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l . ABSTRACT 

This report deals with the mathematical model of the 

transient behavior of an existing ethane dehydrogenation furnace 

which is compos ed of two main sections: a preheating convection 

section and a radiant-heated section. The correlation of pressure 

drop with time has been found from the available data. The frac­

tional carbon deposition and the multiplier coefficient of a pre­

ssure drop equation have 11een determined by the direct search 

optimization technique of Hooke and Jeeves. 

An optimal policy for the cyclic operation of the furnace 

was determined by considering plant temperature profile and hydro ­

carbon/steam ratio as parameters for maximizing average ethylene 

produced per day . The effect of temperature profile on the distri­

bution of carbon deposited along the reactor was also predicted and 

discussed . 
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2. INTRODUCTI ON 

In recent years many workers have focu s ed attention upon 

ethylene as an i mportant raw materia l due to the current expansion 

of the petrochemical industry. Steam pyrolysis of ligh t hydr ocar bons 

(ethane, propane, butanes) is a major process for the production of 

ethylene (30), and naphtha cracking for ethylene has also been 

(32 33, 34)
developed ' For improving the production of ethylene, 

the kinetics and mechanisms of thermal cracking, simulation and 

optimal control of an existing furnace, and furnace desi gn have been 

widely studied by applying a digital or an analog computer . 

The kinetics and mechanisms of the thermal decomposition of 

h . h h b . . d (10, 11, 12, 13,eth ane at ig temperature ave een investigate · 

14, 15, 16, 25) They have shown that the reaction mechanism appears 

to be a free radical chain process . However , the rate equations 

describing the formation of the intermediate and final products have 

not been resolved yet. The chemical reactions and rate expressions 

proposed by Snow and Schutt (3) have been applied for simulation 

work (1, 2) Similar simplified reaction schemes have been proposed 

(9 23for propane, butane, and mixed light hydrocarbons prolyscs ' ' 

26, 29) 

The study of a pyrolysis furnace is logically divided into 

two parts, the tubular reactor and the furnace. The main purpose in 

2 
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creating a simulation model is to be able to predict the correct 

trends of plant behavior with reasonable accuracy when either the 

controllable or uncontrollable variables are changed. The simulation 

of an existing ethane dehydrogenation furnace has been discussed by 

Petryschuk and Johnson (l, 2), and Shah C9); their mathematical 

models have also been programmed on a digital computer. Lichtenstein 

C4) simulated propane dehydrogenation for a pilot plant on an analog 

computer. All these simulation studies are built by matching the 

available data from the plants. 

For the design problem, the design of the tubular reactor 

consists of selecting the proper diameter and total length of tubes 

needed to produce the required conversion at some assumed heat flux. 

The papers by Fair and Rase (2l) , Calderbank C20) , Andrews and Pollock 

(22), and Lichtenstein C4) have been concerned more with tubular 

reactor design. Karbosky et al C3l) and Loftus et al (l7) discussed 

the design of the furnace which included selection of tube material, 

arrangement of the tubes, and the design of the convection and radiant 

sections. An emperical technique for predicting heat transfer in t he 

combustion chamber of the radiant section was proposed by Labo and 

(35) . (36 37)Evans early in 1939. Later, Hottel and Cohen ' developed 

a zoning technique for computing heat transfer in the combustion 

chamber which provides a sound basis for developing a mathematical 

model that will permit furnace design to meet requirements of heat 

flux level and distribution without violating constraints on maxi mum 

metal or refractory temperature. The optimization and on-line computer 
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control of thennal cracking were discussed by Parson et al (l 9) 

Roberts and Laspe (lB), Calderbank C20), and Shah C9) . 

This report is a continuation of Petryschuk's work (l, 2) 

for the ethane dehydrogenation. The reaction scheme and rate 

equations proposed by Snow and Schutt, ·and the frequency factors 

(of rate equations) detennined by Petryschuk are used. The optimi­

zation technique developed by Hooke and Jeeves (6 , 7) has been 

utilized. Here the transient study is dealing with the tubular 

reactor only. 

I 



3, DESCRIPTION OF 11-lE FURNACE 

The ethane dehydrogenation furnaces under consideration are 

the direct-fired furnaces which are situated in the Light Ends 

Recovery Unit, Polymer Corporation, Sarnia, Ontario. Two box-type 

furnaces operate in parallel and process the bottoms stream from an 

ethane-ethylene distillation column. 

Each furnace consists of a convection section where the ethane 

feed is preheated from approximately 200°F to about 1200°F and a 

radiant section where the tubes are exposed to direct fire heating 

and the reactions occur. The convection section is a cross-flow, 

counter-current heat exchanger with 1150 ft 2 of heat transfer area 

and 1050 ft tube length. The radiant section is composed of a hair­

pin coil with about 480 ft 2 of heat transfer area and four zink burners 

as heat source. The coil is made of type 316 stainless steel with 

inside diameter 3.875 inches and it is constructed of 24 tubes each 17 

ft in length and having return bends 4 ft in length; the latter are 

located outside the furnace wall and well insulated. The two sections 

are separated by a brick-wall . Figure 1 is a simple scheme of the 

furnace. 

Plant temperatures are logged at seven points on the tube­

side and at three points for flue gas. The inlet and outlet pressures 

of the reacting gas stream are also known. Recently a differential 

5 
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pressure gauge has been installed for measuring the pressure drop 

vs. run time. 

I 




4, PLANT DATA AVAILABLE 

Five sets of plant data are available in which four sets 

are mixed ethane-propane feed; only one. set is suitable for this 

transient behavior study of ethane dehydrogenation and is shown 

in Table 1. Unfortunately the plant data available for temperature 

profile vs tube length and concerning feed rate variation are not 

as detailed as one would desire. Several assumptions will be made 

for the model because of the limited and incomplete data. 

It is expected that this study will continue and that new 

data being obtained from the Corporation at the time of writing 
I 

of the report will be analyzed using the methods discussed and 

illustrated in the following pages. 

8 
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TABLE 1 FEED, TEMPERATURE AND PRESSURE OF FURNACE B301 

(March 16 - April 23, 1966) 

Date Length 

Feed Flow Rates 

Ethane Steam 

Temperatures 

Inlet Outlet (a) 
Pressures 

Inlet Outlet 

' 

March 

April 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

M lb/day 

65.0 
103.5 
103.8. 
128.4 
119. 7 
130.0 
154.9 
123.9 
147.7 
153.8 
167.2 
143.8 
162.8 
140.2 
118 .3 
118.0 
117. 7 
154.9 
139.9 
123.8 
121.4 
117 .8 
124.0 
145. 7 
151. 2 
156.6 
122.1 
141.1 
138.8 
140.1 
142.3 

NA(b) 
NA 
NA 
NA 
NA 
NA 
NA 
55 

M lh/day 

36.12 
48.00 
44.64 
27.60 
27.36 
24.50 
13.03 
36.00 
11.45 
9.60 

10.08 
16.15 

9.91 
118.07 
32.16 
33.12 
25.20 
10.80 
19.20 
24.96 
27.05 
29.76 
35.62 
11.40 

9.60 
9.60 

26.40 
17.40 
16.80 
9.60 

11.64 
15.60 
12.00 
10.80 
19.20 
19.20 
17.28 
15.36 
13.44 

Op 

240 
251 
251 
226 
235 
215 
190 
216 
175 
172 
175 
200 
161 
193 
237 
239 
225 
179 
210 
220 
225 
230 
220 
187 
167 
167 
210 
220 
204 
173 
179 
190 
184 
179 
204 
210 
200 
198 
225 

-up 

1520 
1527 
1527 
1528 
1528 
1530 
1532 
1530 
1533 
1529 
1535 
1535 
1530 
1532 
1535 
1535 
1530 
1537 
1539 
1537 
1527 
1525 
1525 
1522 
1522 
1523 
1525 
1520 
1521 
1525 
1526 
1525 
1525 
1527 
1525 
1525 
1525 
1525 
1525 

psig 

61.0 
62.0 
62.0 
62.0 
62.0 
62 .0 
62.75 
64 .0 
66.0 
65.5 
65.75 
66.0 
69.7 
65.6 
65.9 
66.7 
67 .0 
69.0 
68.0 
64.4 
68.0 
67.4 
66.0 
67.0 
68.0 
72.0 
69.3 
71.0 
71.5 
75.2 
71. 2 
72. 75 
73.0 
76.0 
74.1 
74 .0 
76 .8 
72.5 
72 

psig 

13.7 
13.8 
13.6 
13.7 
13.7 
13.7 
13.7 
13.7 
13 . 8 
13.8 
13.8 
13.9 
14.0 
14.0 
14.0 
13.9 
13.7 
13.7 
13.7 
14.0 
14.0 
13.7 
13.9 
13.8 
13. 8 
13.7 
13.9 
14.0 
14.0 
14 .o 
13 . 9 
14.0 
13.9 
14.0 
13.0 
12.6 
13.0 
13.0 
13.0 

(a) Temperature fourth tube from outlet 

(b) This day was omitted in day count on log sheet. 



5. TRANSIENT BEHAVIOR or THE DEl!YDROr.ENATION PURNJ\CE 

S.l Purpose 

Hydrocarbon pyrolysis processes can not be operated under 

the steady-state conditions because carbon is _deposited on the tube 

walls during the operation. This causes the pressure drop to increase 

with increasing time. This unsteady-state operation leads to plant 

shut-downs for cleaning the carbon deposited inside the reactor after 

an operating run. In the present study a regression analysis of the 

available plant data has been carried out for finding a correlation 

of pressure drop with time. The mechanism of carbon formation and 

deposition is a complex transport and kinetic phenomena. The frac­

tional carbon deposition has, as yet, not been solved; previous work 

on design or simulation (l, 2' 3, 4 , 9) has usually assumed a constant 

fraction (approximately 0.1). The mathematical model presented in this 

section will determine the fraction carbon deposition and the multiplier 

of pressure drop equation (this will explain in Sec. 5.5) simultaneously 

on a digital computer by the optimization technique of Hooke and Jeeves, 

and using Euler and Runge-Kutta third-order numerical integrations, and 

interpolation techniques to solve the differential equations encountered. 

5,2 Assumptions of the Model 

The model equations will be described and derived for this 

transient study in the following sections. Because of the limitation 

10 
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of data and the need to simplify the problem for application of computer 

techniques and for saving computer time, several assumptions have to be 

made as follows: 

(1) 	 The velocity profile is flat at any cross-section 

along the reactor. 

(2) 	 There is radial uniformity of composition and 

temperature. 

(3) 	 No diffusion along a flow path exists. 

(4) 	 The carbon is assumed to coat the tube walls 

uniformly around the circumference at any point. 

(5) 	 The ideal gas law is valid for the reacting gas 

at high temperature and low pressure. 

(6) 	 The plant temperature profile in convection 

section is linear and the profile in radiant 

section is assumed to be a smooth curve. 

(7) 	 No reactions occur in convection section. 

(8) 	 The form of the pressure drop equation is that 

proposed by Hougen and Watson. 

The assumptions (1), (2) and (3) constitute the p lug-flow 

reactor model in which each element of gas passes through the reactor 

as a plug, unaffected by the preceding or following elements. It has 

to be noted that even the shape of inside tube will be changed due to 

carbon deposition. The plug-flow assumptions still be assumed to hold. 

It is realized that there is a "saw-tooth" temperature profile 

in the radiant section caused by the insulated return bends as in the 
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model proposed by Petryschuk and Johnson (l, 2) Since this model would 

require considerably more computer time, assumption (6) was made for the 

present studies. 

There are also assumptions involved in the physical property 

treatment which will be introduced later. 

5.3 Chemistry Description 

The apparent over-all chemical reactions and expressions for 

the dehydrogenation of ethane proposed by Snow and Schutt C3) are used 

in this model study. The chemical reactions are: 

c 2H4 + 0.333 c6H6 + H2 (4) 

C2H4 + C2H2 + H2 (5) 

C2H4 + 2C + 2H2 (6) 

C2H4 + C2H6 + 0.952 C3H6 + 0.381 c3II8 + 0.62 H2 (7) 

The empirical rate expressions written for these reactions are as follows: 

nk1P nH p 
C2H4 2 

= -- ( n - ) (8)rl nt C2H6 K 1 nt 

k2P nC H p nCH
2 4 4 =- ( ) (9)r2 Inc H nHnt nt 2 6 2 K2 
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(1 0) r3 = k3 rl p 


k p2

4 2 n (11)r4 = 2 C2H4nt 


ks P 
 2 n (12)rs = c2rr42 ­
nt 


k p2

6 2 n (13)r6 = ' 2 C2H4nt 

k1 
(14)r7 = rlkl 

where k. = reaction rate constant 
1 

n. = moles of ith component per mole of feed 
1 

I 
= gas flow, total moles per mole of feednt 


p = total pressure of reacting gas stream, atm. 


r. = rate of jth reaction, moles converted/(sec.) (cu.ft.)
J 

The rate constants of these rate equations and the frequency factors 

are shown in Table 2, where one set of frequency factors proposed by 

Petryschuk and Johnson (l, Z) are used and k70 is set equal to zero. 

