (4) have a stoichiometric ratio of 2:1. The
three main concepts to remember for this process: gasification of carbon to produce synzas
(mixture of carbon monexide and hydrogen, methanol synthesis and produet upgrading. For the
syngas phase, natural gas iz vsed for the raw material due to low sulphur content and undesirable
purities. Coal is the second largest used for the zyngas used to produce methanol. The process
can achieve a high cotrversion and quality by zelecting a switable coal gazifiers, reactors, and
process equipment and optimal pressure and temperatures. Methanol synthesiz favors optimuom
temperatures and high pressures. The ratio 2:1 is the efficiency produced for methancl and we
know that any stoichiometric number larger than 2 iz optimal for majority of catalyst. Water-gas
shift (WGS) is an important step in methanel svnthesis becavse it adjusts the €02 and Ha ratio
during the syngas phase.

According to Radhi, the net of CO2 would increaze 3.4% over the next few decades.
Hydrogenation of carbon monoxide and carbon dioxide is reversible and exothermic. Operating
the reactor at a low temperature would require a large amount of catalyst due to the low reaction
rate. Due to this reasoning, the optimal temperature profile along reaction would ensure high
methanol vield with a good reasonable amount of catalyst. By cocling the reaction mixture
would be achieved by using a temperature profile close to the optimum temperature. One reactor
type would be an adiabatic multibed reactor with (indirect) external cooling. With this
reactor type all the gas passes through the first adiabatic bed. The gas exits from the first bed and
then enters the first heat exchanger. Next, the mixture cools and the heat available is used for
steatn generation. On the other hand, with the direct cooling reactor, the volume of the catalyst iz
smaller due to the gas going through the catalyst. The reaction rate would still be away from the
maxitnum reaction rate curve. The downfall of the reactor type is it neads to operate high-
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pressure unit such as catalyst with several catalyst beds, heat exchangers, ete. Due to this it
would have a hizher capital cost. Below showeases the configuration of adiabatic reactor for
indirect external cocling showing the inlet temperatures. There would be higher efficiency if
there were lower inlet temperatures, but it would require more catalyst. Another reactor we can
vz for methanol synthesis, Adiabatic multibed reactor with gquench (direct) cooling. Unlil-e
the adiabatic reactor with indirect cooling, this reactor requires a larger catalyst volume as the
catalyst is not fully utilized because the reactants are fed at different points in the reactor. The
configuration below shows the vield dropping as the reactants enter at different points, This
process has many variables to control and is complex to optimize. The largest capacity is
estimated to be 3000-3500 t'day because of manufacturing limitations. This process is a high-
pressure vessel with an increase of pressure drop throughout the catalyst beds which causes
power to recirculate those results in energy consumption. The first catalyst bed inlet splits the
feed stream and that's determined by the amount of catalyst needed to achieve the required
productivity. Compared to the adiabatic reactor with indirect cooling this reactor would have a
lower conversion, but the use of heat exchangers is eliminated which would equivalate to a much
lower investment cost,

Given the condition in the problem statement for our shell-and- tube packed bed reactor,
we decided the best catalyst to use is Cu/Zn0. In 1960, Cu/ZnO-based catalyst were developed
by a co-precipitation method, This discover advanced methanol synthesis becavse it increased
the amount of methancl that can be created through the synthesis process, Cu/'ZnO catalyst is the
most commercial use for methanel synthesis from carbon dioxide hydrogenation, Cu/ZnOds a
metallic copper-based catalyst consisting of 50% aluminom and 50% copper-zine mixture, This
catalyst is most active between temperatures 473 15K and 573. 15K and pressures 50atm and
100atm. In recent years scientist has been observing different properties of this catalvst including
surface area and particle size. It was found that the selectivity of methanol was highest when it
was fine particles, ration of copper to zine was 1, and large surface area. Currently Chemical
engineers are still looking at different catalyst that can be used to make the process of methanol
synthesis more efficient but as in today Cu/Zn0 is the commercial choice. The process of
methanol synthesis is a reaction process including hydrogenation reaction that produces
methanol, next it would be another hydrogenation reaction that produces methanol and water,
and lastly carbon monoxide reacts with water to produce carbon dioxide and hydrogen gas.
Through these reactions to create methanol some methanol is being lost in the conversions.
Using the catalyst Cu-‘&ﬂ-’%émm}: challenges has been faced with making the svnthesis
process more efficient to be ableto create as much methancl as possible. The problem occurs in
the second reaction v.‘hm@ is being converted to methanol directly. In this reaction a low
single pass conversion, high pressure, and low methanol selectivity ccours.

Az of today, scientist is locking for ways to make this process more efficient. Global
warming is caused by many things happening to the atmosphere but today 23 of the energy
balanced that is cansing Earth’s temperature to rise is because of the amount of in the
atmosphere. Today around 500 liters of enters the earth atmosphere everyday having a total of
04%4 of the air being. Methancl iz something that can not only help with our global warming
problem but help the world. Methanol, also known az methy] alechel, i3 a highly versatile

12
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chemical widely used for industrial purposes and prevalent in our everyday life. A few products
it can be used for plastics, paints, car parts, fuel cells, boilers, cook stoves, even a clean energy
resource to fuel cars, trucks, ships, and so much more. Today the main way to synthesis
methanol is from consumption. The use of these two compounds makes Methanol the prefect
alternat renewable energy source. With the popularity of methanol, the methanol industry has
been a great benefit for global economy generating over $12 billion in annual economic activity
while creating over 100,000 direct and indirect jobs.
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Reflection/Conclusion

In conclusion, we were asked to design a shell and tube packed-bed reactor for methancl
synthesiz. As a group, we were able to stick to our oniginal plan from start to fimsh by brealing
dowm the problem given, successfully using Polymath, and discovering useful research. The
group evenly distributed the worl: amongst one another by assigning task of typing and
caleulating. With our group successfully able to complete our certain task there wouldn't be
another approach to go about the project. This project was very informative with learning about
methanol synthesis with intense research and analyzing the chemical reaction given to us. We've
had multiple meetings amongst ourselves and the professor and made improvements with our
calculations, correct formulas, clarifications with the mibric, and schematic. On page wa
our givens, algorithm steps, and determining our missing variables, We developed gra
representation of each molecular flow rate for the components as a function of catalyst weight in
Polymath, This project did help with our time management, problem-solving, and overall
teamwork contribution from each team member. It was a great leaming experience and will be
usefil for senior design in the upcoming future.
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Problem Statement

A new catalyst has been proposed for the synthesis of methanol from carbon
monoxide and hydrogen gas. This catalyst is reasonably active between
temperatures of 330 K to about 400K, The reactions to be considered are:
CO + 2H2 «>CH30H
CO + H20 <> CO2 + H2
The reactions are elementary and occur in a reactor containing tubes

packed with a precious metal catalyst on a silica support. Heat is removed
from the reactor by generating steam on the shell side of the tubes. The feed
consists of 7 /15 hydrogen gas, 1/5 carbon monoxide, 1/5 carbon dioxide, and
2/15 steam. The total flow rate is 300 mol.s™. The entering pressure may vary
between 1 atm and 160 atm and the entering temperature is between 300K
and 400K. A total tubular reactor volume of 2 m3 is to be used.

