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- EXECUTIVE SUMMARY .

The objective of the voIk is to compare two (2) processes for manufacturing
cresols asd xylenols: a) -a conventional catalytic process, and b) -a photo-thermal
catalytic process, in order to determmine the relative process ecoromics. The
products are used primarily as chemical intermediates for manufacture of
antioxidants, pesticides, polymerization inhibitors, resins, and other products.
The market is approximately S00 million pounds per year.

This report is the second of two reports, presenting results of a process
evaluation for manufacturing the products by a photo-thermal catalytic process. .

~At the outset, as experimental data are not yet available to provide a definitive
design basis, a series of assumptions were made in order to proceed with the
evaluation. As regards capacity, an arbirary base case plant size (fresh feed) of
approximately 7.06 million kgiy (15.6 million 1bmi{y) wvas chosen, and then the
economics scaled tw break-even size. Calculations indicated the following
comparative rumbers:

BASE CASE:
1) Plant Size, fresh feed = 7.056 E6 kgly; products = 5.192 E6 kgly
2) Plant Capital Cost $2.111 E6
3) Plant Operating Cost (POC) $ 3.361 E6
4) Plant Income (PI) $ 7.267 E6
s) PifPOC 2.162
6) Minimum Qsoler 168 kW

BREAK-EYEN CASE:
1) Plant Size, fresh feed = 1.652 E6 kgly; products = 1.215 E6 kgly

2) Plant Capital Cost $ 0.8833 E6
3) Plant Operating Cost and Income $1.701 E6
4) Minimum Qsolas 40 XW

The above capital costs are for process equipment only, and do not include
equipment 0 deliver solar energy to the top of the reactor

The evaluation indicates that for the photo-catalytic process, the break-even
capacity is only about 24% of the base case, and about the same percentage of the
conventional catalytic process (Report #1). Assuming the total capital cost vould
double, which is unlikely, wvhen the solar energy equipment is included, the
overall conclusion in favor of the photo-catalytic process vould not change.
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- INTRODUCTION .

This report is the second of tvo report concerming the manufacture of cresols
and xylenols by, 1) -a conventional catalytic process, and 2) -a solar-thermal
photo-catalytic process. The two reports when complete will provide a preliminary
basis for comparison of the relative process economics.

The purpose of this report is to present the vork accomplished on sizing and
costing a solar photo-thermal catalytic process to produce the products from
benzene and methanol. No process configuration, sizing, and costing were
available: therefore, a series of assumptions were made in order to carry out the
necessary calculations t% obtain process details and the economics. The method
for comparison of the two processes was to determine the “break-even” capacity

for each process.

At the outset the reader should become familiar with the structures of the
product compounds, in order to visualize the synthesis chemistty. In the
photo-catalytic reaction, conducted with a large excess methanol, the benzene
provides the ring suucture and the methanol provides the methyl group (by
alkylation) and the hydroxyl group (by hydroxylation).

The reactants:

benzene methanol HsC-OH .
CgHe ; M=32.042 _
M=78.113

and the products:

CHj CHj OH
cresols @OH @ @Clh H3C©CH3 CeHy 00
C7HgO0 ; - -
Ma108. 14 A OH HO 'S M=122.17
ortho- meta - para- : 2,6-xylenol

Cresol and xylenol isomers are used pnmarily as chemical intermediates.
Principal applications include use for: anti- oxidants, pesticides, polymerization
inhibitors, resins, and other miscellaneous uses. The annual consumption of the
products [2] was presented in the first report, as well as the U.S. price history;
current reactant and product prices are presented in Appendix B.



1.00 PROCESS DESCRIPTION AND DESIGN BASIS

At the outset, as experimental data are not yet available to provide a
definitive design basis, the following aszumptions vere made in order to
proceed vith an economic evaluation of the process.

1. The overall reaction stoichiometry for the process is,

CsHe + 5 CH30H --> 050 0-C7HsO + 050 m_ p-C7HsO

+ 0.50 CsH100 + 350 H20 + 3.00 H2
For this endothermic reaction the AHrP(298K) = 595.100 k]J/kgmole
benzene.

2. The Reaction Section of the plant will operate only during “sun
hours™= 2500 h/y: wvhile the Separation Section of the plant will operate
24 h/d = 8400 h/y (downtime = 360 h/y). The solar scale-factor becomes
840072500 = 3.36

3. The fresh feed and production rates are:

Eresh Feed 7.056 million kg/y = 15.56 million 1bm/y
o-Cresols 1.601 million kg/y = 3.530 million 1b/y
m.p-Cresols 1.601 million kg/y = 3.530 million 1b/y
Iylenols 1.809 million kg/y = 3.988 million 1b/y
Hydrogen 0.1791 million kg/y = 0.3948 million 1b/y

4. Solar energy input, in an amount necessary to supply the reaction
energy requirement, will be sufficient to provide the necessary VIS-UV
energy to activate the catalyst.

5. The plant is a process unit within an existing chemical plant
where utilities and other services are available.

The reader is referred to Figure 1 (p4) Process Flow - Reaction
Section, and Figure 2 (p6) Process Flow - Separation Section. A mass
balance at key points through the process, as well as process conditions,
are shovn on the diagrams. Because the Reaction Section wvould operate
on a reduced number of hours/day. vhereas the Separation Section
would operate 24 h/d. a “solar scale factor, Sf = 3.36™ has been included.
vhich means that on a yearly-average the Reaction Section would
operate 24/3.36 = 7.14 h/d.

The process flov for the Reaction Section (refer to Figure 1) proceeds
as follows. Eresh feed as liquid (benzene and methanol) enters as stream
1, is pumped as stream 2 through heat exchanger El to recover heat from
the cresol-xyleno! bottoms stream {(14) from the primary fractionator
(PF). The feed stream. 3, flo¥s through exchanger E2 to pick up
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additional heat and vaporize before entering the reactor (REAC). The
heat transferred in E2 is provided by cooling the reactor effluent stream
p In the reactor the feed is converted to products by the overall
stoichiometry shovn above. In heat exchanger E2 the reactor effluent
is partially condensed and flows as stream 6 to the primary fractionator
(PE). The primary function of PF is to remove the hydrogen as stream
8, the wvater as stream 11, and the cresols and xylenols as the bottoms
stream 14. The overhead condenser loop is the stream sequence 7. 8. 9
10, and the reboiler loop is streams 12,13,14. After giving up heat in El,
the excess flov of stream 15 is partially stored in accumulator Al, vhile
the flow to the Separation Section is stream 17.