Actually there are only six reactions being used. The equilibrium 

constants proposed by Snow and Schutt C3) for dehydrogenation of · 

ethane are: 

0.00778T= 3.31 x 10-7 eK1 

= 1. 0K 2 

. f . ORwhere T is temperature o reacting gas, . 
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TABLE 2 REACTION RATE CONSTANTS 

(Reaction rate constants were proposed by Snow and Schutt C3) 

and k. values were proposed by Petryschuk and Johnson (l, 2))
10 

Reaction 

1 

2 

3 

4 

5 

6 

7 

Rate Constant 

k lo 
64500 

kl 
T 

= -­ e 
T 

49140 

k2 k2o e 
T 

= 

k3 = k3o 

59120 

k4 
T 

= k4o e 

54040 

ks kso e 
T 

= 

44100 

k6 k6o e 
T 

= 

83160 

k7 k7o e 
T 

= 

k. Value 
10 

5.3 x io14 

75.9 x 10 

0.008 

92.2 x 10 

73.0 x 10 

44.5lx 10 

o.o 
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S.4 Mass Balance 

Referring to Figure 2 the mass balance for a single component 

i can be expressed as: 

n. 
1 

T 

p 

dV 

n. 
1 

T 

P 

+ dn. 
1 

+ dT 

+ dP 

FIGURE 2 An element of a tubular reactor 

· dni s 
Few-= E . 

j=l 
a ..
lJ Y·J 

j 1, 2,= .... ,5 (15) 

where F = feed rate, moles per second 

V = volume of reacting gas, cu.ft. 

a .. = lJ stoichiometric ratio of jth reaction 

s = number of reactions 

n . 
1 

= moles of ith component per mole· of feed 

and 
2 

dV = ( irD 
4 

) dz (16) 

where D = tube inside diameter, ft. 

z = tube length, ft. 

Substituting Equation (16) into (15) the result is 

dn . 02 s 
1 (-1f-) E a .. r. (17)dz= 4F lJ Jj=l 

where the stoichiometric ratio of the reaction, a .. , is positive when
lJ 

the ith component is product, negative for reactant. 
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By applying Equation (17) the mass balance for each component 

in the model can be written as: 

(18) 


dn 
cdZ = 2Br6 (19) 

dnCH 
4 = 2Br2 (20)dz 

dnc H 
2 2 = Br5 (21)dz 

dnc H 
2 4 

= B(r1-r2-r3-r4-r5-r6) (22)dz 

dnc Ii 
2 6 

= -Br (23)dz 1 

dnc H 
4 6 

= 0.25 Br3 (24) dz 

dnc H 
4 8 

= 0.125 Br3 (25)dz 

dn 
C4H10 

= 0.125 Br3 (26)dz 

dnc H 
6 6 = 0.333 Br4 (27)dz 
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where 	 B = rm 2/4F. 

The component steam is considered as an inert gas because CO 

and co2 are not observed by analyzing the products in this plant. 

Possibly the steam-carbon reactions discussed by Shah C9) may occur in 

operation, in this case steam will reduce carbon deposition. 

5.5 Momentum Balance 

The pressure drop calculation for circular tubes is conven­

tionally expressed by the Fanning equation C5) · 

d p I 2fG 2 
(28)dz= g 	 D. e 

c 1 

where 	 P' = total pressure of reacting gas stream, psi 

z = tube length/ ft 

f = dimensionless friction factor 

G = mass velocity per unit cross-sectional area, 
lbs/(ft2) (sec). 

2 g = gravitational constant = 32.2 ft/ (sec )c 

D. = internal diameter, inches 
1 

e = density of reacting gas, lbs/cu.ft. 

A modified fonn of the Fanning equation applicable in the region of 

Reynolds numbers above 100,000 from Hougen and Watson C5) is: 

1.8 0.2
d P' 0.0235 ( w ( _J.l_) (29)---az= D.4.8 1000 ) e 

1 

where dP' /dz = pressure drop per foot of tube, psi/ft 

D. = internal diameter, inches 
1 

W = mass flow rate, lbs/hr 

http:lbs/cu.ft
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µ = viscosity of reacting gas, mitropoiscs 

e = density of reacting gas, lbs/cu. f t 

Both Equation (28) and (29) have been used by many investigators 

(1, 2, 3, 4 , 21 • 22 , 27 , 29) on the simulation and desi gn of a dehydro­

genation furnace. Equation (29) is used in this transient model, it 

has to be adjusted by ~ multiplier to compensate for the irregular 

roughness due to carbon deposition and the number of return bends 

existing in the reactor. 

The reacting gas viscosity is calculated from the reduced 

correlation of Hougen and Watson C5) · 

0.2
R.n -O.i208 + 0.1354 R.n T (30)µr = r 

µr = µ I µc (31) 

n' 
= r (32)µc Yi µci

i=l 

T = T I T (33 ) r c 

n' 
T = r y. (34)c i=l 1. 

Tci 

where µr = reduced viscosity of reacting gas 

µc = critical viscosity of reacting gas, micropoises 

µci = critical viscosity of ith component, micropoises 

T r = reduced temperature of reacting gas 

T c = critical temperature of reacting gas, OR 

Tci = critical temperature of ith component, OR 



19 

y. = mole f r act i on of ith component 
l. 

n' = number of components 

and the gas density is eva lucat ed by t he ideal gas l aw . 

MP 
(35)e= """RT" 

n' 
M = I y . M. (36)

l. l.i=l 

where M = average molecular weight of reacting gas 

M. = molecular weight of ith component
l. 

R = gas constant 

p = total pressure of reacting gas, atm. 

. ORT = temperatur~ of reacting gas, 

= density of reacting gas , l bs/cu . ft. 

The physical properties of each component for t he model 

calculation are shown in Table 3. 

http:lbs/cu.ft
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TABLE 3 PHYSICAL PROPERTIES 

(5) ( 43) (Ref. , p . 873 and Ref. , p.744) 

Mo lecular Critical Critical 

Component 
weig_ht 

lbs per lb-mole 

Temj_erature 
OR 

Viscosit.z. 

Micropoise 

Hydrogen 2.016 59 . 94 34.7 

Carbon 12.00 o.oo o.o 

Methane 16.04 343.26 159 . 0 

Acetylene 26.04 557.10 237.0 

Ethylene 28.05 508.32 215.0 

Ethane 30.07 549. 72 210 .o 

Propylene 42 .08 657 .00 233.0 

Propane 44.09 666.00 228.0 

nutadiene 54 .10 768.00 220.0 

Butylene 56.10 752.50 250 . 0 

Butane 58.12 765.32 239.0 

Benzene 78.11 1012.68 312.0 

Steam 18.00 1165. 0 495.0 
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5.6 Coke Formation 

Coke is probably formed inside the reactor as a secondary 

reaction from ethylene. The local rate of this reaction is influenced 

by temperature and by the extent of primary decompos ition of ethane 

to ethylene. The reacting gas velocity and temperature across t he 

cross-section of the tube is not uniform, in fact. Possibly most of 

the coke formation occurs in a film, or layer of retarded flow, near 

the walls, and a part of carbon wi 11 depos i t on the tube wall to form 

a carbon ring. If the temperature distribution around the circumfer ence 

of the tubes is uniform, the rates of reactions may be uniform in t he 

radial direction. Then it may be reasonable to assume that the carbon 

coating is uniform on the tupe wall at any cross-section. The calculation 

of coke thickness deri ved by Lichtenstein C4) is utilized : 

D. 
d = 2.

2 
( 1 - e -mt) (37) 

where m = $ r M /2 ec c c 


d = coke thickness, i nches 


t = time , hour 


= carbon density , lbs/cu.ft.l>c 


$ = fractional carbon deposition 


M = carbon molecular weight 
c 


r = rate formation of carbon 
c 

Equation (37) can he easily applied to calculate the inside diameter 

which decreases with run length for the reacting gas stream. 

http:lbs/cu.ft
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5.7 Regr ession Ana lys i s of Pl ant Data 

The digital computer and regression analysis i n evaluating 

plant data can become a valuable aid in process control. A practical 

analytical procedure that may be used to obtai n a maximum of infor ­

mat i on from plant operating data has been suggested by Fisher C33) . 

A quick method for the choice of non-linear transformations i n t he 

analysis of data by restricting the possible transformations t o the 

"simple family" has been discussed by Dolby C39) . Here t he library 

subroutine ''MLTREG" which is based on the stepwise method of M.A. 

Efroymson C40) for multiple regression analysis in the Computer Center, 

McMaster University, has been used for analyzing the plant operat i ng 

data available from Polyme~ Corporation. 

From Equation (28) we know that the gas-flow r ate influences 

the pressure drop. The data of pressure drop, gas-f l ow rate, and r un 

length in Table 1 are correlated. For this transient study the depe­

ndent variable in terms of ~P/F~ (where n is a fractional power) , and 

the independent variable a are to be found the best way by regression 

analysis, The result and discussion will be presented in the next 

section. 

5.8 Results and Discussions 

For the regression analysis of plant operating data , i f we 

have a theoretical basis, it is usually easy to produce a sui t abl e 

theoretical or semi-theoretical correlation. Otherwise we have to 

try several possible transformations, generally a simple linear 
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correction as 

y =a+ be+ ce 2 + de 3 + ···• (38) 

is first considered. If the linear correlation is less signifi cant 

the quick method suggested by Dolby C39). can be used to find t he 

possible transformation for non-linear systems. 

First, the linear correction is considered in this study. 

Equation (38) becomes 

2 3 
a+ be+ ce 	 +de + ··•· (39) 

where ~p 	 = pressure drop, psi 

= feed rate, thousand lbs/dayF1 

e = time, days 

According to the criterion of multiple regression analysis, if t he 

multiple correlation coefficient is closer to unity, probably the 

result is fitted better to the data. Hence the best fit is in the 

form of 

~P = 10 . 3852 	+ o.0756407 e (40)
F 0.3 

1 

in which the multiple correlation coefficient is equal to 0.88972. 

Next the possible transformation in the form of 

d= a + b ( c + 	e) (41) 

is considered. The best fit of the transformation is 
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6p 	 = 10.5603 + 0,00635283 (4.75 + e) 1 ' 65 (42)
F 0.3 

1 

and the multiple correlation coefficient is 0.89470. The results of 

these two corrections are plotted in Figure 3. 

The mathematical model includes a set of eleven differential 

equations to be solved. In the convection section the Euler method 

of integration technique is used to calculate pressure variation with 

the assumptions that no reaction has occurred and that the temperature 

profile is linear; the temperature of gas stream can be calculated by 

linear interpolation with known inlet and outlet temperatures. In the 

radiant section the third-order Runge-Kutta method is used, the reacting 

gas temperature is calculated by forward, central and backward inter­

polation with the known temperature profile being used. The optimization 

technique of direct search by the method of Hooke and Jeeves is used to 

find the values of the fractional carbon deposition and the multiplier 

of pressure drop equation by minimization of a sum of squares. Two 

cases have been studied: 

(i) 	 Minimization of a sum of squares of pressure 

drop differences between model and plant data. 

(ii) 	 Minimization of a sum of squares of pressure 

drop differences between model and the one from 

Equation (42). 

The results of these two cases are: 
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Case Fractional Carbon Deposition Multiplier 

0.130 0.85937 

2 

l 

0.135 0.84125 

In the regression analysis both linear and non-linear corre­

lat ions show that the value of the powers of feed rate, n, is 0.3. 

In accordance with the criterion of multiple regression analysis, the 

non-linear form, Eq. (42), is better than the linear correlation, 

Eq. (40), Also it can be seen clearly by investigating Eq. (29), that 

the pressure drop does not increase linearly with decreasing inside 

diameter due to non·uniform distribution of carbon deposition along 

the tube. In this result we still can not guarantee that this correl­

ation can represent the operating conditions because the data available 

for this analysis is a short run. Also regression analysis of plant 

data is a continuous process. After the initial regression has been 

obtained, it should be revised with new data, and then statistically 

compared with the previous regression to determine if there has been 

any significant change in the process. 

