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Part I: Process Design Part Il Plant™Design

Chapter 1: Introduction Chapter 13: Equipment design
Chapter 2: Flowsheet development Chapter 14: Pressure vessel design
Chapter 3: Utilities and energy recovery Chapter 15: Reactor design

Chapter 4: Process simulation Chapter 16: Separation processes
Chapter 5: Process control Chapter 17: Multistage columns
Chapter 6: Materials of construction Chapter 18: Solids handling processes
Chapter 7: Estimating capital costs Chapter 19: Heat transfer equipment
Chapter 8: Estimating costs of production Chapter 20: Plant hydraulics

Chapter 9: Economic analysis

Chapter 10: Safety
Chapter 11: Plant layout and environmental impact

Chapter 12: Optimization

Note that most of the problems involve design and so have no single unique answer. Credit should be
given to students who have followed the right method and found similar solutions. Indeed, the
probability of any student independently coming up with the exact answers given in the solution set for
more than a few problems should be vanishingly small and this event should cause the grader to be
suspicious. The “optimal” solutions presented are usually not numerically optimal and are merely close
enough to optimal to be good enough for engineering purposes. This reflects the optimization
philosophy described in Chapter 12.

When teaching design, I usually do not give the teaching assistants prepared solutions to the homework
problems. I find that if they have to work through the problems themselves they are much better
prepared to help the students. They are usually not too happy about it, but it does them good and builds
character.
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Chapter 1

Problem 1.1

There are many possible correct answers to this question and it can be answered in varying levels of
detail. The key steps that should be included for each process with typical required times are listed
below. The project plan can be sketched using a spreadsheet or drawn up using a project planning tool
such as MS Project (as in Problem 1.2).

a)

b)

d)

e)

A petrochemical process using established technology, to be built on an existing site. Since the
technology is established, there will be no need to generate design concepts and carry out R&D.
The steps are then:

Set design basis (1 week)

Evaluate economics, optimize and select design (typically 10-30 weeks, depending on project

scope)

Detailed design and equipment selection (typically six months to one year)

Procurement and construction (typically one year)

Shakedown and start-up (typically one month)
These steps are usually more or less sequential, although some procurement of long lead-time
items may be started during detailed design.
A process for full-scale manufacture of a new drug, based on a process currently undergoing pilot
plant trials. Since the pilot plant is already operating the designer already has a good idea of the
process flowsheet and the goal is to be prepared to ramp up production to full scale once the drug
is approved. The steps are:

Set design basis (1 week)

Confirm performance/scale-up of pilot plant operations (2-20 weeks, depending on how

smoothly pilot plant runs)

Optimize and select design (10-20 weeks)

Detailed design and equipment selection (about six months)
In parallel to these process design activities there will be activities related to getting approval for
the new drug:

Conduct clinical trials (6 months to 2 years)

Review clinical trial results (typically 3 to 6 months)

Obtain FDA approval
Some of the procurement and construction activities will be started as soon as the first clinical
results look promising, but final construction and shakedown will not occur until the review of
clinical trials is completed.
A novel process to convert cellulosic waste to fuel. The technology and flowsheet will need
considerable development, so a schedule might be:

Set design basis (1 week)

Generate design concepts & carry out R&D (one to five years)

Evaluate economics, optimize and select design (six months, but could run parallel to

generating design concepts for up to five years)

Detailed design and equipment selection (six months to one year)

Procurement and construction (about one year)

Shakedown and start-up (one month to one year, as there may be start-up hiccups with a new

technology)
A spent nuclear fuel reprocessing facility. There is established technology for nuclear fuel
reprocessing, but new processes are always possible. For an established technology the schedule
would look much like problem (i) and for new technology it would look like problem (iv). All of
the steps would probably take longer because of the scale of the plant and additional steps would
be needed for obtaining local, state and federal permits and revising them after setting the design
basis, selecting the design, and completing detailed design. The time taken to obtain permits could
be several years and the total time to operation would probably exceed ten years.
A solvent recovery system for electronics production. This is a relatively small project, so the steps
would be:

Set design basis (1 — 2 days)

Generate design concepts (1 to 2 months)

Evaluate economics, optimize and select design (ten weeks or less)

Detailed design and equipment selection (2 to 3 months)

Procurement and construction (3 to 6 months)

Shakedown and start-up (one month)



Problem 1.2
This requires a more detailed breakdown than problem 1.1. A sample project plan is given in the
lecture slides and shown below (in MS Project format):

