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Flow sheeting
of
Vinyl Chloride production



Hierarchical Flowsheet

Input output diagram

CoHy + Cl, — C,H,Cl,
2C,H4 —| Liquid-phase chlorination — 2C,H;Cl
2C2H4C13 — ZCQH;CI + 2HCI &

Cl, —| Gas-phase pyrolysis

C;H4 + 2HCI + 30; — C;H4Cl, + H,0
10, —| Gas-phase oxychlorination
2C,Hy + Cly + 30, — 2C,H;Cl + H,0

S HzO

Picture from Peters and Timmerhaus



Function diagram

% C,H, L. Recycle Recycle
i | ‘l_ 4 CsH,, CLy C,H,Cl,
l‘hlunrmlmn reaclor Separation Pyrolysis reactor
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Q x
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Pyrolysis reactor 1 Separation
R-4 2 Czﬂﬁ S-4
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Picture from Peters and Timmerhaus
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Operation diagram

E-l 0=-90k
q ﬁ Combustion products
Reactor - % EDC Reactor Codol;:;;:r Dimill_ation
R-1 R-2 conde train
(sparged vessel) EDC (furnace) T-1 >0
T = 183°C A 1 T =500°C e
P =1.0MPa P =20MPa E-2 1HCI
Endothermic 1
=ws t 1 T— ; 1C,H,Cl
ends EDC Fuel and air Q=71Kkl ,Hj
Distillation
u;f? Recycle EDC 1HCI
w7,
+ Vent
{ !
Ii‘:r:l‘:'l\;y Phase Cooler- Reactor
separation condenser R-3
3 EDC S-2 @ 7 EDC (fixed bed)
| o T = 260°C
457 7H0 | p-joMPa
Q= —120kJ <+
+ ¥ 1
%HZO +0; 5 CoHy
Cont.

Picture from Peters and Timmerhaus



e QOperation diagram involves types of processing equipment,
unit operation necessary to accomplish the function
previously identified by the function diagram .

It specifies some key conditions such as T and P.

 Furnace(R-2) : 1) EDC within the tubes flows essentially
countercurrent to the combustion gases of the furnace. Ii)
Product gases leaving the furnace must be cooled very quickly
to stop thermal decomposition of VC.

Decision: 1) Use an in line HE to quench the R-2 effluent and
cool down to a temperature about 250°C. ii) Use enriched
oxygen in R-3 to reduce the chlorinated hydrocarbon in the
effluent stream of the reactor hence purification cost of
ethylene decreases.

Cont.



e Chlorination reactor (R-1): Dispersion of gases in liquid EDC
by sparger; It is a multiple hole pipe to obtain widespread
distribution of gases in vertical cylindrical vessel.

Decision: Use sparged vessel reactor.

e Oxychlorination reactor (R-3): 1) It resembles a shell and tube
heat exchanger with catalyst particles and reactant gas in the
tubes and cooling medium on shell side. ii) Flow in tube is
plug flow hence temperature gradient and hot spot exist.
i) It is avoided by variable catalyst loading along the length of
the tube- lowest catalyst at inlet and highest catalyst in outlet.

Decision: Use packed bed reactor.

e Product stream of R-3 is a gas stream containing EDC+water+
small amount of ethylene and HCL.

7 Gas phase (ethylene, HCL vented out)
S-2—— EDC phase (to distillation train T-2)

Gas phase (Water phase is drawn off for treatment)



Flow sheet

Q= -45MJ Q=-7TMIJ

0.54EDC K3

,_-@ A

Combustion products

G AC,H, =+ =
0.54Cl, =+ “R-1.

e
09TEDC

Picture from
- 0.73EDC
Peters and Timmerhaus 101 - VC
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Algorithmic flow sheeting

Picture from
Peters and Timmerhaus

Reaction-network synthesis

[ 4 Algorithm MSG

]

'

Algorithm S5G I

' Linear programming J

— |

networks

Feasible reaction

Identification of plausible operating units

Selection of plausible
operating units

!

Search or estimation of
performance data

Plausible
operating units
4
Synthesis of the optimal process network
Algenthm MSG
Algorithm SSG ’ Algorithm ABB ]
Mathematical programming

:

Optimal and near optimal process

networks (flowsheets)



Methodology

In algorithmic flowsheet, a Process-Network is generated called Process-
Network Synthesis (PNS) and it is subsequently optimized and analyzed.