The process flow for the Separation Section, Figure 2 (p5). proceeds

as followvs. The accumulated material in Al is pumped as stream 17
¥here it is divided into streams 18, 20 and 21. Stream 18 flows through
heat exchanger E5 fo recover heat from the cresol overhead stream (27)
from the o-cresol-xylenol separation column (0CX) and exits as stream
22. Stream 20 enters heat exchanger E6 where it recovers heat from the
xylenol bottoms stream (34) from the cresol-xylenol separation column
(CXI) and exits as stream 23. Stream 21 flows through heat exchanger E7
to recover heat from the cresol overhead stream (31) from CX and exits
as stream 24. Streams 22, 23 and 24 recombine and enter the
o-cresol-xylenol separation column (0CX). The main function of 0CX is to
separate o-cresol as overhead stream 27 and m_ p-cresol and xylenol as
bottoms stream 29. Stream 27 is cooled in E5 and enters the o-cresol
storage tank as stream 28. The OCI bottoms stream is pumped as stream
30 vhere it enters the cresol-xylenol separation column (CX). The
primary function of CX is to remove m, p-cresols as overhead stream 31
and xylenol as bottoms stream 34. Stream 31 is cooled in E7 and exits to
the xylenol storage tank as stream 32. Stream 34 is cooled in E6 and
enters the m_ p-cresol storage tank as stream 3.
The major pieces of equipment are:
1-reactor, 3-fractionators, 4-accumulators, 11-heat exchangers,
7-pumps, and 5-storage tanks.



3 185.3 C (g) g 44 C (8) ~

1.70 bar 1.00 tr v
E3
Q 4 CW Qg = 679,900
solar s
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2 080 ¢ T P 44 C (1
REAC 1.5 bar " 1.00 teri=] 0l (1) =>
+g) 1.00 bar
E4
: ST™M 6
o4 200 C (1) QA = 1,421 x 10
. M 70.2 ¢ (1) 1-00 bar
3.00 bar El
Q = 645,000 35 C (1)
(13 1.00 bar
(m—F +
@25 c (1) 5c
—_- 0 (). 5.00 bar L, 0
25 C (1)
Solar Factor, 5f = 3.36 streams and flow rates, kg/h
Component M.l 1 5 14,15 8 11 .17
a) BENZENE 78.113 925.17 0.0000 0.0000 0.0000 0.0000 0.0000
b) METHANOL 32.024 1897.5 0.0000 0.0000 0.0000 0.0000 0.0000
¢) 0-CRESOL 108.14 0.0000 640.41 640.41 0.0000 0.0000 190.59
d) m-CRESOL 108.14 0.0000 320.20 320.20 0.0000 0.0000 95.293
e) p-CRESOL 108.14 0.0000 320.20 320.20 - 0.0000 0.0000 95.293
£) MIXED XYLENOLS 122.17 0.0000 723.49 723.49 0.0000 0.0000 215.31
g) WATER . 18.02 0.0000 747.04 0.0000 3.2300 747.04 0.0000
h) HYDROGEN 2.016 0.0000 71.633 0.0000 32.302 0.0000 0.0000

2822.7 2823.0 2004.3 123.326  747.04 596.49

Figure 1. PROCESS FLOW - REACTION SECTION
(Note: Q-Values are kJ/h)
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~ 6 6
Q8 = 1,633 x 10 QIO = 1,341 x 10
Q, = [1.342 x 10°
| 398|207 ¢ 1
1.647 x 10 @ 212 C
2ps
i)
[zg 168 C o2 AR C
93 C mizoz c 197 ¢
E6
Q. = 24,650 = 91,320 = 71,980
N m_ 3¢ > : %\t Y
e 2.00 bar g 40¢ =)3
g0,
streams and flowrates, kg/h
Component M.W. 17,26 27,28 29,30 31,32 34,35
g) WATER 18.02 | 1.1118 1.1118 0.0000 0.0000 0.0000
¢) o-CRESOL 108.14 190.33 188.42 1.9033 1.9033 0.0000
d) m-CRESOL 108.14 95.300 0.0953 95.208 94,254 0.9521
e) p-CRESOL 108.14 95.300 0.1062 95.197 94,518 0.6768
£) MIXED XYLENOLS 122.17 215.32 0.0000 215.32 0.4306 214.89
597.4 189.7 407.6 191.1 216.5

Figure 2. PROCESS FLOW - SEPARATION SECTION
(Note: Q-Values are kJ/h)
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2.00 CHEMICAL REACTION/REACTOR SECTION

The Reaction Section is the most important part of the plant as it

carries out the conversion of feedstock to synthesized products. In this
part of the report the details of the Reaction Section are presented.

The reader is referred to the flov diagram,K Figure 1, vhere the
stream numbers, temperatures, pressures, and heat exchanger (-values
are sho‘vn, on the diagram. Table 1 presents the stream masses.
compositions, conditions, and enthalpies for key streams in the Reaction
Section. It will be noted that the solar energy input can be calculated

by.

mAH = m5HS - m4H4 =-9579E6 - (- 10.133 E6)

0.605 E6 k]/h (endothermic) = 168 kW
vhich assumes that within this total “"thermodynamic™ amount of

Qsolar

energy there is sufficient VIS-UV to photo-activate the catalyst. At
present it is our expectation that the final amount will not be more than
2 or 3 times the above calculated value. If the value turns out to be more
than the thermodynamic value, then the excess wvould be used to
generate steam, and a credit taken on the utility bill. A measured value
of the energy requirement is yet to be determined by Vemtworth's
Research Group.

Sizing and costing calculations vere made for the shallow (h/D =
1/4) fiuidized bed reactor, and are summarized in Table 2. The reactor
size is approximately: 457i.d.x 10" s to 5, vith a 2 dia. quartz vindov in
the top: the reactor wvould be iined with high temperature refractory
cement, vhich is typical of commercial fluid-bed catalytic reactors.



Table 1. Stream Masses, Compositions, Conditions & Enthalpies

Datum state: enthalpies and entropies = 0, for the chemical elements in their naturally occuring physical
state at 298.16 K, Liquid phase mixing enthalpies are assumed small cf. formation'enthalpies.