Introduction
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Objectives

Task 3: Carry

Task 1: Commercial Soo. e e g
Applications, : reactor design
€Cconomics, process U’, atachellan
Eondltlogs, reactor ok 5. Assuming isothermal and tube reactor for

ypes and isobaric conditions, determine the the optimal feed
configurations entering conditions of temperature conditions
typically used, and pressure that will optimize the determined
catalyst types, and production of methanol. Hint: Do from part 2.
end product usage this by conducting several

simulations at discrete

combinations of T0 and Po. First

' £y T0= 330 AP0 VORIMMACANS i y% 71 (R7
m try To = 380 and PO = 1 atm) S ‘W Ag

Sulphur lTungsten Sil |
32.965 | 183.84 107.87

5

What is Methanol?

1 Non-consumable form

of alcohol H H H

4 High carbon to \C O

( Methanol(CH,OH) |

Formula: CH30H
Density: 792 kg/m?

hydrogen ratio H Boiling point: 64.7 °C
Molar mass: 32.04 g/mol
O Good source of energy Melting point: -97.6 °C,

Vapor pressure: 13.02 kPa_

or fuel
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Methanol Background

Common Applications

O Produce (MTBE)
component in gasoline
that reduces carbon
emissions

3  Produce (DME)
Dimethyl- Ether which
is a clean burning fuel

Uses

Plastics
Construction
materials
Paints

Car parts
Energy or fuel

odd oOo

How is Methanol Made?

Economics

Methanol Costs: .60¢/ gal 1 W-'-*.-—E-T*
W z

CaCaro
1= iydrogen
O Onygen

Multi-tubular Fixed Bed

reactor

Packed Bed Reactors

Dimethyl ether

Common types of=: . = CHsOCHs
Reactors “« [ B, Molecular

Y
...Ha ‘m_‘:_m. ] | Weight

e

e
01 um.u‘mua 46.0688

CZnOin,O,
CO{g) + 2H,{g) = CH,OH(g) AH = -90 kJ mot'
250°C,
50100 atm
steam
methanol
Steam- Compression
natural methane SYN93S, and . Distillation
gas reforming conversion
desulphurization syngas recycled

Sulfur and impurities are
removed from Natural gas at the
inlet.

Metgas (Steam) is added to the
purified natural gas and forms
syngas (Synthetic gas)

The Syngas is compressed and
converted.

Methanol is converted from
syngas by using a catalyst (in
this case a copper based
catalyst).
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The Cu/Zn0/Al203 Pros:

catalystisthebest 3 ©u/Zn0/AI203 is capable of catalyzing

catalyst for the at low temperatures.

synthesis of Methanol. 3  |f the temperature of the catalyst is
increased then the catalyst can be
accelerated within.

Cons:

The copper nanoparticles are prone
to sintering(turnsinto a solid)

Kinds of Reactors for Methanol

Synthesis

Adiabatic Reactor: The temperature
increase in each catalyst bed is attributed
to the exothermic reactions

Gas Cooled Reactor:

In this reactor, the catalyst bed is in the
shell side and cooled by the cold feed in the
tube side

Water Cooled Reactor:

The water-cooled reactor or boiling water
reactor with a shell-tube structure is
widely used for methanol production

10

Catalyst

Bolling
water
\ /
\T/
Adiabatic Water-cooled Gas-cooled
Reactor (AR) Reactor (WR) Reactor (GR)

122



Hy-rich gas ‘. '
| .

Heating gas output

Reactor Design

Reactor dimensions: Tubes

Catalyst pellets
. shell
Reactor equipment data:

« Catalyst bed void fraction: 40%

Tube wall

» Catalyst density: 1600 kg.m—3 —e pradad i

* Tube diameter (i.d.): 3.81 cm _ a ."}p 3,:":.

+ Overall heat transfer coefficient: 631 Wm—1 K-1 -/ -~ 7 ov?
+ Tube diameter (0.d.): 4.20 cm = 0.042m Roformer f o o

+ Shell side water temperature: 373 K CHyOH/H,Q vapor Cotalyst peliets

« Catalyst particle size: Smm
+ Average gas viscosity, assumed constant over all

femperature: 7.5 x 10-6 Pa.s Phases Involved | Usage Advantages Disadvantages
+ Number of tubes in the heat exchanger: 250 tubes
Poor temp.
Temp range = 300K to 400K Gas-Phase/solid | Heterogeneous High conversion |, he.01
R = 1.987cal.mol~1K ~1 catalyzed | Reactions w/ per unit mass of
e ealmorTt. catalyst catalyst Channeling
Pressure range = latm and 160atm Gas-solid
reactions
Reactor Volume = 2m”3 It May be
difficult to clean
n

In order to take into account safety we considered the
problems statement values for our safety bounds. 330-380K,
1-40 Atm

Note: Since Isothermal conditions were assumed, a real
world application of this process would need to analyze
Feed-Temp Relationship.

12
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Costs of Each Reactor?

100,

o | OReactor capital cost The water gas reactor shows the highest
2 { @Total capital cost reactor capital costs.
» 80 %
- 3
g 70 The capital costs of the water gas reactor
= il has alarger tube diameter and reactor
b ] diameters.
S s0%
2 a0 The adiabatic reactors with the lowest cost
S 30

20 }

101

0 3

Methods And Calculations

Equation 1 CO +2H. < CH,0H
A+2B=C
Equation 2: CO+H.0= C0O.+H.

A+D=E-+B

Mole Balance:
dF
aw T 4
aF,_
aw ~— ' B
dF. "
aw ~ " ¢

dF,
aw ~— " p
dF
| E
d¥ E
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Algorithm Cont.d

Rate laws:

The rate laws are as follows:

== 0. CLF
r..=-K.C.C,
Net rate: r,=r, . =r,+1I,,
Co = T PGt =BG Ch
l‘.. K;C‘.Cn
Relative rates:
For equation 1: T4 '__ O
For equation 2: Taz=-Tp =Tg=18

Algorithms cont.d

Steichiometry:

do not copy write the
e = 7)) £ equations clearly -2

o
Il

Where: p = PLrepresems pressure drop.

