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CONTEST PROBLEM
1985
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, 1985
RULES OF THE CONTEST

Solutions will be graded on (a) substantial correctness of results and soundness of conclusions, (b)
ingenuity and logic employed, (c) 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 statement of the problem have been chosen as being most nearly
applicable.

The problem is not to be discussed with any person whatever until June 1, 1985. This is particularly important
in cases where neighboring institutions may not begin the problem until after its completion by another chapter.
Submission of a solution for the competition implies adherence to the foregoing condition.

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, 1985.

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 should 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, school
address, home address, and student chapter, lightly attached to the report. This letter will be retained 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:

1.C. Forman, Executive Director
American Institute of Chemical Engineers
345 East 47 Street

New York, New York 10017

Copyright
1984

American Institute of Chemical Engineers
345 East 47 Street, New York, New York 10017



¢

(HY MY = ) SURUIY 93 JO SORI[NE[OA dANR[aI oferoae a3
‘wosAs st 10,1 upds uoneredss oy 10§ Loy Aavoy pue Loy
Y81 Bursn uoneredas Areurq jo uondunsse ayg uo paseq 9q
Aew suonenopeo uonefjusip ‘udsap Areurwrpaid sup 10

umuqimbsyy pmbry-rodep »

*$90UISAI IS0 WK
e1ep 0] souaIayaId Ut ‘uGIsep MoL ur saneA asaty) 9s[) *AIM|os
-(fe axe sainssaxd |y ‘uonedr[dde jo ases 1o payrduis usaq
aArY $10]d 93 PUL JJO PIPUNOI US| JARY SSN[BA IS, ‘G
am3i g pue | 9jqe ], ut usald are sentadord [eoisAyd swog

sanpadorg [eorsAyd g

‘(JouByowr pue SUSN|0} JO SS[OU
Tenba “a°1) pasy orpowoIyOI0}s U AJUo paseq aq pnoys uds
-op oA ‘910§o19Y |, "I0}OBAI Y} 0) P JLYSWODI0)S AJUo
posn yoreasar ‘erep soueuiopad 1010801 95911 unoa[[0d ug

ur/)sA[ered UI/Pajoeal SUST]0) SO[OWS = ey
Pa10ESI SUAN|0] SIOLL/PIULIO] FUIIA)S SI[OUT = P[IIL
PoJ SUSN]0} SOTOUY/PIJOLII SUIN[O) SI[OUL = UOISIDAUO.)

I

06T 0SI €L 9¢ ajey
TLO 8L0 €80 LSO PIoIX
380 9.0 1.0 890 UOISIDAUOD)
00F 00F 00%F  00F ‘sqe ey ‘omssaxd jouy
gz OIS  S6F  08¥ 0, ‘eryeredwa, jojuy

‘Son[ea oyeIpouLIBIuI 10} sarmeioduwio) usemiaq uon
-ejodrejur reaur] as) -eoueuriojad 10joealr JTeRqEIPE )
Bururuiiajap 10y Blep SUIMO[[0] 9} USNE} SBY YDILosoy

AOUBULIONI J 10}0€3Y 'V

V1iva TVIINHIIL

"N,8C 01 PI[00D pue (A LD)) 191eM 19M0) Ul

-JO00 1M PISULPUOD ST JUSN[IS S} 910J9( I9Tueyorajul
R Ul JUSN[JJO 10}0BAI 9] WOL] PAISAOIAIL ST JBAH

@Eau £u~3 @u.ﬁ\wﬁuodmumu

10 2309 J0U S0P IsA[EIED 9Y3 JBY) pue I[(IFI[Fou Sre W

-ouowt 9u14)s Jo uonezirowijod pue uonewroy onpord~Lq
jeyy swmsse ued am ‘uonenjeads Areururpard sy o4

I9JeM
+ 2uAZUA([AH «——— [OUBIPIN + SUIN[O],

uoB0IpAY + Ioyep

+ ouaiflg

[OUBI2N + 2Uanjof,

:o08]d 93r) SUOTOLAI FUIMO[[Of o1}

819 M I030EaI ONA[EIED B 0) PIJ USY) pUE ‘I93eaY] Pall pue

1oduryora)ur ue ur pajesyradns ‘paxrun are joueyawl pue
aueNjo) JO SWEANS PIJ] (BN LG 18) 10dea pojermes oy L,

‘poudisop

us9( 10U dARY ‘ToramoY ‘sdays uoneredas oy T, ‘s1o8ueyoxa

jeoy [euonippe aumbaix Lewr udsop wnumdo ay, ‘[puuos
-1od (1Y mo Aq pezisoypuis Apearfe deys uonoear pasod
-oxd o1y (I ‘1 2B, ur umoys s1 ssadoxd [[B19A0 AT,

