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r&tc of so3 , lb. moles/hr. 

TI = optimum value of the decision variable, inlet temperature 0c. 
F;6 = outlet flow rate of so3 from the nth stage, lb. moles/hr. 

1'-1AXF =maxlrnum value of the objective function, overall flow rate 

of so3 for the n bed system, lb. moles/hr. 

Tf) =outlet temperature from the nth stage, 0 C. 

=outlet conversion of so4 from the nth stage, % 

TABLE 6 

Bed No. FI TI Ff) Tj?) x 
1 0 429.2 193.6 617.5 69.64 

2 193.6 435.5 261.2 497.1 93.96 

3 261.2 453.3 269.8 460.6 97005 

4 269.8 440.2 271.83 441.8 97.78 

TABLE 7 

Bed Noo FI TI Ff) T~ x 
1 0 418.0 182.4 59607 65.61 

2 182.4 431.6 259.5 501.9 93.34 

3 2590 5 45302 269.7 46203 97.01 

4 269.7 440.4 271076 442.2 97076 
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2.2.2 Direct Se2rch_of Hooke and Jeeves 

A description of the method and a simplified logic diagram 

of the computer program are presented in Appendix III, section 3. 

A modification made to the standard pattern of moves is also des­

cribed there. 

In this work, the speed at which the pertubation grid, D, 

is reduced to resolve a resolution ridge is kept constant through­

out the search. Indeed, when a ridge is ~et, the value of D is 

successively reduced by half until the resolution ridge is broken. 

The performance of the technique is function of: 

(1) the initial value of the pertubation grid 

(2) , the starting point 

In order to compare the efficiency of this technique with 

the others, these two variables must be chosen adequately. Since 

3500 c. was the lower limit of the golden section search used in 

the dynamic programming, in every case the starting point will be 
0 ' 0 0 0= 350 C., = 350 c., T = 350 c. and = 350 C. To chooseT1 T2 3 T4 

judiciously an initial value of D, a study on the variation of 

the computer time versus the initial value of D must be done for 

both cases, without and with constraint on the temperature. Before 

performing this study, however, the criteria that will end the 

search must be defined. 

2.2.2.1 Ending the Search 

Referring to Wilde( 6) the search ends when it fails to re­

solve a resolution ridge. Two possibilities may arise from this 

ending criterion: 

(i) the last base point is effectively the optimum 
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(ii) a fine resolution ridge, oriented in such a way with 

respect to the orthogonal axis that the search pattern cannot pro­

gress anymore, is met. 

To avoid the second possiblity, the search was first ended 

when the following criterion was satisfied: if at a certain base 
0 

point, a ridge cannot be resolved within a certain tolerance (1 C.), 

then the coordinates of this point are changed by a certain amount 

C-50 
C.) and the search begins over taking this new. point as a starting 

point. The search ends when the responses at the last three base 

points for which a ridge has not been resolved, ~re within a certain 

tolerance. 

So if the optimum is met, the search near it will eventually 

end at it. If a fine resolution ridge is met, then this procedure 

will allow the search to progress along it. 

If the response surf ace is very flat in the neighbourhood 

of the optimum and if the tolerance is too coarse, different op­

tima will be found for different initial values of D. In order 

to determine the shape of the response· surface, a very small toler­

ance (10-7) is first imposed on the system. In every case, the 

initial value of D is 20°c. 

2.2.2.1.1 	 No Constraint on the Catalyst Bed Tem~rature 

In Table 8, T1 , T2 , T and T4 are the coordinates of each3 

base point that has been unable to resolve the ridge, and Fso3 is 

the final outlet flow rate of so3 in 1 b. moles/hr. From these re­

sults, it is seen that the response snows a very flat surface near 
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the optimum and that this flattened region constitutes a very 

fine ridge with respect to the last three inlet temperatures and 

propagates itself in the direction of the first inlet temperature. 

. l. 0 hIndeed, a total variation of 3~ C. is observed for Ti while t e 

three other inlet temperatures exhibit a total variation of only 

+3.5 to -1.0°c.; for this overall variation the response has shown 

an improvement of only 0.005%. 

In Table 9 are presented the computer processing time and 

the operating conditions that describe completely the optimum path 

obtained by following the fine ridge. 

TABLE 8 

Tl 6T1 T2 AT2 T3 .AT3' T4 AT4 FS03 AFS03 

458.8 43lo3 452.5 441.3 271.8899 

-6.5 +l.O +loO -0.5 +0.0007 

452.3· 432.3 453. 5 440.8 271.8906 

-5.0 -0.5 -0.5 -0.5 -0.0007 

447.3 
-0.5 

431.8 
o.o 

453.0 
-0.5 

440.3 
+l.O 

271.8899 
o.o 

446.8 

424.3 
-22.5 

+l.O 

431.8 

434.3 

+205 

+1.0 

452. 5 

452.5 

o.o 

+1.0 

441.3 

439 .. 8 
-1.5 

+l.O 

271.3899 

271.9002 

+0.0103 

+0.0010 

425.3 
-0.5 

435.3 
-0.5 

453.5 
-0.5 

440.8 
-0 •. 5 

271.9012 
+0.0016 

42408 434.• 8 ~53.0 440.3 271.9028 

TOTAL 
VARI­
AT ION 

-34.o +3.5 +0.5 -1.0 +0.0129 
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Bod Ifoo FI TI Ff; . T,ll x 
Computer
Time 

-, 
l. 0 42408 193. 59 613.3 69.64 

2 193. 59 434-.8 261.13 496. 3 93093 

3 261.13 453.0 269.90 460.5 97.09 

4 269.90 440.3 271.90 441.9 97.80 42' 

See page 31 for the meaning of the symbols used in section 2. 
2.2.2.1.2 Bed Catalyst Temoerature -( 6oo0 Q.:_ 

From the results presented in Table 10, it is seen that 

the search near the first base point which was unable to resolve 

a ridge, ends very close to it and similarily for the next searches. 

This indicates that no fine ridge is met at this first base point 

but that this point is very close to the optimum. ~o when the 

constraint is imposed on the system, the very fine ridge that 

constitutes the flat area, lies in the non-permissible region. 

In Table 11 are presented the computer processing time 

and the operating conditions that describe the optimum path ob­

tained when the system is subject to the constraint. From Table 

9, it is noticed that the constraint affects only the first cata­

lyst bed. It would be expected that, when the system is subject 

to the constraint, the outlet temperature from the first bed should 

be equal to 6oo 0 c.; the corresponding inlet bed temperature was 

found to b,e equal to 418.8°c. In Table 11, the first bed inlet 

temperature is 418.5°co which is very close to the expected one. 
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TA3LE 10 

AT1 T2 FS03 ~Fso3.A T2Tl 6T4.AT3 T4T3 

417.5 431.3 452. 5 441.3 271.8368 
+l.O +1.0 +1.0 +0.0190 

4-18.5 

-0.5 

432.3 440a8453. 5 271.8558 
-0.5 -0.5 -0.5 -0.5 -0.0088 

418.0 431.8 453.0 440.3 271.8470 
-0.5 -0.5 +l.O-0.5 -0.0102 

417.5 431.3 452.5 441.3 271.8368 
+1.0 +1.0 +1.0 -Oo5 +0.0190 

418.5 432.3 440.8453.5 271.8558 

TOTAL 
VARI­ +l.O +l.O +l.O +0.0190-0.5
AT ION 

TABLE 11 


Bed No. FI TI Ff) Tf; x 
Computer
Time 

l 0 41805 184.1 598.8 66.23 

2 184.1 43203 259.6 501.1 93.38 

3 259.6 453.5 269.8 462.2 97.04 

4 269.8 440.8 271.85 442.5 97079 2or 40 11 

When the response surface is very flat near the optimum, 

as it is for the first case, the profit gained by proceeding exactly 

to the.real optimum is not justified with respect to the supplementar 

required computer time. So for both cases, in the work presented 

in the next section, the search ends when one of the two following 
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criteria is satisfied: 

(1) if the responses of any three different successive 

base points are within a certain tolerance 

(2) if a resolution
. 
ridge of 1 

0 
C. cannot be broken and 

if the responses of the last three base points which were unable 

to resolve the ridge are within the same tolerance as in (1). 

The value of the tolerance must be small enough to allow 

the determination of a pseudo-optimum that lies in the flattened 

region. After a few trials, it was decided that the relative change 

in the objective function for the last three base points should 

be within a tolerance of 5.0 x io-4• 

2.2.2.2 ·study on~_Variation of the Comouter Tii1!e Versus D 

2.2.2.2.1 No Constraint on the Catalyst Bed Temperature 

In Table 12 are presented the optimum conditions and the 

respective computer times obtained for different initial values 

of D. From the comparison between these optimum paths, it is ob­

served that even though the final conversions of so2 are practically 

the same, some sets of operating conditions differ mainly in their 

first bed inlet temperature. This observation confirms the shape 

of the response surface described in the previous section. 

The computer time decreases very sharply as D increases 

from 10 to 20 
0 c., the drop becomes smoother as D increases from 

20 to 30°c. to eventually vanish for D greater than 30°c. These 

results show the i~portance of choosing adequately the initial value 

of D since a choice of io0c. instead of 30°c. increases the computer 
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tine by 95/';;. 

For the sake of comparison with the other techniques, the 

computer time required to optimize the system will be taken as 7' 53", 

TABLE 12 

D 
Bed 
No. FI TI Ff; Tf; x 

Computer
Time 

10 1 0 425.0 194.15 614.o 69.84 
2 194.15 435.0 261.38 1+96 .3 94.02 
3 261.38 452. 5 269.93 459.8 97.10 
4 269.93 440.0 271.90 441.7 97.80 15 1 2411 

20 l 0 470.0 176.02 640.1 63.32 
2 176.02 430.0 258 .68 505.5 93.05 
3 258 .68 450.0 269.66 459.4 97.00 
4 269.66 440.0 271.85 441.9 97.79 8 r 4711 

30 1 0 425.0 194.15 614.o 69.84 
2 194.15 436.3 261.34 497.4 94.-01 
3 261.)4 451.3 269.90 458.5 97.08 
4 269.90 440.0 271.89 441.7 97.80 7' 53" 

35 1 0 446.3 186 .45 627.1 67.07 
2 186 .45 437 •. 5 259 .83 504.3 93.47 
3 2 59. 33 45500 . 269076 463.4 97.04 
4 269. 76 437.5 271.83 439.3 97.78 7 I 54" 

45 1 
2 
3 
4 

0 
194.23 
261.37 
269092 

425.9 
434.4 
454.1 
440.0 

194.23 
261.37 
269.92 
271.90 

615.0 
495.6 
461.3 
441.7 

69.87 
94.02 
97.09 
97.80 7 I 58" 

2.2.2.2.2 Catalyst Bed Temperature ~ 6oo0c. 

In Table 13 are presented the optimum conditions and the 

corresponding computer times versus the initial values of D. As 
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expected from the results of section 2.2.2.~ the optimum conditions 

obtained for the different values of D are quasi-identical. 

In this case, it seems that the computer time passes by 

a :ninLnum value of 9' 33 11 at D equal to 20°co For the comparison 

with the other methods, this minimum value will be chosen as the 

computer time required to opti~ize the system. A choice of D 

equal to io0 c. instead of 20°c. increases the computer time by 55%. 

TABLE 13 

D 
Bed 
No. FI TI F~ T~ x 

Computer
Time 

10 1 
2 
3 
4 

0 
180.25 
259 .13 
269.72 

417.5 
432.5 
452.5 
440.0 

180 .25 
259.13 
269.72 
271.83 

594.3 
504.5 
461.5 
441.8 

64.84 
93.21 
97.02 
97.78 14 1 49 11 

20 1 
2 

3 
4 

0 

180.25 
259 .13 
269.72 

417 0 5 
432.5 
452. 5 
440.0 

180.25 
259 .13 
269072 
271.83 

594.3 
584. 5 
461.5 
441.8 

64.84 
93.21 
97.02 
97.78 91 33 11 

30 1 
2 

0 
180.25 

417 .. 5 
434.9. 

180.25 
2580 55 

594.3 
503.0 

64.84 
93o0l 

3 
4 

258.55 
269.58 

453.1 
441.9 

269. 58 
271.79 

463.4 
443.8 

96.97 
97.77 11 t 38 11 

3~ 1 
2 

3 
4 

0 
181.64 
259 .39 
269.75 

417.8 
432.0 
452.8 
440.8 

181.64 
259 .39 
269.75 
271.84 

595.8 
503.0 
461.6 
442.6 

65.34 
93.30 
97.03 
97.79 16 f 311 

2.2~3 Gradient Se&rch 

A description of the method and a simplified logic diagram 

of the computer program are presented in Appendix II, section 4. 
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As for the Hooke and Jeeves technique, the starting point 

is T1 = 350 C., T2 = 350 C., = 350 C. and T4 = 350 C. For bothT3 

cases, constraint and no constraint on the temperature, the search 

ends if no improvement is found around a base point within !1°c. 

The variation of the objective function, the final per­

centage of the so2 conversion, versus the number of determined base 

points is presented in Table 14. · The same results are obtained 

for both cases, with and without constraint. 

The technique is very effective at the beginning of the 

search. Indeed, after the first base point an improvement of 250% 

in the objective function is found with respect to the starting 

pointo This new value of the objective function (96.58%) is al­

ready very close to the optimum (97.8%). However, from the second 

point on, the rate of convergence to the optimum is very slow. 

After the 12th base point, the objective function has improved of 

only 0.27% with respect to the first base pointo 

The poor performance of the gradient search technique in 

the neighbourhood of the optimum is probably due to the fact that 

the assumption that a plane represents the surface does not hold 

anymore. Many attempts have been made to increase the rate of 
2convergence of the gradient search technique: Forsythe and Motzkin( J 

Powell ( 17) , Fletcher and Powell ( l.8 ) , Smit.h (1.9) and Swann <2o) o In 

this work, .however, none of these methods of convergence was in­

corporated to the gradient search technique. 
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Number of Final so2 Computer 
Base Points Conversion (%) Time 

Starting point 27.40 

l 96. 58 
2 96.79 

4 96.80 

6 96.82 

8 96.82 

10 96.82 

12* 96.84 23 1 

*" 	 The search ends because of the restriction imposed on the total 

computer processing time. 

2.2.4 Discrete .Maximum Princigle 

In this work, only the unconstrained reactor system is 

optimized following the discrete maximum principle. A description 

of the technique is presented in Appendix II, section 5. The 

derivation of the optimalit'y condition corresponding to the case 

studied and a simplified logic diagram of the digital computer 

program are also.presented there. The optimal condition is: 

n ::: 1 to 4 

This variational technique, based on necessary but not 

sufficient conditions for the optimality of the system, leads to 
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the determination of only one path. The corresponding value of 

the objective function may be maximum, minimum or even only 

stationary. 

In Table 15 are presented the optimum operating conditions 

and the corresponding computer time. Fro~ these results there is 

no.doubt that, in this case, a maximal policy is found. 

3ed ComputerI 
Ff;No. FI TI T;!J Timex 

0 426.21 193084 614.9 69.73 

2 193.84 26lol5 496.6435.3 93.94 
..., 

j 
 261.15 460.7269.85453.3 97.07 

4 441.0 5 f 6 11269.85 271.82 442.7 97.78 

Discussion 

Qomgarison of thg AoRlicability and the .Efficiency of 

The Optimization Technigues 

The gradient search technique, although very efficient at 

the beginning of the search, progresses very slowly in the-neighbour­

hood of the optimum. It is felt that this method is applicable 

as such but is- not recommended because of its low overall efficiency, 

However, the incorporation of an appropriate convergence pattern 

(l7, 18, l9, 2o, 21 ) when the optimum environment is reached should 

give an attractive overall efficiency. 

2.3.1.1 	 No Constraint of the Catalyst Bed Temperature 

Table 16 presents the optimum conditions and the respective 
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co:-::iputer tir:ies obtained for the different optimization techniques, 

ex~luding the gradient search. For the sake of comparison, the 

optimu~ path obtained by following the fine ridge up to the maxi­

mu:n is presented for the Hooke and Jeeves technique. 

The three optimum paths being quasi-identical, there is no 

doubt about the applicability of any of these techniques. Based 

on the computer time, it seems that the discrete maximum principle 

is the most efficient technique. Compared to this latter, Hooke 

and Jeeves requires 54% more computer time while dynamic programming 

requires 300% more computer time. 

TABLE 16 

Optimization 
Techniques 

Bed 
No. . FI TI Ff) T~ x 

Computer 
Time 

Dynamic 
Programming 

1 0 
2 193.6 
3 261.2 
L.. 269.8I 

429.2 
43505 
453.3 
440.2 

193 .6 
26102 
269.8 
271.8 

'617.5 
497.1 
460.6 
441.8 

69064 
93.96 
97.05 
97.78 20 1 26 11 

Hooke and 
Jeeves 

1 0 
2 193.6 
3 261.1 
4 269.9 

424.8 
434.8 
453.0 
440.3 

193.6 
26lol 
269.9 
271.9 

613.3 
496.3 
460.5 
441.9 

69.64 
93.93 
97.09 
97.80 7t 53 11 

Discrete 
.Haximum 
Principle 

1 0 
2 193.8 
3 261.2 
41 269 ._2_ 

426.2 
435.3 
45303 
441.0 

193 .8 
261.1 
269.9 
271.8 

614.9 
496.6 
460.7 
442.7 

69 .73 
93.94 
97.07 
97.78 51 611 

2.3.1.2 	 Catalyst bed temperature ~ 6oo0 c. 

Table 17 presents the optimum conditions and the corre­

sponding computer times obtained for ·dynamic programming and Hooke 

and Jeeves. The two optimum paths are quasi-identical so that 

these two techniques are applicable on the system when subject to 
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u constraint. Based on the computer time, Hooke and Jeeves is 

more efficient, dynamic programming requiring 133% more computer 

tLne. As expected for Hooke and Jeeves since the presence of a 

constraint disturbs the search pattern in its acceleration to the 

unconstrained optimum, more computer time is required to optimize 

the system when subject to a constraint; the increase is of the 

order of 255;. The dynamic programming algorithm being not really 

affected by the presence of a constraint should not present an 

·appreciable increase in the computer time; indeed, an increase 

of only 5% is observed. 

TABLE 17 

OptLnization 
1'echniques 

Bed 
No. FI TI FK) TK) x 

Computer
Time 

Dynamic 
Programming 

1 
2 
3
4 

0 
182.4 
259.5 
269.7 

418.0 
43106 
453.2 

'440.4 

182.4 
259.5 
269.7 
271.8 

596.7 
501.9 
462.3 
442.2 

65.61 
93.34 
97.01 
97.76 21 1 1911 

Hooke and 
Jeeves 

1 
2 

~ 

0 
184.1 
259.6 
269.8 

418.5 
432.3 
453.5 
440.8 

184.1 
259.6 
269.8 
271.9 

598.8 
501.1 
462.2 
442.5 

66.23 
93 .38 
97.04 
97.79 9 1 33 11 

2.3.1.3 Comments 

With the discrete maximum principle, there is no assurance 

that the optimal path will be found so that, even though this 

technique is very efficient, it may be preferred to use a less 

efficient method but· that guarantees an optimal policy. Also, 

no information about the shape of the objective function in the 



-25­

neighbourhood of the optimum is obtained with the discrete maximum 

principle. 