Alse,FT=FA+F5+FC+FD+F,___
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Algorithms cont.d

Stoichiometry:

do not copy write the
equations clearly -2

r»ﬁ
1}
<ﬁ
B
'FI-Y

Where: p = PLreptesems pressure drop.

Alse,FT=FA+F5+FC+FD+FE

A= =N
Algorithms Cont. A= 3uz00ei’a0 _ g 5o
length, z ='—‘:#= 7.02m

Weight of catalvst. W
W= Ap(1-©)z

W =10.29 x 1600(1-0.4) x 7.02 = 1920kg
Mass velocity, G

45

€ =33

G = 15.86kg/m’s

B = G(1—©9) f150.'1—0;-u + 1. 756]
s gsepe'|l ?P,

— 15.86(1—0.%) { 150(1—0.4)7.5-10 " + 1 75[ 15. 86)]

1.25.56-0.0381-0.4" 0.0381

B

=424045%

18
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Polymath Code

¥ Beport

“ oW o » | [AKFas ~| I Iable W Giaph
| Differenitial Equations 6 | Auikay Equations: 43 '~ Feady lor solution

W CHEG 3306 Final Project
# Objective 1

# Group 1

# Janena Perry

# Oluwatumininu Alade

# Erron Williams
# Dr. Nabila Sh

W Condition
T = 330 # 18t simulation Intial Temperature entering reactor [K)
P = 40 # 15t Simulation Initial Pressure entering reactor [atm)
Fto = 300 # Total initial molar flow rate [mol/s)

R = 1.987 # Gas constant [cal/mol*K]

Po = 40 # Assuming lnobaric

To = 330 # Assuming Isothermal

# Reactor Equipmant Data

cbvf = 040 # Ca oid fraction

pc = 1600 # Catalyst density [kg/m*3)

di = 0.0381 # Tubs inner diamaeter [m]

do = 0.042 # Tube out diameter [m)]

U = 631 # Overall heat transfor coefficiont [W m*.1 K~1)

0 as)
[Nth = 260 # Number of tube xchange:

¥ Constants

K1 = (131667 * ((0.001987 * T) * 2)) * exp((30620 /R) *((1/T)
K2 = (103943) * exp{(9834 /R) * ((1/T) - (1/298))) # [dm3/mol]
k1= (0.933 " 10 * -6) " exp(2.6 * ((31400 / R) * (1/ 330) - (1/ T))) # [dmb/s" mol*2]
k2 = (0.636 * 10 * -6) * exp((18000 / R) * ((1/ 300) - (1/ T))) # [dmI/mol]

(1/298))) # [dm6/s*mol*2]

19

Press Cntlv

-0
Fh20(0) = 40

# Mole balances

ge « 1 ¥ grantational constant

(po* e *Dp”ecbudr3)* (150 * (1-ctv)* Ve /Dp + 1.75 * G) # Constant based on packed bed [Pa/m]
4

kprimaZ = k2 / pb

# Concentrations in [mol/dm3)]

[Cco = Cto * (Fco/Ft)* (P/Po)* (To/T)

(Cco2 = Cto * (Fco2 /Ft) * (P /Po) * (To/T)
ICh2 = Cto * (Fh2/Ft)* (P /Po)* (To/T)

ICh20 = Cto * (Fh2o / Ft)* (P/Po) * (To/T)
ICch3oh = Cto * (Fch3oh / Ft) * (P / Po)* (To / T}

S=Cch3oh/(Ch20+Cco) #Selectivity

Ft = Fco + Fco2 + Fh2 + Fh2o + Fch3oh #Total Molar flow rate

B CHEG 3306 Fing Proje
# Checthe 34

i Croup 1

# danena Peny

t Olowatumin
t Emon I
i D atla Shamim

i Condtons
1T =300 1t simuabon Inil empe

calmal’]
Po=40% 15 Simulzcn i Passre emering eacor (2!
ITo= 40 Assunng suemel

# Prassue Crep
3 )= {elpha 2" p)*(T/Te) " (Rt Fho
=1

20

i lnena Pemy

i Qunatumnny dace
B Emon \ilizms

HCr Natiz Stamm

ot doo
fow ol

R= 1967 Gas constat zalmol
SimJehon nlid Pressine ety raclr [

W Fressue Crop
Apd\W) = agha 2 pl
ll=1

127



21

o

13723000
7.650318

racamal value Final value|

w0,
$7.2:300%
7.650318

|51.70054
3935006
HO.AAI1S

10.7417640

(147727
|0.2030011
|16.14724
2264994
1.

3.705€ 104
0.000318

1477.17
0.2020011

[16.14724

2204994

1.

|3.795€109

|0.000318
960,

Results cont.d

Table 2

o

Veeriable Tonitial value Piniseal value PMaxiosal vealoe Final valoae
i
o.

1920.

Graph1

[CC

(255073 25.51127
(2751798 2.751748
o 57.24566
39.99741

reoz
P
ehf
pc
&
“do
v
=
15 nth
|16 ntx
|17 ma
EER
19 Po
20 To
21 ma a6 4.6 a6 a6
22 Ac o. lo. o lo..
23 G 32.07013 32.07013 32.07013 32.07015
129 lyn 9353308 9.354498 l9.354408 ©.3534998
1)5 = 16.14724 16.14724 |[16.14724 (16.14724
|26 po 0491742 |0.491742 [0.491742 (0.491742
[27 lox 1. 1. J1. 2.
128 Bo 1. Az 1. 1.
129 alpha 0.000318 0.000318 0.000318 0.000318

‘4.276018 6.915033

‘2.310505
6914621

Graph 2

R o S

128



23

24

Results (Optimal Conditions)

. Temperature Pressure Selectivity

| 330 | 40 - 1.10

| 380 | 1 1.34
3060 1 1.20

I 370 I 1 1.40

EC T R R
371 1 1.41

. 371 - 5 - 1.495

l 371 20 1.4997

. 37 - 40 - 1.49986

Results (Graph)

No Title

20062

Temperature Pressure l Selectivity

369 40 I 1.49988

365 40 | 1.49992

350 40 | 1.50007

340 40 | 1.50106
[ e
339 40 1.50135

1.80E2

180E2

14082

12062

10082
B.00E-1
B.00E=1

400E1 [ \

20081 |4

Q.00ED e

0.00E+0 1826-2 3.4E2 5.76E+2 THEEZ BEOEZ
w

1.156+3 14853

1.54E43 173643

18283
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» Trial & Error Method used to find the highest selectivity for Optimal
Conditions

» Pressure and Selectivity are directly proportional

» Optimal Temperature Varied at different pressures

» Pressure Drop decreased selectivity of trials by arange of (4-15%)

This project consisted of the methods necessary to design a packed bed
reactor used for methanol synthesis.