$S3D0Ud INFYALS MIN FHL 40 NOILAINDSIA

yonpoxd
aua141s apnid

JO wWeISOI/60'0%

S1S0D) (IXY pue wc_uwﬁﬁz
‘uotqInsI(q ‘uorrensIUIUIpY

yonpoxdAq suazuaqAyd
younpoud suaikyg spnr)
son[eA 1oNpoig

Weidony/L5 0%
weI3o[y/16°04

:sodreyo Jonpoxd pue sanjea
saes BUIMO[0] a1} aurnsse os[y ‘[eyided Juumioejnuew
oy} JO 9,07 se pmideo Supjiom pue ‘ojel Jsa1dul 9,71
‘ojel UOTRPUI 9,), ‘Xe} SWIODUT 9,QF “OJIf Ieak (] :suon
-dumsse urmooy oy uo 2rewnIse Ay Iseq 'sso00id
wnwmndo o Jo Lpiqeigord xej-reyye oY) 9jeWIISS “10)
-“BDIpUT DTUIOU023 3T} S8 (AJN) onjea juasard jou Bursn *g

1800 Fuumognuew 9Ul WSy §
13500 [endeo yjuewdinbe paypeisur o) syewnsy ‘g

yuowrdinbe
Jo sooard 1ofew oYy Jo 51500 I} SJBWNSS pue SZIS T

(‘ruswrugisse moA jo adods o) puokaq st ouaIfs opnId
Jo woneoyund [eurg) “sseooxd auaikys mau ay) 10f ouE
-[eq Te1e1EW pue 19sysmop wnwndo oy} SzZIsSIuUAg ‘|

10} ST JuowWUJIsse MO X

W3790¥dd 3H1L 40 LNIWILVLS

‘[oueyiour pue
auan[o) woyj ausiys sonpoxd prnom yorgm ssaooxd mou e
10] UOTIBN]BAD JIWOU0IS pue udsap Areurwirord e oredord
pue 199USMOf © SZISAYIUAS 0] SI ‘9I0JaIaY} ‘pasu ay],
*QUDIA}S
03 93101 3500-m0] ‘mau & dofaasp 0 Agrunyroddo o sn 013
1y S1wr A1040081p 35ATe1R0 STy 1, *s1eonpoid suaifys [euonuaa
-uod 03 P[os aq urd YoryMm paonpord os[e ST SUSZUIG[AIS
onpord~Aq swog ‘pasmbarjou st uonippe uesg doys ouo
uT JOUB}OUWI PUR SUAN[0) WOI] sudIA)s sonpord [[rm yorys
154Te3e0 B PoI9A0dSIp sey juaunredop yoreasar InQ
‘umuqiba
UOT}ORDI SY} 9OUBYUD 0} UOTJBIIUSIUOD UOIIOBIL 3
nJIp 0) pue 1sA[ereo o Jo Bunjoo ssaxdep 03 ‘ernyeradws)
UOT}ORAI PAIISAP A} UIRJUTEW 0) JUSZUI([AYIS 9} 1M
paxtw ureas Jo Ayuenb a31e]  sarmboai pue orwueypopuo

s1 deys uorreusForpAyap ayJ, -ouaiys aonpoxd 0} payeusd
-01pAyop A[eonA[eied s1 auazuaqiAyio oyl ‘uoneogund

191V (4H) UIZUI|IAYId ULIO] 0) QUSTAYS YIIM paje[Ax[e
ST 8UaZUA( ISI1] "PUAA3o pur suazuaq woiy ssadoxd days
-om} ® ur paonpoid AJuannd sy (JAS) I2Wououw dudIflg

NOILONQOY.LNI

JOUDYI3W PUD BuUaNjO| WOo44 dudh)g

S861
WI7903¥d LSILNOD LNIANLS YOIV

(0 ) aunjnieduis|

oz ool os 09 or (Y4
—lon - k . ol
VT 7,61 : w : w
Seziveun ] i
— 0 emm— b, o) ToesaooTT feeeeeruesneinnenssesns - 0C
sushjol " : o ———
BT T
LT R T ................. e " L o¢
or
frrmerersernasene o
- i ; ; w
T — : : i
................... 1...’ P~ 3 o
w T~ w W
M : T~ |
I LS ; T —e e oL
: : : R =
H . H H O‘
(ws/seufp) uojsus} sopping
(Wo/seUAp) Uoisus| 8opLING pinbi
(0 ) eunjoiadwis)
ozl 08 4 0z
B VT V7 47 3

suszueqiAyl3

esuen|o]

[oUDYioN

D LT Tur PP

T T SRR T Sy

—

(3510d1IN3D) ALISOOSIA GINOIN

(estodyue0) Apisoosip pinbi

01




may be approximated as follows:

RELATIVE
VOLATILITY
Methanol/Toluene, below the azeotrope. 3.58
Methanol and toluene form an azeotrope at
87 mole % methanol in the liquid phase.
Toluene/Ethylbenzene, 2.28
if the methanol has not been removed from
the feed in a prior distillation step.
Toluene/Ethylbenzene, 1.86
if the methanol has already been removed
from the feed.
Ethylbenzene/Styrene 131

Ignore the effect of temperature on these relative volatilities.