The Hooke and Jeeves technique presents a good efficiency 

and guarantees an optimal policy.· It also furnishes some infor­

mation about the shape of the objective function near the optimum. 

Tbi.s may be, in some cases, very important since it indicates how 

the response varies with the operating conditions in the neigh­

bourhood of the optimum and consequently how good the control on 

·these variables should be in the plant. 

The dynamic programming technique guarantees an optimal 

policy. It generates many optimal intermediate policies but if a 

final optimum policy corresponding to only one inlet value of the 

state variable i~ required then only one of these intermediate 

policies is used and the overall efficiency is rather low. But 

if the optimum policies corresponding to many inlet values of the 

state variable are needed, then the extra compqter time required 

by the dynamic programming to generate each new final optimum 

policy is very small. For the Hooke and Jeeves and the discrete 

maximum principle techniques, the determination of the optimum 

policy for each new inlet value of the state variable requires 

about the same computer time as for the first inlet value so that 

in this case, dynamic programming will be the most efficient tech­

nique. Dynamic programming, however, gives no information about 

the shape of the objective function. 

In the following diagram is presented a possible path to 

follow when the choice of an optimization technique must be made 



-26­

for a particular multi-stage process. 

1 
(IS ANTI HING l\.NOiIN AB JUT THE 
LOGAI'I()N JF J?T..LMW'1 REGION) '2 

__ Yes 

GRADIEtIT SEARCH 
(Until optimwn environment 

is reached) 

No 

J 

( ,.~ 

-'-0 L\1''0Rl·tt, T IJA A30UT SHAPE 
OBJECT IVG F 1.Il'~C T I 0 i'J REQUIRED)'? 

HOOKE A.:.IJLJ JE:SVES 
OR ROSENBROCrC (6,26) 

Yes 

No 

(IS OPTIMIZATION FOR ONLY ONE No 
DYNAMIC PROGRA:M:·HNGINLET VALUE OF STATE VARIABLE) '2 

Yes 

(IS FOR SI!1ILAR PROBLEi·fS, DISCRETE No HOOKE AND JEEVES 
MAX. PRING. Efa.S .LED TO OPTIMAL PATHS) '2 ..... OR ROSENBROCK 

Yes 

DISCRETE HAXIMU">f PRINCIPLE l 
2.3.2 Comoarison of the Optimal Paths With The Simulation 

of the C.I.L. Operation 

Table 18 presents the simulation of the C.I.L. operation 

for the production of 316 tons/day of sulphuric acid. 

Bed No. FI TI Ff) Tf1 x 
l 0 1+25.0 193.6 613.6 69.7 

2 193.6 1+38.7 261.0 500.0 93.8 

3 261.0 l+l+l.O 268.9 1+1+7. 7 96.7 

4­ 268.9 4-26.l 271.0 4-27.9 97 .4­
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In Figure 2 are presented the two optimum paths obtained 

resp·ectively for the constraine~l and the unconstrained systems and 

the simulation of the C.I.L. operation. It is observed that the 

two optimum paths give practically the same final conversion of 

so2 • It is then possible to operate the reactor optimally with­

out exceeding 6oo0c. in any catalyst bed and this is very important 

due to the faster degeneration of the catalyst for temperatures 

greater than 6oo 0c. 
In the plant, the first two beds operate optimally but 

too much subcooling occurs between the-second and the third beds 

and between the third and the fourth beds. 

By proceeding optimally, an improvement of 0.4% in the 

overall conversion is obtained with respect to the simulated plant 

conditions. This represents an increase of about 1.2 tons/day 

in the production of sulphuric acid. A great improvement was not 

expected since the plant outlet conversion is close to the equili­

brium curve. The average commercial selling price of the sulphuric 

acid being about $20/ton, the increase in the raw profit is of 

the order of $6500/year, whic·h is not particularly attractive. 

However, these results become more interesting if one considers: 

'(l) 	 The saving that will result from the increase in the 

catalyst life by operating at a temperature lower 

than 60o0 c. in any bed. 

(2) 	 The air pollution problem due to· the so2 discharge 

into 	the atmosphere. 
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OPTIMUM PATH (No Constraint) 

OPTIMUM PATH (With Constraint) 

4-FIXED-BED REACTOR ADIABATIC PA'!llS
1. 0 c.r.L. PLANT OPERATING PATH 

S0 CONVERSION vs TEMPERATURE2 

0.9 

0.96 

0.94 

o. 92 

o.9oL-------------..J...u..--------­

+ 
I 
I 
I 
I 

600 .520 

TEMPERATURE ( °C) 
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In the C.I.L. S02 converter, the interstage cooling by 

means of heat exchangers is done as follows: the hot gases from 

the sulphur burner are cooled in No. 1 boiler before entering the 

reactor. After the first catalyst bed, the gases are cooled in 

No. 2 boiler. The steam generated in these two boilers serves 

as the coolant in two parallel superheaters, one after the second 

bed and one after the third bed. 

It may not be possible to reach the optimal sequences of 

the bed inlet temperatures in the plant if for example, not enough 

steam is generated in the two boilers. In Appendix V, it is found 

that the two optimal sequences can be reached with the present 

C.I.L. heat exchangers. The operating conditions of the heat ex­

changers dictated by these optimal sequences are also presented 

there. 

The quantity and the quality of the superheated steam 

produced in the heat exchangers are important since the steam is 

fed to a turbine driving an air blower. The by-pass of the steam 

at the turbine is dictated by the plant air requirement. 

In Appendix V, the operating conditions of the steam tur­

bine for the two optimum cases are treated. The reachability of 

the optimum conditions in the plant when no constraint is imposed 

on the temperature, will definitely affect the steam turbine opera­

tion. Indeed, relative to the normal operating conditions, 17.5% 
more steam must pass through the turbine in order to operate the 

air blower at a specified capacity. Also, the inlet steam tem­
o ' 

perature being smaller by 18 c., the turbine will operate closer 
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to the saturated steam conditions and the turbine blades may be 

severely and quickly damaged. 

The reachability of the optimum conditions when the con­

straint is imposed on the temperature, will not affect as much 

the turbine operation since only 7% more steam is passed through 

the turbine and the difference in the steam temperature is only 

10°C. 
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2.4 Symbols 

D - pertubation grid, 0 c. 

FI - value of the state variable in front of the nth bed, 
lb. moles S03/hr. 

F~ - outlet flow rate of so3 from the nth bed, lb. moles/hr. 

M - number of equally spaced values of the state variable 
in front of each bed 

MAX F - maximum value of the objective function for the n bed 
system, lb. moles so3/hr. 

01"1T. - inlet temperature at the ith bed, ...... 
l. 

TI - optimu~ valu5 of the decision variable, inlet tem­
perature, C. 

- outlet temperature from the nth bed, 0 C. 

v - te:nperature in the bed, 
0 c. 

x - outlet SD:2 conversion fron the nth bed, % 
zh\ - catalyst depth in the nth bed, feet 



3. HLJI,T:-T~L AJ_::ABA'l'IC HBACTr)F: iJITE FIXED AIH ADDITION 

3.l. Puroose~ 

For different fixed numbers of catalyst beds (N=l,2,3,4) 

~:10 a spec if ied sequence of air addition to the beds find the op­

ti:-:1al sequences of the bc:d inlet temperatures and of the catalyst 

be:S. lengths that ·naxi:nize the final conversion of S02. 

In every case, the catalyst used in the reactor is the 

heterogeneous catalyst described in section 2. The total flow 

rate of air addition is constant and equal to 352 lb.moles/hr. 

For the one-bed reactor, the total air is added in the feed stream 

to the reactor. For the two-bed reactor, 142 lb.moles/hr. is 

added before the first bed and 210 lb.moles/hr. before the second 

bed. For the three and the four-bed reactors, 142 lb.moles/hr. 

is added before the second bed and 210 lb. moles/hr. before the 

third bed. 

Each system is subject only to the one constraint: the 

permissible amount of catalyst in the reactor is less than or 

equal to the total amount of catalyst used in section 2 or, since 

the reactor cross-sectional area is constant, the sum of the cata­

lyst bed lengths in the reactor is less or equal to 5.53 feet. 

Each system is optiG1ized following the direct search of 

Hooke and Jeeves and the di~crete maximum principleo 

As suggested by Dr. C. M. Crowe, in the case of Hooke and 

Jeeves, the constraint is handled as follows: the response surface 

-32­
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in the non-per~issible region due to the inequality constrai~t, is 

redefined in such a way that it becomes an image of the response 

surface of the permissible region with respect to the constraint 

bound&ry that delimits the two regions. 

a 

-----­

-........... 

' 

Region I 

Region II 

' " \ 
\ 
\ 

b 

FIGURE 3 




-34­

For example, in Figure 3, let the response surface of an 

unconstrained system be represented by the full lines, each line 

represents & constant value of the response. The system is 

subject to a linear inequality constraint such that the line "ab 11 

sep&rates the permissible region i fro~ the non-per~issible region 

Following the 11 mlrror image technique" the response in the 

re~ion I re~ains unchanged but the response in region II is now 

reoresented by t~e dotted lines, If, as in Figure 2, the initial 

response surface is strongly u.ni'.r1odal (6 ) and the true peak is 

located in region II, then when a point in region II is reached, 

the image technique forces the search to come back toward the con­

straint boundary on which lies the optimum of the constrained sys-

tern. If the .peak is located in region I, then the image technique, 

creates a dimodal response surface and the search may terminate at 

either of the two peaks. However, due to the symmetry with res­

pect to the constraint boundary, the position of the optimu~ in 

region I is easily located if the false-optimum in region II is 

found. It is important to notice that if the response surface is 

not_ strongly unimodal, then the imposition of a constraint on the 

system may lead to a multimodal response surface. 

The search ends when a ridge of 1°C. for the inlet tem­

peratures or of 0.03 foot for the catalyst bed lengths cannot be 

resolved. The initial value of the pertubation grid, D, is 20°c. 
for the temperature and Oo5 foot for the catalyst. The same digital 

computer program as in section 2 is used except that eight instead 

of four variables are handled. 
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For the discrete maximum principle, a simplified logic 

diagram of the digital computer program and the description of 

the algorithm that handles the constraint are presented in Appendix 

II, section 5. The optimality conditions corresponding to the pre­

sent reactor system, are also derived there. Those are: 

Jn =f (?Jln r 80/C>vl dZ=O ••• (1) 

••• (2) 


See page 62 for the meaning of the symbols used in section 3. 

These optimal conditions are identical to those obtained( 27, 28, 
29 3' o) with the use of the method of differential calculus. 

3.2 Presentation of the Results 

3.2.1 One-Bed Adiabatic Reactor 

3.2.1.1 Hooke and .Jeeves 

In Table 19 are presented the optimum conditions obtained 

for different starting points. In this case, since the adiabatic 

path terminates very close to the equilibrium curve, the integration 

step sizes in the Runge-Kutta techniq.ue are reduced when the equili­

brium curve is approached. B1 is the initial bed length, in feet 

BL is the optimum bed length in feet. 

TABLE 19_ 

Case Starting
No. Point Optimum Conditions 

Bl FI TI Ff) T~ x BL 

1 400 0.6 0 337.5 241.96 548.8 87.04 5.51 
2 
3 

300 
450 

1.5 
2.5 

0 
0 

337.5 
337.5 

241.95 
241.95 

548.8 
548.8 

87.03 
87.03 

5.51 
5.51 

http:techniq.ue


----
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It is seen that for every case studied, the same optimum 

conditions are re&ched. The search pattern obtained for the first 

case is presented in Figure 4. The discontinuities 2."ppearing in 

the response surface are due to the fact that if, for a given in­

let tcCTper&t~re and bed length, the equilibrium conversion of S02 

is reached, the:i an increase in the bed length alone will not af­

feet the conversion. 

A total bed length of 5.51r is used instead of 5.5gr as it 

would be expected. This is due to the fact that as the equilibrium 

curve is approached the rate of reaction becomes very small and 

the con'cTibution of the catalyst to the so2 conversion at the end 

of the bed is not important. To determine the real opti~um bed 

length, a very high accuracy of the numerical integration technique 

in the neighbourhood of the optimum is required. 

3.2.1.2 	 Discrete Maximum Principle 

In order to get a good evaluation of the integral Jn, it 

was found that the integration step sizes in the. Simpson's rule 

nust be very small. In this case, only the first optimality con­

dition 	Jn=O is used since there is only one bed. 

The optimum conditions are presented in Table 20. 

TbBLE 	 20 

::., ·r 
J.' .l.. TI BLF/J T~ x 

o.o 86.62240.79337.J: 5.58551.5 

The optimum inlet temperatures, obtained by the two 
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Tho difference in the final bed con-

i~ or~er to evalu~te ~ccurately 

vn, more i~tc~r~tlon intervals through the catalyst bed were used 

for the discrete maximu~ principle. 

The two optimu'I1 i,)a~~-:..::: are plotted in Figure 5. b.s expected, 

theJ very close to the equilibriuCT curve. 

3.2.2 TwJ-Bed ~diabatic Reactor 

3.2.2.1 Hooke and Jeeves 

To.ble 21 presents the optimum conditions obtained when 

tt1e Eoo1rn arJ.d Jeeves technique is applied on both types of vari­

c..bles, the inlet temperature and the bed length, for two different 

starting points. The catalyst being heterogeneous, it is necessary, 

in order to refer to the percentage catalyst bed distribution along 

the reactor, to convert the length of the.different batches of . . 

catalyst on a same basis. The "effective bed length11 for each 

batch is obt&ined .by multiplying the actual bed length by its 

effectiveness factor. In every case, the catalyst is packed along 

the reEctor following an increasing order of the effectiveness 

factor, i.e. the catalyst with 0.32 effectiveness is used first, 

then the catalyst with 0.65 effectiveness and so on. For example~ 

in Table 21, the effective first bed length for the Case No. 1 

is obtaL1ed as follows: the bed length 2.944 feet is composed of 

1.5 foot of catalyst with 0.32 effectiveness, 1.417 foot of cata­

lyst with 0.65 effectiveness and0.027 foot of catalyst with l.O 

effectiveness. The. effective bed length is equal to: 

1.5 x 0.32 + 1.417 x 0.65 + 0.027 x 1.0 = 1.427 foot. 



curve 
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fIGURE: 5 

ONE-BED REACTOR ADIABATIC PATH so2 
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The percentage catalyst bed distribution is calculated from the 

effective bed lengths. 

In Table 21, it is seen that even though different optimum 

conditions are found, the final conversions of so2 are practically 

the same. It may be considered that all the total catalyst avail­

able is used in both optimum cases. 

Does the response surface present two peaks or a very flat 

surface in the neighbourhood of the optimum~ In order to answer 

this question, different starting points are tried. To reduce the 

computer time, the Hooke and Jeeves technique is applied only on 

the two inlet temperatures while the catalyst constraint is followed 

continuously, i.e. the sum of the bed lengths remains equal to 5.58 1 

so that if one bed length is decreased by a value of "d", then the 

11 d11other bed length is increased by a value of • 

In Table 22 are presented the optimum conditions, obtained 

for different starting points, with this new search strategy. A 

reduction of 55% in the computer time was observed. 

From the results of Tables 21 and 22, it seems that the 

response surface presents a very flat area for a percentage of 

the total catalyst in the first bed, P1 , varying from 10 to 31%. 
The inlet temperatures adjust themselves following the catalyst bed 

distribution, to give a maximum final conversion. 

The existence of a very flat surface for P1 varying from 

10 to 35% is confirmed by the Figure 6 on which is plotted the 

maximum S02 conversion versus P1. For the values of P1 that lie 
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FIGURE 6 
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TA~1t;._21, 

Case 
No. 

Bed 
No. 

_ St_aT'ti11r 
Ti 

Point 
Bi FI TI F'fj 

O_Q_timum Gondlt:lons 
TfJ x Bi, EljL nLD 

1 1 
2 

400 
400 

o.6 
o.6 

0 
220.1 

377.5 
418.8 

220.1 
269.9 

584. 2 
461.8 

79016 
97.09 

2.94­
2.63 

1.4-3 
3.22 

30.7 
69.3 

2 1 
2 

427 
387 

1.0 
1.0 

0 
214.6 

390.0 
413.8 

214.6 
270.0 

591.1 
461.7 

77.20 
97.13 

2.34 
3.23 

1.03 
3.62 

22.2 
7'1. 8 

~~E 2g 

Case Bed Starting Point 
No. No. Ti Bi FI TI FfJ 

1 1 400 4.0 0 378.8 218.9 
2 400 1. 58 218.9 417.5 269.9 

2 1 400 3.2 0 376.3 220.4 
2 400 2.38 220.4 420.0 269.9 

3 .1 400 1.58 0 428.8 196.9 
2 400 4.o 196.9 400.0 269.8 

4 1 380 5.0 0 380.0 218.9 
2 420 o. 58 218.9 420.0 269.9 

O_n_timum Conditions 
Tfj x BL 

584.3 78.74 2.81 
461.6 97.11 2.77 

. 
583.2 79.26 2.95 
462.8 97.09 2.63 

612.1 70.83 1.45 
463.3 97.04 4.13 

585.5 78.74 2.82 
464.o 97.08 2.76 

EBL 

1.34 
3.31 

1.43-1 
3.22 

0.47 
4.18 

1.33 
3.32 

BLD 

28.8 
71.2 

30.9 
69.1 

10.0 
90.0 

28.7 
71.3 

BDL = optimum catalyst bed length distribution, % 


EBL = optimum effective bed length, feet 


T1 = initial inlet temperature at the ith bed, 0 c. 

I 
..f:"" 
I\) 

I 
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between 0 to 101~, and between 31 to 100%, the maximum conversion 

was obtained by applying Hooke and Jeeves on the temperature only, 

the bed lengths being fixed. These results are presented in Tab.le 

23. 

Fixed % Starting
Case Bed of Total Point O_Q_timum Conditions 

No. No. Catalyst 'f. TI x
J. 

1 
 1 
 400 
 471.3 62.565 

2 
 400 
 96.68387.595 


-2 
 8
1 
 400 
 442.5 68. 53 

2 
 400
92 
 396.3 96.97 

1 
 400
3 
 80.03371.335 

2 
 400
65 
 421.3 97.06 

4 
 42
1 
 400 
 363.8 80.97 
2 
 400
58 
 425.0 96.98 

1 
 400 
 82.145 
 355.0 
2 
 400
~~ 431.3 96.83 

6 
 80
1 
 400 
 82.68352. 5 

2 
 20 
 400 
 44808 
 95.73 

l 400
7 
 83.4093 
 337.5
2 
 400 
 470.07 
 92.78 

3.2.2.2 Discrete Maximum Principle 

The optimum conditions are presented in Table 24. A very 

high accuracy is required in the determination of J1=o, otherwise 

an appreciable variation in the inlet temperature to the 2nd bed, 

obtained from the second optimal condition, is observed. After a 

few trials, an integration interval of 0.02 feet was chosen. 
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TABLE 24 

Bed 
No. FI TI FtJ T!J x BL EBL BLD 

1 0 413.0 205.0 604.4 73.75 1.78 0.66 14.2 

2 205.0 407.1 269.9 463.3 97.07 3.77 3.98 85.8 

The optimum bed distribution obtained by the discrete maxi­

num principle is within the range that delimits the very flat res­

ponse surface previously defined by Hooke and Jeeves. 