The materials used to evaluate the necessary design criteria mainly consisted
of trial and error using the polymath coding software. The second task within the

problem statements required that the reactor operate under isothermal and isobaric
conditions.

These conditions are much easier to evaluate using the polymath software
since most of the assumptions allowed for less calculation.
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Executive Summary
Methanol Synthesis Synopsis:

Methanol is frequently wsed as an energy source that is derived from renewable
resources, The chemical formula of Methano!l is (CH:0H) and it is a colorless, volatile, and
flammable liguid. Methanol is produced by the hydrogenation of carbon monoxide/'carbon
dioxide at relatively high temperatures and pressures using copper-based catalysts. To
efficiently synthesize methanol the selection of a good catalyst is necessary; an ideal catalyst
would be one that produces a high amount of carbon menoxide conversion and a significant
amount of selectivity of methanol Hydrogenation reactions are exothermic and require
specific temperature and pressure manipulation. The high reaction temperatures will cause
the thermodynamic equilibrium constant (k) to decrease as the temperature increases, as they
are inversely related. Packed Bed reactors are the most common type of reactor used to
synthesize methanol; the same reactor will be used for this report. An overall analysis of
methanol synthesis will require an understanding of heat transfer, energy transfer, and mass
transfer.

Introduction:

There are several economical uses of methanol. Methanol 1s commonly produced for
fuel production in vehicles and ships; and is found in everyday products such as paint,
plastics, and adhesives. There is an increasing demand for the development of sustainable
methanol synthesis. The general process of the heterogeneous catalytic hydrogenation of CO2
to methanol will be used to describe methanol synthesis at a base level.

The first reaction involved in methanol svnthesis:
1) C‘%ﬂf:—_" CH,0H
The combination of carbon monoxide and hydrogen gas is referred to as
metgas(derived from steam reforming of fossil fuels). This met gas is passed over a
copper-based catalyst (Cu/Zn(/A1203) at high pressure (5-10Mpa) between the temperatures

(473K-573K). This reaction is exothermic and releases heat which causes a negative
enthalpy.

The second equation is the reaction in which methanoel is synthesized from C02; this reaction
15 less exothermuc and includes a secondary reaction (reaction 3).

2)C0,+ 3H, == CHOH +H]
3) €O+ H, ==¢0+Hy

The generation of methanol is usually through the hydrogenation of C02
contained in svngas. The differences in the synthesis of methanol from pure CO2 or syngas is
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determined by the differences in exothermicity of both processes. The tvpes of catalysts that
are best uzsed to produce methanol efficiently are discussed later in this report. The
compositions and chemical properties of the catalvst can create different conversion amounts
of methanol.

1.1 PROJECT OBJECTIVES:

1. Discuss the commercial application of this reaction in terms of the overall process,
eConomics, process conditions, reactor types and configurations tvpically used, type of
catalyst, typical conversion and end-product usage.

2. Aszsuming isothermal and ischaric conditions, determine the entering conditions of
temperature and pressure that will optimize the production of methanol. Hint: Do this by
conducting several simulations at discrete combinations of To and Po. Firsttry To =330 at Po
=40 atm, then trv To= 380 and Po=1 atm)

3. Carry out a detailed reactor design of a shell and tube reactor for the optimal feed
conditions determined in part 2. Pressure drop and non-1sothermal effects are to be taken into
account. The shell side temperature can be controlled by adjusting the steam pressure and
mavbe assumed constant at a value specified by vou. Physical property estimation sources,
techniques, and assumptions should be clearly presented. The design should include the
following:

o the reactor dimensions and a number of fubes

o the reactor conditions; including composition, pressure, and temperature profiles (as a
function of reactor length).

* A mechanical sketch of the reactor should be included.

4. Determine the effect ofssasations in:
* ratio of feed H2 to CO

= ratio of feed H20 to CO,
= assumed heat fransfer coetticient, U

1.2 PROBLEM STATEMENT:
s hP&catalyst has been proposed for the svnthesis of methanel from carbon monoxide and

trir/’eu gas. This catalyst is reasonably active between temperatures of 330 K to about
400K |

137



The reactions to be considerad are:
CO + 2H: —CH:0H
CO+H:0 = COz+H:

The reactions are elementary and occur in a reactor containing tubes packed with a precious
metal catalyst on a silica support. Heat is removed from the reactor by generating steam on
the shell side of the tubes. The feed consists of 7 /15 hydrogen gas, 1/5 carbon menoxide, 1/3
carbon dioxide, and 2/135steam. The total flow rate is 300 mol.s™. The entering pressure may
vary between 1 atm and 160 atm and the entering temperature is between 300K and 400K A
total tubular reactor volume of 20t is to be used.

1.3 Overview:

This project is centered around the svnthesis of a non-consumable alcohol called
methanol. We will be using a packed bed reactor to synthesize this alcohol (methanol) at
given conditions considering izobaric, isothermal and pressure drop conditions. Although
multiple catalysts can be used to catalvze this process of synthesis, we have been given
the responsibility to select the most suitable catalvst for this synthesis. In this project, as
vou read along, vou will see the calculations and equations that were vsed in the process
of reaching our objective

1.4 Meeting Summary:

Date of Meeting Discussion

4/19/22 General discussions of project

4/23/22 Delegation of tasks to group members

4/30/22 Individual update on progression of project via zoom
5/2/22 Selected group leader to submit project

3/6/22 Final editing and submission

when did you have meeting with instructor?
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Reactor System Design and Assumptions:

igure 1.2 Schematic Diagram

."".. -H'.
Heatl ; .--"'-.'#'I
Eating gas cwtput g

Catalyd pellets

I
_—
=
Tube wail
Heating ga= input |
'}u oy
- . N
BT g CHOH ./ o0,
-
f CH,OH D waper Catalyst peliets

Figure 1.1 Displays a packed bed reactor with multiple tubes designed for methanel svnthesis

Reactor dimensions:

Reactor equipment data:

» Catalyst bed void fraction: 40%

» Catalyst density: 1800 kg.m—3

= Tube diameter (1.d.): 3.81 em

» Overall heat tranzfer coefficient: 63
= Tube diameter (0.d.): 420 em = 0.042m

* Shell side water temperature: 373 K

= Catalyst particle size: Smm

» Average gas vizcosity, assumed constant over all temperature: 7

* Number of tubes in the heat exchanger: 250 tubes
Temp range = 300K to 400K
R =188Tcalmol-1. K -1

Pressure range = latm and 160atm

]

=
LS 2.5
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Reactor volume = 2m3

ASSUMPTIONS:

— STEADY STATE

— NOFPRADIAL VARIATIONS IN CONCENTRATION, TEMPERATURE, OF
REACTION RATE

— BEACTION TAKES PLACE ON CATALYST SURFACE

Additional problem information:

Thermodynamic and rate data T 1= in Kelvin, but B = 1 987
calmol™ K ™. The subscript 1 refers to the methanol reaction, while subscript 2 refers to the
water-gas shift reaction. V =40 dm’

30620

- HE

K, = 103943 exp Expl:gs':'_ (+-= ‘:.}

K, = 131667(0. 001337T) exp Exp[

. = 31+nu 1 1 i\ -1
k, = 0.933x107 expexp[z 5(. [550 - ) [WJ 5 ]

Chemical Reaction Engineering
UsingF, =F xFr.tocalculate forA. B, Cand D

F1.=Fe. =+ % 300mols = 60mol’s
Fao=—= x 300mol’s = 140mol’s

Fo, == % 300mol’s = 40mol’s

p ==
m, is calculated below:
Molar weight of A (CO): 28kg'kmol = 0.028kg'mol
Molar weight of B (H.): 2kgkmol = 0.002kg/'mol
Molar weight of C (CH;OH): 32kgkmol = 0.032kg'mol
Molar weight of D (H,O): 18kg kmol = 0.018kg'mol
7

140



Molar weight of E (CO): dkgkmol = 0.044kg/'mol
my = 0018 x 40 = 0.72kg's for H,O

m, = 0028 x 60 = 1.68kg's for CO

me,=0.002 x 140 =0.28kg's for H,

me. = 0.044 x 60 =2 64kg's for CO.

Total initial mass flow rate = (1.68+0 28+2 64) kg/s = 4.6kg/'s

P

&
Cro ~ AT,

= 4 —nm mal,
€10 = Tara0am am—=—k 1624890

IfFTrJ - 1"T'.h'i"un

Given: Fro= 300mol's

F 30022 m’

y = oo - PP
v, = f-m— 0.185-20.2=

Total initial mass flow rate = (1.68+0.28+2.64) kg's = 4.6kg's

Also, density p, can be calevlated as follows:

Given the following equation below we can deduce the mole balance and rate laws as follows

Equation 1: CO+2H, & CH;OH
A+2BeC
Equation 2: CO+H.0= CO+ H,
A-D<=E+B

Mole Balance:

dF.e.
—_—=r
al A
aF n
F — '
aw — g
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Rate laws:
The rate laws are as follows:
ry;=-K;C,C5’
14;=-K,CyCp
Net rate: T4 = Tyma = Ta17 L2

fz = Tzpe = -K1CaCs” = KyCaCry

I = K:C .-"LCD
Relative rates:
For equation 1: Ta=Z =1
For equation 2: fa7=-1p =1g=Ip
Stoichiometry:

(5 =

€g = Cm'lf} "F,

F__ ]

Cf = CT':'?.-].Tc
tE Y

P R B

€ = S .F_] E

(). =
Cx = Cro| 7 T

Where: p = girepresents pressure drop.
o

AIEG=FT:F$+FB+FC+FD+FE

142



Combine:

o
b

ks

. C
For A (COY: ky(CaCs™ -5 - ka(CalCp- )

N cLl
].'_EII B (H_:I -klI:C_:L'CE' - K. :I T k:[c_ﬂ:ﬂ -T ]

. c
For C (CH:OH):  ky(CaCs -5

cr
For D (H:O): *(CaCo-50)

e
For E (CO.): (CaCr-5)

Eeactor equipment data:
» Catalyst bed void fraction: 40%  « Catalvat density: 1600 kg.m™
» Tube diameter (1.d.): 3.51cm *Overall heat transfer coefficient: 631 Wm—1 E-1

* Tube diameter {0.d.): 4.20 cn = 0.042m + Shell side water temperature: 373 K

* Catalyst particle size: Smm  » Average gas viscosity, assumed constant over all temperatur

T3=10-6Pas

= Number of tubes in the heat exchanger: 250 tubes

The reactor equipment data are az zhown above. We will vse 230 tubes and 2m*for this proje

S0 M,= 230 tubes, Volume = 2m°

Cross sectional area can be caleulated using

wd
A= =N
3.142-0 E'33'.= Z50 <
A= n 0. 29m
length, z = = E = 7.02m
Weight of catalyst, W
W= Ap(1-0 )z

W=029x1600(1-0.4)x 7.02 = 1920kg

Mass velocity, G

10
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1

b

G=ou=—

G = 15.86kg/m’s

5(1-g) [ 150(1-g)u

o

158&[l=04)

P

[ 1sor1-04175107"

1
1-75. 560038104 L 0o3eEl

E

@

— Fa
=4240.4>

+ 1, ?SE]

+ L.75(15 Bﬁ-]]
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2.3 Modeling Using Polymath (Inputs)

gy b [E W | [AEFss =] [ Jae W Gaph ¥ Bepot  press CntheGC to Abort
| Ditereniial Equation:: & | Audlay Eguations 43 |~ Rsady bor sakaion

W CHEG 3308 Final Project

Objactive 1

# Sroup 1

Janaria Panmy

CHuwatuminanu Alade

Erron Wlliams

D, Mabila Shanmiem

W Conditians

= 330 # 1st simulation Inftial Tempearature entanng reactor [K]
P = 40 # 15t Simaslation Initial Pressune entanng reacior [atm)]
Fto = 300 & Total mitial molar flow rate [molis]

R = 1.987 # Gas constant [calfmol"F]

Po = 40 # Assuming Isobanc

To = 330 # Assumeng lsothermal

W Reactor Eguipment Data

bed = 04D ® Catalyal Bed vaid fraction

pc = 1800 ¥ Catalyst density [kgfm®3)

| = 0.0381 # Tube inner dismetar [m]

do = 0.042 # Tube out diamater [m]