Coﬁgonents: benzene (a), methanol (b), o-cresol (c), m-eresol (d), p-eresol (e), mixed xylenols (f), water (g),
and hydrogen (h);

Reaction Section (Sf = 3.36)

kg/h composition conditions enthalpies
Stream ~ kgmols/h X y T,P kJ/kemol kJ/h
2 (L) 2822.1 a 0.1667 25 C = 298 K H2 = - 188,407 m2H2 = - 13,386E6
71.050 b 0.8333 ‘ 5.00 bars
3 (L) (") (M) 70.2 C = 343.2 K Hy = - 179,336 myHy = - 12.74E6
3.00 bars
4 (G) (") a 0.1667 185.3 C = 458.3 K H, = - 143,320 m H, = - 10.183E6
b 0.8333 1.70 bars 4
5 (G) 2823.4 c 0.0625 400 C = 673 K HS = ~ 101,082 mSH5 = - 9,5796E6
94.769 d 0.0313 1.50 bars
e 0.0313
f 0.0625
g 0.4375
h 0.3750




Table 1. (continued)

kg/h composition conditions . enthalpies
Stream kgmols 7h X y T,P kJ/kgmol kJ/h
6 (L+G) (") ¢ 0.1139 0.0018 80 C = 353 K H, = - 128,086 mH = -12.14E6
d 0.0595 0.0005 1.00 bar | 66
e 0.0633 0.0005 )
f 0.1216 0.009
g 0.5785 0.2767
h 0.0727 0.7197
8 (G) 71.60 g 0.0909 44 C = 317 K H8 = - 21,399 m8H8 = - 0.7604E6
35.532 h 0.9091 1.00 bar '
11 (L) 746.81 g 1.0000 44 C = 317 K Hll = - 281,281 m11H11= -11.66E6
41,455 1.00 bar
14 (L) 2004.9 c 0.3333 470 C = 743 K H14 = - 146,411 ml4H14= - 2.6002E6
17.772 d 0.1667 1.00 bar '
e 0.1667
f 0.3333
15 (L) 596 .69 (") 35 C = 308 K H15 = - 182,691 m15H15= - 3.247E6
5.289 1.00 bar
17 (L) «") (") 35 C = 308 K H = -182,691 m,-,H. .= - 09663R6
- 17 1717
2.00 bars
1 bar = 14.504 psia
1 BTU = 1.055 kJ



Table 2. REACTOR SPECIFICATIONS

Item Description
1) Type Fliuidized Bed w/top entry solar energy;
w/cyclone separator on discharge
2) Catalyst 124 kg; 3 w% VZOS on 8102 support

60-80 micron particle size; 300 m~ surf. area

catalyst bed density = 0.431 g/cm3 = 26.9 1bm/ft
3) Bed dimensions 1.134 m dia x 0.284 m ht.

volume = 0.2863 m> = 10.11 ft>

c.s. area = 1.010 m2 = 10.87 ft2

3

4) Vessel dimens. 45" i.d. x 12' s to s; 2' dia top quartz window,
catalyst bed support grid; conical bottom;

two-stage cyclone separator

. Operating Conditions .

entrance exit’
5) Flow rate 71.063 kgmols/h 94.763
2822.7 kg/h =
6) T,P 185 C, 1.70 bar 400 C, 1.50 bar
7) Gas density  1.774 kg/m> 0.7989 kg/m>
8) Space velocity 22.76 kg/h kg cat.
2

9) Mass velocity 2795 kg/h m

10) Min. fluidization 1982 kg/h m2
mass velocity

11) Q solar* 0.604 kJ/h = 168 kW

12) Material of construction: carbon steel shell, catalyst grid support,
hi-temp refractory cement lining,
top quartz window;
carbon steel (w/liner) cyclone

13) Estimated Cost: $ 31,210

* Based on thermodynamic requirement



3.00 EQUIPMENT SIZING AND COST

Specifications and costs for the individual pieces of equipment
are presented in Tables 4-7 incl. Costs were estimated using the
functions and charts given by Guthrie [5] based on 1974 data, which
wvere escalated to 1989. The cost escalation index (see Appendix C) wvas
calculated by, I{(1974) = 202.5, 1{1989) = 391.0, giving Ic = 391.0/202.5 =
1.931.

The costs by equipment catagory are summarized in Table 3, as
follows.

Table 3. SUMMARY OF EQUIPMENT COSTS
(fresh feed = 7.056 million kg/y = 15.56 million 1bm/y)

catagory number Cost ($)
1) Reactor v/2-stage Cyclone (1) 31,210
2) Heat exchangers (11) 126,435
3) Distillation columns 3) 118.230
4) Accumulators (Al, 5d storage) (4) 61,170
5) Pumps with spares ?7) 18.100
6) Storage tanks (4) 191,100
(546.245)
7) Process Instruments & Controls (15%) 81,937
8) Computer (data logging & control) (1) 110,000
9) Catalyst, initial charge (1) 1.000
Total EQquipment $739,200
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Table 4 - HEAT EXCHANGER SUMMARY
ATLm
Duty Fluids U Estimated
kJ/h TS/SS Tin © Tout Area MC Cost
El Feed Heat Exchanger 0.645E6 Feed 25 70.2 46.7 K 304 SS $ 7445
PF Btm 200 35 21020 2 CS
13.54 m~ = 145.7 ft
E2 Reactor Economizer 2.559E6 Feed 70.2 185.3 66.83 304 SS $ 12,342
. Reac. Pro. 400 80 2860 CS
13.48 = 145
E3 PF Col. Condenser 0.6799E6 Cw 32 49 41.93 304 SS $ 7611
PF Ovhd 83 83 2247 CS
7.22 = 77.7
E4 PF Col. Reboiler 1.421E6 Steam 242 242 71.00 304 SS $ 7451
PF Btm 171 171 2860 CS
7.00 = 75.3
ES OCX Heat Exchanger 0.02465E6 PF Btm 35 93 5.25 304 SS $ 3519
o-Cresol 98.5 40 1022 CS
4,59 = 49.43
E6 Xyl. Heat Exchanger 0.09132E6 PF Btm 35 197 5.00 304 SS $ 9549
Cresol 202 40 1022 CS
17.87 = 192.3



Table 4 - HEAT EXCHANGER SUMMARY (continued)

ATLm
Duty Fluids u Estimated
kJ/h TS/SS Tin (9] Tout Area MC Cost
E7 CX Heat Exchanger 0.07198E6 PF Btm 35 207 5.00 304 SS $ 7703
Xylenol 212 40 1022 CS
14,09 = 151.6
E8 OCX Col. Condenser 1.633E6 CW 32 49 57.58 304 SS $ 14,884
0CX Ovhd 98.5 98.5 1737 CS
16.33 = 175.7
E9 OCX Col. Reboiler 1.647E6 Steam 242 242 35.00 304 SS $ 25,262
OCX Btm 207 207 1430 CS
32.91 = 354.1
E10 CX Col. Condenser 1_341E6 Cw 32 49 162.4 304 SS § 6262
CX Ovhd 203 203 1737 CS
4.75 = 51,15
E1l CX Col. Reboiler 1.342E6 Steam 242 242 30.00 304 SS $ 24,407
CX Btm 212 212 1430 CS