By the comparison of the fractional carbon deposition and the 

multiplier in both cases, these two values seem to compensate each 

other. It is similar to the previous work by Petryschuk and Johnson 

(l, 2) for steady-state study, ~ is assumed to be 0.1 and the multi­

plier has been calculated to be greater than unity. It is the author's 

opinion that case (i) is preferred because case (ii) is based on the 

result of regression analysis which can not be identified perfectly. 
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The computer algorithms and programs are presented i n 

Appendices. 

I 




6. CASE STUDIES 

6.1 Purpose 

The maximization of average ethylene produced per day is 

to be considered as an objective function to determine the cyclic 

operation of the furnace. In these case studies the total feed 

rate is assumed to be 150 thousand pounds per day (from the plant 

data the average feed rate is 156.68 thousand pounds per day, and 

the average hydrocarbon/ steam ratio is 6 . 03), the inlet temperature 

is 700°F. The inlet pressure is calculated from E~uation (42) 

which is the correlation from the regression analysis of plant 

data. The hydrocarbon/ steam ratio and plant temperature profile 

are considered as parameters. 

The distribution of carbon deposition along the reactor 

depends greatly on the plant temperature profile. The effect of 

temperature profile on coke profile (coke thickness vs tube length) 

will be discussed by selecting different shapes of the temperature 

profiles. 

6.2 Temperature Profiles 

In this study there are five cases (five temperature 

profiles) concerned as shown in Figure 4 in which case 1 is the 

base one used in the transient model, and corresponds to the plant 

run. Case. 2 is a generally higher temperature . Case 3 is higher 

28 
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initially and lower finally. Case 4 is higher initially, and Case S 

is still higher initially and have flat central profiles. For each 

case several values of hydrocarbon/steam ratio (3, 4, S, 6, 7, 8) 

have been tested, the cases without steam feed are also compared~ 

For determining the optimal operating cycles per year (365 

days/year) to maximize the average ethylene produced per day we 

define 

t = t + ·t (43)c 0 s 

R' R's = - = (44)t t +t c 0 s 

where t = operating time per cycle, days
0 

t = time of shut-down for cleaning, dayss 


t = total time for one cycle, days
c 

R' = total ethylene produced per cycle, thousand pounds 

s = average ethylene produced per day, thousand pounds 
per day 

and the optimal operating cycles can be calculated from the equation 

365c =--­ (45)
t c max 

where c = optimal operating cycles per year 

total time for one cycle in which S is 
maximum, days 

Here ts is assumed to be one day. 

The effect of temperature profile on coke profile based on 

hydrocarbon/steam ratio being six for each case of five temperature 

profiles has been studied. 
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TABLE 4 TEMPERATURE PROFILES FOR CASE STUDIES 

Distance Cas e (temperature in OR) 

ft 1 2 3 4 5 

0 1765 . 00 1765 . 00 1765 . 00 1765 . 00 1765 . 00 
20 1781. 37 1801.37 1790 . 00 1795 . 00 1818 . 00 
40 1797 . 16 1817 . 16 1810 . 00 · 1820 . 00 1843 . 00 
60 1812 . 37 . 1837. 37 1830 . 00 1844 . 00 1864.00 
80 1827 . 00 1847.00 1849 . 00 1865 . 00 1880 .00 

100 1841. 04 1861.04 1865 . 00 1883 . 00 1893.00 
120 1854 . 51 1874 . 51 1880 . 00 1898 . 00 1903 . 00 
140 1867 . 39 )887 . 39 1892 . 50 1911.00 1912 . 00 
160 1879 , 69 1899 . 69 1902 . 50 1920 . 00 1919 . 00 
180 1891.41 1911.41 1911.00 1929 . 00 1925.00 
200 1902 . 55 1922 . 55 1919.00 1935 . 00 1930.00 
220 1913 . 11 1933 . 11 1925.00 1940 . 00 1935.00 
240 1923 . 08 1943 . 08 1931 . 00 1944 . 00 1939 . 00 
260 1932 . 48 1952 . 48 1935 . 00 1948 . 00 1942 . 50 
280 1941 . 29 19611

• 29 1942 . 00 1951 . 00 194 5 . 00 
300 1949 . 52 1969 . 52 1947 . 00 1953 . 00 1948 . 00 
320 1957 . 17 1977.17 1951.00 1956 . 00 1950.50 
340 1964 . 24 1984 . 24 1956 . 00 1959 . 00 1952.50 
360 1970 . 72 1990.72 1959 . 00 1962 . 00 1955 . 00 
380 1976 . 63 1996 . 63 1963 . 00 1967 . 00 1957.00 
400 1981.95 2001 . 95 1968 . 00 1971. 00 1960 . 00 
420 198(> . 69 2006 . 69 1970.00 1975 . 00 1965.00 
440 1990 . 85 2010 . 85 1972 .00 1980 . 00 1970 . 00 
460 1994 . 43 2014 . 43 1975 . 00 1986 . 00 1977.50 
480 1997 . 43 2017 . 43 1979 . 00 1992 . 50 1987.50 
500 1999 . 84 2019 . 84 1982.50 2000 . 00 2000. 00 



32 


6.3 Results and Discussions 

Table 4 or Figure 4 represents the temperature profiles used 

for these case studies in which the temperature range for these 

reactions based on the Case 1 is 1765 ~ 2000°R in all cases except 

Case 2. Tile optimal operating days and the maximum average ethylene 

yield, and the optimal operating cycles are shown in Table 5 and 6 

respectively for each case at different hydrocarbon/steam ratio. 

From Table 5 we can see that the optimal days and the maximum yield 

increase with increasing hydrocarbon/steam ratio. Case 2 will produce 

more ethylene by comparing with the others because thermal dehydrogenation 

is endothermic. One must insure that the operation temperature does 

not cause the tube walls to become overheated. By considering the 

other four cases, Case 4, is the best one to produce more ethylene. 

Tile profile of carbon layer thickness inside the reactor 

calculated from the model is approximate and somewhat erratic, but 

i t is convenient to plot smooth curves as shown in Figures 6 through 

10 for all cases at different hydrocarbon/steam ratios. From these 

figures the shape of coke profiles (coke thickness vs tube length) 

are almost the same in the cases without steam feed, although the coke 

profiles are different at low hydrocarbon/steam ratio (3~8) for 

different temperature profiles . 

Tilrough these case studies we hope to suggest improved operati.ng 

conditions for an ethane dehydrogenation furnace. Tile average ethylene 

yield vs time at hydrocarbon/steam ratio of six of F.igure 5 shows that 

all the curves become very flat after 20 days operation. 

http:operati.ng


TABLE 5 OPTIMAL OPERATING DAYS AND ~·!AXIMUM YI ELD 

HCSR 

OOD 

1 

J\EPPD oon 

2 

J\EPPD 

C A S E 

3 

OOD AEPPD 000 

4 

AEPPD OOD 

5 

AFPPD 

3 

4 

5 

6 

7 

8 

29 

29 

30 

30 

31 

32 

S0.94 

53 .17 

54 . 57 

55.53 

56.24 

56 .78 

33 

37 

40 

42 

43 

43 

55.31 

57.73 

59.29 

60.39 

61. 20 

61.83 

30 

30 

30 

31 

31 

32 

-

49 .03 

51.19 

52.54 

53.47 

54 .15 

54.67 

30 

31 

33 

34 

36 

37 

51.20 

53.41 

54.81 

55 . 79 

56.50 

57 . 06 

30 

30 

31 

32 

33 

3'1 

50.07 

52.24 

53 . 61 

5tl. 56 

55.26 

55.79 

"' 41 60 . 90 43 66 .54 40 58 . 59 50 61.40 47 59.93 

IICSR - llydroca:rbon/steam Ratio 

000 - Optimal Operating Days 

AEPPD - Average fthylcnc Produced Per Day 

l:.N 
l:.N 
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TABLE 6 OPTIMAL OPERATI NG CYCLES 


HCSR 
1 2 

C A S E 

3 4 5 

3 12 .17 10 .74 11 . 77 11.77 11. 77 

4 12 . 17 9 . 61 11. 77 11.41 11 . 77 

5 11. 77 8 . 90 11 . 77 10 .74 11.41 

6 11. 77 8.49 11 . 41 10.43 11.06 

7 11 . 41 I 8 . 30 11. 41 9 . 86 10 . 74 

8 11 . 06 8 , jO 11 . 06 9 . 61 10.43 

00 8.69 8 .26 8 . 90 7.1 6 7.60 
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Hence one may operate a furnace more economically with a long run 

length . The maximum coke thickness, and pressure drop vs cumulated 

ethylene product arc shown in Figures 11 and 12 respectively. Figure 

13 represents calculated coke profiles after 50 days' operation . 

Fi gure 14 shows the correlations of maximum coke thickness at any 

point along the furnace, pressure drop, cumulated ethylene production 

and operating days for all cases at hydrocarbon/steam ratio of six. 

In real plant s the termination of the run will be governed by the 

pressure drop, and from these plots we can predict and compare the 

total amount of ethylene product , maximum coke thickness and operating 

days for a run with the constraint of pressure drop at different 

temperature profiles . It is 1 presumed that the case with higher maximum 

coke thickness will be higher pressure drop , but this may not really 

be true as shown in Figure 14. For example the maximum coke thickness 

of Case 1 is thicker than that of Case 4 , but the pressure drop of the 

former is less than that of the latter. In Figure 13 we can see that 

the area under curve 4 is greater than that of curve 1, i . e ., the 

amount of carbon deposition of the former is greater than that of the 

latter . Hence , hath the maximum coke thickness and the amount of 

carbon deposited influence the pressure drop . 

Consequently, the pressure drop increases with increasing 

the production of ethylene: At the temperature range of reactions 

1765 ~ 2000°R, Case 4 is preferred to produce more ethylene , and Case 3 

is preferred to run the furnace longer. The results of these case 

studies suggest that best operation corresponds to achieving as uni­

form a carbon deposit as possible , so that the safe tube skin temperatur~ 
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is not exceeded anywhere along the length at long run times with the 

restriction of the pressure drop . The optimal hydrocarbon/steam r atio 

will be involved in cost study. 

Commercially it is more realistic to consider the net profit 

as an objective function rather than the production of ethylene. 

Hence, the best way to find the optimal operating conditions of a 

furnace is to use optim~zation techniques such as, maximum principle, 

dynami c programming, optimum seeking method etc . by maximizing t he 

net profit . The net profit can be defined as the cost of ethylene 

and by- products minus the cost of raw material , utilities , operation 

and maintenance, and fixed charge . 
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7. l'UTURE 1''0RK 

7 . 1 Optimization 

In the practical world we arc interested in optimizing , t hat 

is in finding t he most economical way to operate such furnaces. 

Many optimization techniques have been developed by mathematicians 

and statisticians. These techniques commonly used are: direct 

method of calculation, classical differential calculus method, 

Lagrangian multiplier method, the calculus of variations, experime­

ntal search method, linear and nonlinear programming , dynamic prog­

ramming and the maximum principle . Among these mathematical optimi­

zation methods, dynamic programming develope<l by Bellman and the 

maximum principle derived by Pontryagin are probably the two most 

successful . Recently these two techniques and linear programming 

have been widely used in industries for the economical studies. 

The further study of a cracking furnace will compare and 

extend these mathematical optimization methods involving the maximi­

zation of net profit . 

7 . 2 Decoking Process 

The carbon deposition inside the tubular reactor of a pyrolysis 

furnace causes a shut-down of the fur~ace for cleaning the tubes . 

There are two kinds of processes to do this job : the mechanical and 

burning processes , the latter has been widely adopted by a number of 

47 
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oil and 	polymer companies to burn the carbon out of the tubes with 

( 41)
steam and air ~ . 

The burning process has the following advantages: (i) the 

very clean job produced, c· i) speed of cleaning (six to ten ~ours 

normally is sufficient) and (iii) no need to use a polisher oY to 

remove more than a few random-selected heater-plugs for inspection of 

the job unless a compl ete tube inspection is desired. The disadvantage 

of this process is that the furnace must be carefully watched all during 

the burning process to be sure that the tubes do not get too hot and lose 

their heat treatment . 