In Figure 7 are plotted three optimum paths obtained by 

Hooke and Jeeves and the optimum pat.h obtained by the discrete 

maximum principle. The optimum adiabatic paths in the second bed 

are almost superimposed on one another. As a function of the in­

let temperatures, the flat surface is defined within the range of 

371 to 428°c. for the first bed and within 400 to 421°0. for the 

second bed. It is observed that in every case, the conversion at 

the end of each bed is close to the equilibrium. 

3.2.3 Three-Bed Adiabatic Reactor 

3.2.3.1 Hooke and Jeeves 

In Table 25 are presented the optimum conditions obtained 

when the Hooke and Jeeves technique is applied on both temperature 

and bed depth variables, for three different starting points. 

As for the two-bed reactor, different sets of optimum con­

ditions are found even though the final conversi~ns are practically 

the same. In every optimum case, all the catalyst available is 
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TABLE ;?.2 


Case Bed Startin_g Point 
No. No. Ti Bi FI TI Ff) 

1 1 400 o.6 0 388.8 210.6 
2 400 0.6 210.6 441.3 263.8 
3 400 o.6 263.8 1+4-3. 8 271.3 

2 .l 395 2.2 0 396.3 205.7 
2 438 1.1 205. 7 1+33.0 264-.6 
3 41+0 2.1 264-.6 1+4-2. 5 271.4­

3 l 4-40 1.0 0 1+53. 8 180.8 . 2 1+30 1.5 180.8 433.8 258. 7 
3 440 3.0 258.7 1+38.8 271.5 

Optimu~ Conditions 
Tf; x Bi. 

595.0 75.77 2.38 
1+89.5 91+.87 1.10 
450.2 97.60 2.10 

597.6 73.99 2.01+ 
4-86.7 95.18 1.4-1 
4-4-8. 3 97.6'4­ 2.10 

629.0 65.o4 0.94 
504.8 93.05 1. 50 
4-49.7 97.66 3.13 

EBL 

1.06 
0.91 
2.69 

0.83 
1.11 
2.68 

0.30 
0.79 
3. 54­

BLD -­

22.6 
19.6 
57.8 

lB.o 
23.9 
58.1 

--­

6.5 
17.1 
76.4­

TABLJLg§. 


Case Bed Startin_g Point 
Noo No. Ti Bi FI - TI F~ 

1 1 427 1.0 0 4-27.0 192.5 
2 427 1.0 192.5 442.0 259.1 
3 427 3.58 259.1 4-39.5 271.5 

2 1 427 3.0 0 397.0 206.5 
2 427 1. 58 206.5 1+33.3 264.6 
3 427 1.0 264.6 443.3 271.4 

3 1 427 o.6 0 458.3 180.1 
2 4-27 4.38 180.1 428.3 259.8 
3 427 o.6 259.8 439.5 271.4 

Optimum Conditions 
Tfj x BL 

614.5 69.26 1.42 
502. 5 93.19 1.14 
450.1 97.66 3.02 

599.0 74.28 2.06 
486.2 95.18 1.39 
449.1 97.64 2.13 

632.6 64-.78 0.93 
501.0 93.44 1.80 
449.5 97.64 2.85 

EBL 

o.45 
0.74 
3.46 

0.85 
1.09 
.2. 71 

0.30 
0.98 
3.37 

BLD 

9.8 
15.9 
74.3 

1802 
23.5 
58.3 

6.4 
21.1 
72.5 

I 

+­
°'I 
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TABLE 27 


Case 
No. 

' 

Bed 

No. 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


1 

2 

3 


Fixed % 
of Total 
Catalyst 

30 

60 


10 

10 

80 


10 

40 

50 


40 

40 


20 


50 


20 

20 

60 


20 

10 

60 


30 

10 

60 


30 

30 


30 

20 


30 

40 

30 


12.2 
20.2 
67.6 

Starting
Point 

Ti 

420 

410 

450 


400 

400 

400 


400 

400 

400 


400 

400 

400 


400 

400 

400 


390 

410 

450 


390 

450 

440 


400 

400 

400 


400 

400 

400 


400 

400 

400 


400 

400 

400 


400 

400 

400 


Optimum Conditions 
TI 


427.5 
422.5 
442.5 

427.5 
455.0 
436.3 

427.5 
416.3 
450.0 

393.8 
422.5 
446.3 

. 393. 8 

430.0 
445.0 

393.8 
438.8 
442.5 

393.8 
460.0 
440.0 

375.0 
460.0 
445.0 

376.3 
432.5 
447.5 

376.3 
442.5 
446.3 

376.3 . 
426.3 
450.0 

417.5 
435.0 
441.3 

x 


69. 59 

95.02 
97.64 

69. 59 

91.29 
97.61 

69.59 
95.60 
97. 54 


74.95 
96.00 
97.52 

74.95 
95. 53 

97.58 

74.95 
94.87 
97.63 

74.95 
92.29 
97.56 

77.~9
92. 0 
97.47 

77. 54 

95.88 
97.50 

77.54 
94.99 
97.52 

77. 54­
96.16 
97.40 

71.17 
94.26 
97.65 

10 

11 

12 
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In order to determine if there is a plateau in the res­

ponse surface, the search strategy that consists in following the 

catalyst constraint is applied for three new different starting 

points. The corresponding optimum conditions are shown in Table 

26. 

From the results of Tables 25 and 26, a very flat response 

surf ace in the neighbourhood of the optimum is expected. 

As in section 3.2ZJ.., the optimum inlet temperatures for 

different fixed bed lengths are determined by Hooke and Jeeves. 

The results are presented in Table 27. 

The existence of a plateau in the response surface is 

confirmed by Figure 8 on which is plotted the maximum so2 conversion 

versus P1 , the percentage of the total catalyst in the first bed, 

and P2 , the percentage of the total catalyst in the second bed. 

The shaded area constitutes the very flat response surface. In 

Figure 9 are presented three cuts of the response surface in the 

direction of P2 for three values of P1 , respectively equal to o, 

10 and 30%. Similarly in the direction of P1 , Figure 10 presents 

three cuts for three values of P2 , respectively equal too, 20 and 

40%. 

3.2.3.2 	 Discrete Maximum Principle 

The optimum conditions are presented in Table 28. As in 

section 3.2.2, the optimum bed distribution obtained by the discrete 

maximum principle is within the range that delimits the plateau in 

the response surface. 
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FIGURI: 8 
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FIGURE 10 
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TABLE 28 

·Bed 
Ff) Tf)TI BLFI x EEL BLDNo. 

1;30.90 617.4 o.431 191.7 68.95 1.37 9.3 

2 1,9l~?· l+33.8 26lel 4-97,i 20.593.94­ 1. 53 0.95 

261.1 271.4 2.68441. 7 450.6 70.297.64 3.273 

In Figure 11 are plotted three optimum paths obtained by 

Hooke and Jeeves and the optimum path obtained by the discrete 

maximum principle. The optimum adiabatic paths in the third bed 

are almost superimposed on one another. In every case, the con­

version at the end of each bed is close to the equilibrium. 

3.2.4 Four-Bed Adiabatic Reactor 

3.2.4.1 Hooke and Jeeves 

In Table 29, the optimum conditions for the first four 

cases are obtained by applying Hooke and Jeeves on both types of 

variables, the inlet temperature and the bed lengthJ_-~.thf?_tH"ttl''' 
,;;--~-· 

case is obtained by following the catalyst constraint. The re­

quired computer time per case is quite high evAn when the con- · 

straint is followed, it varies from 15 to 45 m~nutes. 

Here again, different sets of optimum conditions lead 

practically to a same value of the final SJ2 conversion. In each 

(optimum case, all the total catalyst is u.ed. 

From these results and from the r)revious reactor systems 

studied, a very flat response surface is expected in the neigh­

bourhood of the optimum. 
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TABLE 29 


Case Bed Starting Point O_Qtimum Conditions 
No. No. Ti Bi FI TI F~ T~ x BL EBL· BLD 

1 1 400.0 0.6 0 433.8 187.3 616.1 67.37 1.22 0.39 8.6 
2 400.0 0.6 187.3 443.8 257.6 507. 7 92.66 1.16 0.66 14.2 

a 400.0 o.6 257.6 451.3 269.7 461.6 97.02 1. 59 1.1+0 30.4 
-­ 400.0 0.6 269.7 440.0 272.0 441.9 97.84 1. 59 2.1-8 46.8 

2 1 427.0 0.6 0 440.8 186.4 621.9 67.07 1.13 0.36 7.8 
2 427.0 o.8 186.4 447.0 256.2 510.3 92.16 1.11 0.60 13.0 
3 427.0 1.0 256.2 452.0 269.6 463.4 96.98 1.63 1.39 30.0 
4 427.0 1.2 269.6 439.5 272.0 44106 97.84 1.70 2.28 49.2 

3 1 460.0 1.2 0 413.8 199.2 608.1 71.66 1.67 0.59 12.8 
2 440.0 1.0 199.2 431.3 263.7 490.1 94.86 1.50 1.06 23.0 

~ 420.0 o.8 263.7 452.5 270.3 458.1 97.24 1.30 1.40 30.2
400.0 o.6 270.3 440.0 271.9 441.3 97.79 1.10 1.5"9 31+.o 

4 1 380.0 1.0 0 422.5 195.4 612. 8 70.29 1. 53 0.50 10.8 
2 380.0 1.0 195.4 432.5 262.2 1+93.1+ 94.30 1.47 0.98 21.3 
3 380.0 1.0 262.2 451.3 270.4 458.2 97.25 1. 50 1.61 34.8 
4 380.0 1.0 270.4 41+0.0 271.8 l+l+l. 3 97.78 1.06 1.53 33.1 

5 1 427.0 2.0 0 428.3 192.7 615.8 69.31 1.43 0.4-6 9.8 
2 427.0 1.58 192.7 471+.5 21+6.0 522.6 88.48 0.50 0.30 6.~
3 427.0 1.5 246.o 447.0 269.1 1+66.7 96.79 1.80 l.8o 38.
4 427.0 1.5 269.1 440.8 271.9 1+43.2 97.82 1.85 2.09 44.9 

I 

'J:l 
I 
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3.2.4.2 	 Discrete Maximum Principle 

The optimum conditions are presented in Table 30. 

TABLE iQ 

Bed 
No. FI TI F~ T,f) x BL EBL BLD 

l· 0 4-99.3 i58.7 652.2 57.08 0.5 ·0.16 3.5 

2 158.7 468.3 240.6 54-2. 5 86.56 1.07 0.37 8.0 

3 240.6 452.6 267.3 4-75.4 96.15 1.4­ 0.93 20 

4­ 267.3 4-40.7 272.0 444.7 97.84 2.61 3.19 68.5 

The variations of the optimum catalyst distributions in 

the different beds obtained by both techniques, Hooke and Jeeves 

and the discrete maximum principle, are presented in Table Jl. 

TABLE ,,31 

Bed No. 
j_ of Total Catalyst 

Lower Value Higher Value 

l 

2 

3 

4 

3.5 

6.5 

20 

33.0 

10 

23 

4-0.0 

68.5 

These ranges, of course, do not necessarily cover the 

whole flat region. In Figure 12 are plotted two optimum paths 

obtained by Hooke and Jeeves and the optimum path obtained by the 

discrete maximum principle. 
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Fariss<43) and Slin'ko and Beskov< 22) have optimized the 

catalyst distribution in a four-bed adiabatic reactor, given an 

inlet feed concentration and a final degree of so2 conversion. 

Fariss has considered two cases: 

(1) 	 The interstage cooling by heat exchangers only. 

(2) 	 The interstage cooling by heat exchangers only, be­

fore the first and the second beds, and by addition 

of cold air only, before the third and the fourth 

beds. 

Only the first case was studied by Slin'ko and Beskov. 

These latter two have optimized the system using the same two 

optimality conditions derived in this work by the discrete maxi­

mum principle. In their case, however, these conditions were ob­

tained by the method of differential calculus< 28>. Fariss bas 

optimized the different systems following a combination of two 

procedures: 

(1) 	 The gradient search to reach the set of conditions 

close to the optimum. 

(2) 	 A Newton-Raphson type of calculations to reach the 

optimum. 

In Table 32 are presented some results taken from these 

two sources. In each case, the feed concentration is 8% of so2 

and 13% of P2· The results corresponding to two fixed final so2 

conversions, 97 and 98%, are shown. 
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Heat Exchangers Only 

% 
Slin'ko and Besk:ov FarissCatalyst 

:Ln. f. 1lilsL Final Final Final 
l3ed No. X=0.9? X=o.98 X=0.97 X=o.98 

1 6.7 4.8 12.0 12.0 

2 15.7 14.9 20.0 19.0 

3 29.6 29.9 29.0 30.0 

4 48.o 50.4 39.0 39.0 

Heat Exchangers 
and Air 
Addition 

Fariss 
Final 

X=0.98 

9o0 

16.o 

31.0 

4-4.0 

In the work presented in this thesis, the optimum final 

conversion is 92_~ 8%, the feed concentration is 9. 5% S02 and 11. 5% 

o2 and some air is added before the second and the third beds. 

Practically all the values presented in Table 32 are with­

in the range that delimits the plateau defined in Table 31. In 

the cases of the heat exchangers only, the optimum conditions ob­

tained by Fariss differ from those obtained by Slin'ko and Beskov. 

This may confirm the existence of a very flat surface in the neigh­

bourhood of the optimum; however, this may also be due to the 

fact that different expressions for the so2 rate of reaction were 

used in the two cases. 

It is interesting to notice that the results obtained by 

Fariss when cold air is added to the reactor, are almost identical 

to those obtained in this work with the Hooke and Jeeves method 

for the first case presented in Table 29. 
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3.3 Discussion 

3.3.1 	 Comparison of the O;etimal Policies Obtai~~For The Different 

Reactor Systems 

In each case, except for the one-bed reactor, a very flat 

response surface is found in the neighbourhood of the optimum. 

In Figure 13 is plotted the maximum final S02 conversion 

versus the number of beds in the reactor. A very sharp increase 

in the conversion (10%) is achieved when the system passes from 

an one-bed to a two-bed reactor. From a two-bed to a three-bed 

reactor, the increase in the conversion is 0.6% while from a 

three-bed to a four-bed reactor the increase is only 0.2%. By 

extrapolation, it may be expected that the increase in the .S02 

conversion when the system passes from a four-bed to a five-bed 

reactor, will be very small. Slin'ko and Beskov(30) have found 

that it was not necessary to use a five-bed reactor to obtain a 

final degree of so2 conversion that lies between 97 and 98.5%. 

For the present total amount of catalyst available, a five-bed 

reactor is not appropriate since the first bed depths will be 

small and then, severe channelling of the gas through the beds 

will occur. 

3.3.2 	 Comparison of the ~-Bed Optimum Path With The C.I.L. 

Simulation Path 

The effective catalyst bed .distribution along the C.I.L. 

reactor is presented in Table 33. 
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FIGURE 13 

MAXIMUM so2 CONVERSION VS NUMBER OF BEDS 
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Bed 1 Bed 2 Bed 3 Bed l;. 

%Effective 
Catalyst
Distribution 

10.3 19.9 28.8 4-1.0 

From Table 31, it may be considered that this distribution 

is within the optimal range of values. This is verified by the 

fact that in section 2, the maximum S02 conversion obtained with 

this fixed distribution, was 97.8%. 

It is possible that some optimal sequences of the bed in­

let temperatures cannot be reached with the present C.I.L. heat 

exchangers. Especially those for which the first inlet temperature 

is high since not enough steam is generated in the No. 1 boiler. 

However these cases are not desirable since they operate at tem­
operatures much greater than 600 c. and then the catalyst degenerates 

badly. 

In Appendix v, it is shown that the first optimal case pre­

sented in Table 29, can be reached in the C.I.L. plant. For this 

case, the steam turbine operation is not affected since, relative 

to the normal operating conditions, 2.2% less steam is passed 

through the turbine and the inlet steam temperature is greater by 

5°c. However, 4-.3% less saturated steam is generated in the two 

boilers and the outlet temperature of the hot gases from the first 
0

bed is greater than 600 C. 
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3.4 Symbols 

Bi - catalyst length in the ith bed, feet 

BL - optimum catalyst bed length 


BDL - optimum catalyst bed length distribution, % 

D pertubation grid, 0 c. or feet 


EBL - effective bed length, feet 


FI - optimum inlet flow rate of so3 , lb. moles/hr. 


Ff) - outlet flow rate of so3 , lb. moles/hr. 
n-1 n-1 

r(xl ,dl out) - S03 rate of reaction at the outlet of the 

(n-l)th bed lb. moles so3/ft. 3 , hr.
' 

n-1 n
r(x1 ,d1 ) - so3 rate of reaction at the inlet of the nth 

bed, lb •. moles so3/ft.3, hr. 

Ti - inlet temperature at the ith bed, 
0 c. 

0
TI - optimum inlet temperature, C. 


T!J - outlet temperature, 0 c. 

v - temperature in the catalyst bed, 

0 
C. 


X - outlet S02 conversion, % 

Zn - catalyst depth in the nth bed, feet 
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4. FOUR-BED ADIABATIC REACTOR WITH VARIABLE AIR ADDITION 

4.1 	 Purposes 


The effect of the total air addition on the final S02 


conversion is found by optimizing the four-bed reactor by Hooke 

and Jeeves, when no air is added to it •. The corresponding maxi­

mum S02 conversion is 97.6% relative to 97.8% found in section 3, 

when all the air available is added to the system. 


So, the contribution of the total air being relatively 


·small, it was decided to find the optimal sequence of air addition 

along the reactor,given fixed sequences of the inlet temperatures 

and of the catalyst bed lengths. 

This is done following the Hooke and Jeeves technique 

only. The constraint imposed on the system is that the total air 

addition must be less than or equal to 352.0 lb. 'moles/hr. As in 

section 2, the constraint is handled following the "mirror image 

tee hnique" • 

The chosen fixed sequences of the inlet temperatures and 

of the catalyst bed lengths are those obtained for the second case 

presented in Table 29. These sequences were optimal when the air 

distribution along the reactor was fixed. 

4.2 Presentation of the Results 

The first two optimum cases presented in Table 34 are ob­

. t<,iined by applyi.ng Hooke and Jeeves on the air addition for two 

http:applyi.ng
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different starting points. The two other optimum cases are ob­

tained by following the total air addition constraint. 

TABLE 34 

Case 
No. 

Bed 
No. 

Startin_g_ Point 0-2._timum Conditions 
Ai x AI AID 

1 1 
2 

3 
4 

130.0 
80.0 
90.0 

'50.0 

68.06 
92.39 
96.99 
97.84 

188.8 
76.3 
86.3 
0 

53.1+ 
21.6 
25.0 
0 

2 1 
2 
3 
4 

60 
60 
60 
60 

67.78 
92.28 
96.91+ 
97.83 

120.9 
110.0 
60.0 
60.0 

34.5 
31.5 
17 
17 

3 l 
2 
3 
4 

88 
88 
88 
88 

67.88 
92.39 
96.99 
97.84 

143.2 
14).2 
63.1 
2.5 

40.7 
40.7 
17.9 
0.7 

4 1 
2 
3 
l+ 

0 
142 
210 

0 

\ 67. 53 
92.1+3 
96.99 
97.84 

79.8 
272.2 

0 
0 

22.7 
77.3 

0 
0 

See page 67 for the meaning of the symbols used in section 4. 