DESIGN DATA
(Including Simplifying Assumptions)

A. Material Balance

The proposed plant capacity is 300,000 metric tons per year
of crude styrene monomer, which includes 300 ppm of con-
tained ethylbenzene. The onstream time is 95% (8,320 hours
per year). Yield losses due to trace byproducts have been
ignored.

1. Impurities in purchased methanol and toluene are
negligible.

2. Water, EB and SM recycled to the reactor feed are at small
enough concentrations to pass through as inerts.

B. Three-Phase Separator

The reactor effluent condensed with cooling tower water
forms three phases: organic, aqueous and vapor phases.
(Phase phenomena are given below.) The vapor phase will
not be processed in this preliminary design but will be given
a fuel-value credit. Also, the aqueous phase will not be pro-
cessed in this preliminary design. The organic phase will be
processed to recover unreacted toluene and methanol for
recycle and to purify the styrene and ethylbenzene streams to
meet specifications.

For sizing the Decanter, use 30 minutes liquid holdup time
and 60% liquid-full.

The lowest acceptable process outlet temperature for all
water-cooled heat exchangers is 38°C and is limited by the
cooling tower water supply temperature.

1. VAPOR PHASE

e Activity coefficients for all condensables in the organic
hase of the three-phase separator are approximately 1.0
m:. purposes of calculating the vapor-phase composition.

¢ The activity coeflicient for water in the aqueous phase is
1.0.

s Solubility of hydrogen is negligible in both liquid phases.

¢ The off-gas will be given a credit as fuel at its lower heat-
ing value. This value is the calories evolved from complete
combustion of all of the components in the stream at 25°C,
when the final state of all of the water formed and origi-
nally present in the fuel is vapor.

Z., AQUEOUS PHASE

+ Except for methanol, negligible organics will partition into

the aqueous phase.

« The partition coefficient for methanol is 1.40 (ratio of mole

fraction in the organic phase to mole fraction in the aque-
ous phase).

+ Design of a column to separate methanol and water is not

required for this evaluation, since this separation can be
achieved elsewhere in the existing plant. However, the
overall plant material balance must include the
methanol/water separation in order to define recycle
streams. Neglect water in the recycle methanol and ne-
glect methanol losses. Ignore the cost of the
methanol/water separation for this evaluation. Methanol
recycle is saturated vapor at 570 kPa.

3. ORGANIC PHASE
Negligible water will partition into the organic phase.

(Thus, only methanol partitions into both organic and aque-
ous phases.)

C. Distillation

1. Nominal atmospheric distillations will operate at 136 kPa

(k = kilo, Pa = Pascals) top tray pressure and 123 kPa
condenser outlet pressure. Avoid column operating pres-
sures above nominal atmospheric. Allow 5 kPa pressure
drop between the top of the column and the condenser
outlet for vacuum columns.

2. Do not exceed 145°C in any column with more than 50 wt%

SM in the bottoms, in order to minimize SM
polymerization.

3. Use only the two key components, with their relative

volatilities given earlier, to calculate each separation. Nor-
malize composition as a pseudo-binary (i.e., the mole frac-
tions of the key components sum to 1.0) to calculate the
number of stages, reflux ratio, bubble point of the feed
and q of the feed. (q indicates liquid mole fraction in feed:
m = 0.0 for dewpoint, q = 1.0 for bubble point, and q > 1.0
or subcooled feed.) Ignore non-key components. That is,
you must use the shortcut binary method of Fenske for
minimum stages and Underwood for minimum reflux.
(Ref.: Perry’s Handbook, 5th ed.) Instead of using the
Erbar-Maddox correlation plotted in Perry’s Handbook,
use Eduljee’s equation (Hydro. Proc., Sept. 1975, p. 120)
for Gilliland’s correlation for operating reflux, given the
theoretical number of stages:

N — Nn,

R — R, 563
N )

(Units are defined in Perry’s.)

4. For the number of theoretical stages, an initial guess of two

times minimum stages may be used. Do not assume this is
the economic optimum.

5. Sieve tray columns will be assumed for all distillations.

Tray spacing is 60 cm (24 inches).