The decoking process with steam and air is accomplished by 

three mechanisms: 

(i) 	 Shrinking and cracking the coke loose by heating 

the tubes from the outside, with steam flow blowing 

the coke from the coil. 

(ii) 	 Chemical reaction of hot coke with steam whereby 

carbon monoxide , carbon dioxide and hydrogen are 

produced . 

(iii) 	 Chemical reaction between coke and oxygen of t he 

air to produce carbon monoxide and dioxide . 

During the decoking process air i s continuously fed into .the 

steam , or air is used only intermittently . The general method of the 

decoking process described in the literature C4l) follows: 

(i) 	 Steam is introduced through the tubes, the burners are 

lit , and the temperature of the furnace is brough t to 
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1150° - 1300°F. Air is introduced occasionally to 

induce a heavy spalling of coke, and is cut off as 

soon as the spalling proceeds satisfactorily. 

(ii) 	 The flow of steam, or steam and air, is alternated 

through the coil every 30 to 45 minutes until coke 

burning is complete. Each burning with air and 

steam is accompanied by a blowing-out operation with 

steam only during which a reddish ash is discharged 

from the furnace. 

Sufficient steam is passed through the tube bank to give a steam inlet 

pressure of 60 - 125 psig with atmospheric discharge, depending on the 

size of the furnace and the number of tubes in series. When rather 

coarse coke particles are being discharged in large quantities, the 

quantity of steam is reduced to decrease the velocity of these particles 

and their "sand blasting" effect. 

It may be possible to confirm the fractional carbon deposition 

predicted by the transient model if in the period of decoking the total 

amount of carbon removed can be measured. If the reactions of carbon 

with air and steam were complete, the total amount of carbon deposited 

could be calculated easily with known the concentration of carbon dio­

xide vs time by analyzing effluent gas. Actually the mechanism of 

decoking is not a simple one, the principal governing reactions of 

carbon with steam proposed by Haslam et al C42) are 

= 	 (46) 
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c + 2H20 = co2 + 2H2 (4 7) 

c + co2 = 2CO (48) 

co + H20 = co2 + H2 (49) 

hence the possible compositions of effluent gas are oxygen, ni t r ogen , 

hydrogen, carbon monoxide and dioxide. In addition, some of the car bon 

particles may be blown out and be carried away with the quench water with­

out ever being oxidized . There is no attempt made to achieve comp l ete oxi­

dation of carbon in the tubes because it may overheat the r eactor. If 

a complete analyzed data (which also includes carbon particles and s t eam) 

is available, the total amount of carbon deposited still can be eva l uated . 

A decoking model concerning solid-gas mass transfer with chemical reaction 

may be involved in further study. 

7.3 Mixed Feed Processes 

In commercial operation for the production of ethylene, the feed­

stock is nearly always a mixture of light hydrocarbons. But the produ­

ction of et hylene f rom ethane-propane is practiced in most commerc ial 

plants now . 

Schutt CZ9) treat ed t he dehydrogenat i on of et hane-propane mixtur e 

as first-order reactions in the design work, the mechanism and rates of 

second - and third-order reactions were neglected. The chemical reactions 

are described as , 

+ ( 50) 
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+ CH4 (S 1)C31!8 -r C2H4 

c31-:8 -:t. c lf + H ( s 2)
3"'6 2 

+ (S3)2C3H8 
:;_t 2C2H0 C2!-I4 

Similarly Buell and Weber C23 ) used the same reactions without the last 

one for the furnace design study . 

All these workers dealt with the primary reactions only for their 

design problem , but for the simulation of an ethane -propane <lehydroge ­

nation furnace the secondary reactions have to be considered due to coke 

formation . The chemical reactions and rate equations proposed hy Snow 

and Schutt (3) for ethane dehydrogenation and proposed by Myers and 

Watson (26) for propane dehydrogenation may possibly be combined for the 

simulation study of ethane-propane dehydrogenation . 



8. CONCLUSION 

In the previous work on the design or simulation of a 

dehydrogenation furnace the fractional carbon deposition was 

assumed to be a constant value. The transient model presented 

in this report demonstrates a possible way to detennine fractional 

carbon deposition by applying the direct search method of Hooke 

and Jeeves. The value of the fractional carbon deposition in the 

transient model and the correlation of pressure drop vs time by 

the multiple regression analysis are all obtained from the available 

plant data which is limited for a short run. It is necessary to 

have a long run data for predicting the transient behavior of a 

long run operation. 

A cracking furnace may operate more economically if the 

carbon layer is flatter and the pressure drop is lower. Through 

these case studies it has been shown that the shape of temperature profile 

of Case 3 is preferred to the criteria of the tennination of the 

run with constraint on the pressure drop. In this case the furnace 

may operate longer if the temperature profile can be controlled by 

adjusting heat flux in the combustion chamber. The cracking process 

without steam feed shows too much carbon deposited on a high peak 

shape in all cases which are to be prohibited. Stearn has such a 

function of reducing coke formation, to determine the best hydro­
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carbon/steam ratio \1ilJ involve the cost study by applying mathematical 

optimization methods to maximize the net profit for keeping constant 

either on total feed rate or on ethane feed rate . 

' 




9 . NOMENCLATURE 


a 
lJ
.. 

c 

d 

D 

D. 
l 

f 

F 

G 

k. 
l 

K. 
l 

M 

M. 
l 

M 
c 

n' 

n. 
1. 

stoichiometric ratio of ith react ion 

optimal operating cycles per year 

coke thickness, in . 

tuhe inside diameter, ft . 

tuhe inside diameter, in . 

fr iction factor 

feed rate, lh .moles/sec . 

2
gravitational constant , 32 . 2 ft / sec 


mass velocity, lbs / (ft 2) (sec) 


reaction r a t e constant, lb .moles /(sec.) (cu. ft) 

(atrn) for a f irst - order r eac t ion, lb.moles/(sec . ) 
(cu . ft) (atm2) fo r a second -order reaction 

equil ibrium constant for dehydrogenation of ethane , 
atm 

average molecular weight of reacting gas 

molecular weight of ith component 

carbon molecular weigh t 

number of components 

moles of ith component I mole of feed 
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gas flow , total mo l es / mole of feed 

p t ota l pr essure of re acting gas, atm . 

P' tot a l pr essure of r eact ing gas , psi 

r. r a te of jth reaction, moles converted / (sec) (cu . ft . ) 
J 

r r a te formation of carbon c 

R gas constant, 0.73 (atm)(cu . f t . )/(mole) (0 R) 

R' total ethylene produced per cycle, thousands of pounds 

s number of reactions 

s average ethylene pro duced per day, 
thousands of pounds per day 

t time, hour 

t total time for one cycle, daysc 

t total time for one cycle in whi ch S is maximum, daysc max 

t operating time per cycle, days
0 

t time of shut - down for cleaning , <lays 

•r temp erature of reacting gas, 0 Rl 

. . 1 f . OR T critica temp erature o reacting gas, . c 

T critical temperature of ith component, 0 Rci 

T reduced temperature of reacting gasr 

v volume of reacting gas , cu.ft. 

w gas - flow rate, lbs/hr . 

http:atm)(cu.ft


S6 


y.
1 

mole fraction of ith component 

z tube length, ft . 

viscosity of reacting gas , micropoiscs 

µc critical viscosity of reacting gas, micropoises 

µci critical viscosity of ith component , micropoiscs 

µr reduced viscosity of reacting gas 

e density of reacting gas , lbs/cu . ft. 

o
' c 

carbon density, lbs/cu . ft . 

¢ fractional carbon deposition 

e time , days 
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I. 	 DISCUS SIONS ON CO:/PlfTER Tl:Cl!l':TQlH:S 

There arc two computer pro~rams in this report. One for t 0 e: 

transient model 'vhich consists of a main program, l!AJCFR, and a sub ­

program, Rf:ACTR; ancl the other for case studies, CZSEST. The progrc::.m 

HAJCrR is used for the minimization of the least squares devi ation 

by the direct search method of I!ooke and Jeeves, REACTR calculates 

pressure vs time by numerical integration and interpolation methods . 

CZSEST calculates optimal operating conditions for all five cases at 

different hydrocarbon/steam ratio . 

The direct search method of Eooke and Jeeves is a sequential 

type of search in which the new trials arc based on the past outcomes. 

111e procedure for this computational me t hod is as follows: 

(1) Establishing a pattern : 

(a) 	 Choose a base point to begin the search. 

(b) Test both directions of each independent 

variable near the base . 

(c) 	 If the test is successful, keep the new 

point as a base point ; if not, keep the 

old one. 

(2) Pattern moves : 

(d) 	 By drawing a vector from the original base 

point through the new one, a temporary head 

is located beyond the new base point . 
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(c) 	 Test each independent variahlc near this 

temporary point . 

(f) 	 Check whether the new re sponse is near er 

the optimum or not . If it is, repeat t~is 

procedure; if not , go back to t he previous 

best point. 

(3) Ridge tactics: 

(g) 	 There is no improvement in procedure (2), 

shortening the step- size . In this case if 

a better point can be found, the search 

repeats as procedure (1) and (2) . 

(4) 	 Ending the search: 

(h) 	 The search terminates when the step sizes fall 

below a preselected minimum . 

A more detail description of this search technique is referred to (6 , 7) 

In the convection section the Euler method is used to calcu late 

the pressure drop and linear interpolation is used to calcul ate the gas 

temperature . In t he radiant section a set of eleven differential equa­

tions are solved hy the third -order Runge - Kutta method and the tempera ­

ture of reacting gas is calculated by forward, central and backward 

interpolation . 

The computer time to run a set of data is 4 minutes by using 

the third -order Runge - Kut ta method and 4 . 5 minutes by using the forth ­

order Runge Kutta method . The deviation of pressure drop calculated by 
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these two methods is less than one percent . Also it will take long 

computer time (over 100 minutes) to run the transient mo<lcl. Hen ce 

the third - order Runge - Kutta method can be adopted without losing its 

accuracy, in addition to reduce computer time. 

Equation (42), the co=~elation of pressure drop vs time is 

obtained by the multiple regression analysis of the short - run data . 

In the statistical viewpoint this correlation can apply in this lir:iited 

time range, it may or may not be good over this range ~lich will denend 

on the trend of the correlation. This correlation has been used to 

ca lculate inlet pressure in case studies, but it has been found that 

the outlet pressure cal culated is lo\ver than the plant criteria (11 ~ 15 

psig) after 50 days operation . !Jenee all cases are limited to SO days 

operation . 



II . SIMPLIFU:D ALl.nf!TTl'MS 

1 . Transicn-.. .,v.,.,vj or of Ethane DehydToge:riatj on Model (i!A.)Cf;:<) 

!~-ad in available <lataj 

Print input data 

REACTR, Calculate 
Ca 11 RE.l\CTR .______. pressure dro]J 

Fstablishing a pattern 

I 

I 
I 

No 

Test if new ~ase 1''o
point successful? 

I 

Yes 
I 

-l moves ] Pattern 

Ridge tactics 
shortening step - size 

End]ng the search I 
step - size falls below 
a preselected minimum? 

Yes 

Print t~c results j 

l
I Stop I 
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2. Case Studies of an Etr1ane Dehydrogenation furnace 

I 

I 

I 


J N = N + i l NJL1 s 

ICalculate pressure drop 
in convectj on section 

l 
3rd - order Runge - Kut ta 

numerical integration 


to solve rate ec;uations 

and pressure drop equation 


l 
Compare average ethylene 


produced per day for 

finding the maximum 


I I 
IN = number of 


operating days ? 
 IJYes 


M = number of 

No j M = M + 11 J 

i._ J
HCSR? 


JYes 


r 
l L = L + il 

~o L = number of 
Cases? 

