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1986 CONTEST PROBLEM
AMERICAN INSTITUTE OF CHEMICAL ENGINEERS STUDENT CHAPTERS

Open Only to Undergraduates or Those
Without a Degree in Chemical Engineering

DEADLINE FOR MAILING
Solution must be postmarked not later than midnight, June 1, 1986
RULES OF THE CONTEST

Solutions will be graded on (a) substantial correctness of results and soundness of conclusions, (b)
ingenuity and logic employed, (¢) accuracy of computations, and (d) form of presentation. Accuracy of
computations is intended to mean primarily freedom from mistakes; extreme precision is not necessary.

It is to be assumed that the statement of the problem contains all the pertinent data except for those
readily available in handbooks and similar reference works. The use of textbooks, handbooks, journal
articles, and lecture notes is permitted. In cases where there is disagreement in the data reported in the
literature, the values given in the problem have been chosen as being most nearly applicable.

Students may use any available commercial or library computer programsin preparing their solutions.
Students are warned, however, that physical property data built into such programs may differ from data
given in the problem statement. In such cases, as with data from other literature sources, values given in
the problem statement are most applicable. Students using commercial or library computer programs or
other solution aids should so state in their reports and include proper references and documentation.
Students are further advised that the problem can be solved without the use of sophisticated computer
programs. Judging is based on the overall suitability of the solution, noton skills in manipulating com-
puter programs.

The Student Contest Problem is designed to be solved by individual chemical engineering students
working entirely alone, and it is judged on that basis. There are, however, other academically sound ap-
proaches to using the problem. The following confidentiality rules therefore apply:

1. For students whose solutions may be considered for the contest: The problem may not be dis-
cussed with anyone (students, faculty, or others, in or out of class) before or during the period al-
lowed for solution. Discussion with faculty and students at that school is permitted only after com-
plete final reports have been submitted to the chapter counselor.

2. For students whose solutions are not intended for the contest: Discussion with faculty and with
other students at that school who are not participating in the contest is permitted.

3. For all students: The problem may not be discussed with students or faculty from other schools, or
with individuals in the same school who are still working on the problem for the contest, until after
June 1, 1986. This is particularly important in cases where neighboring institutions may be using
different schedules.

Submission of a solution for the competition implies strict adherence to these conditions.

A period of not more than thirty consecutive days is allowed for completion of the solution. This period
may be selected at the discretion of the individual counselor, but in order to be eligible for an award a
solution must be postmarked not later than midnight, June 1, 1986.

The finished report should be submitted to the chapter counselor within the thirty-day period. There
should not be any variation in form or content between the solution submitted to the chapter counselor
and that sent to the AIChE office. The report shouid be neat and legible, but no part need be typewritten.

The solution should be accompanied by a letter of transmittal giving only the contestant’s name,
schoot address, home address, and student chapter, lightly attached to the report. This letter will be re-
tained for identification by the Secretary of the Institute. The solution itself must bear no reference to the
student’s name or institution by which it might be identified. In this connection, graph paper bearing the
name of the institution should be avoided.

Each counselor should select the best solution or solutions, not to exceed two, from his chapter and
send these by registered mail to:

J.C. Forman, Executive Director and Secretary
American Institute of Chemical Engineers
345 East 47 Street

New York, New York 10017

Copyright
1985

American Institute of Chemical Engineers
345 East 47 Street, New York, New York 10017
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5. Process: Mass Balance
Energy Balance
Flow Diagram
Equipment item list with costs
6. Discussion: Details of work done
Data used
Assumptions used
7. Appendix: Calculations
References
All material required for complete docu-
mentation

DESCRIPTION OF ACRYLIC ACID PROCESS

Acrylic acid is currently produced via the oxidation of
propylene using two reactors. Air, propylene, and steam
are fed to reactors consisting of catalyst filled tubes with
molten salt circulating on the shell side for removal of the
heat of reaction. The salt passes through a steam boiler to
produce steam for heat recovery. In the first reactor, the
propylene is converted into acrolein.

bobdon U

propylene oxygen acrolein water

in the second reactor, the acrolein is converted into
acrylic acid.

0 0
S L
—C=C—C— + — 0, > —C=C—C—OH

acrolein oxygen acrylic acid

Typical yields for this reaction are 75-85%. The principal
by-products are carbon dioxide and acetic acid.