Although different optimal sequences are found, the same 

final S02 conversion is reached. It may be considered for the 

first two optimum cases, that all the air available is used. How­

ever, it seems that in order to operate optimally, a little air 

should be added in front of the fourth bed. 

The starting point in the fourth case corresponds to the 

fixed sequence of the air addition used ·in sections 2 and 3. The 

progression of the search alo~ the constraint for this case is 
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presented in Table 3 5. 

TABLE 3,l 

%Total Air Distribution Fso3 outlet 

Bed l 
 Fso3Bed 2 Bed 3 Lb .-moles/hr.Bed 4­

. 4-0 60 0 +o.001 
+o.001 

271.999 

2.8 04-3.2 272 .001 
+o.001 

54-.0 

4-6.0 04-8.3 272.002 
+0.002 

5.7 

4-2.6 08.5 4-8.9 272 .004­
' +o.001 

011.3 51.7 37.0 272 .005 
+0.001 

14-.2 0 272.006 
+0.001 

54- .4­ 31.4­

017.0 272 .007 
+0.002 

25.757.3 

022.7 14-.2 272.009 
+0.001 

28.4­

63.1 

0 0 272.010 
.. +o.o 

71.6 

022.7 0 272.01077.3 
.._ 

/ 

A large variation in the total air distribution along the 

reactor seems to affect very little the final 802 conversion. 

l+.3 Discussion · 

The cold air addition to the reactor has three main effects: 

(1) 	 It cools the gas stream. 

(2) 	 It provides some 02 which favours the extent of the 

reaction and displaces the equilibrium curve such 

that for a given temperature, a hig~r equilibrium 

so2 conversion can be reached. 
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(3) 	 The addition of N2, an inert compound, dilutes the 

gas stream. Since for each mole of o2 four moles 

of N2 are added, the rate of formation of so3 may 

be unfavourably affected by the air addition. 

In the present study, since it was assumed that there was 

no limitation on the heat exchanger capacities, the first effect 

is not considered. 

It is felt that for a given total amount of catalyst and 

specified sequences of the inlet temperatures and the catalyst 

bed lengths along the reactor, there is a maximum amount of air 

addition that gives a maximum final S02 conversion. Indeed, if 

a smaller amount of air is added, then even though the overall 

rate of reaction is greater in the earlier beds, the catalyst in 

the last beds is not used very efficiently since it operates in 

a region close to the equilibrium curve. If a greater amount of 

air addition is added, then even though a higher so2 equilibrium 

conversion can be reached, the decrease in the overall rate of 

reaction is such that, for the amount of catalyst available, a 

lower S02 conversion is reached. 

The air is distributed in front of the earlier beds since 

the outlet so2 conversion from the last beds are in a region where 

the equilibrium curve with respect to the temperature is rather 

flat. In this region, in order to proceed efficiently, the maxi­

mum displacement of the equilibrium curve is required. 
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4.4 	 Symbols 

- air addition to the ith bed, lb. moles/hr.A1 

AI optimum air addition, lb. moles/hr. 

AID - optimum air addition distribution, % 
Fso3 	 - reactor outlet flow rate of so3, lb. moles/hr. 

X 	 - so2 conversion, % 



5. co~~CLUS IOi'JS AND RECOMMENDATIONS 

(1) The discrete maximum principle requires the mini­

mum computer time to optimize the four-fixed-bed reactor with 

i'i-xed air addition. However, it does not guarantee an optimal 

policy and provides no information about the shape of the res­

ponse surface. 

(2) The direct search of Hooke and Jeeves requires 54-% 

more computer time. However, it guarantees an optimal policy 

and provides information about the shape of the response surface. 

(3) The dynamic programming technique requires 300% 

more computer time. However, since it generates many optimal 

intermediate policies, its efficiency would be greatly increased 

if mor~ than only one final optimum policy were required. It 

guarantees an optimal policy but provides no information about 

the shape of the response surface. 

(4) The gradient search technique, although very effi­

cient at the beginning of the search progresses very slowly in 

the neighbourhood of the optimum. It is recommended that, when 

the optimum environment is reached, an appropriate convergence 

pattern be incorporated to end the search. 

(5) In each case studied, except the one-bed reactor, 

a very flat. response surface is found in the neighbourhood of 

the optimum. Indeed when the air addition is fixed, many sequences 

of the bed inlet temperatures and of the catalyst bed depths lead 

to a same maximum value of the S02 conversion. In the case of 

-68­
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the C.I.L. four-bed reactor, it is found that the sequence of 

the catalyst bed depths is optimum but that the sequence of the 

inlet temperatures must be modified in order to operate optimally. 

(6) A very sharp increase in the conversion (10%) is 

achieved when the system passes from one-bed to a two-bed re­

actor. From a two-bed to a three-bed reactor the increase is 

0.6% while from a three-bed to a four-bed reactor the increase 

is only 0.2%. 

Since for more than ~ beds, a very small increase in the 

conversion is expected and a severe channelling of the gas through 

some beds might occur, it is suggested to distribute the catalyst 

along the reactor in four beds only. 

(7) For a four-bed reactor, a large variation in the 

total air distribution along the reactor seems to affect very 

little the final conversion. To operate optimally, however, 

little air should be added in front of the fourth bed. 

(8) Near the optimum, a change in the last three bed 

inlet temperatures affects the conversion much more than a change 

in the first inlet temperature. It is then suggested that in 

the plant, an efficient control on the last three inlet temper­

atures be exerted. 

(9) It is possible to operate the reactor optimally 

without exceeding 6oo0c. in any catalyst bed. Because of the 

gain due to the increase in the catalyst life by proceeding at 

a temperature lower than 6000 c., it is suggested to operate the 

reactor in the C.I.L. plant following this optimum path. 
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This path can be reached with the present C.I.L. heat 

exchangers. Compared to the normal .Plant operation, practically 

the same amount of steam is produced in the two boilers but the 

temperature of the steam after the two superheaters is less by 

10 c. 
In order to achieve the plant air requirements, 7% more 

steam must be passed through the turbine driving the air blower. 

However, the turbine being operated closer to the saturated steam 

conditions, the blades might be damaged more severely by cavitation. 

(10) By proceeding optimally, an increase of O.~% in 

the so2 conversion is obtained with respect to the simulation of 

the C.I.L. operation. This represents an increase of about 1.2 

ton/day in the sulphuric acid production. The corresponding gain 

is of the order of $6500./year. The gain that results from the 

increase in the catalyst life by proceeding at temperatures lower 

than 600
0 c. and the decrease in the 802 discharge into the atmos­

phere should also be considered. 

(11) The standard Runge-Kutta third-order and the Pseudo­

Runge-Kutta third-order require the same minimum computer time 

to solve the set of nonlinear ordinary differential equations 

that simulate an ·adiabatic bed reactor. The Runge-Kutta-Gill 

fourth-order requires. 21% more computer time· while the Predictor­

Modifier-Corrector devised by Hamming requires 110% more computer 

time. 
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APPENDIX I SIMULATION OF AN ADIABATIC REACTOR BED 

1. INTRODUCTION 

The simulation of the four-bed adiabatic reactor of the contact 

sulphuric acid plant of the Hamilton Works of Canadian Industries 

Limited, has been performed by Dr. C.M. Crowe, Associate-Professor of 

' 1 E ' ' D M M . U ' . ( 23 ) I ht he Chemica ngineering epartment at caster niversity •. n t e 

reactor, the oxidation of sulphur dioxide to sulphur trioxide is carried 

out over vanadium pentoxide catalyst. See page 1 for the schematic 

description of the converter and its operating conditions. The text 

following in this appendix was taken verbatim from< 23 >. 

2. PLANT DATA AVAILABLE 

2.1 Temperatures 

There are nine thermocouples which are read routinely to provide 

temperatures in and out of every bed and one temperature between the two 

layers of the first bed. 

2.2 Pressures 

Pressure readings are available at the same levels in the 

converter as are the temperatures. 

2.3 Compositions 

The concentration of so2 is measured at the reactor inlet and 

out of the sulphur burner b¥ an automatic-analyser. The first is checked 

occasionally by the Reichs analysis, absorption in iodine solution. The 

so2 content of the stack gas is also measur~d by the Reichs test. The 
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oxygen content of the stack is found by an Orsat apparatus. 

2.4 Catalyst Data 

The depth of catalyst in each bed, the particle size and the 

ages of catalyst were made available. The "first two beds contain some 

of the original catalyst of 1948 while the third and fourth beds have 

been replaced within the past few years. A summary of the important 

data on. the catalyst is given in Table 36. 

TABLE 36 

Bed 1 Bed 2 Bed 3 Bed 4 

depth, inches 

Effective diameter, 
inches 

Area of Bed, ft 2 

18 

0.242 

227 

17 

0.242 

227 

15 

0.242 

227 

15 

0.202 

227 

DATA NEEDED AND MEASUREMENTS MADE 

3.1 Rate of Reaction 

There are no direct rate measurements on the particular catalyst 

used in the C.I.L. Plant. The best alternative is to pick the most 

reliable kinetic data for vanadium pentoxide catalysts and adjust the 

level but not the functional form to fit the plant data. 

Because of the wide temperature range covered by the work of 

Kubota et. al. <24 >, their kinetic expressions were used. The rates are: 

2 2 = Pso /(K Pso > J 
3 p 2 , below 450°C 

(1 + K a 
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2 2and rso = Ek [P0 Pso /(K Pso > J 
3 2 3 p 2 

, above soo0 c 

For the simulation, between 450 and 500°C., the rates were. interpolated 

so that the curve fitted the rates and their slopes with temperature at 

both extremes.- In the optimization work, however, since the two rate 

expressions differ only by their denominators, at a temperature T between 

450 and 500°C, the denominator was adjusted as follows: 

50 

is the rate of formation of so3 , lb .-moles S0 /ft 3/hr;rso 3
3 

P. is the partial pressure in atmospheres;
l. 

K 
p 

is the chemical equilibrium constant; 

k, ]Ka ' are kinetic constants 
Kb 

8
k = 4.88 x 10 exp(-12,900/T(°K)), lb.-moles so3/atrn/hr/ft; 

K = 1.02 x l0-5exp(7,025/T(°K))a 


= 4,090 exp(-8,800/T(OK))
~ 
E = effectiveness factor 

The equilibrium constant for the reaction S0 ~ 0 =S0 is obtained2 + 2 3 
(25)from thermodynamic data of Kelley as: 


in Kp = 12127/T - 11.423 - 0.1309 1n 1 + 8.50 x l0-4T - 3.774 x 104 /T2 


(T in °K). The standard enthalpy of reaction from the same source is: 


-3 2 5
bH = -24,097 - 0.26T + 1.69 x 10 T + 1.5 x 10 /T (T in °K). 
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3.2 	 The Measurements Made 

The ratio of o to N as obtained by Orsat analysis of the sulphur
2 2 

free air was useful as a check. The flow rates of supplementary air 

added were measured by pitot traverse. 

4. MATHEMATICAL MODEL OF A REACTOR BED 

4.1 Assumptions of the Model 

Since few data are obtainable, the bed must be approximated 

by a model. The assumptions are: 

1. Flat velocity profile through the bed. 

2. Uniform radial temperature and concentration profiles. 

3. No axial conduction of heat or diffusion. ' 

4. Adiabatic reactor walls. 

5. Ideal gas behaviour of the gas stream. 

This model can be called an adiabatic plug-flow reactor. 

4.2 Mathematical Model 

The rate of change of molar flow rate of S0
3 

, temperature and 

pressure with bed depth are described by the following~ 

lb.-rnoles so /hr/ft= dZ 3

-A LlHdT rso 
dZ = 3 

; °C/ftI: F. c 
l. pi 

dP pµ 
2 (l-e) 

dz = -<~!0 
+ l. 75) 3 

psi/ft 
p 144 D P e gc 

The variables are: 

A = Cross-sectional area of bed = 227 ft 2 
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. 3 
= Rate, lb.-moles so3 produced/hr/ft 

F. = molar flow rate of i, lb.-moles/hr; i = S02 , o2 , S03, N
1. 	 2 

C . = molar heat capacity, Pcu/lb.-mole/°C
pl. 

Re = particle Reynolds number, = puDP/u(l-3)
p 

3 
p = density, lb/ft

u = superficial velocity, ft/hr 

e = bed voidage fraction 

µ = viscosity, lb/ft/hr 

The three differential equations were integrated simulataneously 

by the third-order Runge-Kutta method. 

5. STUDIES OF THE CONVERTER 

5.1 	 Plant Production Rate of Sulphuric Acid: 

316 tons/day 


5.1.1 	 Fitting the Rate Constants 

Each bed was examined separately beginning with the first. The 

input stream to each bed was given a composition, flow rate and temperature 

consistent with plant data and with the conversion in preceding beds. 

The effectiveness factor E (here an adjustable constant multiplying 

the rate constant k) was fitted so as to reproduce the temperature at the 

outlet of that bed. Had the analyses of intermediate converter streams 

been successful, composition data would also have been used in the fitting. 

The fitted effectiveness factors E. are given in Table ?7 below. 
l. 

A value of 1.0 means that the catalyst appears to follow Kubota's 

kinetics( 24 >. 

·5.1.2 Fitting the Pressure Drops 

The pressure drop across each bed was fitted by adjusting the 



-81­

void fraction e of that bed. The fitting bed voidages are given in Table 37 

TABLE 37 

Bed i Effectiveness 
. Factor E. 

J. 

Bed Void 
Fraction 

l. 0.32 0.310 , 

2. 0.65 0.318 

3. LO 0.345 

4. 1.44 0.350 

5.1.3 Comparison of Measured and Calculated Results 

TABLE 38 

Calculated Plant Measurement 
...... 

% so2 after so3 removal 0.25 0.248 

% in stack 9.63 9.0 

% Conversion of so2 97.44 97.55 

Temperatures, 
oc 

Bed 1 

Bed 2 

425/612.3 

438.7/502.2 

425/612 

438/500 

Bed 3 441/448.8 439/448 

Bed 4 426.1/428.3 423/427 

The differences between the calculated and measured inlet temperatures 

at the third and fourth beds are due to the fact that not enough cooling 

of the converter gas was obtained in the two super-heaters. Since the 

model for the latter was founded on basic heat transfer principles, 

little freedom was available to adjust parameters of the model. However, 

since temperatures are not likely measured very accurately, the 
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temperature match achieved by simulation is sufficiently good. 

5.2 	 Plant Production of Sulphuric Acid: 

150 tons/day 


The simulation parameters fitted for a production rate of 

315 tons/day of sulphu~ie aeid, w~~e used te simulat1 th~ eenv@~to~ 

for a production rate of 150 tons/day. The measured and calculated 

results for this reduced production rate are presented in Table 39. 

TABLE 	 39 

Calculated 
(run 2081) 

Plant Measurement 
October 20th, 1965 

% so2 after so3 removal 

% 02 in stack 

0.197 

9.7 

0.19 

8.0 

% Conversion of 502 97.93 98.0 

Temperatures, 
oc 

Bed 1 

Bed 2 

Bed 3 

Bed 4 

405/594 

435/478 

432/438 

412/414 

405/603 

440/491 

434/439 

401/400 

As for the 316 ton rate, changes in various parameters will 

improve some calculated values but worsen others. 
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APPI:NDIX II DESCRIPTION OF THE OPTIMIZATION TECHNIQUES 

l. TERMINOLOGY 

In this section, the terminology that is frequently met in the 

. . . f . ld ( 1 ) ' ( 4 )optimization ie 	 is briefly introduced. 

(1) 	State Variables 

The state of the material on which the process is operating is 

defined by the values of a minimum number of variables called state 

variables. 

(2) 	Decision Variables 

The decision variables are those quantities that can be controlled 

or chosen in the design and operation of the process. The set of all 

the decision variables is called the operating policy or just the policy. 

(3) 	Transformation 

The process transforms the state of its input into an output state 

in a way dependent on the decisions that have been made for the process 

operation. The transformation is completely described by a set of 

performance equations. 

(4) 	Constraints 

In general both state and decision variables may be satisfied by 

some constraints either in the form of equations or inequalities. A 

choice of decision variables that satisfies the constraints is called 

admissible and we speak similarly of an admissible policy. 

(5) 	Objective Function 

If there is to be an optimization problem, there must be some . 

criterionby which various admissible policies can be judged. As objective 
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function, the profit criterion of the whole process is used. The word 

profit is to be understood in a very broad sense; it 'is not limited 

to any particular economic connotation. The admissible policy that 

maximizes the objective function is called the optimal p6licy. 

(6) 	Parameters 


The fixed constants of the system are its parameters. 


(7) 	Resolution Ridge( 6 ) 

Let e.(>o) be the closest distance between two points on a line 
l. 

parallel to the x. axis for which a difference between the oojective
l. 

function can be detected. The resolution e ..in the X. direction is such 
l. l. 

that for all (X1 , x2 , x.' X ) it can be asserted that 
l. n 

X. 	 + e., .•. X ). A point (X1 , x2 , •••. 
J. i n 

X.••• X ) will be said to be on a resolution riGge if F(X1 , ••• X.••• X ) 
1 n 	 1 n 

is 	greater than F for all points (X 1 , ••• Xi+ ei' ••• Xn) and (X1 • • • X. -e. ,
l. 	 l. 

X 	). A resolution ridge may be a region rather than a line. 
n 

2. DYNAMIC PROGRAMMING 

2.1 	General Description 

(3)
The dynamic programming concept has been introduced by Bellman 

and is expressed by the principle of optimality as follows: 

"An optimal policy has the property that whatever the 

initial state and initial decision are, the remaining 

decisions must constitute an optimal policy with regard 

to the state resulting from the first decision." 

The essence of the dynamic programming technique is the conversion of an 

optimization problem with a large number of variables into a series of 
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equivalent problems, each containing only one or two variables. 

The applicability of dynamic programming is a function of the 

general structure of the problem. This structure requires that decisions 

can be made in sequence (in a stage-by-stage manner) and thus that the 

set of decisions constitutes a multistage decision process. Multistage 

problems arc quite common in the field of chemical engineering and thus 

dynamic programming finds many applications. 

Let us illustrate the method by considering a multistage decision 

process with no recycle and no by-pass streams. This process consists 

of a series of stages joined together so that the output of one stage 

becomes the input to the next. 

Schematic description of the N-stage process: 

d(N) 

____,.,..dJ_n_)_, 

X(n+l) X(n) 

x(n) = state variables at the nth stage 

d(n) = decision variables at the nth stage. 

For convenience, the stages are enumerated backward. Consider 

the last bed of the system (Stage 1), regardless of what precedes it, 

the system can only be optimal if Stage 1 operates optimally for any 

feed supplied to it from the previous stage. An optimal policy must 
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be then determined for every admissible value of the state variables. 

Stage 1 and 2 may then be considered together and the optimal policy for 

every admissible value of the state variables is determined keeping in 

mind the principle of optimality; 

Maximum profit for StageMaximum profit . 	 [Profit for= Maximum Stage 2 + corresponding to statefor 	two stages ( produced by Stage 2 

When the two-stage optimal policies have been determined, the procedure 

is repeated for a three-stage system in which Stages 1 and 2 are -grouped 

together as a single pseudo-stage whose optimal policies are known. This 

general procedure may be extended to any number of stages in the same 

manner. It may be noted that because the profit function can be computed 

only for a finite number of allowable values of the state variables in 

front of each stage, the profit corresponding to a value of the state 

variables that falls between two neighbouring values for which the profit 

function has been ca°lculated, must be evaluated by interpolation. 