1 Yes 

Print the results 

STOP 




5JOS 003130 :\1 LI 
SI E)JOfi DECK 66 
$ I pr Tc H,\Jc r ~ DECK 

(-------------------------------------- ----- ------------------~---------
c 
C TRJ\f·JSIFl\T l)EHAV IOR OF ETri/\~lE Dl.HYD~~OG!::: lt1Tio·, 1•,0);·L 
c 

(
(----------------------------------------------------------------------­
C THI.S JS !1 :1;Jl'lI1'illf\TiCi'l Pi<OGrV\ i"~ rol< 1'1uLTI -\/M~Jtr2.V~:, '·;FfJ·'C-l •. r le i.):K:-cr 
c SL1\i<CH ML.Tt10G OF HOOf\C. A1\[) J:::L.Vl-s 1'.J U.'.",Ef) Hll /IJi,lI;·'iii.'./TIOi·! TECf'~.iGu[ 

.c rs 10 l-iND TH [ LEl1ST SOU /\P[C, i)EV l/qION 
c f\:f'------NG. or r)/\['UWETf'.I~.'.") 

c NR------Nn. or o~SFRVATIONS 
C NS------NO . OF SHOPTE~ 
C NT ------NO . OF IEST S 
C TC i I l ---Cl<IT I CAL TEi,1PER/\ Tl.Jl-<E 
C VC (I l ---C f-< IT! C/\L VI.SCOS I TY 
C 1~(Il ---MOLCCULAR ~EIGHT 
c DI/\f-'11---INSIDE. DIA"'lETER or CL[AN Tl.JU[ 
C TLEN----TUGE LENGTri IN ~ADIANT SECTION 
c crmo----CAf~t\O\J r)ftl.S TTY 
C STEPNO--NO. OF INTEGRATION STEP -SIZ~ 

C AF!I l - --PAR/\METERS OT BE FOUND 
C AF!ll - FRACTION OF CARBON DEPOSIT 
C AF(2l - MULTIP LIER IN EMPERICAL EQUATTO~ OF PRESSURE DROP 
C DZL- - - --i\!TERVAL OF TUBE FOR STOR/\GING TE.'!iP ER/\TlJRE 
c NTD--- --No . OF TEMPFR/\TURE n/\TA POINTS 
C Z~1 I> ---DIST/\NCF ALONG THE TUBE 
C TIIl ---- TFMP . PRLFILE ALONG THE 1TU!3E 
C F<I , Jl --FEED , ~ / DAY 

C D.A.Y!Il --DAY 
c PIN(Il -- !~LET PRESSURE OF co~VECTION SECTION 
C TOL----- TOLERA~C[ OFR MINIMIZING OBJECTIVE FUNCTION 
CSP( IJ ---STEP- SilE OF AF(I) PFRTuRGATION 
C XPF(IJ --PL/\NT DATA OF PRESSURE DROP 
c STPSIZ--No . OF INTEGR1HION STEP- SIZE IN cm•vr:cTION SECTION 
C TUREL--- TURE LENGTH IN CONVFCTION SECTION 
C DIAMIC -- TNSIDE DIA~ETER OF THE TUBE IN CONVECTIONSECTION 

C01'1;·110 N ~J ";' ' N R ' TC { l 5 l ' V C ( 1 5 ) ' v·l .'Ii ( l 5 l ' D I /\iv'. I , TL FI l , Cr~ H 0 , S I ;:: P ~'l 0 , /\ F ( 1 0 ) 

COMM0N DZ L ' ,\J TD ' Z L ( 1 0 0 l ' T ( l 0 C) l ' F ( 2 0 0 ' 16 l , D/\ Y ( 2 '.'10 l , P I ,\! ( ? 0 0 ) 

c Of/ r.AON s F { ?. () 0 ' 1 5 ) ' s D /\ y ( ? () v ) ' ~, p If\j ( 2 0 0 ) ' .s p ( 1:) ) ' x p F ( 2 0 0 ) ' pr- ( 2 0 n ) 

COl>~l-~ON DI AMI( , TU9EL,STpc,1z 'FEr [) , FEED:l.,F['.)(15) , F;v'( 15) ,XF( 15) , x( 15) 

C 0 ~1 11 0 ~~ X r-.! ( 15 l ~ DY. N < 1 S l , Crv. ( 1 5 l ' 0 ( 1 5 l , 0 /\ ( 1 ", l , T G /\ S , PG AS , T I t•l ( ? 0 0 l 

C(//''0", 701.JT {?CG) ' DI /\MT I ( l 00) , l)FLP (?no) , s TI t\ ( 20')) ' STOIJT ( ?.O(i) 

CO'l:'l.ON :<] 


DIMEl\'SIO\l Y(l0) , ((1 C) ,Z(J0l 

READ(5,~03l NP , NB ,NS , NT , Kl 

k~AD15,50ll (TC!! J , J= l , lll 

RE.AD<:n?OJl <VC!I h I=l'11l 

RE f'. D ( 5 ' 5 C 1 l ( '1! l"i ( I l , I =l , 1 l l 

r<E'. AD ! ') ' 5 0 J l D I AM I , TL f:.'.l , CR rl 0 , STEPN 0 

RE~D(5,~01) DIA~Ic,TUnEL,STPSIZ 

RFM>('),')01 l <AF! I l d =l , NPl 
fffAD(? , 511 l DZL , f\ITD 
RF.f....D ( 5 , 501} ( ZL (I l, T (I l , I= l , f\ITD l 
f~ EAD ( '::i ' ? 0 1 l ( ( F < T , J l , J =l , 1 A l , I =1 , N t) l 
READ(S,50l l (DAY( f ) , PfN<I J , I=l , N8l 
READl5,50ll TOL , (SP<IJ , I=l , f\!Pl 

http:CO'l:'l.ON
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i~ r: /\I) ( ., ' ? n1 ) ( x p F ( I ) ' r - 1 • ~- ! t1 ) 
f~El\!:J(:->•')Cl > CTI\!( Tl . T()l;T( I l d=J • ,'.:",) 

c 
C STORING INITIAL CONDITION 
c 

DO 899 1.::1,N~.$ 

DO 898 J=l '11 

8q8 SF(1,JJ:::FCI,Jl 

B99 	 CONT Tf\UF 


DO B97 I=-1,Nf\ 

S I) A Y ( T l ::.. Df1 Y ( l ) 


8 9 7 	 S f.l l N ( I l =P I ;,1 ( I l 

[;0 e~ ':> i =l , N L1 

.S T I i': ( I l :: T I N < I > 


8 2 S 	 STOl, T I I l =I Ol; T ( I l 

JJ=O 

KS=O 

TM = O. O 

c 
C STORING PREVI00S VAL~ES OF PARAMETERS 
c 

DO 896 I =l,NP 
896 Y( I ) =Ar( I) 

c 
C PRINT INPUT DATA 
c 

WRITE16 , 599l ( AF I J) , I=l , NPl 
WRITEl6 ,598l ISPII ),I=l,NPl 
WRITE(6,597l TOL 
\..J f~ I T E I 6 , 5 9 6 l NP 
WRITEUH:-9::il NB 
WRJTE!6 , 594) (·XPF(f ), J= l , NBl 

c 
C CALCULATION OF OSJECTIVE FUNCTION 
c 

89'? 	 JJ=.JJ+l 
IF(JJ.GT . NTl GO TO 894 
KCOUNT=O / 
CALL REl\CTR 

SU'~=O . 0 

DO 893 I=l , NB 


893 SL~= SU~+(XPFIIl -DELP(i) l ~*2 


c 
C ESTAbLISHING A PATTERN 
c 

D 0 8 9 2 I =1 , l'I P 

t\ =SlJtl 

IFIJJ . ICJ . J l D=SUM 

A F ( I } ::: (1 r ( I ) +s p ( r ) 

C/',LL RE:./\CTR 

SU~1,::C; . 0 

)0 891 J=l ,i'JF~ 


891 su:i.:::.st)Yi'T" ( XPF ( J ) - DELP ( J)) ~<-*2 


C I I l =SU~ll\ 


If ( C ( T l • LT . D l GO T0 8 9 0 
AF (I l =/i.F I I l - 2 . -::-sp I I l 
Cf;L L REAC Tr< 

http:IF(JJ.GT


.SUf\'=0 . G 
DO 6d9 ..J= 1 ,i\;h 68 

889 SU!'vi=Sl,j-1+ ( XPF ( J) - Dn r ( J) ) ,i ::2 
C (I l::: SU'1i 

I F ( C ( I l • LT • D l C10 T0 8·90 

AF ( I l =- /\ F ( l ) + ~,p ( l ) 

C ( I l =/"1 

K((),JN T =K.cou;~ T+ 1 

GO TO 89.:'. 


890 	D=C ( I l 
892 	 COf\ TI N ·J~ 


~~ r~ r T E ( 6 ' ~) C) 3 ) j j ' ( A F ( I ) ' c ( I ) ' I ::: 1 ' N p ) ' [3 ' f'.' s 

IF(KS . Gl . NS) GO TO 894 

IF(KCO..Jf\T.tJE . NP l GO TO 88..-3 

Tr0 =•i 

00887 I=l,NP 


837 	 Z( I l=AF( I) 
c 
C PATTERN 'v\OVES 
c 

DO B86 I=l , NP 
8~6 	 £1.F(ll=/.·l~/\F(J) - Y(Il 

DO 885 I=l ,NP 

885 Y(IJ=Z(Il 


GO TO 895 
c 
C GACK TO PR~VI005 BASE SHORTEN SP AND EATABLISH A NE~ PATTE~N 
c 

888 KS=KS+l 

DO 884 I=l,NP 


884 AF( I l=Y( I l 

DO 883 I=l,NP 


883 SP(Il=SP<IJ/2 . 

GO TO 895 


894 WR ITE(6,5 92l (AF(l),l=l,NPl 

WRI TE!6 ,59ll (SP(J) , I=l , NPJ 

';J R I T E ( 6 , 5 9 0 l D 
Kl=l 
CA. LL RE.A.CTR 

501 FOR~AT(8FJ0 . 5l 

503 FORiv.f-\TDOI?l 
511 FORMAT(Fl0 . 5 , I5l 
599 FOR~AT(lX , 33H I NITIAL VA LUES OF PARAMETfRS ARE ,/2QX,2F2 0 .5/l 
5 9 8 For-r-rn T ( 1x ' s 4 H I f\I I T I AL vALL.; Es 0 F s TEp - s I zE 0 F AF ( I ) p F RT l.;R 3 /1 T I (): I t, P. 

1E,;2 ox ,zF20 . 51i 
597 FORMAT(lX,43H TOLERANCE OF ~INI~U~ OBJFC TIVE FUNCTION r s , 12 ox ,F2 0 . 

15 /) 
596 FOR';,AT(lX,20H NC . OF PAPf\fliE TFRS ='15/) 
595 FOR~AT(lX,20H NO . OF DAYS =,!5/l 
594 FOR~AT<lX,llH PLANT DA TA , /2 0X ,1 0Fl0 . 5//) 
593 FOR~AT (lX,I5 , 5F2Q . 5 , I5 / l 

5 9 .? F 0 R :1, A T ( l X '3 HI F I NA L V /\ LUE S 0 F PA I~ Ai'1 E T ER S /\ R F , I 2 0 X , 2 F 2 0 • 5 I ) 
591 FOR~AT(lX,52H FI NA L VALUES OF STEP- SIZF OF AF ( I l PERl.URAAllON ARE , 

l/2CX,2F2C . 5/ l 

590 FOR~AT(1X , 39H ~INIMU~ VALUE OF OR JECTIVE FUNCTION IS , F20 . 5/l 


STOP 

END 

http:IF(KS.Gl
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SUflR(), T INF ~[/\(TR 

c THIS PROcr~.A,v'. CALCJLAT[S Pl<E<;S..;1H.:: Df·WP I~':srr;E Tl-i[ ::--uF<:·:f'.(c -::y \._;~):·.c: 

C THif<D-01~DU~ R'"Jf\GF. <UTTl1 ,.;~~H'.)D,E'Jlr::-~ '';[THGr) t,i:D F!;R:.f.r-:i),C::-"T'Jf;~ ,,:,'.;.; 
C BACK~ARD INTERPOLATIO~ . 

c 01111'',0f\ NT ,,·m ' Tc ( 15 ) 'y c ( l 5 ) ' ~..;;I ( 1 5 ) 'Di !1/, I ' TL::=.: f\ ' c~ t!G ' s H '..)'. 8' ,' F ( 1 c ) 

c0M\10 N f) zL ' N T i) ' 7 L ( 1 ') () ) ' T ( l r ') ) ' F ( ? () 0 ' : 6 ) ' n ,\ y ( ? ;) ') ) ' !'.:) : '; ( ? n ') ) 

C('vi 'i () ' SF ( 2 () 0 , 1 5 l ' <; D/\ Y ( :;> ') ') l , S P ! \! ( ? r, 0 l , c. P ( 1 r; ) , X P F ( ? r) r; l , P :-: c ?. '} U ) 

c o \'; ,'v1 of'' D I /\; / I c , Tuf3 r- L , sT P s ! z , r::- F r:. o , F cr: D • · , F r D ( 1 s l , r ' · ( 1 :, l , x::- ( : ') l , x < : 5 > 


COM;v:o '1 X1-J ( 1 5 l 'DX N ( 1 '.> l , C 'I: ( 1 r) l ' 0 ( l ? l , 0 A ( ) S ) , T Cf. <; , Dr, f, c, , l I '! ( ? ') r-, ) 

1C !J · " •) i: TOUT ( ? 0 0 l , D I /\ v I I ( 1 C 0 l , D ;-:: LP ( 201 l , ST f '" < 2 ~; () l , ,.., T ') '.JT < 2 0 '."; l 

COt-lilO~ K 1 
[) 0 6 5 ? I = 1 , f\:L1 
DO 6~£1- J=l,11 

651+ F!i,JJ=~F(I ,Jl 


655 CONT I f\!lJF 

D0653 r=1,m~ 


DAY( 	I J=:»DAYC I l 
6 5 3 	 PIN ( I l =:;PI f\J ( I l 


DO fl2(; !:::J,f'!ll 

TINCil-='.JTii\lCIJ 


826 	TOUT(Il=SlOUT(TJ 

NSTEP=5TEPN0+0 . 001 

DZ= TU:.N/ SH:::PNO 

DO 293 I =l ,,~.STEP 


293 	 DIAMII (IJ=DIA~J 


NOB=O 

D0652 I=l , NB 

FEED=O . O 

FEEDM=C.O 

DO 2 J =1,11 

FED(Jl=F(I , Jl*l000 . / 24 . 