A software framework called P-Graph was developed by Ferenc Friedler and
L.T. Fan, (1993) to solve PNS problem.

It is freely available in Web site www.p-graph.com .

In P-graph framework, MSG (maximal structure generation) , SSG (solution
structure generation) and ABB (accelerated branch bound) are formulated
to optimize a process.

Steps include, 1) Definition of a process synthesis with subsequent
subprocess. ii) Creation of mathematical model of the subsequent process
and their alternative solutions, through algorithmic MSG, SSG and ABB.

The subsequent process are connected through logical AND gate or logical
OR gate.

If any subprocess or unit has multiple inlet streams, and all the streams are
required to carry out the operation then the unit is represented by AND
constraint.

If any subprocess or unit has multiple inlet streams, and any combination of
theses streams are sufficient to operate the subprocess, then it is
represented by OR constraint.



http://www.p-graph.com
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 Algorithmic MSG (maximal structure generation)

It I1s the mathematical representation of a laborious and
modest superstructure that composed of all combinatorically
feasible structures resulting the desired product from a given
number of raw materials through several sequential
subsystems.

One must choose the optimal structure among these feasible
structures | the MSG. The optimal structure is subjected to
various objective functions like, cost, safety, environmental
factors etc.

 Algorithmic SSG (solution structure generation)

It Is the generation of feasible solution structure of MSG that
reveals the feasible structures or flowshhets for computational
purpose.



« Algorithmic ABB (Accelerated branch and bound)

In case of number of SSG is large, the optimization all feasible
solution structures is time consuming. Generally, finite number
of the optimal solution structures is chosen by the process
engineer and these are ranked based on the priorities of
objective functions. It eases the way of computation through the
optimization.



MSG  (Maximal Ckruclnre ggmrah‘on)

Considor o hybrd copavakon proCess For Separabing
Vari b pmd-wf& ( acetont, odnonel and budaned ) From
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Figure MSG represented from Botond Bertok, Mate Barany, and Ferenc Friedler (2013)



F - fermentation broth
(raw material)

A = acetone (product)
E - ethanol (product)
B = butanol (product)
X = ethyl-hexanol

11 - intermediate

12 - intermediate

13 - intermediate
W1 - wastewater

W2 - wastewater

W3 - wastewater



Table of operating units with streams specification and cost by
Botond Bertok, Mate Barany, and Ferenc Friedler (2013)

name inlet streams | outlet streams | investment operating cost
[kg/h] [kg/h] cost [US$] [US$/year]

GasStrip F(744150)  W1(713400) 2180000 871 000
11 (30 750)

Extract F (744 150) W2 (729.800) 1189 000 5231 000

X (800 320) 12 (814 670)

SolventStrip ~ 12(814670) X (800 320) 1914 000 864 000
13 (14 350)

Adsorp 11 (30 750) 13 (14 350) 3 806 000 132 000
W3 (16 400)

Distill1 13 (14 350) A (2 870) 3124 000 1246 000
E (820)
B (10 660)

Distill2 13 (14 350) A (2 870) 4 156 000 1658 000
E (820)

B (10 660)
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Cash flow for industrial operations
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» Total capital investment = working capital (W)+ fixed-capital investment (Ax+V)

»Working capital (10-20% of total capital investment)
Raw materials and supplies carried in stocks; raw material purchases; accounts receivable;
operating expenses; salaries; wages; accounts payable; tax payable

» Fixed-capital investment = direct costs (V)+ indirect costs (Ax)

» Direct costs = material and labor involved in actual installation of complete facility
(70-85% of fixed-capital investment)

* Equipment + installation + instrumentation + piping + electrical + insulation + painting (50-
60% of fixed-capital investment)

* Buildings, process and auxiliary (10-70% of purchased-equipment cost)
* Service facilities and yard improvements (40-100% of purchased-equipment cost)
e Land (1-2% of fixed-capital investment or 4-8% of purchased-equipment cost)

» Indirect costs = expenses which are not directly involved with material and labor
of actual installation of complete facility (15-30% of fixed-capital investment)
* Engineering and supervision (5-30% of direct costs)
* Construction expense and contractor’s fee (6-30% of direct costs)
* Contingency (5-15% of fixed-capital investment)