2 Microsoft Project - Design Project. mpp

Hj Fle Edit “ew Insert Fomat Took  Project  Collaborate Window  Help Type a question for help -3 X
DeExn SAY FBRT « @ xr=omis B @ ) NebGop CE A @B,

Task Name Duration | Start ‘ Finish  |Predeces |Resource Names | | January | February | March | April -
23018 [113 120 1727 273 |2m0 [217 2024 | 32 | 38 [316 [3/23 ]380 | 48 |4:|
[=] Set design basis 5 days Tue 1/8/08  Mon 11408 p—
Project kick-otf meeting 1 day Tue 1/8108 Tue 1808 &nn Bob Cate Dav Ann,Bob,Cate.Dave
Deting products and feeds 4days  Wed 1908 hon 14408 2 Ann
Detine site conditions 4days  Wed1/9/08  Mon1H408 2 Bok
[=] Select PFD concept Gdays Wed 1/908 Fri1M8/08
Revigw literature & pstents Gdays Wed 1805 Wed 14603 2 Cate Dave Cate,Dave
Brainstorm process alternatives 2days| Thu1ATNS Fri1H18M08 & Ann Bob Cate Dav nn,Bob,Cate,Dave
= Complete MAE balance 16 days  Tue 11508 Tue 2/5/08
Define model basis 1day  Tue1MS08  Tue 14503 34 Ann Dave Ann,Dave
Set up process simulstion 15days  Wed 116105 Tue 20508 9 Ann
El Review PFD 2days Wed 2608 Thu 2708
Prepare PFDs for review 2days  Wed 2608 Thu 2708 10,7 Bob Cate
[=] Size equipment 12 days Wed 2608 Thu 2721708
Design reactors & separations GBoays  Wed 2608 Wed 2303 10 Ann
Design hest transfer equipment 4days  Wed 2608 Mon 24103 10 Cate
Design hydraulics & solids Sdays  Tue 2M2/08  Thu 22103 1015 Cate
=l Prepare P&ID 10 days Fri 2808 Thu 272108
Determine control scheme Sdays Fri 2/8/08  Thu 21403 12 Bok
Design controls & Instruments: Sdays Fri 24508 Thu 22103 15 Bok
Review PEID 1 day Fri 215108 Fri 21508 18 Ann Bob Cate Dav Cate,Dave
=l Process economics 44 days Tue 11508 Fri 3M4/08 y
Forecast prices Sdays Tue1M5/03 Mon 172108 3 Dave Dave
Cost equipment Sdays Fri 222008 Thu 2028/08 141619 Dave
Economic analysis Jdays Fri 272908 Tue 35408 323 Dave
Process optimization Sdays|  Wed 3/5/08 Tue 311108 24 Ann Cate Dave Ann,Cate,Dave
Sensitivity analysis Jdays  Wed 31208 Fri3M4m3g 25 Dave Dave
=l Report results Jdays Mon 31708 Wed 319/08
Prepare report 2days  Mon 3MTO0S Tue 3MB03 26 Ann Bob Cate Dav Ann,Bob,Cate,Dat
Prepare presentstion Zdays| Mon3MTOS Tue 3MEM05 26 AnnBob Cate Day - Ann,Bob,Cate,Day
|zsue final report 1 day  Wed 319/05  Wed 31903 2529 &nn Bob Cate Day) § Ann,Bob,Cate,Da =
T u nf
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Suitable intermediate deliverables could include:

The design basis

A completed PFD (or PFD review)
A completed process simulation

A completed PID (or review)

Problem 1.3
a) The list of product requirements will be somewhat qualitative and depend on the preferences
of the “customer” group. The required properties of the dough must consider properties of the
dough itself, as well as properties of the final (home-baked) product. Some properties of the
dough that might be considered include:
o  Shelflife
e Calorie content
e  Chocolate chip content
e Stiffness (do you scoop it or is it preformed in cookie shapes?)
e Baking time
Properties of the end cookies are perhaps more obvious:
e Chewiness
Crunchiness
Sweetness
Saltiness
Mouth feel
e Serving size (if pre-formed)
b) The product specifications could include the following:
e Composition of major ingredients (see any cookie dough: flour, fat or oil, water, etc.)
e  Composition of chocolate chips



Size of chocolate chips

Composition of minor flavors (salt, vanilla, etc.)

Composition of baking soda?

Type and composition of sweetening agent

Type and composition of preservatives, stabilizers

Type and composition of viscosity modifiers?