31.28 = 336y

Total (§)

0.1264E6



Table 5a. PF Distillation Column

Feed stream 6; overhead stream 7; bottoms stream 12

Top of Bottom of
Parameter column column
Z, comp. factor 1 1
Temperature C 83 171
Pressure atm . 1 1
Liq. density kg/m 969.8. 936.124
Gas density kg/m3 0.3596 3.0267
Gas av. mol. wt. 10.622 111.73
Liq. surface tension dyn/cm 19.66 25.04
Feed flow kg/h 2823
Vapor fraction in feed 0.726
Reflux ratio 0.2108
Dist. flow kg/h 815.61
Gas flow kg/h 987.56 1062
Liq. flow 0.5 kg/h 171.95 3069
(L/G) (pE/pg) - 0.0034 0.1643
Tray spacing in. 18 18
K ft/s 0.2738 0.2205
Vmax m/s 2 4.1 1.17
Gmax kg/hm 5311 12777
"Active'" area m2 0.17 . 0.08
Calc. column dia. 0.5 m=1.64 ft
Condenser type partial
Feed flow kg/h 2823
Feed temperature C 80
LK/HK water/o-cresol
Recovery of LK in overhead % 99.5
Recovery of HK in overhead % 0.1
Actual stages 40
Operating reflux ratio 0.2108
Feed stage 23 top down
Condenser duty kJ/h 6.799ES
Reboiler duty kJ/h 1.421E6
Overhead temperature C 83
Bottom temperature C 171
Distillate flow kg/h 815.61
Bottom flow kg/h 2008
Design pressure psig 200
Column dimensions [ d x h (s to s ) ] 2' id x 68.5"
MC CS/304 SS

Estimated Cost

$26,640




Table Sb. OCX Distillation Column

Feed stream 26; overhead stream 27; bottoms stream 29

Top of Bottom of
Parameter column column
Z, comp. factor 0.9747 1
Temperature C 98.5 207
Pressure atm 1 1
Liq. density kg/m 965.488 917.56
Gas density kg/m3 2.802 2.8848
Gas av. mol. wt. 105.061 115.124
Liq. surface tension dyn/cm 19.66 25.04
Feed flow kg/h 597.367
Vapor fraction in feed 0.00
Reflux ratio 12.68
Dist. flow kg/h 189.735
Gas flow kg/h 2073.2 2073.2
Liq. flow . ¢ kg/h 1883.4 2480.8
(L/G) (oL/pg) ) 0.0489 0.0671
Tray spacing in, 18 18
K ft/s 0.2573 .0.2510
Vmax m/s 1.38 1.35
Gmax kg/hm 13883 .14058
"Active" area m2 0.15 0.15
Calc. column dia. 0.44 m = 1.44 ft
Condenser type total
Feed flow kg/h 597.4
Feed temperature C 168
LK/HK o-cresol/m-cresol
Recovery of LK in overhead % 99
Recovery of HK in overhead % 0.1
Actual stages 82
Operating reflux ratio 12.684
Feed stage 50 top down
Condenser duty kJ/h 1.633E6
Reboiler duty kJ/h 1.647EG -
Overhead temperature C 99
Bottom temperature C 207
Distillate flow kg/h 189.7
Bottom flow kg/h 407.6
Design pressure psig 200
Column dimensions [ d x h (s to s ) ] 2' id x 131.5!
MC CS/304 SS
Estimated Cost $47,890
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Table 5c. CX Distillation Column

Feed stream 30; overhead stream 31; bottoms stream 33

Top of Bottom of
Parameter column column
Z, comp. factor 0.9734 1
Temperature C 203 212
Pressure atm 1 1
Liq. density kg/m 861.148 973.194
Gas density kg/m3 2.8099 3.0584
Gas av. mol. wt. 108.168 122.051
Liq. surface tension dyn/cm 23.88 25.26
Feed flow kg/h 407.627
Vapor fraction in feed 0.00
Reflux ratio 14.467
Dist. flow kg/h 191.106
Gas flow kg/h 2974.9 2974.9
Liq. flow 0.5 kg/h 2783.8 3191.5
(L/G) (pL/pg) : 0.0535 0.0601
Tray spacing : in. é82557 382534
K ft/s 1.34 1.37
¥$Z§ ']‘:gjhmz 13555 15084
"Active'" area m2 0.22 0.20
Calc. column dia. 0.53 m = 1.74 ft
Condenser type total
Feed flow kg/h 407.6
Feed temperature C 207
LK/HK m-cresol/xylenol
Recovery of LK in overhead % 99
Recovery of HK in overhead % 0.2
Actual stages 70
Operating reflux ratio 14.567
Feed stage 42 top down
Condenser duty kJ/h 1.341E6
Reboiler duty kJ/h 1.342E6
Overhead temperature C 203
Bottom temperature c 212
Distillate flow kg/h _ 191.1
Bottom flow kg/h 216.5
Design pressure psig 200
Column dimensions [ d xh (s to s ) ] 2" id x 113.5"
MC CS/304 SS
Estimated Cost $43,700
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Table 6. PUMP SUMMARY

(Centrifugal, stainless; costs for pump + spare + motor)

Inlet Capacity
Pump stream (gpm) AP(psi) BHP Cost($)
Pl 1 16 500 5.62 5973
P2 9 3 135 0.29 1928
P3 16 3 135 0.24 1892
P4 from E8 2 135 0.86 2109
P5 29 9 135 0.16 1904
P6 from E10 13 135 1.25 2402
P7 33 1 135 0.08 1908

Table 7. STOARAGE TANK SUMMARY

Total $18,100

(Based on approximate 10-day storage time, except 5 days for methanol)

Density Capacity Es timated
Tank Sulstance (kg/liter) - (U.S. Gallons) MC Cos t(1988)
T1 Benzene 0.879 67,000 CS $71,900
T2 Methanol 0.792 75,000 Cs 80,500
T3 o-Cresol 1.048 12,000 CS 12,900
T4 m,p-Cresol 1.035 12,000 Cs 12,900
TS Xy lenol 1.1695 12,000 Cs 12,900

-16-
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4.00 ESTIMATED CAPITAL AND OPERATING COSTS

The methods used to calculate the process economics follov standard

chemical engineering procedures as presented by Guthrie [5] Peters
and Timmerhaus [6 ] and Perry's Handbook [7].