Estimation of total product cost

» Gross earnings = Total income - Total product cost
» Total product cost = manufacturing cost + general expenses

» General expenses = administrative costs + distribution and selling costs + research and
development costs

* Administrative costs (about 15% of costs for operating labor, supervision, and maintenance, or 2-6% of
total product cost); includes costs for executive salaries, clerical wages, legal fees, office supplies, and
communications

* Distribution and selling costs (2-20% of total product cost); includes costs for sales offices, salesmen,
shipping, and advertising

* Research and development costs (2-5% of every sales dollar or about 5% of total product cost)
» Manufacturing cost = direct production costs + fixed charges + plant overhead costs

» Direct production costs (about 60% of total product cost)
* Raw materials (10-50% of total product cost)
* Operating labor (10-20% of total product cost)
* Direct supervisory and clerical labor (10-25% of operating labor)
» Utilities (10-20% of total product cost)
* Maintenance and repairs (2-10% of fixed-capital investment)
* Operating supplies (10-20% of cost for maintenance and repairs, or 0.5-1% of fixed-capital investment)
* Laboratory charges (10-20% of operating labor)

* Patents and royalties (0-6% of total product cost) Cont



» Fixed charges (10-20% of total product cost)

* Depreciation (depends on life period, salvage value, and method of calculation-about 10% of fixed-
capital investment for machinery and equipment and 2-3% of building value for buildings)

* Local taxes (1-4% of fixed-capital investment)
* Insurance (0.4-1% of fixed-capital investment)
* Rent (8-12% of value of rented land and buildings)

> Plant-overhead costs (60-70% of cost for operating labor, supervision, and
maintenance, or 5-15% of total product cost)

* Costs for the following: general plant upkeep and overhead, payroll overhead, packaging, medical
services, safety and protection, restaurants, recreation, salvage, laboratories, and storage facilities.
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Break even analysis
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COST INDEXES

Prices changes considerably with time due to changes in economic conditions and cost data need
to be updated.

A cost index is merely an index value for a given point in time showing the cost at that time
relative to a certain base time.

Present cost = Original cost x (index value at present time/index value at time original cost was
obtained)

The most common of these indexes are the
* Marshall and Swift all-industry and process-industry equipment indexes
* The Engineering News-Record construction index
* The Nelson-Farrar refinery construction index
* The Chemical Engineering plant cost index



Estimating Equipment Costs by Scaling

It is often necessary to estimate the cost of a piece of equipment when no cost data are available
for the particular size of operational capacity involved.

six-tenths-factor rule, if the cost of a given unit at one capacity is known, the cost of a similar unit
with X times the capacity of the first is approximately (X)%¢ times the cost of the initial unit.

Cost of equip. a = cost of equip. bx(Capac. Equip. a/Capac. Equip. b)°-6

Example: Estimating cost of equipment using scaling factors and cost index.

The purchased cost of a 50-gal glass-lined, jacketed reactor (without drive) was $8350 in 1981.
Estimate the purchased cost of a similar 300-gal, glass-lined, jacketed reactor (without drive) in

1986. Use the annual average Marshall and Swift equipment-cost index (all industry) to update
the purchase cost of the reactor.



TABLE 3
Cost  indexes

as

annual

averages

Marshall 8 Swilt

Eng. (Y@¥ws-Record

Nelson-Farrar engineering

Chemical

A refinery plant cost

indexes, 1926 = 100 construofon index construction index

All- Process- 1913 1949 1967 index, 1957-1959
Year  industry  industry =100 =100 =100 1946 = 100 = loo
1975 444 452 2412 464 207 576 182
1976 472 479 2401 503 224 616 192
1977 505 514 2576 540 241 653 204
1978 545 552 2776 582 259 701 219
1979 599 607 3003 630 281 757 239
1980 560 675 3237 679 303 823 261
1981 721 745 3535 741 330 904 297
1982 746 774 3825 802 357 977 314
1983 761 786 4066 852 380 1026 317
1954 780 806 4146 869 387 1061 323
1985 790 813 4195 879 392 1074 325
1986 798 817 4295 900 401 1090 318
1987 814 830 4406 924 412 1122 324
1988 852 870 4519 947 422 1165 343
1989 895 914 965 429 1194 355
1990
(Jan.) 9041 924 4673 979 435 1203 356

t Alf costs presented in this text are based on this value of the Marshall and Swift index
unless otherwise indicated.