Mixing order

Mixing time, speed, temperature

Dough aging / forming processes (extrusion, cutting, rolling, etc.)






Chapter 2

Solution 2.1

This process can be drawn in more detail, but a simple block-flow diagram is adequate. There may be a need for some heaters and coolers in the plant (e.g. after
neutralization), but these are not described in the problem statement and would not need to be shown in a block-flow diagram. Since the process involves batch distillation, it
would also be possible to operate the reactor in batch mode and then carry out the neutralization and wash stages in batch mode in the same vessel.

Reactor Neutralizer Water Wash Batch Still Vacuum Still

»  Light ends
Acetaldehyde
Benzaldehyde
Sodium hydroxide 0

(o]
Cinnamic aldehyde
Acid Water
N
Waste Waste e —— 1 Residue
(At end of batch)



Solution 2.2
This is a continuous process and has a more complex flowsheet incorporating two recycles:

Alkylation Cooler Lights Benzene Cumene Heavies Transalkylation
Reactor Column Column Column Column Reactor
Benzene
TN
Propylene
/J\l» Lights ( (
TN
cw ;‘\ N

Heavies

Cumene



Solution 2.3

This is also a batch process in which some of the extraction steps could be carried out reusing the same equipment. The dashed line shows the reuse of the EDC evaporator to

dissolve the product in MeOH for chromatography.

Chromatography
Column

Fermenter(s) Jet Mill Filter MeOH Extractor EDC EDC
Evaporator Evaporator Evaporator
Air
Growth Medium
Inoculum
vV \Y,
—> Methanol Ethylene
Dichloride
=\_§: T CEE
Ethylene
Methanol ——————— Dichloride Methanol
Waste
Waste
Solids

L

Waste

Cyclosporin A



Solution 2.4
Basis for calculation: 100 kmol dry gas

Reactions: CO+0.50, —» CO,
H, +0.50, —» H,O
CH; +20, — CO,+2H,0
CzH(, + 3502 - 2C02 + 3H20
C6H(, + 7502 - 6C02 + 3H20
REACTANTS PRODUCTS
Syn. Gas 0, CO, H,O N,
CO, 4 4
CcO 16 8 16
H, 50 25 50
CH,4 15 30 15 30
C,Hg 3 10.5 6 9
CgHs 2 15 12 6
N, 10 10
Totals 100 88.5 53 95 10
If Air is N,:O, = 79:21
N, with combustion air =88.5x79/21 =332.9 kmol
Excess O, =88.5x0.2 =17.7 kmol
Excess N, =17.7x 79/21 = 66.6 kmol
Total =417.2 kmol
(1) Air for combustion =417.2 + 88.5 = 505.7 kmol
(ii) Flue Gas produced =53 + 95 + 10 + 417.2 = 575.2 kmol
(ii1) Flue Gas analysis (dry basis):
N, 409.5 kmol 85.3 mol %
CO, 53.0 kmol 11.0 mol %
0O, 17.7 kmol 3.7 mol %
480.2 kmol 100.0 mol %
Solution 2.5
OFF-GAS
> REFORMER >
2000 m® b
2 bara H, + CO,; + unreacted HC’s
35°C
At low pressures vol% = mol%
(i) Basis: 1 kmol of off-gas
Component mol% MW mass (kg)
CH,4 77.5 16 12.40
C,Hs 9.5 30 2.85
C;Hg 8.5 44 3.74



C4Hy 4.5 58 2.61

Y 2160
So the average molecular mass = 21.6 kg kmol
(ii) At STP, 1 kmol occupies 22.4 m’
2000 2x10° 273
Flow rate of gas feed = 5 =156.248 kmol h™!
224 N 1.013x10° )(273+35)
Mass flow rate = (156.248)(21.60) = 3375 kg h”!
(iii) Basis: 100 kmol of feed
Reaction (1): C,Hy,o + n(H,O) — n(CO)+ (2n+ 1)H,
Component n Amount CO H,
CH,4 1 77.5 77.5 232.5
C,Hs 2 9.5 19.0 47.5
C;Hg 3 8.5 25.5 59.5
C4Hy 4 4.5 18.0 40.5
¥ 140.0 380.0
If the conversion is 96%, then: H, produced = (380.0)(0.96) = 364.8 kmol

CO produced  =(140.0)(0.96) = 134.4 kmol
Reaction (2): CO+H,0 —» CO,+H,
If the conversion is 92%, then: H, from CO = (134.4)(0.92) = 123.65 kmol
Total H, produced = 364.8 + 123.65 = 488.45 kmol/100 kmol feed
If the gas feed flow rate = 156.25 kmol h', then

488.45

H, produced = 156.25( j =763.20 kmol h™' = (763.2)(2) = 1526 kg h™!