Table 8. Estimated Capital Cost
(fresh feed = 7.056 million kg/y = 15.56 million 1bm/y)

Item factor $/1000
A. Equipment (Table 3) 739.2
B. Interconnecting piping, flanges, fittings, 1109

valves (15% 4)

C. Assembly and Installation of Equipment
purchasing, materials, labor and supervision
(40% A) 295.7

foundations and structures (30% A) 2218
running pipe, steam tracing, insulation,
painting (20% A) 1478
electrical (10% A) 73.9
(1589.3)
D. Design and Engineering (8% A+B+C) 1271
E. BASE SYSTEM COST (BSC) 1716.4
E. Contractors fee (8% BSC) 137.3
G. Contingency (15% BSC) 2575
H. TOTAL INSTALLED PLANT COST $ 2.111 Eé

It has been showvn by a number of authors [5.6.7] that plant capital
cost can be correlated by a 6-tenths-powver relationship. For this plant
[E = 7.056 x10°6 kg/y. Ic (1989) = 1.931] the equation becomes,

C($) = coIcFO-00 - (55.029) 1c FO-60

which can be used as the capital cost scaling-equation for different size
plants. For example, for a plantof F = 14 E6 kg/y the estimated cost is
$3.184E6 .

The estimated plant operating cost is presented in Table 9. It is
assumed that the plant is a process unit within an existing chemical
plant vhere necessary utilities and other services are available.
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Table 9. Plant Operating Cost
(2500 sun hours; 8400 operating h/y)

Item ' $/v

1) Rav Materials (benzene. methanol. supplies. 1.648 E6
make-up catalyst)

2) Operating labor & supervision (3-operators.,  0.5292
1-technicial. 1/2 foreman. per shift)

3) Utilities (nat’l gas. steam. cooling water. elec- 0.09125
tric powver)

4) Maintenance & Repair (7% of capital cost/y) 0.1478

5) Plant overhead {(75% operating labor) 0.3969
6) Plant 6/A (25% operating labor) 0.1323
7) Depreciation (15 v life, loan payment) 6.1407

8) Interest on borrow capital (10%/y. 15 v. on 0.2111
declining balance)

9) Taxes and Insurance (3% of capital cost/y) 0.0633
10) TOTAL OPERATYING COST $ 3.361E6

11) Unit COST of PRODUCTS SOLD (3.361/11.443) $ 0.2937 /ibm
$ 06475 /kg

The profitability analysis and break-even capacity nowv can be
calculated !
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5.00 PROFITABILITY ANALYSIS

Hov it is necessary to determine vhether or not the base case plant
size wvould be a profitable venture. FEirst, the plantincome from sale of
products can be calculated. as showvn in Table 10.

Table 10. Plant Income from Products

product 1bm/vy $/1bm $/y

1) hydrogen 03946 E6 00307 12120

2) o-Cresol 3530E6  0.580 2.047 E6

3) m.p-cresols 3.350 E6 0.820 2.895 E6

4) mixed XIylenols = 3.988 E6 0.580 2.313 E6

5) Totals 11 443 E6 7267 E6

6) Average unit income (7.267/11.443) $ 0.6351/1b
. $ 1.400/kg

Comparing the average $/1bm income with the cost/1bm (Table 9) it is
obvious that the base case is beyond break-even, and the capacity will
have to be reduced to find the break-even point. The operating cost
items in Table 9 can be vritten in equation form and programed as a
function of plant capacity: some items are directly proportional and
some less than proportional to size (e.g. capital cost), vhile others are
constant. Table 11 presents a print-out for determination of the
first-year break- even point, giving the followving values:

1) Fresh Feed (7.056 E6)(0.2341) = 1.652 E6 kg/y
2) Products (5.192 E6)(0.2341) = 1.215 E6 kg/y
3) Capital Cost $ 0.8833 E6

4) Op-Cost & Income $1.701 E6/y

The qualifier “first-year" is used because the interest payment declines
each year as the principal is reduced.

Finally, the wvork described herein permits the followving evaluative
conclusions to be drawvn for the process:

1. -a plant producing greater than 2679 E6 1bm/y = 1.215 E6 kg/y of
products vould be a profitable venture.

2. -the configuration of the process indicates the equipment
complexity, vhich directiy affects the capital investment required.

3. -the major item of operating cost is rav materials - 49% of total.

4. -the report provides a basis for comparison with the Conventional
Catalytic Process described in the first report. Because of lover rav
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Table 11. Calculation of First-Year Break-Even Capacily

SYMEOLS & NOMENCLATURE

c plant cost (%)

F, Fo fresh feed, base case fresh feed {(kq/¥)
Inc annual income ($/y)

Rm raw material cost ($/)

St plant capacity scale factor, F/Fo

Top plant operating cost <%/y)

TABLE 1 - Base Case Size

Fo(kg/y)

7054000

TABLE 2 - Profitability Analysis as f{(plant capacity)
J St C($) Rm($) Teap($) Inc($) Inc/Top
1 0.1842 745093 3034628 1582891 1338875 0.8438
2 0.1984 799883 324984 1616818 14418465 0.8918
3 0.2126 833489 350340 14650484 1544855 0.9340
4 0.2248 866606 3736946 1483912 1447846 0.9786
S 0.2341 883300 385771 1701108 1701092 1.0000
é 0.2551 930044 420408 1750134 1853827 1.0592
7 0.2834 290758 4467120 1815420 2059807 1.1345
8 0.5649 1501708 934240 2444875 4119614  1.4850
? 0.8503 1915215 14013461 20481649 4179422 2.0273
10 1.0000 2110983 1448000 3340449 7247000 2.1424

OQut of Data
END OF CALCULATION {(9-246-89)

material cost and higher income, the break-even size was significantly
lowver for the Solar-Catalytic Process.

5. -the capital cost estimate is for the chemical process equipment,
and does not include the cost of equipment to deliver the solar energy to
the top of the reactor. Assuming the total capital cost vould double,
wvhich is unlikely, vhen the solar energy equipment is included, the
conclusion in favor of the photo-catalytic process vouid not change.

-20-



REFERENCES CITED

[1]

(2]

[3]

[4]

[51

COADE-CHEMSTATIONS Inc., Engineering Software; 10375
Richmond Ave, Suite 1225; Houston, Texas 77042: CHEMCAD
II - Process Flowsheet Simulator, May 19389.

K. M.Guthrie, Process Plant Estimating Evaluation and Control,
Craftsman Book Company of America, Solana Beach, CA
92075, (1974). ,

M.S. Peters and K D.Timmerhaus, Plant Design and Economics
for Chemical Engineers, third edition, McGraw-Hill Book
Company, NY (1930).

F.A. Holland, F.A. Watson, and JK. Wilkinson, Section 25:
Process Economics - Perry's Chemical Engineers’ Handbook,
sixth edition; McGraw-Hill Book Company, NY (1984).

Schnell Publishing Co., Inc, Chemical Marketing Reporter, 19
June 1989 issue.