Table 3 (Peters & Timmerhaus)

Solution: Marshall and Swift equipment-cost index (all industry)
(From Table 3) For 1981: 721; (From Table 3) For 1986: 798
From Table 5, the equipment vs. capacity exponent is given as 0.54:

0.54
In 1986, cost of reactor = ($8350)( ) =$24,300

798) (300
721 50

TABLE §

Typical exponents for equipment cost vs. capacity

Equipment Siie range Exponent
Blender. double cone rotary, .. $0-250 ft? 0.49
Blower, centrifugal 103-10* ft3 /min 0.59
Centrifuge, solid bowl, ¢, 10-10? hp dnive 0.67
Crystallizer. vacuum batch, €.8. 500-7000 £t 0.37
Compressor, reciprocating, air cooled, two-stage,

150 psi discharge 10-400 fi*/min 0.69
Compressor, rotary, smgle-stage, shding vane,

150 psi discharge 10%-10* ft? /min 0.79
Dryer, dmum, single vacuum 10-10% §?7 0.76
Dryer, drum, single atmospheric 10-10* fi? 0.40
Evaporator  (mstalled). honzontal tank 10%-10* 2 0.54
Fan, centrifugal 10°-10* ft* /min 044
Fan. centrifugal 2 % 10*-7 x 10* t> /min 1.17
Heat exchanger, shell and tube, floating head, ¢, 100-400 ft? 0.60
Heat exchanger, shell and tube, fixed sheet, ¢.5. 100-400 f2 044
Kettle, cast iron, jacketed 250-800 gal 027
Kettle, glass lined, jacketed 200-800 gal 031
Motor, squirrel cage, induction, 440 volts,

explosion  proof 520 hp 0.69
Motor, squirrel cage, induction, 440 volts,

explosion  proof 20-200 hp 0.99
Pump, reciprocating, horizontal cast iron

(includes  motor) 2-100 gpm 034
Pump, centrifugal, horizontal, cast steel

(includes  motor) 104-10% gpm X psi 033
Reactor, glass lined, jacketed (without drive) 50-600 gal 054
Reactor, 8.8, 300 psi 102-10* gal 0.56
Separator, centrifugal. ¢S, 50-250 e 049
Tank, flat head, ¢, 10%-10* gal 0.57
Tank, ¢.s., glass lined 102-10* gal 049
Tower, €8, 10°-2 x 108 Ib 0.62
Tray, bubble cup, .5, 3-10 ft diameter 1.20
Tray, sieve, C.5. 3-10 ft diameter 0.86

Table 5 (Peters & Timmerhaus)



METHODS FOR ESTIMATING CAPITAL INVESTMENT

POWER FACTOR APPLIED TO PLANT-CAPACITY RATIO : This method for study relates the
fixed-capital investment of a new process plant to the fixed-capital investment of similar
previously constructed plants by an exponential power ratio.

C =CfR

Where C, is the fixed-capital investment of the new facility; C is the fixed-capital
investment of the constructed facility; R is the ratio of the capacity of the new facility
divided by the capacity of the old; X is the power which has been found to average
between 0.6 and 0.7 for many process facilities; f, is the cost index ratio at the time of
cost C, to that at the time of cost C.

A closer approximation for this relationship which involves the direct and indirect
plant costs has been proposed as

C, =fIDR +1]

Where fis a lumped cost-index factor relative to the original installation cost D is the direct cost
and / is the total indirect cost for the previously installed facility of a similar unit on an equivalent
site.



 Example: Estimation of fixed-capital investment with power factor applied to
plant-capacity ratio. If the process plant, described in Example 1, was erected in
the Dallas area for a fixed-capital investment of $436,000 in 1975, determine
what the estimated fixed-capital investment would have been in 1980 for a
similar process plant located near Los Angeles with twice the process capacity but
with an equal number of process units? Use the power-factor method to evaluate
the new fixed-capital investment and assume the factors given in Table 20.