For more than two variables at each stage, dynamic programming 

is hardly feasible, requiring large storage memory and large computer time. 

It appears that when an extension of the dynamic programming is made to 

any system other than the straight chain of stages, a very careful examination 

(1)
in necessary . 

2.2 	Description and Simplified Logic Diagram of the 
Digital Computer Program 

The general computer program consists of a main program and four 

subroutines namely Golden, React4, DFDZ and KPEQ. A brief description of 

those is given below and the relation existing between each of them is 

illustrated in a following logic diagram. 
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a) ~:ain Pro.t:,ram 

The ma.in program is concerned with: 

1. 	 the reading of the appropriate data 

2. 	 the printing of the titles 

3. 	 the generation of the different inlet values of the state 

variables in front of each bed 

4. the storage and the printing of the results 

b) Subroutine KPEQ 

This subroutine calculates the equilibrium temperature (TE) 

corresponding to the inlet total pressure and conversion of sulphur 

dioxide in front of each stage except the first one. In each case, 

the equilibrium temperature is determined the following way: the 

equilibrium constant is calculated from the relation 

KP = 

p SO 
!.,, 

(P02) 2 

2 

(1) 

but KP = f(T) 
2B), so that TE is the temperature for which KP calculated 

from (2) is equal to KP calculated from (1). This temperature is 

levaluated by searching the temperature that maximizes j(KP(l) - KP(2))j' 

the search ending when ICKP(l~PCl}P( 2 ))1 <tolerance. This search is 

performed following the Golden Section technique 

c) Subroutine Golden 

This subroutine determines the optimum bed inlet temperature 

corresponding to every flow rate of so in front of each bed by Golden3 

Section search. The equilibrium temperature (TE) minus ten degrees 

Centigrate is the upper limit of the search for each bed except the first 
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one since no so3 is fed to this bed. Based on experience, 600°C was 

chosen as the upper search limit for this particular case. The output 

from the nth stage being the input to the previous (n-l)th pseudo-stage, 

the maximum conversion corresponding to this input for the pseudo-stage 

is obtained following a three-point Newton forward or backward difference 

interpolation. 

The search ends when: 

i) the last three values of the outlet flow rate of so3 (F1 , F2 and F3) 

are such that: 

and < tolerance 

or 

ii) the ratio of the remaining interval over the original interval of 

uncertainty is < tolerance. 

d) Subroutines REACT4 and DFDZ 

These subroutines solve the non-linear ordinary differential 

equations that constitute the transformation. This is done following 

the Standard Runge-Kutta third-order integration technique. The 

integration intervals used for the different beds are those tabulated 

in Appendix III, Section 3. The subroutine DFDZ is called from REACT4 

to determine the different slopes at each particular point in the 

bed. 
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e) Simplified Logic Diagram 

MAIN PROGRAf.l-----­

--­
GENERATE VALUES STATE 

JVARIABLES 

YES J(IS BED NUMBER, I=l)? l NO 
--c; 

r r i STORE AND PRINT RESULTSl~ 

'-{ I=I+l_r-
NO J (IS I=N)?

1. 

YES 

' [ STOP] 

]_ I 

GOLDEN KPEQ 

-FIND OPTIMUM TEMPERATURE FIND EQUILIBRIUM 
FOR MAXIMUM OVERALL CONVERSION TEMPERATURE TE 

or so
2 

i J 
REACTLt 

IPERFORM STAGE TRANSFORMATION I 
..... DFDZ-

!EVALUATE SLOPES I 
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DIRECT SEARCH OF IIOOKE AND JEEVES( 5 )( 7 )(B)(g)3. 

3.1 	 General Description 

The direct search of Hooke and Jeeves is a sequential type of 

~earch where each §Olution i~ compar@~ with the optimum up to that time. 

A strategy, based on the previous results, is established to determine 

the values of the independent variables for the next trial. 

Basically the method is as follows. 


a) Pick a point to start. 


b) Make a move in turn in each of the orthogonal directions. 


c) If the move is a success, keep the new·point as a base; 


if it 	was not; keep the old point as a base. 

d) 	 ProceeG in the direction of a vector drawn from the original 


point through the new base point and choose a temporary point 


a distance beyond the new base. 


e) 	 Make a move in turn in each of the orthogonal directions. 

f) 	 Check to see if the new response is nearer the optimum. If 

it is, choose this point as a base and begin again; if it 

is not, go back to the previous best point and begin again. 

The new base point takes the place of the origin in determining 

the direction of the best straight line for all cycles after 

the first. 

The sequence of the search operations can be divided into four 

major groups: 

i) the establishment of a pattern: items a, b and c. 

ii) the pattern moves: items d, e and f. 

ii) the ridge tactics: if no improvement is found with the old 
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pattern then at the last base point the move in each of 

the orthogonal directions is shortened in an attempt to 

break the resolution ridge if there is one. If a better 

point is found, the search continues as before taking this 

point as a new base point. 

iv) the ending of the search: the search terminates when: 

l) while attempting to break a resolution ridge, the step 

si~es fall below a preselected minimum value. 

or 2) the difference in the responses of the last three base 

points are within a given tolerance. 

For a detailed description of this search technique, the reader is 

referre<;t to( 6). 

3.2 Modification of the Search Pattern moves 

In this work the pattern moves of the direct search of Hooke 

and Jeeves technique has been modified. In the standard method, the 

temporary point t(n+l,O) is obtained by extending the arrow from the 

last two base points b ( n) and b( n-l) • In the modified version, if 

for a particular co-ordinate xi of the variable vector, b(n) and b(n-l) 

have moved in the same direction as t(n,o) and t(n-l,O)' then for the 

co-ordinate xi only, the difference between b(n) and b(n-l) is tripled. 

If for another co-ordinate x., this condition is not met, then the 
J 

difference is doubled only. So the temporary point t(n+l,O) will be 

in the direction of the last two base points only if for all the 

co-ordinates of the variable vector, the last two base points b(n) and 

b(n-1) have moved in the same direction as the last two temporary points 
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t(n ') and t( _1 O) respectively or if none of the co-ordinates has .. ,o n , 

moved in the sa~e direction. 

This modification is illustrated below for a two-dimension 

system. 

(standard) 

• 

t~o 

~-------+--+-- .:J. #- ----i 
J:;. 



1 
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Of course this modificution begins to be effective only at t( 3 ,0) since 

at least two base points have to be previously defined. Since in the X

1-­direction and b2 are in the same direction respectively as-'-'1 t(l,O) and 

t(2,0)' the :.\ eo~b!'cliriate d.t t(3,0) is obtained by adding to the x1 
co-orcinate at bl' three times the difference between the xl co-ordinate 

at b and the x co-ordinate at b • Similarly for the x co-ordinate,1 1 2 2 

so that t( 3 ,0) is in the directipn of the b1 b2 vector as it would have 

been for the standard pattern. 

In the x direction, since b and b behave like b and b2 , the1 2 3 1 

x1 co-ordinate at t( 4 ,0) is obtained as for t( 3 ,o)· However, since in 

the x2 direction the condition is not met, then the x2 co-ordinate at 

t( 4 ,0) is obtained by doubling instead of tripling the difference so that 

now t( 4 ,0) is not in the direction of b2 and b3 • 

Since the x2 co-ordinate has changed direction, it may be 

preferable to go on with small step sizes in this direction but since 

the x co-ordinate is still going on in the same direction as previously,1 

why not keep on the search in this direction with large step sizes? With 

the 	standard method, x is accelerat~ng faster than x since y>z but1 2 

this difference is a function of the value of the perturbation around 

a temporary point and generally this value is small. 

3.3 	Description and Simplified Logic Diagram of 

the Digital Computer Program 


The general computer program consists of a main program and 

five subroutines namely Simcha, Check, React4, DFDZ and KPEQ. 

a) Main Program 

The main program is concerned with: 
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~. 	 the reading of the appropriate data. 

2. 	 the printing of the titles 

3. 	 the execution of the search operations 

4. 	 the storage and printing of some inte~mediate results. 

b) 	 Su~routine Sirncha 

This subroutine 

1. 	 converts the outlet conditions coming from the nth bed 

into inlet conditions to the (n+l)th bed. 

2. 	 Adjusts the integration step sizes to be used in the 

subroutine REACT4, following the gas composition and 

the bed length. 

3. Prints the optimum conditions at the end of the search. 

c) Subroutines CEECK and KPEQ 

Each time the inlet temperature in front on one bed is perturbed, 

it must be verified if the new temperature lies in the admissible region 

with respect to the equilibrium curve. 

The subroutine CHECK is concerned-with the calculation of the 

outlet gas pressure and composition of the (n-l)th bed when the inlet 

temperature at the nth bed is perturbed. 

As described in the Section 2.2 , the subroutine KPEQ 

determines the equilibrium temperature corresponding to this gas state. 

d) Subroutines REACT4 and DFDZ 

As described in the Section 2.2. 
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e) Simplified Logic Diagram 

MAIN PROGRAM 

lREAD IN APPROPRIATE DAT1
PRINT TITLES 

CHECK 

lEXECUTE SEARCH OPERATIONS} r- DETERMINE ~ 

OUTLET GAS 
PRESSURE AND 
COMPOSITION 

.dH.OJ ~(IS TE)?}­T NEW > FROM (n-l)th.., 
BED. 

JY~S 

4 l 
- -

TNEW = TOLD 

,....-ti\ J STORE AND PRINT RESULTS} 

SIMCHA REACT4 DFDZ-­
l GENERATE INLET CONDITIONS} ~ PERFORM STAGE - EVALUATE 

TRANSFORMATION SLOPES 
j_ ~ 

MOJl (IS OPTIMUM MET)? j 
Yes 

.. 
[PRINT FINAL RESULTSj 

• 
(STOP J 

KPEQ 

DETERMINE 
EQUILIBRIUM 
TEMPERATURE 
TE 
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4. GRADIENT SEARCH( 5)(?)(S)(lO)(ll) 

4.1 General Description 

The basic idea behind this method is the fitting of a plane to 

approximate a curved surface over a restricted area. Based on this 

linear approximation, the gradient is determined. The incremental 

change in each variable is taken to be proportional to its partial 

derivative, which determines the gradient direction. 

If the units of the independent variables are the same, the 

method of gradient search determines the best way to go. However, 

when the units are different, such as temperature and pressure units, 

it is impossible to say whether one degree Kelvin is equal to one psia 

or one mm. Hg or some other pressure unit. In this case the method of 

gradient search only tells us which quadrant to move into rather than 

the exact direction in which to proceed. 

This technique is also called the steepest ascent but, since the 

gradient direction is function of the units of the independent variables, 

steep ascent would be more appropriate. 

Multidimensional generalization of the method 

The notion of gradient may be generalized to functions of n independent 

variables. If the linear approximation has the form: 

n 
AF = E 

i=l 
M. 

i 
AX. 

i 
(1) 

then the gradient line is represented parametrically by: 

AX. 
i 

= M.A 
i 

(i=l, ••• n) (2) 

See page llSfor the meaning of the symbols. Equations (1) and (2) 
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together give: 

n 
tiF = >. 	 ~ M~ (3) 

i=l l. 

Hence ~F 	increases with >. and positive values of A generate the line of steep 

ascent. 	 Conversely, the line of steep descent is the set of points for 

which A is negative. 

4.2 	Description and Simplified Logic Diagram 
of the Digital Computer Program 

The computer program consists of a main program and five subroutines 

namely, Simcha, React4, DFDZ, Check and KPEQ. 

a) 	Main Program 

The main program is concerned with: 

1. 	 the reading of the appropriate data 

2. 	 the printing of the titles 

3. 	 the evaluation, at a base point, of the partial derivatives of the 

function with respect to each independent variable by finite difference 

4. 	 the application of the Golden Section search technique along the 

parametric gradient line in order to find the value of A that gives 

a maximum response. The lower and upper values of A that define 

the range subject to the search are obtained by progressing on 

the gradient line with different values of A until a maximum 

response is found. 

5. 	 The printing and the storage of the results. 

The search ends when no improvement is found around a base 

point. The five subroutines have been described in the previous 

sections. 
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b) Simplified Logic Diagram 

MAIN PROGRAM 

READ APPROPRIATE DATA 
PRINT TITLES 

CALCULATE PARTIAL DERIVATIVES 
M~ AT PRESENT BASE POINT CHECK KPEQ 

DETERMINE OUTLET DETERMINE 
FIND >.. THAT GIVES MAXIMUM GAS PRESSURE AND TEJ_il
RESPONSE BY GOLDEN SECTION COMPOSITION FROM 
SEARCH 

M.2 
(i-l)th BED. 

/J.Y = >.. I: 
J. 

CALCULATE NEW BASE POINT 

x = x + D1.A. 
J. 

(IS ANY X(i) > TE(i))? lyes 
NO 

:I 

(IS NEW RESPONSE < PREVIOUS Ye?.£ -r PRINT RESULTSl 
RESPONSE)? 1NO fSTOP],

--1­ STORE AND PRINT RESULTS 

SIMCHA REACT4 DFDZ-­
--­ GENERATE INLET PERFORM STAGE EVALUATE 
~ CONDITIONS TRANSFORMATION ..... SLOPES 



-100­

5. DISCRETE MAXIMUM PRINCIPLE( 4) 

5.1 General Description 

The discrete maximum principle algorithm will be derived only for 

simple processes i.e. N stages connected in series with no feed back or 

by-pass connection. 

The state of the process stream denoted by an s-dimensional vector 

x = <x ••. Xs)' is transformed at each stage according to the decision, 

denoted by a t-dimensional vector, d = (d1 , d2 , dt), made at that stage. 

The transformation of the process stream at the nth stage is described by 

a set of performance equations: 

n-1n = T.nX· X2 ' • • • l. l. 

(i = l to s) or in vector form: 

n 
x = 

(n = l to N). Tn is called the transformation operator. The super­

script n is attached to T to indicate that the performance equations may 

be different from stage to stage. 

A typical optimization problem associated with such a system 
s Nis to find a sequence of dn, n = 1 to N, to maximize E c. X·l. l.i=l 

with an initial value of x preass.igned. The C., i = 1 to s, are some 
l. 

s 
N h" h • b . . dspecified constants. The function E c. X· , w ic is to e maximize ,

l. l.i=l 

is the objective function of the system. 

The procedure for solving such an optimization problem by the 

discrete maximum principle is to introduce an s-dimensional covariant 

vector Zn and a Hamiltonian function Hn satisfying: 

MILLS MEMORIAL LIBRARY 
McMASTER UNIVERSITY. 
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s 
= t n = l to N 

i=l 

i =l to s, n =l to N 

= c. ; i = l to s. 
l. 

and to determine the optimal sequence of the decision dn from the 

conditions: 

= 0 or Hn =maximum ; n = l to N. 

Both X and Z are considered as fixed in maximizing the Hamiltonian 

function. If the minimizing sequence instead of the maximizing sequence 

of the decision vector is to be determined, the procedure remains 

unchanged except that the conditions Hn =maximum are replaced by 

Hn =minimum. 

However, 

= 0 

is, in general, just a necessary condition for the optimality and it 
n 

cannot be assured that the value of d obtained is the one which 

maximizes the Hamiltonian function. It may be the one which minimizes 

the Hamiltonian function or it may correspond to a stationary point 

which will neither maximize nor minimize the Hamiltonian function. 
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5.2 Application on a Multi-fixed-bed Adiabatic Reactor 

5.2.l Derivation of the optimality condition 

a) Process 

An N-fixed-bed adiabatic reactor in which takes place the 

oxidation of so2 to so3. 

b) State Variable 

n = flow rate of sulphur trioxide at the outlet of the nthx1 

bed, LB.-moles/hr. 

c) Decision Variable 

d1n = inlet temperature at the nth bed, degrees Kelvin. 

d) Objective function 

maximize 

e) Solution 

In this derivation, it is considered that the residence time in 

each bed is constant and that the pressure along the reactor is fixed. 

The rate of reaction is a function of the flow rate of so (w) and of3 

the gas temperature (v). We will assume that the variation of the gas 

temperature with the flow rate of so is constant, so that (v - v ) = 3 0 

h(w - w ) 
0 

· 
' 

where h is a constant. 

The residence time in the nth bed 

1~:1 ltn dwr(w,v) 

1 

can be expressed as follows:;:n l 
= ~-1 n-1 nr(w,x1 ,d1 ) 

l 

dw 

n-1 n n n lr( V) - ( d ) si·nce v -- d + h(w - x - )w' - r w , X1 ' l 1 1 

T n= l 
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Introduction of the one-dimensional covariant vector Zn and the 

Hamiltonian function Hn satisfying: 

= Z n T n (1)
1 1 

/ n-1 (2)z = n 

z 4 1 (3)= cl = 1 

From (1) and (2) 

naT n ax1n-1 1z . Z n Z n (4)
1 = 1 --n-1 = 1 ---rl-1 

ax1 ax1 

The necessary condition 

n 
attn 

ar 
1 

n ax1-- 0 Z n - = Z n (5)= = 1 1ad n ad n ap n 
1 1 1 

n n-1Partial differention of t with respect to x gives, taking account
1 

nof the constancy of t : 

1 n d n )= [ hxJ ] r ( , out (6) . 
( n-1 d n) n 

x1 1 
r X1 ' 1 

where n out = outlet gas temperature at the nth bed.d1 

X1 
J 1 ar 1 ar n ( ) dw ( ) dw-2 

ad nr n-1 n-1 r1:~: :[" 2 av 
1 w1 X1 l . 

Partial differentiation of tn with respect to d1n gives: 
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(7) 

Substituting ( 6) in ( 4): 
/ 

Z n-1 	 n n l= Z n x r(x l dl out) [ 	 h J ] (8)
l l ' 	 n-1 n n

r(x 1 ,dl ) 

Substituting (7) in ( 5): 

x J 	 (9) 
n 

In (9), since r>O, then J and/or Zn= 0 
n l 

l. 	Nth bed: 

from (3), Z N = l so in (9) (10)
l 

2. 	 (N-l)th bed: 

N 	 N 
r(xl· ,dl out)N-1 = 	 from (8) and (10)z1 N-1 N )r(xl ,dl 

then Z N-1>0 and in (9), J = 0 (11)
l n-1 

The same way it can be. shown that 

= 
The integral J can be arranged the following wayn 

x dw 	 dwv 	 or dV = A dz = r nj" ­n = n~l 	 r 

i" 
X1 

X1 l 	 dwJn = 	 dw =1x1" (:!"r) -= A/Z"(;!nr) wdz2 ( ~~) 	 r
n-l r w x1n-1· w1

= 

0 = 
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So 	 the N-fixed-bed adiabatic reactor is operating optimally when 

J --	 jzn ( aavtnr) w dZ = O, n =1 to N 
n 

x, 0 	 bein§ specified. 
"" 

The 	 optimization problem can be solved by the following procedure: 

1i) With the given values of x1 ° find a1 such that J = 0 by the1 

Reguli-Falsi iteration pattern. 

1 	 2ii) With the value of x obtained for J = O, find d such that J = 01	 1 1 2 

by 	the Reguli-Falsi technique etc. 