The gas stream from the oxidation reactors is quenched
in the first stage of the absorber system and the gas from
this stage is fed to an absorption stage where water is
used to recover acrylic and acetic acids. The waste gas,
principally nitrogen, excess oxygen, CO,, and propylene,
along with some residual AA and HAc, must be incinerated
to remove all of the hydrocarbon components to meet en-
vironmental regulations. (During start-up and upset con-
ditions, low levels of acrolein can also be present, and this
material is very hazardous.)

The aqueous effluent from both stages of the absorber
system is fed to what is referred to as the Separations
section. In this section the acrylic acid and the acetic acid
are extracted with a solvent. The solvent is then stripped
from the acrylic acid and acetic acid. In the process, any
water that is in the extract is taken overhead in the solvent
removal step. Following solvent and water removal, the
acrylic acid/acetic acid mixture is separated to produce
acrylic acid and by-product acetic acid.

All of the water streams are gathered together and sent
to a raffinate stripper. The raffinate stripper is used to re-
cover any solvent that is soluble in the solvent recovery
separator water layer or that is in the water layer from the
extraction step. Following stripping, the water is treated in
a biological waste treatment facility.

A basic flowsheet for the process is attached.

4

TECHNICAL DATA

1. Capacity
The new plant should have a capacity of 50,000 metric
tons per year. An onstream availability of 88% should be
assumed. This requires an instantaneous capacity of
6,500 kg/hr. Existing site facilities are sufficient to handle

the additional utility requirements. No new bulk storage
facilities will be required.

2. Specifications (wt%)
Propylene- propylene 100%

Crude Acrylic acid- acrylic acid 99.9%
acetic acid 0.1% max

By-product acetic acid- acetic acid 95.0%
acrylic acid 5.0% max

3. Physical Properties
Tables 1 and 2 contain relevant physical properties for
the various compounds.
All pressures given in the problem are absolute.
4. Vapor-Liquid Equilibrium Data

Table 3 contains the vapor pressure data required to

evaluate/design the absorber for the exit stream from the

oxidation reactor.

Table 4 contains VLE data for acrylic acid/acetic acid.
These data may be assumed to be valid for the range of
pressures and temperatures encountered in the Separa-
tions system distillation column(s). it has been calculated
from the data in Table 3 using Raoult’s law.

5. Oxidation Reactor Laboratory Studies
and Heats of Reaction

Table 5 contains Research laboratory data from the pi-
fot plant reactor. This information can be used to deter-
mine the best operating conditions for the oxidation
system.

Propylene conversion is defined as the percent propyl-
ene reacted.

Selectivity is defined as the percent of the propylene
that reacted in one of the equations listed below.

Table 3. Vapor Pressure Data
P sat .
Ln 5 ort A c T where T is deg C
Component A (o] P critical
AA 7.69 4394.89 236.7 5674.25 kPa
HAc 7.15 4061.68 2443 5785.67 kPa
H.O 6.532 3985.44 234.2 22109.22 kPa
Table 4. VLE Data for Acrylic Acid/Acetic Acid Table 5. Oxidation Pilot Plant Data
Experiment 1 2 3
Notes: 1. Data is calculated from data in Table 3 assum-
ing ideal gas properties apply. Feed Temperature (deg C) 100 100 100
2. Pressure is 100 mmHg. absolute. Salt Temperature (deg C) 200 250 300
Xiac Yyac C; Conversion (%) 90 95 100
‘ ‘ Selectivities:
(1) AA 0.856 0.826 0.770
0.029 0.074 (2) HAc 0.064  0.060  0.057
0.062 0.145 (3) CO, 0080 0.114  0.173
0.106 0.224 Productivity
0.208 0.367 (gmoles Cyhr-kg cat.) 1.44 2.16 2.42
0.319 0.491 Exit Temperature (deg C) 204 254 310
0.415 0.584 Exit Pressure (kPa) 101 101 101
0.534 0.685
0.604 0.739
0.682 0.796
0.866 0.919
0.974 0.985

Solvent A

Organic Phase

Solvent/water/acid

Table 6. Liquid-Liquid Equilibria Data (Weight Percent)

Waste Phase

Solvent/water/acid

A H Rx
kcal/kgmole
CyH; at
The propylene reactions are: 20 deg C
(1) CsHg + 1.5 0, — GC3H,0; + H,0 1.61 E5
(2) CsH¢ + 2.5 05 — C,H,0, + CO; + H,O 2.76 ES
(3) C;Hgs + 4.5 0, —» 3CO, + 3H,0 4.89 E5

6. Extraction Data

Table 6 contains the laboratory data on the extraction of
the organic acids from the absorber aqueous effluent for
the two candidate solvents. The data are supplied as
weight percent.