6. Column diameters may be estimated by the method of

Fair, given in Peters and Timmerhaus, Plant Design and
Economics for Chemical Engineers, 3rd ed., 1980. Overall
column efficiencies may be estimated by the method of
O’Connell, also given in Peters and Timmerhaus.

7. Use 10 minutes holdup time and 60% liquid-full for sizing
the reflux drums.

8. Use all of the feed components in the heat balance for siz-
ing the condenser and reboiler and for determining top

Liquid Heat Capacity (cal/mol— C)
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METHANOL
YAPORIZER

FIG.1 PROCESS FLOW DIAGRAM

Electricity $ 0.065/kWH REPORT FORMAT -
Condensate and Boiler
feed water $ 2.50/K liters The final report should include the following: m
1. Cover letter x
Direct Manufacturing Expenses: 2. Introduction: Give a concise statement of the problem, WT m
Operating labor** $19/hr covering background and objectives. & 37 M *
Supervision 50% of Labor cost 3.Summary: Give a brief review of the work done and tools & & &
Payroll charges 30% of (Labor + used. M <
. Supervision) 4. Conclusions: List the major conclusions, in decreasing <> &
Repairs 4% of (Mfg. Capital)/yr order of MEWo;m:om. The conclusions must flow logi- v
Factory supplies 0.3% of (Mfg. Capital)/yr cally from the summary (i.e., new material is not intro-
Lab charges 0.4% of (Mfg. Capital)/yr duced here.)
Waste disposal 2% of (Mfg. Capital)/yr 5. Recommendations: List actions, goals, and other recom- )
Technical service 0.8% of (Mfg. Capital)/yr mendations, in decreasing order of importance. The 5
recommendations must flow logically from the g )
Depreciation (st. line) 10% of (Mfg. Capital)/yr conclusions. & 2 m
] 6. Process: Present the process flow diagram for the se- o W=
Indirect and lected scheme, with the related material balance. & 2] 2
Other Expenses 6% of (Mfg. Capital)/yr 7. Discussion: Present the details of the work done. In- o ¥
) clude appropriate data, calculations, assumptions, dia- &
* Assume 90% efficiency for the fired heater fuel usage. grams, references, etc. for complete stand-alone
** 840 hrs/week total operating labor. documentation.
TABLE 1. PHYSICAL PROPERTIES
Ethyl- Hydro- m W
Methanol Water Toluene benzene Styrene gen W _n.vl < o
Molecular Weight 32 18 92 106 104 2 r 5
Normal Boiling Point (NBP), °C 65 100 111 136 145 -253 3
Critical Temperature, °C 239 374 321 344 364 —240 o
Critical Pressure, kPa 8094 22054 4233 3599 3674 1296
Critical Compress. Factor 0.230 0.232 0.270 0.262 0.252 0.318 m
Cy/Cy Ratio for Adiabatic Compression Calculations (ref: Perrys 5th) m
k 12 1.3 1.03 1.03 1.06 14 = W
s
For Ideal Gas at 25°C, keal/mol: >
Heat of Formation —48.1 -57.80 11.95 7.12 35.22 0.00
Free Energy of Formation -38.8 —54.64 29.16 31.21 51.10 0.00
Heat of Vaporization at NBP, cal/mol: - m
8410 9712 7915 8386 8840 m
(Note: The following correlations are plotted in Figure 2.) &
Vapor Heat Capacity = A + BT cal/mol/°C, where T = °C
A 10.10 7.96 23.46 29.19 27.86 6.88
B 0.0154 0.0026 0.055 0.063 0.055 0.0005].
Liquid Heat Capacity = A + BT cal/mol”°C, where T = °C m
A 19.2 17.8 37.3 42.4 39.7 @
B 0.032 0.009 0.058 0.055 0.108 b o
Vapor Pressure: logi(p) = A — BAT + C), where T = °C and p = kPa . m
A 7.206 7.196 6.076 6.091 6.627 .
B 1582 1731 1342 1430 1820 &
C 240 233 219 214 249 .
Liquid Viscosity: Inu, = A ~ BT, where u. = centipoise, T = °C -
A —0.36 0.03 —-0478 -0.163 -0.105
B 0.011 0.014 0.010 0.011 0.011
Liquid Density: pr. = A — BT gm/ml, where T = °C m
A 0.81 1.0 0.88 0.89 0.93 M
B 0.0011  0.00044 0.001 0.001 0.001 m
Liquid Surface Tension: o1. = A — BT dynes/cm, where T = °C m
A 24.3 75.6 30.6 31.7 31.8 o]
B 0.091 0.166 0.110 0.107 0.048
Assume ideal gas law for vapor density.
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