21-



Al - Benzene, C6H6

1) Molecular Weight, M 78.113
2) T, (K), P (atm), v, (cm3/gmol), Z, 562.16, 48.34, 258.94, 0.274
3) Acentric factor; dipole moment ‘ w = 0.209, u=0.0D
- 4) Ttp(K)’ T, (K) 278.66, 353.3
5) At 293.16K, p, (g/cm) 0.879
6) At 298.16K cp(1) cp® s° AHY BH° 86,°
a) 32.11 19.52  64.34 7.352  19.82 30.99
_ (cals/gmol, K) (kcals/gmol)
B 134.35 81.71 269.33 30,761 82,926 129,662
(kJ/kgmol, K) (kJ/kgmol)
Equations
1) Liquid volume, Vl =12.26 (5.7 + 3Tr)’ (cm3/gmol)
2) Liquid density, In p, = - 0.024098 + 1.344347 [1 + (1 - T/0.56216E3)°*%/3>7"
(kgmol/m3)
3) Vapor pressure: 1ln P ttérr) = 16.1753 - 2948.78/(T - 44.563)
ln P (atm) = 10.0114 - 3291.87/T - 84994.9/T2
4) Mole Cp®/R = - 2.69988 + 4.83994E-2 T - 2.06081E-5 T~
5) Mole Cp(1) = 32.3793 + 0.342T, (kJ/kgmol, K)
6) aH' = RTZ AZ (d 1n P/dT)
7) Surface tension, ¢ = 0.07195 (1 —-Tr)1°2389, (N/m)
8) Viscosity, vs: 1log vs (cp) = 545.64 (1/T - 1/265.34)
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APPENDIX A (continued)

A2 - Methanol, CH_OH

3
1) Molecular Weight, M

3
2) Tc (x), Pc (atm), Vc (cm /gmol), Zc
3) Acentric factor; dipole moment

4) Ttp(K), T, (K)

32.042

512.58, 79.9, 117.8, 0.222

w = 0.5656, 4 = 1.70 D

175.7, 337.8

5) At 293.16 K, p, (g/cm>) 0.792
6) At 298.16 K co(l) - ¢p° s° A AH AG°
a) 46.52 10.49 57.29 8.426 -48.08 -38.84
(cals/gmol, K) (kcal/gmol)
b) 194.7 43.9 239.8 35,271 -201,263 -162,584
(kJ/kgmol, K) (kJ/kgmol)
Equations
1) Liquid volume, Vl = 5.4628 (5.7 + 3Tr)’ (cm3/gmol)
2) Liquid density, In p, = 0.18706 + 1.62055 [1 + (1 - T/0.51263E3)0 172727
(kgmol /m>)
3) Vapor pressure: 1n P (torr) = 18.5097 - 3593.39/(T - 35.225)
1n P (atm) = 11.9921 - 3679.33/T - 126059/T°
4) Mole Cp°/R = 1.85)19 + 0.0124255 T - 3.49129E-6 Iz
5) Mole Cp(l) = - 39.9665 + 0.787208 T, (kJ/kgmol, K)
6) A = RT® AZ (d 1n P/dT)
7) Surface temsion, 0 =0.04327 (1 - Tr)0'7676, (N/m)
8) Viscosity, vs: log vs (cp) = 555.3 (1/T - 1/26).64)

—-a2-



APPENDIX A (continued)

A3 - o - Cresol, C,H,O

78

1) Molecular Weight, M 108.14

2) T (®), P_ (atm), V_ (cu’/gmol), Z_ 697.55, 49.4, 282.0, 0.249

3) Acentric factor; dipole moment w=0.434, Uy =1.60 D

4) Ttp(K)’ T, (K) 304.0, 464.2

5) At 293.16 K, p; (g/cm3) 1.048

6) At 298.16 K cp(1) cp® s° AHY AH° AG°

a) 55.29 31.15 85.47 10.80 =30.74 -8.86
(cals/gmol, K) (kcal/gmol)
b) 231.4 130.4 357.8 45,209 -128,678 -37,088
(kJ/kgmol, K) (kJ/kgmol)
Equations

1) Liquid volume, V1 = 14,9288 (5.7 + 3Tr)’ (cm3/gm01)

2) Liquid demsity, 1ln pl =0.58912 + 1.18685 [1 + (1 - T/0.69755E3§)'3099],
(kgmol/m3)

3) Vapor pressure: 1n P (torr) = 16.2829 - 3552.74/(T - 95.975)

1n P (atm) = 11.1411 - 4406.52/T - 351528/T°

4) Mole Cp°/R = 1.40132 + 0.0552621 T - 2.28792E-5 T2

5) Mole Cp(l) = 559.336 - 1.86259 T + 0).2258292E-2 T2, (kJ/kgmol, K)

6) AH’ = RT AZ (d 1n P/dT)

7) Vi cosity, vs: log vs (cp) = 1785.6 (1/T - 1/370.75)
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APPENDIX A (continued)

A4 - Water, H20

1)° Molecular Weight, M 18.02
2) T, (®), P_ (atm), V_ (en’/gmol), Z_ 647.35, 218.29, 63.494, 0.2%
3) Acentric factor; dipole moment w=0.348, u=1.8D
4) Ttp(K)’ Tb (K) ; 273.16, 373.15
5) At 277.16 K, N (g/cm ) 1.00
6) At 298.16 cp (1) Ccp° s° AHY bH° A,
a) 18.02 8.03 -45.11 9.717 -57.8 -54.64
(cals /gmol, K) (kcal/gmol)
b) 75.4 33.6 188.8 40,675 -241,951 -228,723
(kJ/kgmol, K) (kJ/kgmol)
Equations

1) Liquid volume, V, = 2.552 (5.7 + 3Tr), (cm3/gmol)

1

2) Liquid demsity, 1n p, = 1.52903 + 1.33888 [1 + (1 - 1/0.64729E3)° "2 072

(kgmol/m3)

18.3036 = 3816.44/(t - 46.13)

3) Vapor pressure: 1ln P (torr)

In P (atm) = 11.6572 — 3761.58/T - 218339/T2

4) Mole Cp°/R = 2.37293 + 0.0160161 T — 7.20 155E-6 T

5) Mole Cp(l) = 32.4953 + 0.124601 T, (kJ/kgmol, K)

6) OH' = RT? AZ (d 1n P/dT)

1.6866

7) Surface tension, 0 =0.1386 (1 - Tr) , (N/m)

8) Viscosity, vs: 1log vs (cp) = 656.25 (1/T - 1/238.16)
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APPENDIX A (continued)