Tables 7 and 8 contain laboratory data for sizing and
evaluating the extract stripper and the raffinate stripper.

99.34/ 0.04/ 0.47
97.90/ 0.09/ 1.95
96.10/ 0.18/ 3.72
89.92/ 0.71/ 9.38
86.70/ 1.10/12.20
76.15/ 2.86/20.99
67.68/ 4.75/27.57
51.96/ 9.31/38.73
36.53/15.74/47.73
25.90/22.29/51.81
14.13/34.52/51.35

Solvent B

Organic Phase

Solvent/water/acid

1.60/97.40/ 1.00
1.70/96.10/ 2.20
1.83/94.54/ 3.93
2.11/90.70/ 7.19
2.21/89.42/ 8.37
2.51/85.43/12.06
2.78/81.96/15.27
3.31/75.30/21.39
4.40/65.51/30.09
5.72/57.19/37.09
9.61/43.23/47.16

Water Phase

Solvent/water/acid

Table 7. Extract Stripper Operation—Laboratory Resuits

Solvent A Solvent B

Number of trays 19 19
Tray eff., % 70 70
Reflux Ratio (Org. raf/Org. dist) 0.80 0.95
Bottoms Temperature, deg C 90 90
Overhead Temperature, deg C 38 35
Latent Heat, kcal/kg 122 136
Molecular Wt. 102 150

94.50/ 4.00/ 1.50
88.40/ 4.00/ 7.60
80.00/ 5.00/15.00
73.60/ 7.00/19.40
68.00/ 9.00/23.00
60.00/11.00/29.00
47.80/15.30/36.90
34.20/24.00/41.80
27.50/30.90/41.60

16.00/83.50/ 0.50
15.90/83.10/ 1.00
15.50/82.20/ 2.30
14.40/80.30/ 5.30
14.00/79.50/ 6.50
12.90/76.80/10.30
12.10/69.20/18.70
11.90/64.00/24.10
12.20/58.50/29.30

Table 8. Raffinate Stripper Information

Solvent A Solvent B

Number of trays 10 10
Diameter, meters 0.6 1.2
Condensor duty, million kcal/hr 0.756 1.008
Reboiler duty, million kcal/hr 1.638 2.268
Overhead temp., deg C 85 75
Reboiler temp., deg C 100 100
Column Press, top Atm. Atm.
Specific Gravity 0.80 0.85
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4. Assume isothermal conditions.
5. Calculate the number of stages required, the height
of this section, and the diameter.

5. Incinerator

The composition and quantity of the absorber offgas
will be based on the design and operation of the Oxidation
reactor and the absorber. It is anticipated that the offgas
will contain propylene, CO., acrylic acid, acetic acid, oxy-
gen, nitrogen, and water. For environmental concerns,
the offgas must be heated to destroy the hydrocarbons. To
determine the operating parameters for the incinerator,
use the following assumptions:

CH, is available for heating.

100% destruction of hydrocarbons to CO, and water.

Incinerator firebox temperature is 700 deg C.

. The stack gas is cooled to no lower than 10 deg C above

its dew point to prevent dewpoint corrosion.

Steam is generated in a waste heat boiler (WHB) at

3,500kPa and 260 deg C.

6. 25% excess oxygen is supplied for combustion and
safety.

7. Airisthe source of oxygen and is supplied with an elec-
trically driven fan. Assume a fan differential pressure of
7.5kPa.

8. Airis 21% oxygen and 79% nitrogen and the water con-

tent is 80% relative humidity. The temperature is 20 deg

C.

rop

o

6. Extraction/Solvent Recovery

The aqueous acid solution from the absorber bottoms is
sent to the Separations section where it is contacted with
an equal amount of solvent for countercurrent extraction
of the acids in a centrifugal contactor. The extract is fed to
a distillation column for stripping of the soivent and the
remaining water. The distitlate from this extract stripper is
separated into an organic solvent layer and an aqueous
layer in the reflux holding vessel. Part of the solvent layer
is used for reflux, while the remainder is recycled to the
extractors. The water layer is combined with the raffinate
and sent to a raffinate stripper for further recovery of
solvent.

There are two choices for the solvent. Solvent B re-
quires less stages for extraction but has higher steam and
process equipment costs to strip the solvent and water
from the extract. Solvent A has lower steam and equip-
ment costs for the stripping but requires more stages for
extraction.