FMIJl=FED(Jl/WM(JJ 

FEFD=FF~D+FFf)(JJ 

2 	 FEED~=FEFD~+FM(JJ 


DO 3 J=l,Jl 

3 	 XF(J)=F>~(JJ/FEEDr"1 

DO 	 6 J=ldC 
6 	 XN(Jl=XF(Jl 

DO 7 J=ldl 
7 X<Jl = XF(J) 

C CALCLLAT[ PRESS~~E DROP IN CO~VECTION SECTION BY EULER ~ETHOD 
NS TPS=STPSIZ+0.001 
)L=TUBEL/ST?SIZ 
P GAS= P!I'd I l I 14 . 7 

CL=G . O 

DO 22 JK=l,NSTPS 


7 (J (; 	 TGA S =T I ;,, ( I l + C L ·* < T 0 lJ T ( J ) - T I i'J ( I l l I TUR E L 

IF(CL . EO . TJ8ELJ GO TO 777 

AVi '1.""' = 0 • () 
DO 	 41 J=l,11 

4 1 	 A'" /, \•!=./\'I 11':!+"! .I ( j ) >:· y F ( j ) 


r~f lGO= /\(~',:; l:',<-PGAS IT G/:,S I 0 . 7 3 

T Ct-I J XI= (J . :; 


V CV. I :.<. ,.( =r, • 0 

D0 t,2J=l,]l. 

TC~lXX=TC~fXX+XF(J)*TC(JJ 

42 	VC~IXX=VC~IXY+XF (Jl*VC(Jl 
TP R=TGAS /TCMiXX 



V,d 1 =-O. l~Ofl-.-0 . lJ~lf·X·/,LOG( lRR l 70Vf-<R=C:Xr (? . -;~\1,,_i 1 l 

V I SC C=VG' I X X {( V R r~ 


FDD =( FEE0 /1 080 . l**l . B 

VI SOO=\' I 5((-::--::·o . 2 

DP= -/\F(?l~C . 0235*FDD*VISOO / R~OO /I DI~~I C **4 . Rl /)4.7 

P C1A.:) =:)GAS +DL -r.· [) P 

CL= CL+DL 

IF(CL . CO . TU~~LI GO TO 7~0 


22 C01\!TINL'E 

777 	 WR ITE( 6 , 5S51 CL•TGAS,PG~S 


Z=O . O 

Vi P I f >=" ( 6 , "J ( 1 If l 7 ' TCi/\ c-, , PG~ c • ( X ( .) l ' J =1 ' 1 1 ) 


C THI RD - ORDFf< i)lJf'.JGF KUTT/\ INTFIJf-<~TIOr.: 

D 0 	 1 1 K = 1 ' f': :, T E P 
X N ( 1 l l =P Gt,~; 


KK=l 

GO TO 6 00 


51 	 DO 61 IJ=J '11 
C~IIJl=DZ*DXN (IJl 

61 	 XNIIJl==XNIIJl +C i0 {!Jl/ 2 . 
Z=Z+DZ!?. . 
KK=2 

GO TO 6 00 


52 	 DO 62 IJ=l dl 

0 (I JI =DZ-i:·DXN (I J l 

01'.\( IJl=Q( IJl 


b 2 	 X N ( i J l = X N I I J l + 2 • {~Q ( I J l - 1 • 5 1:- Ct" ( I J l 

Z=Z+DZ/2. 

K.< =3 

GO TO 6 00 


54 	DO 64 IJ=ldl 

Q(IJl=DZ-~·DX1 IIJl 


6L 	XNIIJl =XN( !Jl+l7.*C~ IIJJ - 8 . *0A (IJl+Q(IJll/6 . 

GO TO 9 00 
C CALC ULATI ON OF TEMPERATURE ALONG THE TUBE 
C 5 POINTS FORM ULA OF FORWARD ,CE NTRAL , AND BA CK WARD DIF FE RENCF INTF~POLAT"O: 

600 	N=l 

IF(Z . LT.ZL(N+ll I GO TO 299 

N=2 

IF<Z . LT.ZUN+lll GO TO 299 

IrlZ.C:Q . 5J0 . l GO TO 295 


29 7 	 N=N+l 

IF(N . GE . (NTD- lll GO TO ?.96 

IFIZ.LT . ZLIN+ll l GO TO 298 

GO TO 297 


C FOR~·•ARD DI FF i:-l<El''.CE INTE RPOL!\TION 
29 9 D T G /'. S = { T ( ~+t, l - 1-+ • * T ( t'! +' l + 6 • * T ( M+2 l - 4 • *T ( N+ 1 l + T ( N l l -~ ( Z - 1. L ( !': l l I D 7. L 

GO TO 301) 
C CENTfH1L D IFFF: l~EN Cr~ If'IT[f.(POLATION 

? 98DTcJf',S=<T I N+?J -ti..*T(i'H l1+6 . ·Y.· T( NJ - 4 . ~<T I N - l)+T( N - ?l p·(Z-ZLlf' l l/DZL 
CiO TO 3 00 

C P,/lCK 11.'/\.RJ D1Ff-FRF1':CE INTF f-< POU'.TION 
2 9 6 i\l =1'-I+ ] 

DTGA5 =(T( Nl - 4 . * T( N- 1 l+6 . *T(N- 2l-4 . *T ( N- 3l+TIN- 4l l*IZ - ZLI Nl J/DZL 
30G TGAS=T(Nl+DTGAS 

(jQ TO 294 
295 TGAS=T(NTDl 

http:11.'/\.RJ
http:i:-l<El''.CE


C CALCULATION DE~SITY OF GA3 V!XTURE 
? 9 4 {\ f'I: "'1 =0 • 0 71 

'.)0 L, j =1 , ] 1 
4 /\ 1-'. v, =/\:: ... ...: /, ,'vJ ( j ) ._;. x ( j ) 

RHO= ( /1VH-:<XN ( J ~ l ITGAS ur, . 73 
C CAL Cu Lt, T I 0 \J V I SC 0.:) I T Y 0 F r:, /\ ::> /, I X T 0 i~ E 

TCfVIX=O . O 
VCf'/IX=J . G 
DO '- J=ldl 
T ( •,• I X=TC rv J X + X ( J ) ·X· TC ( J ) 

5 	 VCMIX=VCMIX+XIJl*VC(Jl 

T R =i G A 5'· I T ('.1 I X 

VR1=-0 . 1208+0 .1 354*ALOGIT~J 
VR=t:.Xi-'l'.? . *V1<l l 
V I SC =VC'< I X .;;. \/ f~ 

C CAL CUL/\ r IC:\! OF TOT AL ~·'.OLES PEf·: MOL[ OF FEE!) 
X~TJ=.., . C 

DO 8 J=l,10 

8 XNTl=XNTl+~N:JJ 


XNT=XNTl+XFIJll 

c 	cA. L c \.) U\T I 0 r~ 0 F R /\ T E A,\j D c: 0 u i LI rm I lJ ,'I: c0 N s TM! T s 

EK1=3 . 31E - 7*EXPI0 . 00778*TGASJ 

EK2=1 . 0 

RK1=5 . 3El4*fXPl -64~00 . /TGASJ/TGAS 

RK2=5 . 9~07*EXP( -49J40 ./ TGASl 
RK3 =0 . 008 

RK4=? . ?E09*EXPl - 59l20 ./TGASl 


~ RK5=0 . 3E08*~XPl -54040 . /TGASl 
RK6=4 . 51E04*FXP( - 44100./ TGASl 

C CA LC ULA TI ON DEi~ I VAT IV[- OF EACH COiWONr NT AND P'.~ ESSUR N<OP 
RR=IX~llll*XNl5)/XNTI**? 

Rl=R'l*XNllll*(XNl6 )-XNl5l*XN l ll*XNlll l/ IEKl*XNTJ )/X~T 
R2=RK?*XNll ll*(XNl5 l *XN11l l *SORT (X Nl6l*X Nlll )/X NT - X?JI~) / fK2J / XNT 
R3 =RK3*RP·X N ( 11 l 
!<4= RK4·:<RR 

f<5 =RK5·:i-RR/XN I 11) 

f~6=RK6·:(·RR 

C CAL CUL A T I 0 i~ Tfi I C K 1\l ES S 0 F C 0 KE 
THETA=l2. 
VK=36CO . *AFlll*~6*WMl2 l/CRHO 

EVK=EXPl - VK*THETAl 

DE T /\ =D I /\ M I I I i<. P I 1 • - EV K l I 2 • 

DI=D!AMIIIK) - 2 . *DETA 

IFIDI.LT.O.OJ GO TO 1000 

BETA = l900 . *3 . 1416*DI**2 /F EED~l/144 . 
DXNlll =BETA*IRl - 2 . *R2 +0 . 125*R3+R4+R5+2 . *R6 l 

DXN(2l =RtT/\*2 . *R6 

DXNl3l=~ETA*2 .*R2 
DXN ( 4 l =BET f,-r,R5 

DXNl5l =BETA*IR1 - R2 - R3 - R4- R5 - R6l 

DXN(61=8ETA*l - Rll 

DXN(7l=EET/\*0 .25*R3 

DXN(8J =GETA*O . l25*R3 

DX~!9J=BETA*C .1 25*R3 


D X f ~ I l J l =[~ E T /... -~· 0 • 3 3 3 -x- RLi­


( PRESSuf-<E DROP 
FD=IFEFD/1000 .l **l . 8 
v I SO=V I sc-~·:~o . 2 

http:IFIDI.LT.O.OJ


72 

91.Jv 

9 

JU 

11 

652 

1 000 

504 
505 
507 
508 
555 
650 

SENTRY 

ox:,: { 1 ii == - Af- (?. l i<c . UZ-?':'-'~Fn·:~v r ;,o/.fr1G/') I *·:uf . (l) 111, . 7 
G 0 r0 < :, l , 'J ? , 5 4 l • K K 
P(;1\S= Xi'I ( 11 l 

DO<; .J::.l,J(, 

T~OLF=l~OLE+X~IJl*fF[DY 

I f·10l. f' ;,= TvnLf. +F'" ( 11 l 
D 0 l CJ .J ::. J , 1 0 
X(Jl=Xf\J(.Jl~Ff-FD<'UTMOLf:> 

X(lJ l==F:V(1J)/1M()Lf'."", 
CM~fHf~=?.·;<-l)f.·Tl\+(UIAMI-1.iif\Ml I IK)) I?. 

DI Afv' I r (Kl =DI /\M I - 2 . ;~Ct\f·Hl li<. 

!F(~QA.N~ . {NA-ll l GO TO 11 


\·! r~ I T E { 6 , 5 0 7 l Z , D E T f;., , D I f\ iv' l l ( K l , C /\ R T HK 
co~HiN;f 

DFLP( l )=Pl:'~( I l - 14 . 1°-t-!JC)Ac; 
l\J0·3=NGIH l 
';,' F~ I T E ( 6 , 5 C 4 l Z , T G /, .'.) ' P Ci f\ S , ( X ( J l , J =1 , 1 l l 
JRITEl6 , 508 ) DAVI I J , DrL~I Il 
CONTINUE 
IF I K J • E 0 . 0 l GO T 0 6 5 '.) 