A5 - m - Cresol, C_H,O

78
1) Molecular Weight, M 108.14
2) Tc (x), Pc (atm), Vc (cm3/gmol), Zc 705.8, 45.0, 310.0, 0.248
3) Acentric factor; dipole moment w=0.464, 1 =1.8 D
4) Ttp(K)’ Tb (K) 284.1, 475.4
5) At 293.16 K, Py (g/cms) 1.034
6) At 298.16 K cp(l) cp® s° i\ oH_° 4G, °
a) 55.29 ©29.27 85.27 11.33  -31.63  -9.69
(cals /gmol, K) (kcal/gmol)
b) : 231.4 122.5 356.9 47,427 -132,403 -40,562
(kJ/kgmol, K) (kJ/kgmol)

Equations

1) Liquid volume, V., = 15.0581 (5.7 + 3Tr)’ (cm_3/gmol)

1

2) Vapor pressure: 1ln P (torr)

18.3036 - 3816.44/(T - 46.13)

7.66037 - 1479.07/T - 1030280 /T2
2

In P (atm)
3) Mole Cp°/R = - 0.366755 + 0.0587816 T - 2.42517E-5 T

4) Mole Cp(l) = 559.336 - 1.86259 T + 0.2258292E-2 T2, (kJ/kgmol, K)
(assumed same as o - Cresol)
5) ou' = RT? AZ ( d 1n P/dT)

6) Viscosity, w: 1log vs (cp) = 1785.6 (1/T - 1/370.75)

-a5-



APPENDIX A (continued)

A6 - p - Cresol, C7H80

1) Molecular Weight, M 108.14
2) Tc (x), Pc (atm), Vc (cm3/gmol), Zc 704.6, 50.8, 318.0, 0.246
3) Acentric factor; dipole moment w=0.515, yu=1.60 D
4) Ttp(K)’ T, (K) 308.7, 475.1
5) At 293.16 K, p, (g/cm) 1.035
6) At 298.16 K cp(1) cp® s°® \: BH AG,°
a) 55.29 29.75 83.09 11.34 -29.97 -7.38
(cals /gmol, K) (kcal/gmol)
b) 231.4 124.5 347.8 47,469 -125,454 -30,893
(kJ/kgmol, K) . (kJ/kgmol)
Equations

1) Liquid volume, V., = 15.0901 (5.7 + 3Tr)’ (cm3/gmol)

1
©2) Vapor pressure: . 1In P (torr) = 16.1989 - 3479.39/(T - 111.3)

1n P (atm) = 8.90052 - 2416.26/T - 861641/T2
3) Mole Cpo/R =0.105993 + 0.0572001 T - 2.31614E-5 T2

4) Mole Cp(l) = 559.336 - 1.86259 T +'0.2258292E-2 Tz, (kJ/kgmol, K)
(ssumed same as o - Cresol)

5) AHY = RT? AZ ( d 1n P/dT)

6) Viscosity, w: log w (cp) = 1826.9 (1/T - 1/372.68)
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APPENDIX A (continued)

A7- 2,3 - ¥lenol, CBHIOO
1) Molecular Weight, M 122.17
2) T (K), P_ (atm), V, (em/gmol), Z_ 722.9, 48.0, 310.0, 0.251
3) Acentric factor; dipole moment w=0.464, H =1.80 D
§ T, T, ® 348.2, 491.2
5) At 298.16 K, p, (g/cm) 1.1695
6) At 298.16 K cp(l) cp® s° I o bH aG.°
a) 62.34 25.66 93.51 11.33 -37.57 -9.69
(cals /gmol, K) (kcal/gmol)
b) 261.0 107.4 391.4 47,427 -157,268 -40,562
(kJ/kgmol, K) (kJ/kgmol)
Equations

1) Liquid volume, V. = 15.0581 (5.7 + 3Tr)’ (cm3/gmol)

1
2) Vapor pressure: 1n P (torr) = 17.2878 - 4274.42/(T - 74.09)

ln P (atm) = 9.53837 - 3239.93/T - 657234/T2

5.40946 + 8.73061E-2T - 7.24616E-5 T2 + 2.49691E-8 T3

3) Mole CpokR

4) Mole Cp(1) 145.723 + 0.386692 T, (kJ/kgmol, K)

5) AHY = RT? AZ ( d 1n P/dT)

6) Viscosity, vs: log vs (cp) = 1785.6 (1/T - 1/370.75)
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APPENDIX A (continued)

A8 - Hydrogen, H

2
1) Molecular Weight, M 2.016
2) T_ (), P_ (atm), V_ (cm>/gmol) , z_ 33.27, 12.79, 65.001, 0.292
3) Acentric factor; dipole moment w= 9D.22, u=0.0D
4) Ttp(K), T, (K) 14.06, 20.40
5) At 20.46 K, p (g/em’) 0.0709
6) At 298.16 K cp® s° AHY bH AG.°
a) 6.89 31.21 0.216 0 0
(cals/gmol, K) (kcal/gmol)
b) 28.85 130.65  903.74 0 0
(kJ/kgmol, K) (kJ/kgmol)
Equations
1) Liquid volume, Vl =0.955 (5.7 + 3Tr)’ (cm3/gmol)
0.272

2) Liquid density, Py = 1.601406 + 1.1026 [1 + (1 - T/33.25) 1,

(kgmol/ms)

3) Vapor pressure: 1n P (torr) 14.7996 -232.321/(T - 8.08)

In P (atm) = 2.06561 + 82.9148/T - 2604.56/T>

4) Mole Cp°/R = 3.44471 + 8.38932E-5 T + 9.16277E-8 T2

5) AHY = RT? AZ (d 1n P/dT)

6) Surface tension, 0 = 0.5363E-2 (1 —Tr)1'074, (N/m)

7) Viscosity, vs: log vs (cp) = 13.82 (1/T -1/5.39)
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APPENDIX B: REACTANT AND PRODUCT PRICES

Reactants: [8]

Subs tance ) Basis Price
Phenol synthetic, tank cars $ 0.46/11
Methanol synthetic, barges 0.49/gal
‘ 0.074/1b
Benzene industrial, barges 1.15/gal
0.156/1b
n hexane industrial, tank cars 0.74/gal
0.134/1b
95%, tank cars 0.85/gal
0.154/1b
n heptane industrial, tank cars 0.68/gal
0.179/1b
95%, tank cars 0.95/gal
9.166/1b
Products: [8]
Subs tance Basis Price
o- Cresol ' 99% pure, bulk 0.58/1b
m- Cresol 95 98%, drums 1.71/1b
tanks 1.65/1b.
p— Cresol bulk 1.30/1b
m,p~ Cresol bulk 0.82/1b
mixed xylenols bulk 0.58/1b
Gases (current Gulf Coast prices):
Subs tance Mi $/106 Btu $/1b
Hydrogen (HZ) 2.016 1.30 0.0792
Methane (CH4) 16.042 1.30 0.0310
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APPENDIX C: PLANT UTILITIES & COST

(Operating hours/y: Reaction Section

Reaction Section

2500; Separation Section = 8400)

Utility Amount Unit Cost $/h $/y
1) Cw 2.103E4 1bm/h $0.10/1000 gal 0.2519 6.298E2
2.519E3 gal/h
2) Steam, 500 psia 1.784E3 1bm/h $2.20/1000 1bm 3.925 9.812E3
3) Electrical power,*
a) pumps 1.587E4 kJ/h $0.041/kWh 0.1807 4,519E2
b) lights, instru., 1.587E4 kJ/h $0.041/kWh 0.1807 4.519E2

comp.