Ll = 631 # Orvarall heat transfer coaficlent [Womd-1 KAq]
Dhp = 0,006 # Catalyst particle size [mi]

e = 7.6 * 10 # -6 # Average gas viscosity [Pa.a)

Mih = 250 & Mumber af tubes in heat axchangsr

W Conglant s

1 = (131867 ~ ((0.00198T * T) ~ 2)) * exp((I0620 7 R) ~ ({14 T) - (1 / 208))) # [dmbis*mal=2]
K2 = (103943 * exp{(9834 / R) * ((1/ T) - {1/ 298)1) # [drmIimal]

k1 = (0,933 * 10 * &) * oxp(2.& * (31400 / B = (1 / 330} - {1/ Ty} # [dmbis"moin2]

k2 = (0.636 * 10 = -6) * exp(18000 / R) * ({1 / 300) - (17 T)}) & [dmIimel]

Maole Balance Valuas

Feail) = G0
Fochighid) = 0
Fh2a{d) = 40

Maole balances

(Fh2W VW) = rh2 @& hydrogen
(FeoldiVW] = rea & Carbon monoside
(Feh3ahid(v) = rch3oh ® Maethanal
IFh2old W) = rh2o # Water
(FeoZWd(W) = rco2 # Carbon Dioxide

Auxilary Calculations

mao = 4.6 & Total initial mass flow rate [kg's]

=Mtk * 3.4 ° (di = 2 7/ 4) # Cross aectional ares of reacion

Cto = Po f ((B.2057 * 10 » -5} * To) # Initial concentration [molim=3)
= Fio / Cle # Inital valumatric fow rate [me30e)

LrB4 | Kirwstics Final Proct Code pal | Ho Tabs
330 A BME/2022 | CAPS | RLM

Figl.2. Algorithm as abstracted from polvina

12
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Algorithm for pressure drop

Difmimriteal E qusticons: 6 I.ﬁ.l.lﬁ-_v Equsticny: 43 | w* Fissdy for cobsbon

W LHE G 3306 Final Progect
# Objective 2

# Sroup 1

W Jansnas Perry

W Diluweaburmaninug Alade

# Emman Williams

# Dr. Mabila Sharmim

W Condilions

T = 300 & Fnd = iation Intal Temperature entenng resctor [K)
P o= 1 @ 2o Sirm ian Intial PMressurs solenng rescior [atm)
Fra = 300 # Total initial molar Now rate [molfs)

R = 1987 # Gas consiant [calfmol™K]

Po = 1 # Assurning leokwnc

Ta = JIB0 # Asdumaeng lscthermal

# Reacior FEquipment Cats

ckrd = 0,40 # Calalyst bod void fractisn

po = 1600 # Catalyst density [kg/m*3]

ol = O OIAT & Tubss irvver chismmstsr [m]

ey = 0042 ¥ Tube out diameter [m]

U = 631 # Cwvarall heat transfer cosMoisnt [VW ma-1 K1)
Op = 0008 # Catalysil particls size [m)]

WVee = 7.8 * 10 ~ -8 ¥ Average gas vecosily [Pa. e]

il o= 260 & Mumibedr of tubes 0 hesl esohanger

N CConslants

KA

K2 = (103043) * oupd (D034 # R (01 7 Th- (% F 208))1) ¥ [dem3rmol]

K1 = (0.3 * 10 * -8) * expd2.8 ° (31400 7 ) * (17 330) - {17 Tii & [denllds mols2)]
K2 = (0,830 * 10 * 8) * @ 10000 / R} * ({1 / 300§ - (17 THi) #@ |adimdiieal]

N Mola Malanca Vsluas

FiE(0) = 140
Femsil) = &0
Foldakd) = 4
FhdadQ) = 40

W PAnie A e
L FRZ AV = rhE W Bydiogen

e oo diVW) = roo ® Carbon monosiode
ol Fakidak ) Adi{W) = roh3oskh 8 BailEono
L FhZ2opdivW) = 2o @ Waler

Moo ydiVvi) = read @ Carbon Dioxide

W Ausilary Caloulations

o = 4.8 # Total intial mass Aow rote [ko'el

gy = Bl 3 N T i 2 27 Ay i mwoliornel sres of rescion

Cio = Pa / ((B.208F * 10 * 6) * Tao) i@l concerdration |molim=1]

Fira / Cto # intial valumetnse fow rate [red i)
™ -~ - ' " i~

Ll | Eisstics Fiss aesl Code pal | Ba 1ils
camad | Rsree Doaen [raiiea

Figl.3. Algorithm for pressure drop

Results
3.1 Data tables

JVEET * ((0.00198T * T) * 2)) * exp((JDEI0 / A * ({1 /Ty - {17 208))) # [dimds mal>2)

did not show polymath graphs -4

Inlet temperature (K) 330K

Ohstlet temperature (K) 360K

Inlet pressure (Pa) 40

13
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Outlet Prezsure (Pa) 60
Maximum tube-side temperature (K) 373
Location from inlet of maximum 19
terperature]m)
Methanol production rate(kgs"-1) 0.629
Beactor length (m) 7.02
Total inlet concentration CTo at 330K 1624 89
Eate constant, k1 at 330K 0 33x10°-7
Equilibrivm constant Ke, 1 at 330K 37395
Bate constant k2 at 330K 0.0x10"-6
Equilibrinm constant Ke, 2 at 330K 20770
Heat of reaction 2 at 330K -42.98
Heat of reaction 2 at 330K -19.51
Table for results
Beactor in and out
Flows(mols"-1) 196.58
Prezzure (Pa) 40
Temperature (K) 330
Feo 0.039
FH2 0.189
Feo2 0.308
FH2(Q 0.2

Table for reactor in and out

4. Tazk 1/ Dizcussion:

The requirements of this project entails the process necessary to determine the overall
process, economical uses, reactor types, and configurations necessary for the optimal conversion

14
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of carbon dioxide necessary for methanol synthesis. The general requirement is to consider a
packed bed reactor that will operate isothermally with constant pressure. The initial requirements
of the reactor operated with a temperature and pressure of required of 330C and 40atm. The first
polymath code in this report represents the values that correspond to the reactor without pressure
drop. There were several attempts made to run the polymath algorithm using the differential
equation software,

Task three of the report required that the reactor operates with the effects of pressure
drop. The second polymath program ran with these paraments and several values were altered
after the pressure drop was considered. The program did not ren until the correct correlation of
final pressure and initial pressure was defined within the program. In order to run the polymath
software, the term representing the ratio of partial pressure to initial pressure was rearranged
with respect to the final pressure. The code was then able to correctly represent the effects of
pressure drop within the packed bed reactor,