Use the equilibrium data supplied to determine the
number of stages required to perform the extraction. The
acids are to be treated as a single component and the re-
covery must be 97.5%.

Because of the difficulties involved with sizing
multicomponent distillation columns, the extract stripper
column is to be sized using data obtained through labo-
ratory distillation experiments. Assume 100% recovery of
acids to the extract stripper bottoms and negligible
amounts of water and solvent in this stream.

The raffinate stripper column size and reboiler and
condenser duties for each solvent case have also been
supplied.

Determine which solvent should be used based on a net
present value calculation.

7. Acrylic Acid Recovery

The separation of acrylic acid and acetic acid is done
using normal distillation equipment. Because of the tend-
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ency of acrylic acid to polymerize, it is necessary to main-
tain the temperature of the material below 90 deg C at all
times. This is significant in the design of the distillation
columns. In developing the column system for producing
product acrylic acid and by-product acetic acid, the fol-
lowing assumptions should be made:

1. If more than one column is required, the streams to a
column must be combined in such away that the only
inputs are one feed and the reflux stream, i.e., do not
have two feeds to a single column.

2. Typical operating pressures at the top of a column
are less than 200 mmHg.

3. The VLE data supplied is satisfactory for the temper-
atures and pressures in the process.

Determine the optimum design, recognizing the trade-
offs between capital costs and operating expenses.

8. Equipment Pressure Drop Data

1. Condensers- vapor 1.3 kPa
2. Heat Exchangers- shell/tube- liquid 75 kPa
3. Oxidation Reactor- vapor 150 kPa
4. Piping negligible

9. Heat Transfer Coefficients

The following overall heat transfer coefficients may be
assumed, kcal/hr/sq.m/deg C.

Overall
System Coefficient
Gas/Gas 50
Gas/Liquid 100
Gas/Boiling Liquid 200
Gas/Condensing Vapor 200
Liquid/Liquid 500
Liquid/Boiling Ligquid 700
Liquid/Condensing Vapor 700
Boiling Liquid/Condensing Vapor 1000

ECONOMIC DATA

The economic data given here are adequate for the pre-
liminary economic evaluations and should be used in
preference to information from other sources. All costs
are typical of the Gulf coast area.

All costs are in 1986 dollars. All evaluations should be
done in terms of constant dollars, that is, ignore inflation.

Capital Costs

The total fixed capital investment can be estimated by
multiplying the sum of the purchased equipment costs by
a Lang factor of 5. Only the major pieces of equipment re-
quire design and costing. Purchased equipment costs for
miscellaneous equipment which includes surge tanks,
vacuum system, pumps, etc., can be estimated by the mis-
cellaneous equipment cost located in the table.

Purchased Equipment Costs

Equipment item Description Cost (3)

Absorber (Sec 2) 304 SS Shell 2900D(D+N)+(3.3D)*° N80
Distillation Col. 316 SS sieve trays +(3.3D)%*1380+5700N
Absorber (Sec 1) Packed bed column D%3000+3400H)+D(9800+

1500H) +14000
+350(3.3)"*+1400(3.3D) 2

Air compressor Centrifugal, electric drive EXP(.73Ln(P)—2.9)
Combustion Air Centrifugal, electric drive EXP(0.556Ln(V)+6.988)
Fan
Extraction 1600RPM, 316SS 120,000 (Number of theoretical stages)

Centrifugal Contactor

Heat Exchangers Carbon Steel Shell EXP(8.596+0.153Ln(A)+0.06(Ln(A))?)
304SS Tubes

Incinerator Thermal EXP(0.2Ln(G)+10.6)

Oxidation Reactor Carbon Steel 36000 (Number of tubes)®®

Includes Catalyst

Waste Heat Boiler Carbon Steel EXP(0.79Ln(S)+4.47)
Use for all steam gen.

Waste Gas/ Carbon Steei Tubes
Boiler feed water Carbon Steel Shell
heat exchanger

(Economizer)

EXP(8.698-0.0354Ln(A)+0.0689(LNn(A))

Misc. Equipment Surge Tanks, pumps, vac- 0.1 (Purchase cost of major equipment
uum systems, etc. items)

=
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=
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area in square meters

column diameter in meters

total inlet gas flowrate in actual cubic meters/hour
height of column in meters

number of trays

rated motor power in joules per hour

steam production rate in kilograms/hour

volume in cubic meters per minute at the inlet conditions

NOTE: EXP(1) = e = 2.71828. . .
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