'vl R I T E I h , 5 0 4 l Z , T GA .S , P GA S , I X { J l , J =1 , 1 1 l 
GO TO 65fl 
WRITFl6,~05l 

GO TO 65C 
FORMATliX,F6.l,2F!0 . 3 , 13FB . 5/l 
FOR~AT(/ //58X,l5HTUBE IS PLUGGED! 
FOR~~Tl30X,Fl0 . 2,1ox , 3E20 . 51) 

FOR~ATIJX,2F20.5/l 

FOR~ATl1X,3F20 . 5 /) 

RETURN 
END 

CD TOT 0208 



vU'3130 : LI 
s I DJCG Dl.CK 73 
'.!> l F~ FTC CZSFST 

(
(----------------------------------------------------------------------­
C CASE '.:J TU D I E ~i 0 F Ar E Tr-< M·! ': D F HY DR 0 G :. ~ ! /\ T i 0 ;,\ F " Rf': f'.. C F 

c 
~--------------------- ----- ---------------------------------- - - ---------
( 

c TfiE PfWGi=1f11I: 0\LClJL,\TES OPTH'./\l OPFf(1\Tro:'i (Y(LrS PER TF/\'.<(:,f,5 f)!,YS) 
c nY MAXIMIZING AV~R/\GE ETrlYLE~E PRODUCE~ PFR DAY 
c ASSL!MP1 IOr\JS---cor·!ST/\NT FE[() fU,TF. 
c 
C 	 Pl\RAl-'i[TERS 
C rlCSR----------rlYDROCARBO~ / STE/\~ RATIO 
C HCSR=0 . 0------NO STF/\~ 
C \JC? == (J - - - - - - - - - C 0 ~.:ST M< T F T ~ '.1~ ,\!:: FF [ D 

DI ~1 E f'! S I 0 N rC ( 1 5 l ' V C Cl 5 l , ,,f v ( l 5 l ' f, F ( 5 l ' Z I_ ( l 0 ') l , T ( 1 0 0 l , C I=°' P C Y L ( 2 0 l 
D I rv. EN~, I 01\: FED C 1 5 l , F;vi ( l 5 l , XI- I 1 5 l , X ( J 5 l , X f·l ( l 5 l , DX~.'. ( 1 5 ) , C,v ( 1 ~ l 
DI~EN3ION Q(l5l , QA(l5J , ~C~R(2Q l, TOW(365l , C2APDl365l , C2~/\X(20l 
D I MENS I 0 N 0 PC Y C ( 20 l , D1\ YT H ( 2 0 l ' T 0P 1/J ( 20 ) , l'<D i-1 f, X ( 2 0 l , C1 EL. P ( :, 6::; i 
RE/\D(~ , 503) NH , NOHCSR , NOTP , NC2 
RE/\D(~,501 1 ITC( Il,J=l,11 l 
READ<5 , 50ll IV(( f l ,I=J , 11 l 
RE /\D < 5'501 l I1-!'li ( i l , I -= 1 , 11 l 
I~ [ A D ( 5 ' ? 0 ] ) [If A1V L ' T L [ N ' crrn0 ' sT c: p N0 
READ(5 ,5 011 DIA~JC ,T ~UEL , STPSIZ 
f~l::.A[)( :_, , 501 l (AF( I l, I=l,21 

... 	 RE/i.Dl5 , r)ll l DZL ,~HD 


READ(5 , 50ll F,TIN,TOUT / 

READ(5 , SO ll IHC SRII l,1=1, NOHCS~ l 


\VRITEl6 , 8C)Jl 

NSTEP=STEPN0+0 . 001 

DZ =TL.EN / STEP NO 

DO 499 II=l , NOTP 

f~EAD15 ,S O~l (ZL(Il,TIIld=l, NTDl 

l:JRITEl6,802l II 

'v'JRITE(6,803l 

WRITEl6 , 804l (ZLII l , T(!) ,J=l, NTD l 

\!JRITE(6d~22l 
DO 498 IM=l , NOHCSR 

tJRITE(6 , 805l 

NhSR=HCSf~ I I M l 

WRITE l6, 806l NHSR 

NOl3 = 0 

TOTAL'.d=O . O 

'ARI TF(6 , P,l5l 

DO lOC K=J , i'lB 

111 R I T E I 6 , 8 2 4 l :<. 

\·:RI TE ( 6 , 8 16 l 

DAY =K. 

iY:D = O 


907 FEEJf''=O . O 

DO 101 I=J ,5 


101 FEDI I l =O. O 

D 0 l (; 2 I == 7 ' 1 0 


102 	 FED( I J=O . C 

r F ( H csR ( J r1 ) • [ 0 • 0 • 0 ) G 0 T 0 9 9 9 9 

IF(NC~ . EO . Ol GO TO 384 




F E ~) ( 6 i = ' r -;.;- ,1c s R ( r ;,· : / ' 1-: c s :~ l : (/, 1+ l • i ; ~- 1o c o • / ? 4 • 74 
FE0<lll=IF/(~(Sq(!~l+1 . 1i~1cco . 12~ . 
GO TO 999<:, 


384 FEDC6J=F·:<-:Jc,· .; 24 . 

F :: C ( : l l = < ._ / 1-! CSR ( I ·-,' ; I -:; l 0 'i '.) • I ? '- • 


9999 	F~C(6J=r*:OOG ./ 24 . 
F[r..,\111-=C . J 

<)998 	 Fl ti)= f- l:.u ( 6 l +FED ( J 1 l 

() 0 l 0 ·, J = 1 ' 1 l 

FM ( J l ::.: FT I> ( . .J l /\'v:vl ( J l 


J.03 	 FFED'·1=FCl.fJ'v1+F\!l(J) 
DO ,ut; r~,1,11 


104 xr<iJ-F:-':(I)/FtEDi.1, 

DO 105 I-1'10 


1C5 ;.<,\i(,J.:..XF!ll 

u,) l u 6 I = l , 1 1 


1U6 X(Il=XF!il 

C C/\LCUL/\ lT I f'!U-1 PRE SSL:r<t 

iJ r I':= 1 J \) . 5 6 o3 +o • G 0 6 3 s2 s3 :~ ' l, • ·1 s+ ;; r, Y i -:Hl- i • .c., 5 i ·)'· < F iHi·o • '3 i +?;:; • 7 

P(j/\S=P l f\,/ JI+ . ·1 
c C/\L(Ul;.\Tr: P!~r-')~)ur~~ r·RCP rt~ (Q~V[CTOi'l SfCTTOi': l~Y FUL~R ',lf-"Tl-10[) 

NSTPS=STPSIZ+0 .~ 01 

uL=TUdLL/STPSIZ 
CL=0.0 
DO 	 ?2 JK=l , NSTP S 

700 	TGAS=TIN+CL~(TOUT -TINl/TUUEL 


IF<CL . EC . TUbEL l GO TO 777 

Af'.l'WI:/= 0 . 0 

D041J=1,11 


41 	 AM~~=AMWW+WM( Jl*XF<Jl 

RhOO =A~W~*PGAS /TGAS /G . 73 

TOl.i:XX=C.O 
VOl.IX X= O. O 
DC42J=Jdl 
TCMIXX=TC~IXX+XFIJJ*TC(Jl 

42 	 VCMIXX=VCMIXX+XF(Jl*VCIJl 

TRf~ = TGAS /TCM i XX 

VRll= - 0 . 120B+0 . 1354*ALOGITRRI 

V~\['= EXP ( 5. ><-V!H 1 l 
v I SC(:.=VCI, I xx-::·VRR 
FDD=(FEED/1000 . 1**1 . 8 
VISCO= VI SCCr--:<-0 . 2 
0 P =-AF ( 2 l -:i-O . 0 2 3 5 ;'!- ;:-1) I) X· VI SC 0 I R HOO I ( DI /\ '.t I C * ~- 4 • 8 l / 14 . 7 
PGAS =PGl'~S +DL ~- DP 

CL=CL-+DL 
IF(CL . CO . TlibELI GO TO 700 

CO,~!T I 1\LiE 


77( !..=(J.0 
C THIRD-CRDLR RUNGE KUTTA INTEG RAT ION 

DO 11 K~=l tNSTEP 
X I'! I l 1 I =PG A S 
KK=l 

GO TG 6GO 


51 	 DO 6:i. IJ=J,11 
C·'. I I ,J l =..,Z·;(·DX!1 Ir J l 


61 XNl:J l =XN IIJl+CM(IJl/ 2 . 

/.=Z+DZ/2 . 



KK=? 
75600 

52 	 ::>O 62 IJ=ld::. 

Q ( : J ) ='") l .: c, ;.: :\ ( : J ) 

C'J,' < : J) =C ( I J) 


62 	 X1\( :..Jl=X,,{ IJ)-/.~<-Q( i Jl - 1 . 5-:~(,, ( IJ) 
Z=l+L)Z/2. 

;(i( =3 

GO TO 600 


54 DO 64 IJ=JdJ 

O < LJ)-r)L:t-')Xf~( IJl 


64 XN( !Jl:.:XN( I J)+(7 . ::(f'I.( IJl-8 . -:.·Q/\ ( IJl +O( !Jl l / 6 . 

GO 1 0 <J00 


C Cl~LCuU\TIC,N OF TEi"1PEf'U\Tl.Jf~f" /\L01'lCJ THE TUf3E 

C 5 POii'\TS f-Of~:·1UU, OF FO;~vlf,1-< ..n CtrHIV\L , f\1'![) f"5/\C~.VJf,r<(u DIFFG~t.i1C.r r;,)[~PQL/,T~r/; 


6CO 	 N=l 

I F ( l • L T • L L ( f\J + l l l GO TO ?'19 

!'\=? 

If-(Z.Ll.ZLCN-rll l GO TO 799 
rr (L.r:c.soa. i GO TO 2<):.:, 

297 N-=f'h.l 

IF(i'J.GF.CNTU - lll GO TO 296 

IF<l . L I . LL(N+l l l GO TO ?SB 

GO T 0 ?. 9 -1 


C FORWARD D T~ FFREN C C INT ERPOLA T!O N 
? 9 9 l)T GAS = ( T ( N+11- l - 4 • ~:- T ( N+ 3 l +6 • -:i- T ( f\l + 2 l - t4 • -:q ( N+ l > + T ( :"-.! l l ~~ C7 - Z L ( 1\! ) l I D 7. L 

GO TO 300 
C CENT RA L DIFFE~ENC E INTE RPOLATION 

29 8 DTGA S=CTCN+2l - 4 . *T<N+ll+6 . *J(Nl - 4 . *T(N- ll+TCN- 2> l*CZ-ZL(~) J/~ZL 
GO TO 300 

C BACK~ARD DIFFERE NCE INTERPOLATION 
296 N=N+ l 

DTGAS =(T(~) - 6 . *T< N- ll+6 . *T{~- 2l -4 . *TC~ -3l+T(N-4l l*CZ -ZL(~ll/DZL 

300 TGAS =TC N)+)TGAS 
GO TO 294 

295 TGAS=TUHDl · 
C CALC ULAT I ON D~NSITY OF GAS ~IXTURE 

294 /\i'li 'i = O. C 
DO 4 J =ldl 

4 AMW=A~W-r~ ~ (Jl*X(J) 

RHO = (AMW* XNC lll/7GASl / 0 . 73 
C CALC ULATICN VISCOSITY OF GAS ~ IXTUR E 

TU'.! X=0 . 0 
VCMIX-0 . 0 

DC '.:> ..J=ldJ.. 