Catalyst Selection;
Table . Effect of Zr om the activity and selectivity for methanol synthesis on Cu-#n-Al-Zr catalysts
(523 K and 5 MPa) [70),

Selectlvity 6T mol%)
Sample Alomie Ratle® Cu®® Znf Al @e™ 00 Comvemion (%) CHyO0 Yield (umol mL-! b))

CHH [N
Cal HTab Ehid m3 LT EN] 423 577
Cal.HTe-2 2:10940.1 218 a7 LEE] S
Cial HTws? FR R K] s 4l ard Lr
Cal TR A RVLE L] %45 Lrp ) 440 L]
Cal. HTs-7 2103407 153 7 1 L0

& Mowminal atomic ratio i the synthesis mixhine

Copper-based catalysts are best equipped for the synthesis of methanol. The typical
configuration of the catalyvsts that are used for this reaction contains copper, zine, and
aluminum; they are commonly referred to as Cu/Zn0/Al-based catalysts. In the table above
the catalyst that has a high amount of aluminum grants the highest selectivity to methanal,
while also having a higher C02 conversion. The catalyst chosen for the purpose of designing
a packed bed reactor capable of synthesizing methanol from carbon monoxide from
hvdrogen gas 13 the catalyst Cu/Zn0/A1203.

The catalyst Cu/ZnQ/Al203 can operate between the temperature parameters of
J00K-400K. One of the reactions that take place with methanol synthesis is considered a
water-gas shift reaction due to the presence of H2, and this catalyst iz capable of catalvzing at
low temperatures.

Since the reactor type i3 a packed bed; the mole balance algorithm for isothermal and
isobaric packed bed reactor with the presence of a catalyst was used to correlate the reaction.
were followed in order to correlate variables needed to The algorithm for a packed bed reactor
wasz followed meticulowsly to determine the feed conditions fo H2, C0, and H20. The
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3. Reflection’ Conclusion

This project conzisted of the methods necessary to design a packed bed reactor wsed for
methanol syathesiz. The materials used to evaluate the necessary design criteria mainly consisted
of trial and error using the polymath coding software. The second task within the problem
statements required that the reactor operate under isothermal and isobaric conditions. These
conditions are much easier to evaloate using the polvmath sofbware since most of the
azzumptions allowed for less calculation.

The polymath coding scftware created several setbacks due to the immensze amount of
numerical values and reactor specifications and constraints. The initial calculation was
considered by the standard algorithms vsed for a packed bed reactor. However, after the
algorithm was vsed there were different unit conversions, process modifications. and additional
tasks necessary to complete all of the essential caleulations necessary to complete the final code.
Once the polymath code was able to run there were 30 many different variables that appeared to
be too small or too large given the data set. The resuelts mentioned in the discussion portion of the
report contain graphical data that was created vsing the polvmath software, and each graph
represents the molecular flow rates and concentration across the weight of the catalyst.
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Executive Summary

In this project, our team was required to design a shell and tube packed bed reactor for methanal
synthesis. We used Polymath rather than MATLAB to do this assighment due to the simplicity of
the software along with the group’s comfortability level. To complete this project multiple tasks
must be done. First, we must discuss the economic side of things as it relates to our overall
process along with the different conditions of the process and the characteristics of our catalyst.
The next thing that had to be done was to determine the entering conditions of the temperature
and pressure that would optimize the production of methanol for our system.

The next thing we had to accomplish was to go through with the design process of our shell and
tube reactor while following the optimal feed conditions set in place, During this part the
temperature in the shell can be changed by adjusting the steam pressure to different values. In
our design the things included are the reactor dimensions/'number of tubes, the reactor conditions
along with its composition pressure and temperature profile, and a mechanical sketch of the
reactor. While accomplishing this part of our tasks, we also must determine the effect of the
change in our ratio of feed for Hato CO, ratio of feed for H20 to CO, and our assumed heat
transfer coefficient, U
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Introduction

1.1 Ohbjective

>
>

>
>

To demonstrate vour understanding of designing a packed bed reactor.

Show that you can calculate the required design taking heat, pressure drop and changing
physical properties into account.

Design and create a plan of action that you will follow to achieve your goal

Tao reflect afterwards on your group’s progress and judge how you followed vour plan

1.2 Problem Statement

A new catalyst has been proposed for the synthesis of methanol from carbon monoxide
and hydrogen gas. This catalyst is reasonably active between temperatures of 330 K to
about 430 K. The reactions to be considered are:

C0 -+ IH; ——CH:0H

CO+H0 «—— COr~-Hz

The reactions are elementary and oceur in a reactor containing tubes packed with a
precious metal catabyst on a silica support. Heat is removed from the reactor by
generating steam on the zhell side of the tubesz. The feed consists of 7/13 hydrogen gas, 1%
carbon monoxide, ¥ carbon dioxide, and 2/15 steam. The total flow rate 1= 300 mols -1.
The entering pressure may be varied between 1 atm and 160 atm and the entering
temperature between 300K and 400 K. A total tubular reactor volume of 2 m”™3 15 to be
used.

1.3 Overview

This project, our team will identify, develop, design, and caleculate the missing valnes provided in
the problem statement. Next, we will choose the best suited catalyst for methanol process
reaction. Then we will calenlate using polymath as our program to find out the desired product
of the reaction. Finally, from gathering literature resources and calculating the objectives, we
will be able to create and vtilize a packed bed reactor to find the outcome for methanol synthesis
pIOCess.

1.4 Update Meeting Summary

April 18- Discusszed the lavout of the project

April 23- literature research and begin polymath
May4-Begin editing the letter report

MMay 6- Finizh the letter report and find results for polymath
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Methods

2.1 Reaction System Design and Assumptions

Rigsaectnnits:
Azzumptions:

Hestet 1 Steady State
LWL 2. The reaction i3 isothermal
[ T “Huannonnm 1 - - . R .
HHHFEHHT 3. No radial gradient in concentration, temperature, and
—————— 4 Heatin
reaction rate

Figure 1: Packed Bed Reactor

{P

Figure 2: PER Gas-Fhass Diagram

In Figure 1: Packed Bed Beactor design depicts the methanol process we will be using to find in
and cut flows of our reaction. Thiz image shows the catalytic membrane flowing in to out to
acquire the final desired product; By assuming we have 230 tubes in the heat exchanger. the
reaction will be under isobaric and izothermal conditions. From Figure 2, a schematic gas phasze
diagram of packed bed reactor indicates the process caleulations of the methano] process.
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2.2 Chemical Reaction Engineering

Mole Balance

dFd

W =rd
dFE .
aw =T
dFc
dW e
Rate Law

T = K0

T =Rl

ooy = K00 _ip:'

# Ty = Kl
EE PR A A

— rlcf
FoooTp = R0 - ra )]

Stoichiometry
Fa

C,=C
A O -F;l'
Fa
Fr

F
€= E,,:F—;P

P

1'.'; = En: P

dp _ @,
dH'__Ep‘i_m

£ = Varl
FA=FAD1-X
FE=FBO{1-1n
FC=FCO1-1)
FD=FDOl-X
FU=FUOL-1

FD
o= E'I'ﬂﬁ.?