Solution 2.6

ROH (Selectivity =90 %)

RCI /
\ ROR

(Conversion =97 %)

Basis: 1000 kg RCI feed

Relative molecular masses:

CH,=CH-CH,CI 76.5
CH,=CH-CH,OH 58.0
(CH,=CH-CH,),0 98.0

10



_ 1000

RCI feed =13.072 kmol

76.5
RCl converted = (13.072)(0.97) = 12.68 kmol
ROH produced = (12.68)(0.9) =11.41 kmol
ROR produced = 12.68 — 11.41 =1.27 kmol
Mass of allyl-alcohol produced =(11.41)(58.0)=661.8 kg
Mass of di-ally ether produced =(1.27)(98.0) =124.5kg
Solution 2.7
Basis: 100 kmol nitrobenzene feed.
(a, b)

The conversion of nitrobenzene is 96% and so 100(1 - 0.96) = 4 kmol are unreacted.
The selectivity for aniline is 95% and so aniline produced = (96)(0.95) = 91.2 kmol
Therefore, the balance is to cyclohexylamine = 96 — 91.2 = 4.8 kmol
From the reaction equations:

C¢HsNO, + 3H, — C¢HsNH, + 2H,O

1 mol of aniline requires 3 mol of H,

C¢HsNO, + 6H, — C¢H;;NH, + 2H,0O

1 mol of cyclohexylamine requires 6 mol of H,
Therefore, H, required for the reactions = (91.2)(3) + (4.8)(6) = 302.4 kmol
A purge must be taken from the recycle stream to maintain the inerts below 5%. At steady-state conditions:

Flow of inerts in fresh H, feed = Loss of inerts from purge stream

Let the purge flow be x kmol and the purge composition be 5% inerts.
Fresh H, feed = H, reacted + H, lost in purge

—302.4+ (1 —0.05)x

Inerts in the feed at 0.005 mol fraction (0.5%) =(302.4+0.95x) 120,005 0'8(())505

=1.520+4.774x 10>

Inerts lost in purge = 0.05x

So, equating these quantities: 0.05x = 1.520 + 4.774 x 107x
Therefore: x = 33.6 kmol

The purge rate is 33.6 kmol per 100 kmol nitrobenzene feed.
H, lost in the purge = 33.6(1 — 0.05) = 31.92 kmol

Total H, feed = 302.4 + 31.92 = 334.3 kmol

11



Therefore: Total fresh hydrogen feed including inerts =ﬂ =336.0 kmol
1-0.005

(c) Composition at the reactor outlet:

Stoichiometric H; required for aniline = 300 kmol

H, feed to the reactor = (300)(3) = 900 kmol

Fresh feed H, = 334.3 and so recycle H, = 900 — 334.3 = 565.7 kmol

Inerts in Fresh Feed = (334.3)(0.005) = 1.6715 kmol

0.05
1-0.05

Therefore, total inerts = 1.6715 +29.77 = 31.445 kmol

Inerts in Recycle (at 5%) = 565.7( J =29.77 kmol

Aniline produced = 91.2 kmol

Cyclohexylamine produced = 4.8 kmol

If 302.4 kmol of H, are reacted, then H, leaving the reactor = 900 — 302.4 = 597.6 kmol
H,0 produced = (91.2)(2) + (4.8)(2) = 192 kmol

Composition: kmol mol %
Aniline 91.2 9.90
Cyclo-hexalymine 4.8 0.52
H,O 192 20.85
H, 597.6 64.89
Inerts 31.45 341
Nitrobenzene 4 0.43

921.05 100.00
Solution 2.8

Start by looking at the reaction stoichiometry:
C;HgO, + C;HO, = CyoH 1404
Stoichiometric equation balances, so no need to worry about additional components
Molar weights: 124 74 198
a) 100 kg/day of guaifenesin = 100/198 = 0.505 kmol/day
If plant yield is 87% then feed rate = 0.505/0.87 = 0.5805 kmol/day

So glycidine feed rate = 0.5805 x 74 = 42.96 kg/day
guaiacol feed rate = 0.5805 x 124 = 71.982 kg/day

12