5.2.2 	 Description and Simplified Logic Diagram 
of the Digital Computer Program 

The compute program consists of a main program and four subroutines 

namely, JN, DLNR, REACT4 and DFDZ. 

a) Main Program 

The main program is concerned with: 

1. the 	reading of the appropriate data 

2. the 	printing of the titles 

3. 	 the determination of the inlet temperature in front of each 

bed that corresponds to J =0 by the Reguli-Falsi iteration 
n 

pattern. The search ends when the absolute value of J is less 
n 

-4than 10 or when the last two determined temperatures are 

written o.1°c. 

4. the 	storage and the printing of the results. 

b) 	 Subroutine JN 

This subroutine integrates J following the numerical Simpson's
n 

rule technique. 
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c) Subroutine DLNR 

(H.nr)This subroutine calculates --av- at each particular point in the 
w 

bed. The two other subroutines have been previously described 

d) Simplified Logic Diagram 

MAIN PROGRAM 

[READ IN APPROPRIATE DATA! 
PRINT TITLES n = 0 , JN 

l -
EVALUATE Jn

{n=n+l] FOLLOWING SIMPSON'S

l RULE. DIVIDE BED 
LENGTH Zn INTO nGENERATE INLET TEMPERATUREJ EQUAL SLICESTi FOLLOWING REGULI-FALSI 

J 
_f

los !Jnl <104) ? l YES 
J

lNO 
[ (IS IT. -T. i 1<0 .1)? 1 YES 

1 1­ _Il NO

4STORE AND PRINT INTERMEDIATEl 
RESULTS J 

[STORE AND PRINT FINAL-l 
RESULTS J 

1 
NO J (IS n=4)? J

l YES 

l STOP J 

5.3 Application on a Multi-Bed Adiabatic Reactor 

5.3.l Derivation of the optimality conditions 

a) Process 

A N-bed adiabatic reactor in which takes place the oxidation of 

REACT4-DFDZ 

CALCULATE CONDITIO1--: 
OF OPERATION AFTER 
EACH SLICE1--1 

I l 

DLNR--· 

CALCULATE atnr/av) 

FOR CONDITIONS AT 

THE INLET OF BED A 
AFTER EACH SLICE 0 
CATALYST 



-107­

b) State Variables 

x n flow rate of SO at the outlet of the nth bed, lb. moles/hr.
1 	 3 

n-1 nX n = x + d = total residence time after n b9ds, hr.2. 2 	 4 

c) Decision variables 

d n = inlet temperature at the nth bed, degrees Kelvin
1

d n = residence time in the nth bed, hr.
2 

d) ObjectivE? Function 
2 

NMinimize s = 	 r c. 
l. X· 


i=l l. 


where c = 1 and c is unspecified but different than zero because2 1 

if it was, then the production of so3 would not be considered in the 

objective function and the minimum policy would be a residence time equal 

to zero i.e. no production of so3 

e) Solution 

As in section S. 2 .1 , it is consdered that the pressure is fixed 

along the reactor and that the variation of the gas temperature with the 

flow rate of so3 is constant. ·In the present case, however, the residence 

time in any bed is a variable. 

T n n-1 d n d n) 0 = ( 	 x =preassigned
l Xi ' l ' 2 1 

dwd n 

2 
 r(w v), 

= d n T n= 	 = 02 2 
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Introduction of the covariant vector and the Hamiltonian function: 

Z n= l 

Z n + z n 
1 2 

aT n 
l= Z n= --n-1l ax2 

z N = = unspecified but 1 0
l 

c1 

Z N = 
2 

aT n aT n 
l 2Z n= 0 = Z n -- +l 2ad n ()d n 
l l 

dT n dT n 
l 2Z n0 = Z n= +l 2od n ad n 
2 2 

Partial differentiation of d n with respect to
2

i) x n-1 
gives:.

1 

oT n 
l ( n dn )

--n--1 = = r Xi ' 1 out x
ax1 

oT n 
l = 

(1) 

aT n 

- 2 
(2)

n-1ax1 
oT n 

2 (3)--n--1 
ax2 

(4) 

(5) 

(6) 

(7) 

[--1___ h J J (8)n-1 n nr<x1 ,dl ) 

(9) 
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iii) d n gives:
2

nar n ax1l n n 
= -- = r <x1 dl out) (10)' "d n ad n 

" 2 2 

naT n ax1l 
= = 0 (11)--n-1 --n:1 

ax ax 

2 2 


Partial derivative of ~n with respect to 

i) x 
l 
n-1 gives: 

dT n 'f>x2n2 
= 0 (12)n-1 --n-1= 


ax1 ax1 


ii) n-1 gives::X2 

naT n ax22 l (13)--n-1= --n-1= 

ax2 ax2 


d n iii) gives:1 

n naT2 ax2-- = --- 0 (14) 
ad n ad n 

l l 

d n .iv) gives::2 

naT n ax22 
= --= l (15)

ad n ad n
2 2 
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Substitution of: 


i) (8) and (12) in (2) gives: 


] - h J ] (16)
n 

ii) (11) and (13) in (3) gives: 

Z n = l (n=l to N) (17)
2 

iii) (9) and (14) in (6) gives: 

(18) 


l 

iv) (10) and (15) in (7) gives: 

(19) 

(18) and (19) gives: 

Z n = l (20) 

n-1 l (21)or z = 
l 

(20) and (21) in (16) gives: 

l l (22)= [ 
(J +l)

n 

nIn (18), since r>O and z 1 O, then· [Jn= O] (23)
1 

In (22), since Jn-l= Jn = 0 then 
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So the two optimality conditions are: 

1. J 	 dw = 0 
0 

being specified
n 	

x1 

· 2. the rate of reaction at the inlet of the nth bed is equal to the 

rate of 	reaction at the outlet of the (n-l)th bed, or 

n-1 n-1 
= r( X1 , dl ) • 

out 
When the total amount of catalyst and the number of beds are 

fixed, the optimization problem can be solved by the following 

procedure: 

11) Assume a value for d1 • 

2) Calculate x1 
1 from equation (23) 


2

3) With x 1 and d 1 calculate d from equation (24).1 1 1
 

4) Repeat steps 2 and 3 to obtain all the values of x1 
n and d1 

n , 


n = 3, 4, -- N. 

5) If the total amount of catalyst is equal to the fixed amount, the 

lproblem 	is solved. If not, assume another value of d and repeat1 

from step 2 until the problem is solved. The generation of the 

1values for d1 can be done following any convergence technique. 

5.3.2 	 Description and Simplified Logic Diagram of the 
Digital Computer Program 

The general computer program consists of a main program and 


six subroutines namely, DISMAX, JRNNl, REACT4, DFDZ, DLNR and RNNl. 


a. Main Program 

The main program is concerned with: 
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1) the reading of the appropriate data. 

2) the generation of the first bed inlet temperatures following the 

Golden section search technique. 

The absolute value of the difference between the total amount 

of catalyst calculated and the total amount available is the objective 

function to be minimized. The search ends when the relative change 

of the response or of the inlet temperature is within a given tolerance. 

b. Subroutine DISMAX: 

This subroutine stores and prints the results and converts the 

outlet conditions of a bed, excluding the gas temperature, into inlet 

conditions for the next bed. 

c. Subroutine RNNl: 

This subroutine determines, by the Reguli-Falsi technique, the 

temperature for which the rate of reaction at the inlet of a bed is equal 

to the rate of reaction at the outlet of the previous bed. 

d. Subroutine JRNNl: 

This subroutine determines by the Simpson's rule technique, the 

length of catalyst in a bed (i) for which the value of the integral 

J ( i) is e_qual to zero. 

The three other subroutines have been previously described. 

e. 	 Simplified Logic Diagram: 

See Page 113. 
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MAIN PROGRAM 


READ IN APPROPRIATE DATA 

•
GENERATE FIRST BED INLET 
TEMPERATURE BY GOLDEN 

..--+- SECTION 

....-t'1~ (IS ICALCULATED CATALYST ..... 
AVAILABLE! < TOLERANCE ?) YES 

NO 

~ (IS DIFFERENCE BETWEEN LAST~-...­
TWO INLET TEMPERATURES YES 
< TOLERANCE ?) 

PRINT FINAL RESULTS ~1o11------4--_.

1­
STOPl 

DIS MAX 

.-+----f STORE AND PRINT RESULTS n=O 

] 
.---+--t""l n = n+1] . 

] 
,.J GENERATE INLET CONDITIONS IN i-­

r-+-f-t FRONT OF EACH BED 

N4> 4'ILf-[ (IS n=N ? ) j 

LAA YES 

RNNl 

·­ DETERMINE, BY REGULI-FALSI, 
-­TEMPERATURE FOR WHICH 

JRNNl 

DETERMINE LENGTH OF nth BED 
FOR WHICH J =O by SIMPSON'S 
RULE n 

1 J 
REACT4 - DFDZ 

CALCULATE CONDITIONS OF 
OPERATION AFTER EACH SLIDE 
OF CAtALYST 

DLNR 

CALCULATE 3tnr/3v)w, FOR 
CONDITIONS AT INLET OF nth BED 
AND AFTER EACH SLICE OF CATALYS 
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6. GOLDEN SECTION( 6) 


This unidimensional search technique is of the sequential type. 

Its main advantages are a good efficiency and a complete independence 

of the number of experiments to be run. Only a geheral description of 

the method will be presented; for further information the reader is 

referred to ( 5 ) 

Let j represent the number of experiments already run and L. the 
J 

remaining interval of length. The Golden Section experimental plan 

should place the successive experiments such that: 

L.J- l = L. + Lj+l (1) 
J 

and L. 1 L. 
-1.:_ = _]__ = T (2)

L. Lj+lJ 

where T = 1.618 

Suppose that an interval of uncertainty originally of unit 

length is to be explored sequentially. Then L1 =l.O since after only 

one experiment, no interval can be eliminated. 

From (2) 1.0 = = 0.618= l.618 l.618 

So the first two experiments will be located at 0.618 and (l.O - 0.618) =0.382. 

The results of the two experiments will determine which segment is to be 

explored further. The .remaining segment will contain one of the previous 

trials and from (1), one continues the search by locating the next 

experiment symmetrically in th.e interval. Once begun, this process may 

be continued as long as desired. 
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7. SYMBOLS 

b. 
l. 

c. 
l. 

F. 
l. 

KP 

M. 
l. 

r 

TE 

v 

w 

x. 
l. 

n x 

z. 
l. 

Zn 

A 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

ith base point 


specified constant 


decision variable vector at the nth bed. 


value of the objective function at bi' lb-moles S03/hr. 


Hamiltonian function at the nth bed. · 


)-0.5equilibrium constant, (atm 


slope of the objective function in the direction 

of the ith decision variable. 


partial pressure of o2 , atm. 


partial pressure of so2 , atm. 


partial pressure of so3,,atm. 


rate of reaction, lb-moles so3/hr/ft3 


equilibrium temperature, °K. 


transformation at the nth bed. 


flow rate of so3 at any particular point in a bed, 

lb-moles/hr. 


stream temperature at any particular point in a bed, °K. 


ith decision variable 


state variable vector at the nth bed. 


ith catalyst bed length 


covariant vector at the nth bed. 


arbitrary parameter. 
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APPENDIX III STUDY OF THE NUMERICAL INTEGRATION OF NON-LINEAR 
ORDINARY DIFFERENTIAL EQUATIONS 

1. Introduction 

2. System Studied one-bed adiabatic reactor; 
four integration techniques 

2.1 Determination of the critical integration 
intervals 

2.2 Comparison of the computer processing times 

3. Systems Studied three different one-bed adiabatic 
reactors; one integration technique 

Determination of the critical integration intervals 

4. Symbols 



APPENDIX III: 	 STUDY or THE NUMERICAL INTEGRATION or NON-LINEAR 
ORDINARY DIFFERENTIAL EQUATIONS 

i. INTRODUCTidN 

For the solution of ordinary differential equations the first 

. h . h l" h f h f 11 . f t (l2),(lS), thstep is to c oose, in t e ig t o t e o owing ac ors e 

best technique among the many available. 

1. 	 The accuracy required. This will bring us to consider the 

questions of convergence and stability of the technique. 

2. 	 The ease with which the estimation of the error at each step 

may be made. 

3. 	 The speed with which the computation will be performed. 

4. 	 The ease with which a method can be programmed for a computer. 

In this work, four different numerical integration techniques were 

used to solve the set of non-linear ordinary differential equations which 

appears in the mathematical model simulating the behaviour of an adiabatic 

bed reactor (Appendix I). These are: 

. (12)
a) Runge-Kutta fourth-order, Gill version • 

. . (13)
b) Standard Runge-Kutta 	third-order • 

. (14)
c) Pseudo-Runge-Kutta third-order • 

. (12)
d) 	 Predictor - Modifier - Corrector, devised by Hamming • 

They were chosen because of their convergence i.e. as the interval 

tends to zero, the finite-difference solution tends to the true solution 

of the differential equation at each particular point. However, because 

of their partial instability, i.e. they cannot give good results with any 

interval greater than the critical size, the study consists of two parts: 

-117­
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1. 	 The determination of the critical integration interval associated 

with each method. 

2. 	 Based on these critical values, the determination of the computer 

time with respect to each method. 

Because of the complexity of the expressions that estimate the 

error at each step, it was decided that no change in the interval between 

steps in the integration will be considered in this study. The Pseudo-

Runge-Kutta and the Predictor-Modifier-Corrector techniques were started 

using the Runge-Kutta fourth-order tech~ique. In the Pseudo-Runge-Kutta, 

the value of 0.8 assigned to the free parameter has been chosen in 

order to eliminate one part of the local tuncation error. However, it is 

possible that another value would have eliminated a more important part of 

the truncation error. The effect of the variation of the free parameter 

on the numerical solution has not been·investigated in this work. 

2. SYSTEM STUDIED 

These integration techniques were used successively as subroutines 

in the determination of the bed inlet temperature that corresponds to a 

maximum outlet conversion of sulphur dioxide for a one-bed adiabatic reactor. 

The unidimensional Golden Section optimization search technique(S) was used 

to determine the optimum temperature in each case. 

(a) Characteristics of the fixed bed: 

bed depth 1.5 foot 

Catalyst effectiveness: 0.32 

particle diameter 0.0202 foot 

Bed voidage 	 0.31 
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(b) Bed inlet oper~ting conditions: 

CONV = 1.0 - (C/9.5) 
PT = 17.l 
FN2 = 2310.0 
FS03 = 278.0 ( CONV) 
FS02 = 278.0 - FS03 
F02 = 338.0 - 0.5 ( FS¢3) 

See page 128 for the meaning of the symbols. 

2.1 Determination of the critical integration intervals 

Since in a multi-bed sequential reactor, the feed concentration 

of sulphur dioxide to a bed varies with the position of the bed along 

the reactor, the critical intervals corresponding to five different 

values of C were determined.In Figures 14, 15, 16, and 17, respectively 

to each integration technique, is plotted, for each value of C, the 

maximum outlet conversion of sulphur dioxide (Y) versus the number of 

integration steps through the bed. From the results, it was seen that 

the maximum outlet conversion of sulphur dioxide and the corresponding 

optimum bed inlet temperature were converging at the same time. The 

critical intervals obtained from the figures 14, 15, 16, and 17, are 

presented in Table 40. 

TABLE 40 

c 
Integration Techniques 

9.5% 7.8% 5.9% 4.1% 2.2% 

R-K, 4th order 0.1 0.15 0.188 0.25 0.375 

Standard R-K, 3rd order 0.1 0.15 0.188 0.25 0.25 

Pseudo-R-K, 3rd order O.l 0.15 0.10 0.188 0.25 

M.-P.-C., by Hamming, 0.05 0.075 0.05 0.05 0.033 

http:determined.In
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FIGURC 
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rIGURE 15 

STANDARD RUNGE-KUTTA THIRD-ORDER 
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FIGURE 16 
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FIGURE 17 


PREDICTOR-MODIFIER-CORRECTOR, DEVISED BY HAMMING 
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From these results it seems that for the studied set of differential 

euqations, the accuracy of the Runge-Kutta fourth-order is the same as 

for the Standard Runge-Kutta third-order, except when c~2.2% in which 

case the former technique is slightly more accurate. Compared to the 

Runge-Kutta third-order, the Pseudo-Runge-Kutta presents less accuracy 

only when C=S.9 and 4.1% while the Modifier-Predictor-Corrector technique 

shows a very poor accuracy performance for all C. 

2.2 Comparison of the computer processing times 

With the previously determined critical intervals, the optimum 

conditions of the one-bed reactor were determined for each value of C. 

The total computer times required by each method to process these 

five cases are tabulated in Table 41. 

TABLE 41 

Integration Techniques Computer Time 
(Second) 

%, time increase based 
on R-K, 3rd order 

R-K., 4th order 46: ' 

' 
21 

S.R.-K., 3rd order 38 0 

P.R.-K., 3rd order 38 0 

P.-M.-C., Hamming 80 110 

Both techniques, Standard Runge-Kutta and Pseudo-Runge-Kutta, 

3rd order, require the same minimum computer time. Being self-starting 

the Standard Runge-Kutta will be chosen preferentially to the Pseudo-

Runge-Kutta. It is seen that Runge-Kutta 4th order takes 21% more computer 

time. than Runge-Kutta 3rd order while Predictor-Modifier-Corrector needs 

110% more time. However, one should be careful before generalizing these 

results. For instance it is shown (lS) that for all Runge-Kutta methods, 
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the error depends on the form of the differential equation as well as on 

its solution. 

As explanation concerning the poor performance of the Predictor­

Modifier-Corrector technique could be the shape of the curve FS03 versus 

Z (one differential equation is dFS03/dZ) I 
I 

I 
I 

FS03 

I 

z 
It was seen that if a too large value of the interval was used, the in 

the region where the sudden change in the slop occurs, the Predictor­

Modifier-Corrector method was predicting a value of FS03 that was greater 

than the maximum possible value. 

3. CRITICAL INTERVALS FOR DIFFERENT ONE-BED REACTORS 

As in Section 2, the critical integration intervals, corresponding 

to the Standard Runge-Kutta 3rd order technique only, are determined for 

three one-bed systems having different physical characteristics. In 

Table 42, are tabulated the physical charactersitics of each bed and, for 

each concentration of _sulphur dioxide, the critical intervals and the 

corresponding numbers of steps through each bed. The results obtained 

for the one-bed reactor studied in Section B are introduced for the sake 

of comparison. The four different batches of ~atalyst used respectively in 

each studied bed reactor correspond to the ones presently used in the 
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TABLE 42 


BED PHYSICAL CHARACTERISTICS H Nc 
Catalyst 

feet 
Particle BedDepth 

% feetEffectivenessDiameter Voidage 
(feet) 

15
0.19.50.320.3100.02021.5 

0.15 10
7.8 

0.188 8
5.9 

0.25 6
4.1 

6
0.252.2 

20
0.0719.50.650.3180.02021.417 

0.094 15
7.8 

0.142 10
5.9 
' 

8
0.1774.1 

8
0.1772.2 

30
0.0449.51.00.3450.0202l. 333 


20 


. 15 


0.0677.8 

0.0895.9 

0.133 10
4.1 

8
0.1662.2 

30
0.0449.51.440.350.01691.333 

20
0.0677.8 

15
. 0.0895.9 

10
0.1334.1 

8
0.1662.2 

,· 
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C.I.L. 4-bed reactor described in Appendix I. 