» with a 0.6 power factor and the Marshall and Swift all-industry index (Table 3),
the fixed-capital investment is

C, =CfR" =43aooc(jjgj(2)°-6 =$982000



 with a 0.6 power factor, the Marshall and Swift all-industry index (Table 3), and the
relative labor and productivity indexes (Table 20), the fixed capital investment is

660Y 1.22) 1.04
C, =fIDR +I]= 308000(2)"° +128000{=$1,432000
=/ | 444 )\ 0.88 0.89[ 50002 : ] >

* where f = f.f,e,, f,=Relative labor rates ratio, e,=Relative productivity factor ratio.

’ -
TABLE 70 - ‘ R —— Assumed % Ratioed %
Relative labor rate and productivity indexes in the Coiligaca of total Cost of total
chemical and allied products industries for the United States s
(1989)1- Purchased equipment 25 $100,000 23.0

Purchased-equipment installation 9 36,000 8.3
Relative Relative Instrumentation (installed) 7 28,000 6.4
™ poductvity ~ Piping  (installed) 4 8 32, 000 7.3
) Buildings (including services|D=Direct 5 20,000 1.6
i ; ital 2
New England 114 0.95 Ya.rcl‘ unpr‘o‘\ ?ment.s _ '_3313l a 2 8,000 1.8
: 4 gl Service facilities (installed) investment 15 60,000 13.8
Middle Atlantic 1.0b 0.9 — 1 4.000 0.9
: s na o1t v : .
South Aflantic 0.84 - Engineering and supervision 10 40,000 9.2
Midwest l“ l h Construction expense I=I|f|direct 12 48,000 11.0
Culf U3 .22 Contractor’'s fee Fapltal 2 8,000 1.8
Southwest 0.88 .04 Contingency myestReRt 8 32,000 7.3
Mountain 0.88 0.97

436,000 100.0

Pacific Coast 1.22 0.89 |

Range will vary from 5371000 to $501,000 for nurm.a}: conditions: | ,e{numy i sl
Table 20 (Peters & Timmerhaus) inflationary, it may vary from $436,000-$566,000.




Turnover ratio=(gross annual sales/fixed-capital investment)

The reciprocal of the turnover ratio is sometimes defined as the capital ratio or the investment
ratio. Turnover ratios of up to 5 are common for some business establishments and some are as
low as 0.2.

Example: Break-even point, gross earnings, and net profit for a process plant.

The annual direct production costs for a plant operating at 70 percent capacity are $280,000
while the sum of the annual fixed charges, overhead costs, and general expenses is $200,000.
What is the break-even point in units of production per year if total annual sales are $560,000
and the product sells at $S40 per unit? What were the annual gross earnings and net profit for this
plant at 100 percent capacity in 1988 when corporate income taxes required a 15 percent tax on
the first $50,000 of annual gross earnings, 25 percent on annual gross earnings of $50,000 to
$75,000, 34 percent on annual gross earnings above $75,000, and 5 percent on gross earnings
from $100,000 to $335,0007?

The break-even point occurs when the total annual product cost equals the total annual sales.
The total annual product cost is the sum of the fixed costs (including fixed charges, overhead, and
general expenses) and the direct production costs for n units per year. The total annual sales is
the product of the number of units and the selling price per unit. Thus

Direct production cost/unit =280,000/(560,000/40) = $20/unit,
Cont.



* At break-even point, Total product cost = Total income or all product
sold

* 200,000 + 20n =40n
* n =200,000/20=10,000 units/year

* This is [(10,000)/(14,000/0.7)]100 = 50% of the present plant operating
capacity.

 Total product cost = (direct production costs + fixed charges + plant
overhead costs) + general expenses

* Manufacturing cost = direct production costs + fixed charges + plant
overhead costs

e Gross annual earnings = total annual sales - total annual product cost
=(560,000/0.7)-[200,000 +(280,000/0.7)]

= 800,000 - 600,000

= $200,000

Cont.



* Net annual earnings = gross annual earnings - income taxes

=200,000 - [(0.15)(50,000) + (0.25)(25,000)+ (0.34)(200,000 - 75,000) +
(0.05)(200,000 —100,000)]

= 200,000 - 61,250
= $138,750

Reference

» Plant Design and Economics for Chemical Engineers, Max S. Peters, K. D. Timmerhaus, 4 Edition,
McGraw-Hill Inc.



Thank You