Separation Section

(for 2500 h)

$4.538/h $11,345/y

Utility Amount Unit Cost $/h $/y
1) cw 9.197E4 1bm/h $0.10/1000 gal 1.102 9.257E3
1.102E4 gal/h
2) Steam, 500 psia 3.751E3 1bm/h $2.20/1000 1bm 8.252 6.932E4
3) Electrical power, *
a) pumps 6.953E3 kJ/h $0.041/kWh 0.07919 6.652E2
b) lights, instru., 6.953E3 kJ/h $0.041/kWh 0.07919 6.652E2

comp.

(for 8400 h)

$9.512/h  §79,907/y

* plant generated

- cl -
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ECONOMIC INDICATORS

NN 1988

LRSI 1989

CHEMICAL ENGINEERNG PLANT COST INDEX

380 (1957-59 = 100)

- 8

Apr’89 Mar.'89 Apr.'88
a70 Prelim.  Final Final
’ CE INDEX 354.2 354.2 340.1
360 Equipment 391.0 3907 369.4
’ Heat exchangers & tanks 3726 3725 3528 Annual Index
Process machinery 360.4 3605 3426 ’
/0| = f 2 Pipe, valves & fittings 4636 4635 4275 1983 = 316.9
: F ! : Process instuments 351.9 3530 3389 1984 = 322.7
340 E i E Pumps & compressors 479.4 4784 4433 1985 = 325.3
- - I e - B )
3 . Electrical equipment 2844 2858 2662
bl k| ot =
l I l Structural supports & misc. 3752 3725 3730 1986 = 318.4
850+ WAk ; c lon tabor 267.0 267.7 2645 1987 = 323.8
il 1 i : Bulidi asse a9 383 | 1988 =342.5
320 I 3 L L Engineering & supervision 3413 3414 3435 T
J F M A M J J A .8 O N D |
-MARSHALL & SWIFT EQUIPMENT COST INDEX
) - P = {1926 = 100)
1thQ 4thQ  1stQ.
1989 . 1988 1988
884.7 869.5 8353
9027 689.1 *-851.4 " -
896.9 ., 884.2. B51.7 .
8929 6791 8400
;- 884.6::870.3.4.::837.7

Annual index

1983 = 760.8
1984 = 780.4
1985 = 789.6
1986 = 797.6
1987 = 813.6
1988 = 852.0-

_. PREVIOUS

Feb.'89=14387 I  Jan. '89=14508

ucts (1977 = 100)

YEAR AGO

Mar *88=137.4

Feb.'89=704.1A Jan. '89=708.6R ‘Mar.*88=661.7
. Mar.°89=87.7P  Feb.'89=8807_ °  Jan '89=89.0R . Mar. '88=87.5"
May. '89=-4572.3 Apr.'89=4570.9 ©  Mar. '89=4567.6 .May. '88=4493.2
. mic : ) - Apr.'89=117.8 - Mar.'89=1169 '  Feb.'89=117.6 Apr. '88=1033 ... .
‘activity (1967:=7100) oo+ :F=? < May 6, '89=176.8 Apr. 29, °89=177.2 Apr. 15, '89=176.7 May 8, '88=171.5-;

_ chemical & alfied prod  Apr. '89=200.1 Mar, '89.=200.9 Feb. '89=200.4 Apr.'88=195:4 ¢
S Productivity inde/cheimicals & alfied products (1977 = 100y 2245 Mar, '89.=159.2 Feb.'89=157.0"  Jan '89=158.5 Mar.'88=149.5""" " -
CP1 OUTPUT INDEX (1977 = 100) CPIl OUTPUT VALUE (ssitiions) CPi OPERATING RATE (%)
170._ 740 100
160. 720_ 95_
150 700 9.
140 l i} 680 { 85.
" 1| 1
120 i. ' K, . s ' L 640 i .Ii IL N . . " 75 l. l l. N ) L .

J FMAMUJ JASOND J FMAMUJI JASOND

J FMAMUJ J ASOND

*To convert 1o 1967 = 100 base, multiply by 1.675. TRevised as of Jan. 1987 — multiply values from Jan 1982 to Jan. 1987 by 0.9586 10 convert to values starting with Jan. 1987 7o convert to
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A
C,Ce
Cy(l), Cy°
CcX

F, Fo

AGe®
G,L
Gmax

AHee, AHT
Ic, Inc, PI
LK, HK

Mi

MC

OCX

P, Pe

PF

POC, Top
Q. Qsolar
Re

REAC, Rm
ge

31,88, TS
Ts, Te, Ty

ATix
U

Y, Y(D, Y.
Ymax
Xi, Yi
Z,Ze

lower case

h
vs

SYMBOLS & NOMENCLATURE

upper case (chemical element symbols not included)

heat transfer area

plant capital cost, correlation constant

liquid heat capacity, pexfect gas state heat capacity
cresol-xylenol fractionator

fresh feed, base case fresh feed

G1ibbs free encrgy of formation
gas mole flov rate, liguid mole flow rate
maximum gas flow rate

enthalpy of formation, enthalpy of vaporization
costindex, income, plant income
light key, heavy key components

molecular weight

material of construction

o-cresol xylenol fractionator

pressure, critical pressure

primary fractionator

plant operating cost, total operating cost
heat transfer rate, solar energy input
Reynolds number

reactor, rawv material cost

perfect gas state entropy

scale factor, shell-side, tabe-side
n-boiling point, critical temperature, triple point

log-mean temperature difference
overall heat wansfer coeficient
volume, liquid volume, critical volume
maximum vapoI velocity

liquid and vapor mole fractions
compressibility factor, critical value

individ aal heat transfer coefficient
liquid viscosity

_el_



Greek

T dipole moment

pe. pr gas density, liguid density
o surface tension

@ acentric factor
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