It is seen that for each bed, as C decreases the critical 

interval increases. This is expected since as the concentration of 

sulphur dioxide decreases, the rate of reaction to sulphur trioxide 

decreases and then the variables were more slowly, permitting a larger 

critical interval. 
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4. SYMBOLS 

c 

CONV 

FN2 

ro2 

FS02 

FS03 

H 

N 

PT 

Y 

Z 

= volumetric percentage of so2 in the feed stream. 

= conversion of so2 to so3 based on 278 lb-moles/hr of so2 

= flow rate of N2 , lb-moles/hr. 

= flOw rate of o2 , lb-moles/hr. 

= flow rate of so2, lb-moles/hr. 

= flow rate of so3 , lb-moles/hr. 

; critical integration interval, feet 

=number of integration steps through the catalyst bed 

= total inlet pressure, psia. 

=conversion of so2 to SO~ based on the initial amount of 

so2 in the feed stream. 

=catalyst bed length, feet. 

., 
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APPENDIX IV EQUILIBRIUM CONSTANT AND CONVERSION OF 
so2 VERSUS TEMPERATURE 

l. Derivation 

2. Presentation of Results 

3. Symbols 

I. 



APPENDIX .IV 	 EQUILIBRIUM CONSTANT AND CONVERSION OF 
so2 VERSUS TEMPERATURE 

1. DERIVATION 

The expression relating to the equilibrium degree of conversion 

of so2 versus the temperature for a given initial composition of so2 
and o is derived as follows:

2 

K 
p = 

K 
p 

= N 
< so2 . 

l. 

- 0.5 
(1) 

- 0.5 

Dividing and multiplying the right-hand side of (1) to N
502. 

1 

K p = x 
{l-X) (A)0.5 

(2) 

where 

and 

x 

A 

= Nso /Nso 
3 2. 

l. 

= NO 0.5
2. 

(N 
I 

T. 0.5 
l. 

x Nso 
3 

)
Nso 

3 

PT .. 
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Dividing and multiplying A by NT. 
l 

(3) 

where a = 

and b = 

Substituting (3) in (2) 

K = p (l-X) [(b - o.5 a x)~o.5 

l o. 5 'a X .••1'. 


K (4)
or 	 x = 

KP + (.(~ 	 - 0. 5 a X~ l] O. 5 

- 0.5 a X T 


also from (25) 

tn K = 121271T - 11.423 - 0.1309 tn T + a.5 x l0-4T ­p 

(5) 

The total pressure PT in the reactor varies from l.16 to 1.04 atm; an 

average pressure of l.l atm is used in equation (4). 

For a given initial gas mixture composition and temperature, the 

equilibrium degree of conversion of so • (X) is determined from equations2

(4) and (5) by trial and error until the relative change in the calculated 

value of xis less than 10-4 • 

In Table 43,are tabulated the values of the equilibrium constant 

and degree of conversion of so2 versus the temperature for three different 

initial compositions of so2 and o •
2



-132­

2. PRESENTATION OF RESULTS 

TABLE 43 

Equilibrium S0 Degree of2
K Conversion (%)p

T 
oc ( atm )-0.5 so 8.5%so = 9%so

2 = ' 9. ~% = 22 
= 12.5%12%= 11.5% 0202 =02 

-
400 509.2 99.30 99.34 99.37 

397.7410 99.10 99.15 99.19 
420 308.2 98.86 98.91 98.96 
430 242.4 98.55 98.62 98.68 
440 192.0 98.18 98.27 98.34 

153.l450 97.73 - 97. 84 97.93 
460 122.8 97.19 97.32 97 .44. 
470 99.2 96.55 96.71 . 96. 85 
480 80.5 95.80 95.99 96.16 
490 65.8 94.91 95.14 95.34 

500 54.0 93.89 94.16 94.39 
510 44.6 92.72 93.03 93.30 

37.0520 91.38 91. 74 92.06 
30.8530 89,.88 90.29 90.65 

88.20540 25.8 88.66 89.06 
86.34550 21. 7 86.85 87.31 

560 18.~ 84.31 84.87 85.37 
570 82.1015.6 82.71 83.26 

13.2 79.73580 80.38 80.97 
590 11.3 77.21 77.90 78.53 

600 9.7 74.55 75.94~5.28 
610 8.4 71. 77 72.53 73.22 

68.89620 7.2 69.67' 70.39 
630 6.3. .65. 94 66.73 67.47 
640 5.5 62.93 63.73 64.48 
650 4.8 59.89 60.70 61.45 

' 
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3. SYMBOLS 


a = initial volumetric percentage of so2 

b = initial volumetric percentage of o2 

)-0. 5
K = equilibrium constant, ( atm . 

p 


= LB-moles of o2 at equilibrium 


= LB-moles of S02 at equilibrium 


= LB-moles of S03 at equilibrium 


= total LB-moles at equilibrium 


= initial LB-moles of o
2 


initial LB-moles of so
2 

= initial total LB-moles 

= equilibrium partial pressure of. o2 , atm. 

-= equilibrium partial pressure of so2, atrn. 

= equilibrium partial pressure of so3, atm 

= total gas pressure, atm. 

T = absolute gas temperature, °K. 

x = equilibrium degree of conversion of so2 
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APPENDIX V: 	 HEAT EXCHANGER AND STEAM TURBINE PLANT OPERATING 

CONDITIONS 

1. 	 IntroductiQ.Q 

This appendix is concerned with the determination of the 

plant operating conditions of the C.I.L. heat exchangers dictated 

by the different optimal sequences of the bed inlet temperatures. 

In the C.I.L. S02 converter, the interstage cooling by 

means of heat exchangers is done as follows: the hot gases from 

the sulphur burner are ~ooled in No. 1 boiler before entering the 

reactor. After the first catalyst bed, the gases are cooled in 

No. 2 boiler. The steam generated in these two boilers serves as 

the coolant in two superheaters, one after the second bed, SUPER 1, 

and one after the third bed, SUPER 2. 

The plant operating conditions of these heat exchangers 

are determined for three qptimal cases: 

Case 1 - the 1+- 11 fixed" bed reactor without constraint, 

Case 2 - the 1+- 11 f ixed" bed reactor with constraint, 

Case 3 - the 1+-bed reactor with fixed air addition. 

In the latter case, the optimal catalyst bed distribution 

along the reactor is: 8.6' 14.2, 30.4 and 46.8%. 

The determination of the plant operating conditions for 

the first case is fully described while only the results obtained 

for the other cases are presented. 

The superheated steam coming from the reactor'is fed to 

a steam turbine driving an air blower. The by-pass of the steam 
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at the turbine, dictated by the plant air requirement, is cal­

culated for the three cases previously described. 

2. Presentation of the Results 

2,l ~at Excg9ngers 

2.1.1 Detailed Calculations For Case l 

2.1.1.1 0Qerating Conditions at the No. 1 Boiler 
I

In Figurel8 is presented a schematic description of tbe 

process: 

FIGURE 18 

Nomenclature: 

1 

SEPA - separating equipment in which 11 o(" is the fraction of the 

total flow in one of the two output streams. 

MIX - mixing equipment 

F
1 

- total flow rate of the hot gases coming from the burner; 

2670 lb.-moles(hr. 

T - temperature of the hot gases leaving the burner; 971°c. 

F3, F4- output flow rates from SEPA. 
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w	 water flow rate fed to BOIL l - steam generated from1 
BOIL l; lb.-moles/hr. 


- saturated steam temperature, 0 c. 


- air addition; 256 lb.-moles/hr.F2 


T - · empera t ure; 6o0 c.
2 air t 

F5 - total flow rate of hot gases fed to reactor; 2926 lb.-moles/ 

- hot gases temperature leaving MIX; (since it is observedT5 
in the plant that a temperature drop of 8°c. occurs between 

MIX and the reactor, T5 is taken as being the inlet tem• 

perature in front of the reactor plus a0c.); 432.a0c. 

Purposes: 

l - The determination of "O(" in SEPA that fits the given tem­

perature T5. 

2 - The determination of the amount· of steam, w1 , produced in No. l . 

boiler and its temperature TE• 

Solution: 

In order to fit the given value of T5 , different values of 

are generated following the Reguli-Falsi iteration pattern. 

When the convergence is attained, w1 is calculated from a heat 

balance 	on the No. 1 boiler. 

The final results are: 

F =2150 lb.-moles/hr.
3 


F4 = 520 lb.-moles/hr. 
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= 333 0 C.T3 


o<= o.8 


w = 1358 l.b.moles/br.
1 


TE =225°c. 


2.1.1.2 Operating Conditions at the No. 2 Boiler 

The process flow diagram is the same as for ~he No. l 

boiler. The given conditions are: 

=2829 lb.-moles/br.F1 


= 598.8°c.
T1 

=142 lb.-moles/hr.F2 
0

T =60 C. 2 


F5 =2971 lb.-moles/hr. 


~5 = 432.3 c. (no adjustment for the temperature drop 

across MIX and the second bed in the reactor since 

they are very close to each other). 

The system is solved following the same procedure as for 

the No. 1 boiler. The final results.are: 

=2741 lb.-moles/hr.F3 


~ =88 lb.-moles/br. 


T = 446°c.3 


o<: = 0.9? 


W1 = 454 lb.-moles/hr. 


0 
TE = 225 C. 
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2.1.1.3 OQerating Conditions at SuPER 1 and SUPER 2 

In Figure 19 is presented a schematic description of the 

process: 

ttEG 1 

REG 2 


FIGURE 19 

Nomenclature: 

WT - total flow rate of the saturated steam coming from BOIL 1 

and BOIL 2; 1812 lb.-moles/hr. 

TE - saturated steam temperature; 22,
0 c. 

FA - air addition to hot gases after SUPER l; 210 lb. moles/hr. 

TA - air empera ure;. t t 6o0c. 

- hot gases flow rate fed in SUPER l; 2796 lb. moles/hr.F1 

- hot gases temperature; 501.10 c. 

- hot gases flow rate fed in SUPER 2; 2786 lb•.moles/br.F2 
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- hot gases temperature; 1+62.20 c. 

oc.TS - average superheat ed s t eam t emperat ure; 

P8 - superheated steam pressure, psig 

T 
l 

I - optimum inlet temperature at the third bed; 

T
2 

I - optimum inlet temperature at the fourth bed; l+l+0.80 c. 

SEPA i- separating equipment in which 0( i is the fraction of the 

total flow in one of the two outputs. 

MIX i - mixing equipment 

REG i - pseudo equipment that generates values ofO(i. following 

the reguli-falsi iteration pattern, until the calculated 

value Ti 
1 

is equal to a given value of Ti'! 1°C. 

Purposes: 

1 - The determination of c( i ( i=l ,2) such that the difference be-

f I 0
Ti calculated and T1 specified is within· 1 c. 

2 - The determination of T5. 

Solution: 

The mathematical model (COOL 7) that simulates the two 

superheaters, was written by Dr. T. w. Hoffman, Associate Professor 

in the Chemical Engineering Department of McMaster University<23>. 
The whole process is solved following MACSIM, McMaster Sizer and 

Simulator devised by the staff of the chemical engineering department
I 

The final results are: 

a<1 =0.18 _T8 =3_a3 
°<2 =o.4 PS = 325 
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2.1.2 Final Results 

In Table 44 are presented the results obtained respectively 

for the three optimum cases studied. The Case 4 refers to the 

heat exchanger operating conditions that give the sequence ot the 

bed inlet temperatures corresponding .to the simulated c. I.L. path. 

TABLE 44 


Case 1 
 Case 2 
 Case 3 
 Case 4 


No. 1 boiler 

_C{ ­ 0.80 0.82 0.78 0.80 

1358 
 1375
Wl 1333 
 1357 


22$225 
 225 
 225
TE 

No. 2 boiler 

0( 0.85 0.670.97 0.90 
- 422 
 444
45'4 391
W1 

225 
 225 
 225 
 225
TE 

SUPER 1, SUPER 2 


0.18 o.60.3 0.5Q(l 

o.4 0.5 0.9 l .• o0('2 

1812 
 1724 
 1801
1797
WT 

283
Ts 291 
 306 
 301 


325 
 325 
 325 
 325
Ps 



2.2 ~m Turbine 

2.2.l C.I.L. 02erati!!& Conditions (9_!se 4) 

FIGURE 20 

Valve 
y 

32400 lb. 

steam/hr. 


0
450 F.575°F. x 


(I--<) 
 113 psig 113 psig325 psig 

Nomenclature: 


x - steam flow rate through the turbine, lb./hr. 


y steam by-pass, lb./hr. 


0( - fraction of the total steam coming from the reactor that 

is by-passed from the turbine. 

By assuming that the steam expansion through the valve is 

an isenthalpic process and that the expansion through tbe turbine 

is an isentropic process, the values of 0( , x and y are determined. 

These are: 

~ = o.45 

=17700 lb./hr. 

y = 14700 lb./hr. 

The overall rate of change of the steam enthalpy through 

the turbine, H , is equal to the product of the actual overall 

x 
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enthalpy drop by the steam flow rate: 

H = 48 BTU/LB. x 17700 BTU/LB.= 850,000 BTU/HR. 


If the efficiency of the turbine, n is defined as being 


isentropic enthalpy drop, then for the C.I.L. turbine: 

n =48/100 =o.48 

In the following sections, the values of o< for the 

different optimum cases are calculated such that H =8.5 x 105 

BTU/Hr. The same value of the turbine efficiency, n =0.48, 

is used in every case studied. 

2.2.2 Detailed Calculations for Case 1 

H 

x = 
n x isentropic enthalpy 	drop 

8.5 x 105 

x = = 20800 lb. /Hr.


o.48 x 80 

(32700 - 20800)
= 	 =0.36 

32700 

2.2.3 	 Final Results 

!£BLE 45' 

Case No. 1 Case No. 2 Case No. 3 Case No. 4 

x 20,800 19,000 17,300 17,700 

0( 0.36 o.41 o.44 0.45 



APPENDIX VI: LITERATURE SURVEY 
' ---- I -­

The different optimization techniques can be divided in 

two categories. The first includes sequential pr~cedures for 

finding the optimum of a multivariable function. Wilde(6), 

Boas(S) and Baasel(33) have treated these procedures in detail. 

The second deals with the variational problem(2),(4),(34),(35),(36). 

Dynamic programming ( l) ·' <2 > ' ( 5) may be included in the second cate­

goryC35). 

In the chemical reactor·optimization, the reversible 

exothermic reactions are one of the kinetic systems most studied(39)~ 
These reactions are usually carried out in several adiabatic 

stages connected in series. One such system is the multibed 

adiabatic reactor equipped with interstage cooling by means of 

heat exchangers or cold shots, i.e. by the addition of cold re­

agents. Much work has .been done o~ such systems(3) ,(4) ,( 27) ,(28) t 

(29),(30),(31),(37),(38),(40),(41),(42) . 
• 


In the case of the so2 oxidation: 


(1) C9lette and Scheepers have determined the temperature 

that maximizes the 802 rate of reaction for different fixed values 

of the conversion. · Then, ·for a fixed conversion and the corres­

ponding optimum temperature, they have determined the optimum 

set of concentrations of 802 and 02 (varied by air dilution) that 

maximizes the rate of reaction. The kinetics expression given 

by Salsas-Serra<44> has been used~ Unfortunately, this rate 
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expression is erroneous, indeed at zero conversion, the rate of 

reaction calculated from this expression passes through a maximum 

with respect to the temperature. 

(2) Salsas-Serra(45) has opti~ized the number of beds, 

the sequences of the inlet temperatures and of the catalyst bed 

depths, given a final S02 conversion. He determined the optimum 

conditions by minimizing the inverse of the rate of reaction with 

respect to the temperature and the conversion•. He uses a graphical 

method and his results are approximate only. Since he used the 

previously mentioned erroneous rate of reaction, his results are 

of no interest. 

(3) Homme and Othmer(3l) have optimized a sulphuric 

acid contacting plant in which a two-bed adiabatic reactor con­

stitutes the SQ2 converter. The interstage cooling is done by 

means of heat exchangers only. The steepest ascent optimization 

technique is used. However, in this work, a deliberate attempt 

to avoid any resemblance to a known operating system is made. 

(4) Aris(30) and Boreskov and Slin'ko<28 ) have derived 

by the method of calculus, the conditions for an optimum design 

of an adiabatic reactor involving the choice of the size of each 

bed and the amount of interstage cooling between the beds. They 

have considered the cooling by heat exchangers only. Applying 

these conditions, Slin 1 ko and Beskov< 22 ) have optimized different 

adiabatic reactors. The number of stages, the feed gas composition 

and the final degree of S02 conversion were varied. 

(5) Fariss<32) has optimized different four-bed adiabatic 
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reactors. The feed gas composition and the final degree of 

conversion were varied. Two ways of cooling were considered: 

(i) heat exchanger only, (ii) a combination of heat exchangers 

and cold air addition. The optimization technique is a combination 

of two procedures: (i) steepest ascent. at the beginning of 

the search, (ii) Newton-Raphson type of calculations toward 

the end of the search. 

(6) Lee and Aris(33) have optimized a two and a three­

bed adiabatic reactor by dynamic programming when the interstage 

cooling is done by bypassing cold feed. 

(7) Lowry and Pike(46 ) have optimized by dynamic pro­

gramming a complete contact process plant for the production of 

sulphuric acid. Two one-bed reactors are used for the conversion 

of so2 • The model is such that equilibrium is reached at the 

outlet of each bed, so that only the inlet temperatures are vari­

ables. However, the main objective of this work was not to op­

timize a multi-stage contact process but to determine the advantages 

and disadvantages of dynamic programming applied on an actual 

chemical process. An inappropriate and unrealistic choice of 

some decision variables renders their results completely im­

practicable. · 

The problem of choosing the optimum operating conditions 

for a multi-stage process may be solved by several methods. For 

two or more independent variables no best method has been obtained. 

The multi-bed adiabatic reactors have been optimized by several 

searchers using 'different opt~mization techniques. However, very 
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little has been done on the comparison of the applicability and 

the efficiency of different optimization techniques of both types, 

search and variational, on an existing multi-bed adiabatic reactor. 

In the C.I.L. four-bed converter, Hamilton, Ontario, the 

hot gases in front of some beds are cooled both by heat exchange 

and air addition. No optimization work on such a multi-bed 

adiabatic reactor is presented in the literature. 