FU
= ﬂﬂﬁ}"

FI=FA+FB+FC+FD

to calculate pressure drop calculate alpha and

beta -5
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Molar Flow Eates

i 1]
HFy=—+300 =140

CO-Fy = 1 300 I—Gﬂ !
Fr=35" g g
i mol maol
COFg :E = 300 z = Bl ——

2 ol rrol
Hz0Fc = =300~ — = 40—

2.3 Modeling using Polymath
[P i = HE F vl Bow ratn oF H2

FHan=T

AL e W) = o0 i B vl 0! CO0

Fodi =3

R HAH Y = aIHIO0H & ralar ow et of SO
FeOee = i

P = 0 8 ok e e ol o0
U0 - 2

AFSC TR Aol = FE & oy s e o D02
FCOai=1

FT = FI0 « FHE + FCHB0H « FHIO » FOOE
=l 00 EHY F- CCHIOH 1 K|

3= i = 00 CHY 3 - G000 - Y Ky

I# rmombmn 1 tmurd aurg P berpestae 1 Pt

et I 0 e O T - 0T

o2 = BT ) OO BT (1O T

7 KIWET LAY " T)° 2 o JOR20 1907 (11T 1/ 280
R R R

[T = 3602 Tl it

D0« -l
Hif e 3l
W= B

W =

FHIOH =l
PET =
Feoy =g

ool = CTe = FCOFT p

orth = CTe = (FHI FT) = p
DEHICH = Ca* JFLHIOH T p
- iR FT) v p
G =T O FT) " p

K/ = alpa | 3 1 FT ¢ FTg
Joolr = 18 kol o

L}

La? |kaRe balie
AP B TR [

Figure 3: Polymath algorithm

dipyd(W) = -alpha / (2 * p) = (FT / FTo)
p(0) = 10 # optimal pressure

FTo = 156 # inithial flowrate

V = 2 # reactor volume

CTo=FTo/V

alpha = 0.002 # check for correct alpha
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1.1 Data Tables

Results
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Table 1: Tabular Information

1.2 Results

|

Figure 5: Variable Information
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15r2=k2 ™ (CCO ™ CH2~2-CCO2 * CH2 / K2)
16 iCO=-r1 -r2

17 rH2=-2%r1+r2

18 rH20 =-r2

19 rCH30H = r1 check polymath coding , the
20 CH20 = CTo * (FH20 / FT) * p INcrease was very Sharp. Itis
21 rco2 =12 not optimized condition -3
22 alpha = 0.002

check for correct alpha

Figure 6: Variable Information continued

(3¢ ot Lirapk, Schaion i
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Figures 3-7 and Table 1 shown above both show the algorithmsa
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Overall Process

The process of methanol syatheszis offers many challenging opportunities for sustainable
development For starters. methanol can be used as a basis to produce many different chemicals
such as acetic acid, methyl tertbutyl, and dimethy] terephthalate, etc. In the overall process
methanoel is produced by mixing CO, COz, and H: while using copper and zine-based catalyst.
These catalysts are usually active around 200 degrees Celsins.

Economics

The market for Methanel (MeOH) will be increazing in the next few years. Syngasz, which is gray
MeOH, iz vsually wsed to produce methancl. When performing Methancol synthesis engineers
have to take production costs ito account. The production costs include both the operating costs
and the material costs. The capital costs are comprized of the cost of the MeOH synthesis reacter,
compressor, distillation, and the supplementary cost. The cperating costs consist of the raw
material costs, electricity, labor, maintenance. Etc. All these different costs must be considered
when choosing the right kind of reacter and chemicals for use.

Process Conditions

x —
F Sy
[ \ | s =
-
[ ] B il i
b 4 water )
‘ﬂ
Cmiaiy e e F 54
I =4 |
i (ol feed)
Alimiem iy W omiler cuashed rmn Casasbrel
B @i vy o Hr morfor

{b)

161



11

In mest proceszes involving methanol synthezis the methancl is produced at pressures ranging
from 30-100 bar and 230°C-300°C. In cur process our T started at 330 and cur Py started at 40

atm. During the process we tried to raize the temp to 330°C and lower the pressure to 1 atm.

Beactor Tvpes and Configurations
In this project our team decided to vse a water-cooled reactor as it showed advantages in efficient
heat removal, low hot-spot, temperature, and a relatively wide range of mnlet temperature for

control.

Tvpe of Catalvst

The greenhouse effect of carbon dioxide has been recognized to be cne of the most serious
problems on earth and several countermeasures have been proposed so far. The idea of choosing
a catalyst for the synthesiz of methano] from carbon monoxide and hydrogen gas iz essential.
From gathering data and reading journals, our group decided to pick Cu/Zn0-based catalysts.
Cu/Zn0- based catalyzt research from “Development of copper/zine oxide-bazed
multicomponent catalysts for methanol syothesis from carbon dioxide and hydrogen”™ suggest
that the multicomponent catalyst developed i the present work is very stable for a long period in
continuous methanol synthesis operation therefore it is best suited for this project as the catabyst.

Tvpical Conversion and End product usage

Methanol is made vsing high selectivity, however there are a few amounts of side products
formed. The methano] synthesis typically conduets around 200 C and around 4 MPa. The

maximum theoretical conversion iz between 60% to 70% conversion.
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Reflection/Conclusion

Our team had encountered obstacles such as deadlines for other assignments. Sticking to the plan

accurately was not achievable, however we were able to accommodate by comparing our

schedules and trying to make up the davys that we mizsed to meet. This included meeting on the

weekends and working early in the momings to compensate for the missing days. Ifthere waz a

way to restart this project, our team would outline the pricrities and have this project marked as

our top prierity. In this project, we learned how to manage cur time wisely, work as a group and

team and manage priorities at the last minute. We alse learned the importance of creating

deadlines to improve our work efficiency. In conclusion

5]
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