Tcv:x=7C~:X+X(Jl*TC(J) 

5 VCtlIX=VC:t.IX-X(Jl *VC( J) 

TR =T G f, S I TC i'I. I X 

VPl= - L. 1208+J . 1354*AL OG <T Rl 

Vl~=t:XP { 5 . ~-:-vR 1 l 

v ; s c -' v c f/1 I x.)(- I/ R 


C CALCJLAT!ON OF TOTAL ~OLE~ PER ~OLE OF FECD 
Xl'!Tl=G . CJ 
fJO <l ..;=l , 10 

8 I- f·j T 1 "' Xf\l 1 1 + i'. il ( J l 
'I 1'! T=X~l T 1 +X F ( 11 ) 

c ( /\LC.JL/\TI()\! OF R:\TE A'·!D FnUILifrnruv COf\!.ST/\t.JTS 
FK1=3 . 31[- 7*EXPC0 . 0077A~TCASl 



L°l'--2"' l. 76
RK1=~.3E!4*EXP(-6~508.ITGASJ/TGAS 

RK?=5.9[07*FXP(-491~G ./ TG~Sl 
r..: i<. 3 =u • c (; s 
~K4=2.2EC)*[XPl-09120 ./ TGASl 

R~5=0.~f08*fXrl-5~040 . /T~tSl 
R<6=~.Sl[00~fXD(-~~lG~ . /TGA~l 

c C/\LCJLi\TTCi'! f)[f-(!V/-TfVF Of· U\(li co::~)O\![l'.T j\\;[) P~FS'.:")Ui~:- '):DP 
RR~IX~llll~X~l5J/XNTJ~*2 

;·~ l "' 1~ ~~ 1 :< X.~ ( 1 ~ l ,,. ( Z 1'; I 6 I - 'I. i 1 ( 5 ) ·Y. X \ ( 1 l ',I- Xi'. ( l ] l I ( F :<. l ;· Xi\ T l ) I Xi, T 
r-x? ~~ r~ :<?. I( x~~ ( l 1 ) ;(- ( xN ( 5 ) .;;. x1\I ( 1 1 ) -ll· .sC\ T ( x~l ( 6 ) *xtl ( l ) ) Ix i'' T - i'. ' . ( ~ ) Ir:'( 2 ) I x '-IT 

R ~> - r~ <') .::f-( ru xN 1 J 1 i 
R 6 ~~ f< K 6 -i:- r:~ !~ 

C CAL CULf, 1 I CJ. ; Tf i I C ( !·! ES S 0 F C 0 v [ 

THETA = DAY*24 .-12 . 
V K =3 6 0 0 • :u\ F I 1 l :'.-I~ 6 -,; vi ~1, ( 2 l I CRH 0 
fVK=LXP I -VK-l:-TH[TA) 
DETA=DIA~I*ll .-FVKJ /2. 
D I =DJ Mli I - 2 • -::· Df T/\ 

IFIDI.LT.G.Ol GO TO 1000 

AETA=l908 . *3 .l416*DI **2 /F[ EDM J/ 144 . 

DXN1 ll =~ET/\*IR1-? . *R2·~0 . 125*R3+R4+R5+2 . *R6t 
JXNl2l=UETA*2.*R6 

JXNl3J=QET/\*2 . *R2 

DXN <41 =f3ET A-::-R5 

DXN<5l=BETA*IR1 - R2 - R3 - R4 - R5 - R6l 
.... 
DXN<6l =8ETA*! -Rll 
DXNl7l=BETA*O o25*R3 
DXNl8 l=RETA*0 • 125*~3 
DXNl9J=GETA*0 .12 5*R3 

DXN l1 0J=BETA*0 .33 3*R4 


C PRESSURE DROP 
FD=IFEED/1000 .l **l•B 
VI SO=V I $('1H'c0 . 2 
DXNllll= - AFl2J*0.0235*FD*VISO / RH0 /( DI**4 . 8J / 14 .7 
GO TO 151,5z,541,KK 

c;oc 	 PGr... s=xN1111 

TMOLE=O . O 

DO 9 J=l,JO 


9 	 TMOLE=Ti''iCLE+Xr·l ( J l ~~· F EFDi·1 


TMOL~S=TMOLE+FM(ll l 


DO lC J=ldO 

10 X(Jl=XNIJJ*FEEDV/TYOL~S 


Xllll=FMllll/T~OLES 

WR!TEl6,317) z , nET/\ 
11 	 CONTI1\UE 


IF<~D o EO . ll GO TO 906 

DELPIKl =P I N- 14 .7*PGAS 

i\OIJ=N08+ 1 

T#=Xl5l*T~CLfS*W~ISl*24 ./ lOOO . 
T0 T/\ L\t.f =T 0 T /\ L'1J+ HJ 

TO\!J ( K l == T 0 T ,l, L\:I 

08S=hOB+ l 

C2APDIKl=TOWIKl/OAS 
IFl~ . NE . 11 GO TO 909 

C2MAXl!MJ~C2APDIKI 


http:IF<~DoEO.ll
http:IFIDI.LT.G.Ol


NDi-1 /\X ( T :: ) =K 
9 0 9 	 I F ( C?. 1-\ PD ( '.( ) • L T • C z1.1. AX ( If.t l l 

'\: TS=~ Di.' /1 X ( I ~': l 
C?TS=C?'i,'\X( P-~l 
C?~~XII~l = C2APD(K) 

;~ G>1.6. X ( I ,'<i J == K 
100 	CONT I i\L.,[ 

11! R I T E ( 6 , 8 2 3 l 
1,n~ITt:(6,807l 

7'7G 0 T 0 l () () 

'tJ i~ I T F ( f> , 8 0 B l ( K , C 2 AP D I K l , T 0 \·/ ( :< l , DELP ( K l , K =l , i'l G l 
GO TO 201 

1000 ~RITE(6,~09l K 
Di\YTH ( Jrl) =K 
GO TO ?02 

2 Ql tJ R I Tc ( 6 , 8 2 3 l 
DAYTH( Ii'/,):=0 . 0 

2G2 M= NDM/,X (I ~1, l 
DAYS=M 
OPCYC( JM)=365 . / ( Dl\YS+l. ·l 
TOP~·J (I fv'· l =TOvJ (!Vil 
':mIT[(6,810l 
11 r~ I TE ( 6 ' 8 1 1 l 
't.J R I T [ { 6 , 8 1 2 l 
0RITEl6 , 813 l 
WRIT~l6 , 814l 
l:vr~ITF(6,815 l 

WRITE !6,816) 
DAY=M 
MD=l 
GO TO 9C7 

906 l:Jf~ IT E ( 6 ,en 8 l 
498 CONT I ,\UE 

lt.J f~ I T E ( 6 , 8 l 9 l 
~'m I T E ( 6 ' 8 ? 0 l 

11 ' NOHCSR l 
\v R I T E I 6 , 8 2 1 l 

499 	 CONTINUE 
STOP 

ND M /\ X ( I M l 
C 2 .v1 A X ( I ;v; l 
TOWIMJ 
OPCYC(TMl 

( H CS I~ ( I 1''1 l , f\1 DMA X ( I iV: l ' 0 PC Y C I I M l , C 2 M /\ X ( I ~'1 l ' DA Y T H ( I ; I'. l , I v = 

501 	 FORMATl8Fl0 o5) 
503 	FORN'A T(2.0I5l 
511 	 FORi'1ATIFl0 o5,:5l 
504 	 FORMAT(lX , F6.l,2FlQ .3, 13F8 . 5 /l 
555 	 FOR~AT(lX,3F20.5/l 
201 	 FOR~AT(lHl,20( /) ,44X,43H CASE STUDIES OF AN ETHANE CR~C<ING FURNAC 

1 E ' L ( I l ' 6 0 X ' 1 2 H :3 Y M. C • L I , 4 ( I ) , 5 6 X ' 2 0 H DE P T • 0 F CHE 1V. • E,\j G • , '' { I l , 6 
2 ox ,12H AUGUST,1967/lHll 

802 FOR~AT(l5 (/) ,5ax,11H CASE STUDY ,1 5/l 
803 FOR~ATl51/J ,1X,13111H-l/43X,46H TEMPE~A TURE PROFILE ALONG TH~ TUB U 

lLAR REACTOR /1X,13 1 (1H- l/) 
804 FOR~AT(J6X,10Fl0 . 2l 

8 0 5 	 F 0 R r,'if, T I I 1 X , 1 3 1 I l H ·* l ·I I 
B 0 6 	 F Ol~ :I A T I ? I I ) ' 5 0 X ' ? 5 f I H Y D P 0 C J\ R B 0 1\I I S T F /l..'1\ R /\ T I () ::: , I 5 , ? ( I ) , i X , l 3 1 ( Hi - l l 
8 0 7 F 0 Wt. A T ( B x '1 4 H 0 p ER A T r (\, G D/', y s ' 8 x ,., 3 HA v Er~ J\ (_j F F.: TH y L F N E p R 0 '")~JC E:. f) p F~ ) f, 

l y ' 8 x ' 3 3 HT 0 T A L ·rJ E i G I n 0 F E:: T I I Yl_ [ :' Ir p r~ 0 Duc F [) ' 8 x ' 1 3 11 p r\ E 5 s u I< E Df~ (J p I 3 9 x ' 
2J~HTHOLSAND POUNDS ,26X,15 HTHOUSAND POUNDS,22X , 3HPSI/1X,13111H-l//J 

e0 8 	 F 0 r-u. A T ( l 3 x ' I Li- ' 2 3 x ' F l 0 0 5 ' 2 9 x ' F 1 ') • ? ' l 8 x ' F 1 0 • 5 ) 
8u') FORflf1Tl //lX,l3ll lH -l/1; ()X ,26 HTH E TUBE rs PLUGCiED ON THF , r4,16HTH OP 

lERA·.-11'.G D/\Y/lX,131( lH- l l 



78 

BlC FOR ''1/\T(lH1,/JX,l~lflH-l/18i(,,)c;;! THf OPTi:.-11L (.O'!DITIC'jc-, 1".v '/·X:'l.IZi 
1N G [:THY U: r\ [ PR 0 DUC t DI l X , l .') l ( ~ ~i - ) l 

811 F0f~"1f,T(//')X,22H()DTI;11\L <;'Jfi</\TI".G D'·v:.n79Xd')d/X , I ",/'(C) 

812 FOl~'.'f,T(//SX,;.31i/\VfRf\GF rTliYLC.\;' PHO;:'J(;~·D H-:? ')(,'(,(,3X,-1r . ',,,1cH T·~r; 

l u:::iA; 11J rou;.),, i 
81'3 FO".'!/,T(//')X,33HiOTr"L .·.[JCiHT OF tTliYLEl·I[ r'f''),,LJ(![) , s,~1.,F?C . ') ' :uJ THO 

1l,Sf\i\I) r)O'J\U)S) 

814 FOR~ATl//5X , 44HOPTI~A L nPFRATIJ~ CYCLES nrR vr~R (~6S nAVS) , 5?X • Fl 
J0.2•1uX,6HCYCLESl 

f31 s F 0 r !./ /, T ( I I 5 x ' '3 2 H cc.< E r Gr' !I;/\ T I 0 r·l /\ L 0 NG TH F f~ [f. c Tei R ' I ) 
8 16 FOR i.'. ;.\ T I I I 4 0 X ' 1 2 HD I ST/\ iK F , F T , 2 U X , l 5 h TH I C ;< ~;ES:'.': , I :01 Cl I I I l 
8 1 7 F' Ci' 1'. . /\ T ( 3 S1 X , F J 0 • 2 , l 6 X , E 2 () • S ) 
8 l 8 F 0 I\ 1·'. A T ( I I 1 X , l 3 l I 1 H - l I l X , 1 '.:> 1 ( l H ~· l l 
8 1 9 F 0 R ,'.'! /\ T ( l H l ' 3 ( I l , 1 X ~ l 3 l ( 111 - l I 7 X , /- ll i-K Sf~ , S X , ? 2 !-"' 0 P - ! '!, /1 L 0 PF R /. T i i•; G I);'-. Y S 

1•6X , ?~HDPTI~AL CYCLlS PF~ YrA? , 5X,33~AV[RACE ET~YLE:IC PRG)~CEJ ~~~ 
2 ;)A Y , 6 X , 1 3 H 1) ,\v Tt-l PL lJG G ~ ) I l X , 1 3 l ( :C I - ) I I l 

182L FnR~AT(4X , F7 . 1,15x,r~,20x,F9 . 4 , ?5X ,F ~0 . 5,21x,F7 . /) 

R? l F OrC·'1/\ T ( I: X ' J 31 ( 1 r~ - l , 3 ( I l , 1 X , l 3 1 ( } H ·Y.- l l 
822 FO~~AT(/1X ,1 31(1H- l/1Hl) 
82~ FO~~AT(/:X ,1311lrl-I I 
8?4 FOi·C::-1/\TllOX dt,HOPEi~ATING JJ\YS '1 5/ /l 

F:ND 
:i'>t7 1'1 IRY 
Sif3SYS 

CD TOT C315 

... 