APPENDIX VII: PROGRAM LISTINGS 

- Direct Search of Hooke and Jeeves 

- Discrete Maximum Principle 

- Dynamic Programming 

Gradient Search 
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DlRECf SEARCH OF HOOKE AND JEEVESc 
c *******************••·············································DETERMINATION OF OPTIM\Jlol SEOUENCES OF INLFT TF~PERATURFS t CATALYSTc 

BED DEPTHS AND AIR ADDITION BY HOOKE AND JEEVESc 
NPROe•NUM~ER OF PROBLEMS TO RE HANDLFDc 
!! !•NUMBER OF DIMENSIONS ASSOCIATED WITH EACH VARIARLFc 
K•~AXo NUMBER OF SEARCHESc 
NFRID•l• FOLLOW RIDGE WHEN GRID CRITERIA SATISFIEDc 
NGRID•lt SEARCH ENOS ONLY IF GRID CRITFRIA SATISFIEDc 
NTCON•!t CONSTRAINT ON TEMP,c 
MOPT•I • PRINT ALL STUDIED CASES 

c NTFV•I • TEMP, IS CONSTANT 
c 

NCAT•lo CATALYST rs CONSTANTc 
NAIR•!• AIR IS CONSTANTc 
NNCAT;.!o FOLLOWING ONLY CONSTRAINT CAT.c 
NNAJR•!o FOLLOWING CNLY CONSTRAINT AIR 

c F!S02•LB-MOLES S02/HR 
c FI02 •LR-'10LES 02/>iR 
c FN2• LR-MOLES N2/ HR 
c 

c 

TOL• THF. SEARCH FN~S WHEN IYINl-YIN-111/YINI AND IYIN-ll-YIN-211 

c /YIN-II JS LESS THAN TOL 
c A''AX• THE TOL CRITERIA IS APPLIED ONLY IF YINI THE RESPONSE A'1ER 

N SEARCHES JS GRFATER OR FQUAL TO AMAXc 
BEDL• CONSTRAINT ON TOTAL MAXo CATALYST RED LENGTHc 
AIRR• CONSTRAINT ON TOTAL MAXo ADDED AIR ILBMOLES/HRIc 
XI 11 • TE~P!"RA IURE VAR I ABLE IDEGo KELVIN I 

( O•' ~HRTJNG GRID VALUE FOR TEMPo 
c Rt:STR = LOWF.ST VALUF ALLOW~D FOR 0 
c 

c 

RP" •VALUE TO 9f SUBSTRACTED FROM TFMP, WHEN RIDGE CRITERIA MET 
JN O~OER TO FOLLOW THE RIDGEc 

C~CRlll• CATALYST BEO DEPTH VARIAALE IFEETIc 
D9•STARTJNG GRID VALUF FOR CATALYSTc 
RESTR9• LOWEST VALUE ALLOWED FOR D9c 
RR8 ANO R~9• AS RAB BUT APPLIED RESPiCTIVELY ON AIR AND CATALYSTc 
AIR( 11• AIR FLO>! RATE VARIABLE IL6-MOLES/ HRIc 
'1F!=~T.ARTt~(1 ClPTF" VALUE' FOR AIRc 
R~STRA• L('H'IFc;T VALU" ALLOWFO FOR 08c 
XX!• CATALYST LFNGTH HAVING EFFFCTIVE~fSS FACTOR • C2c 
XX?• CATALYST LrNGTH HAVING EFFFCTIVfNfSS FACTOR• C3c 
XX3• 	 CATALYST LENGTH HAVING EFFECTIVENESS FACTOR • C4c 
Xk4• CATALYST Lf~GTH HAVING EFFECTIVENFSS FACTOR • C5c 
DP2• CATALYST nJA~fTER IFEETI CORRESPONDING TO CZc 
OP3• CATALYST DIAMETER IFEETI CORRESPONDING TO CJc 
~P4• 	CATALYST nJA~FTfR f~EfTI CORRESPONDING TO C4c 
OP~• 	CATALYST OIA~FTfR fFEfTI CORRESPONDING TO C5c 
F2• ~ED VOIDAGf CORRFSPONDING TO C2 

c E3• BED VOIDAGF CORRESPONDING TO C3 
c 

c 
f4• BED VOIDAGE CORRESPONDING TO C4 
ES• AFD VOJOAGF CORRESPONDING TO C5 
CO~MO~ F 150:? 1F l 07 tFN2 tFOtFN 1PT TtCl tH.luOPtFF 5031MZ1MZZ tLLL t TF 

1 '..,01\1 •"'OPT, xYZ 'TT .vz ( s;, .x 1 ,xx 1 •XX7.xx'1XX4 ,,, .c~ tC4tCt; tOP2 tDP'. 
} l')P4 10P5 1 F2 t E3, F4 t F5 1NTCO~ 
Dl~~"JSJ()N x1~1.rr1oi;,,, ltHl'11(( .. l1FPi)tU(~l.Sll011iltSCYt'!O,tCHCR(5 

1Jt~l')fc;I1COI ~ l tFC"I( ~I tUOI '51 t\AI«;) tilf~(lli I tM,.f'H tF~f ._I tU~l Iii lt(llJ{5) t 

IAIBl51 
REA015tll NPROB 

DO 1<iuo NN•l oNPROA 

c 

W~JTEl619081 

q.{'i" F0R"'ATl]Hlt3':HHO('KF ANI') JFC'VFS COP\ISTRAJNT1/ lX1~0ftt-f-J///I 

QEADfS11J JiltK 

REAnC5•ll NFRJ~,N~RlDtNTCON•~OPT 

PF•Dl'i•l) :'iTFM,~tCATt"l•tR1NNCAT•Nf.IAI~ 


l FORf/ATC13l41 

READl5tll71FlS02•Fl02•F~2•TOLtAM4XtBEDL•AlRR 
REAl)l5,1171 x.rhRFSTRtRBB 
RFM':f5tll71 CHCRt09,qESTR9tR~~q 
RfAnl'i,1171 ATR•D8tRE'STRAtAA~8 
Rf:Af) ( '3 t 117 I ·xx 1 tXX;> .xx~ tXXtuC?. •C3 •(4 .c~ •DP? •DP~ .OP4tDP5 tE?. •F.::11' 

lF:4tE5 

WRITFC61653 I 


6'i3 FOR'AA.TltH-~•6CXtlOME~TQY OATA•/61Xtl011H-t//J 
WRITEl6t6501 NPROB 
liliiRJTFl616501 Jil•K 
WR I TE 16 t 65C I "JFR t I) t NGR I Dt NT CON tMOPT 
WRJTFC6tf,501 NTF~tNCATtNAlRt~NCATtNNAtR 
WRIT~ ff, 1651 l F 1 SO? tF 1O? tF~? t TOL tA~AX tP.F'DL tA I RR 
WR!TF16.6511 XtO•RFSTRtqBB 
WRITE<6•651 l CHCFh09tQESTR9tABB9 
WRITFl6t65ll AtR1D81RESTR8tBA~8 
WR I TF. ( 6 .651 ) xx l •XX2 .xx3. XX4tC2 tC3 •(4 1(5 tOP2 tOP3 tOP4 •DP5 .~2 •E3. 

1F.4 tF5 

WRJTFl6t61)4) 


.654 FORMAT(}H0tl3Ld lH-l/I) 

650 FORYATf]H0tlCIA1 

651 FOR~ATl1H0t8Fl5.5) 


117 FQRWATl~FlJe41 


JF(f\ITE~.EOel 1 WRlTEf6t4801 

JFCNCAT.EQel l WRJTEl6t481 I 

JFINA.tR.E0.11 WRJTEl6t4821 


tFINTCONeE0.11 WRITE(6t4831 

IFCNNCAT•E'~.l l WR1TEC6t4841 

IFC,..,~AIReE0.11 W~ITFCfit4851 


4RJ FORVATl55Xt23HTEMDERATURE rs CONSTANT//) 

4Rl FOR~ATl5,X.20HCATALYST IS CONSTANT/II 

482 FORMATl55X•21HAJR STAGE IS CONSTANT/II 

483 FORMATl55X•l9H(ONSIRAINT ON TEMPolll 

484 FOR"ATl55X•76~FOLLOW CATALYST CONSTRAINT/11 

485 FOR'4ATl55Xt2!HFCLLOW AIR CONSTRAtNT/11 


WR I TE ( f. • .Q0~ 1 IX I I 1 t l =i l t tit l t I CHCR 11 Ith t •ti I It I A IR 111tI•1 t I IJ h D~D 
19tD8 . 

P06 FOR~ATl!X•25HINJTIAL POl~T COOR~ll\IATFStl5F7o2//ll 
JFINTEM.EOel•ANO.NCAT.E'Q.t.ANF).fllAIRlr.~'l1ll GO TO 791 
M•JIJ+l 

C THE HI l•S ARE THE DIFFERENCE ~ETWEEN THE PREVIOUS TEMPORARY HEAD 
C POINT AND T'iE PREVIOUS BASE POINT 
C THE UI I IS ARF THF COORDINATES ~F T~E PRFSENT ~ASE POINT 
C THE El ltS ARf THE COOROINATES OF THE PRF.SENT .TEMPo HEAO POINTt 
C THEY ALLOW THF CALCULATION OF THE NEXT HI I 

00 5U JJsltll.J 
HfJJl=O• 


EIJJl•XCJJJ 

H9CJJJ•O•U 

U91JJl•CHCR!JJI 

E91JJl•CHCRIJJI 

M8(JJl•O.O 

U81JJJ•AIRIJJI 


EBIJJl•AJRIJJI 

5~ UfJJl•XfJJI 


NRIDGE•l 
 -149­
NFF•2 

NG•O 

088•D8 

099•09 

MPOT•2 

DO 2 1•2tK 

IY•l+l 

lhl-1 

NNTh2 


NFTTs2 
~40 !FINCAT.~QoloORoNNCAToEQoll c,o TO 33 


CHC•O.O 

DO 30 IH•ltlll 


JO CHC•CHC+CHCR I IHI 

IFICHCoGT oB!DL I GO TO 31 

GO TO 33 


31 CMD•CHC-BEDL 

DO 32 IH•ltlll 

CBllHl•CHCR I IHI 

CHCRllHI• CHCRllHl-CHD 

IFII!loEQo!I CHCRllHl•CHCRllHl-CHD 


32 !FICHCRI IHI .LE,OoOI CHCRI IH l•OoO 

NNTTol 


33 l'lftAIR•EOoloORoNNAIRoEOoll GO TO 402 
Al•OoO • 
DO 67 IH•ltlll 

61 Al•Al+AIRllHI 

.l,.AloGToAIRRI GO TO 82 


•02 	!FIMl'OT oEOol IGO TO 341 

GO To 69 


82 A1D•Al-AIRR 

DO 16 IH•ltlll 


AIBI IHJ•AIR I IHl 

AIRllHl•AIRllHl•AIO 


86 1,IAIRllHloLToO~OI AIRllHJ•OoO 

IFIMPOToEOollGO To J41 

NFTT•I 


69 MZ•ll 1 

CALL SIMCHAIXtCHCRtAIRI 

Tl It 11•,,SOJ 

1FlloNEo21 GO TO 702 


c V IS THE RESPONSE AT TH! LATEST BASE POINT 
Y•FFS03 
SIZl•Y 

702 "fNFFoEOol l V.Tll tl I 
c DETERMINATION O' THE NEXT BASE POINT 

Tll tNl•Tll tl l 

IFINTENoEOoll GO TO 403 

DO J J•lt!ll 

!IJJ•XIJJ 
Jl•J+l 

XIJl•XIJl+D 
I'ITll•JloLToloOI GU TO 802 

IFIJo!OoloANOoXllloGToe73oOl GO TO 36 
GO TO 166t62t63t64t68ltJ 

62 l'Zl•l 

GO TO 6' 


63 MZZ•2 

GO TO 65 


64 MZZ•3 

GO 'To 65 


68 NZZ.4 

65 CALL CHECKIXI 


IFILLLoEOoll GO TO 36 
66 MZ•ll I 


CALL SIMCHAIXtCHCRtAIRI 

Z•FFSOJ 

GO TO 38 


36 z.o.o 
38 !FIZoGEoTl!oJll GO To 71 

802 XIJJ•XIJJ-ZoO•D 

MZ.11 I 

CALL SIMCHAIXtCHCRoAIRI 

Q•,'503 

IFIQ,GE,TlltJl GO 10 72 


XIJl•XIJl+O 

Tl ltJll•Tf I tJJ 

GO TO 3 


71 TlltJll•Z 

.GO To J · 


72 T 11 tJll •Q 

3 CONTINUE 

TlltMl•T~'tJI 
WRIT!'l6t!2 ltDo IXl!tFl tKF• It I 111 t IT I I tKFI tKF 

403 CALL TIMT llUI 

IFllUoLTo I STOP 

Tlltll•TlltMI 

l'INNTT,NEoll GO TO 34 

DO 3' IH•lt It I 


35 CMCRllHl•CBllHI 

34 IFINCAToEOoll GO TO 404 


DO 40 J•lt 111 

DO 1•5 IH•1 t II I 


745 AIBIIHl•CHCRllHI 

f91Jt•CHCRIJI 

D9•099 

009•09/l'LOATI 111-11 

MUMU•l 
Jl•J+l 

CHCRI JJ •CHCRI Jl+09 

!FINNCAT.EOoll GO TO 410 

CHC•O•O 

NTF•Z 


C VERIFICATION BED LENGTH CONSTRAINT ~ET 
DD 41 IA•ltlll 

41 CHC•CHC+CHCRll~I 
IFICHCoGToAEDL J GO TO 42 

430 MZ•lll 
MU,..U•2 
CALL Sl~CHAIXtCHCRtAIRI 
GO TO 48 


41CJ GO TO 1411•412t4!3t414t4!51tJ 

411 DO 416 IH•2•llJ 


http:tFINTCONeE0.11
http:JFINA.tR.E0.11
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416 CHCRI JHl•CMCRI fHl-DD9 
GO TO 420 

412 CHCRI 11•(...CAft 1-009 
00 07 JH•Jelll 

417 CHCRI IHl•CHCRI IHl-009 
GO TO 420 

413 DO 418 IH•h2 
418 CHCRIJHl•CHC~llHl-009 

!>O 419 IH•4•5 
419 CHCRI IHl•CHCR( IHl-009 

GO TO 420 
414 DO 421 IH•h3 
421 CHCRI IHl•CHCRI IHl-DD9 

CHCR 15 J •CHCR I 5 I •009 
GO TO 420 

4l'S DO 422 IH•lt4 
42? CHCRI JHl•(H(Rf IHl-009 
42:> Cl'>D•O,O 

JF CAT OVFR TOTALtRFAl)JUSTME'"IT TO RRJNG • TOTAL 
NQ•l 
00 500 JH•ltlll 

JFICHCRCIHl1GT,lhOE-8l,QR,JH1!01JI GO TO 500 

NO•NQ+l 

CHCRllHl•C1J 


o;oo CDD•CHCRI IHl+Cl'IC 
IFIC001LT1REDU GO TO 501 
1FH:oo.rn.~EDL I GO TO 503 
CCF• ICD0•8F6L I /FLOAT I I I I-NOi 
00 5.;2 IH•ltlll 

JFIC,..CRI JHl1LE1fl10F-fU10R,Jl·l1E"01JI GO TO 502 

CHCR I IH!•CHCRI IHI-COE 


502 CONT I NU': 
GO TO 5C3 

~w'l C"l'.'~ala,~l)L•(l"lf'll/~LOATltll•11 

DO 5U4 (lof•lfltl 

JFf tH.FO,.JI GO TO 504 


CHCIH tHI •CHCRI IH l+CDE 
5C4 CONTINUE 
51.l~ JF('<IUYU.E:J.I I GO TO 430 

IFl"'U"'U•F0.21 c;n TO 431 

46 NTF•l 

42 CHO•CHC-nE'OL 


DO 44 JF•l•Ill 

ce 11 FI •CHCR f IF' 

CHCR I JF J •CH(R I IF I •CHO 

tFI 111 eEOel I CHCRI IFl•CHCfH IFt·CHD 

IF ICHC~ I IF I eLF eOeO I r1-1CR I IF I •O•O 


44 CONTINUE 

"'l•l IT 

CALL SJ,..(HAIX1CHCRtAIRI 


DO 4i; tF=l 1111 

45 CHCRI JFl•COI IFl 


IFCNTFeEl'>.11 ':iO TO 49 

48 Z•FFS03 


IFIZ.GE.T! ltJll GO TO 74 

IFICl-IC'RIJl•r,"°•?•0•091 GO TO 746 

D9•Cl-ICRIJl!2.V 

CHCPIJl•O•C 


GO TO 747 
746 CHCRIJl•CHCRIJl-2.0•'>9 
747 DOQ .. -?.0•09/FLOATI TI I-11 

JFC"l"1CAT.F'hl) c;o To 41:) 
CHC•O•O 
00 748 JH=l 11 TI 

748 CHC=CHC+CHCRI IMI 
JFICHC,t:;T.l.lFDLI GO TO 46 

431 ~ZslJI 
CALL SJp.o(HAIX,(HCR,AtRI 

49 Q•FFSO'J 
JFIOeGE.TlltJll GO TD 75 
CHCR I JI s(l-fCR I JI +09 


JFll\!NCAT.NFell r.o To 432 

DO 749 IH•ldll 


749 CHCRI JH)sAJ"!l JHI 
4'32 TCitJll•TlltJI 

GO TO 40 

14 Tf I •Jl l•Z 


GO TC" 40 

11; Hl.JlJsO 

4G C0"1TJWF. 


09•D99 

Tl ltM)sTI I •JI 


WR I TEl6•12 Ii •09• CCHCRlkFI tkF•l •TI I I~ I Tl I tkFI tKFahMI ,y 
4U4 CALL TIMTSTI JUI 

JF'IJU,LT.OI 51'0P 
Tl I '11•T ft tt.11 
IFINFTTeNE•l l G(, TO 87 
00881H=l•lll 

!!Ill 11.JRIJMl•AJ~l lloll 
A7 JF'l"1Atq.rc.11 GO TO 40lj 


DO 89 J•t.111 

DO 743 JHsltIJI 


743 	 AIBIIH)d,JRllHI 
O!:l)Pfl 
E81JJ11AfRIJI 
Jl•J +I 

.lflUJl•AJRIJ 1+09 

')ll!•n!llF'LOAT It I t•l 1 

\llJMJ•l 

IFINNA.IR.EQ1l I GO TO 450 

AI•010 

NZF•2 


VERIFICATION TOTAL II.IR CONSTRAt"tT "!F.T 
DO 90 l~•lt I ti 

90 Al=At+AIRll91 
IFIAl•GT.AlltRI GO TO 91 

471 Pl!Z•ll J 
MJ"!l•2 
CALL Sf"'CHAIX,CHCRtAIRI 
GO TO 92 

45'0 GO TO l45J,4S2,453t4S4t4551 tJ 
•51 nn 456 JH•2•ttt 
456 AIRC IHJ•AJRI IHJ-008 

r,o Tn •Tc 
452 	AIRI l l•AIRll l-008 


00 457 JJ.ta3tlll 


4'57 AJRI IHidlRI IHI-DDS 
GO to 470 

OJ DO 498 IH•l•2 
4,8 Arltl IHld.IRf 11on-r:m11 


DO 41)9 IH•411S 

4'9 AIRC UfJdlRf IHl•DDI 


GO TO 470 
494 DO 460 IH•lt3 
460 Allll IHl•Atltl IHl-008 

AJRl,,tdllU91•bD8 
C50 TO 410 

4H 00 i.61 IH•h4 
1t6l Alltl IHJ•AIRI IH1-ft08 
uo coo-o.o 

IP AIR OVIR TOTAL1RE:ADJ\ISTJllE:NT TO ARING • TOTAL 
NO•l 

DO HO IMaltlll 
IFUIR I IHI.GT.u.or-et.OR.IHeEO.J I r,o TO ,,0 
NO•NO+l 
Alite IHJ•O•O 

no CDD•AIRI IHl+CDO 
rr1coo.1.T.AJRRt GO TO Hl 
'"coo.ro.AIRRI GO To ,,, 
CDl• lcoo-Allltltl/PL.OAT I J11-NQI 
00 HZ IHeltlll 

lll'CAIR (tHleLl!•fl•OE-lleORelH•£0eJI GO Tn 552 
Atll INl•AllU IHI-CD! 

IH COllTlNUI . 
GO TO 19' 

!511 COl'•IAl•"6CODllFLOATUU•ll 
DO 114 t•tt I IJ 
rr•.ttt.tO.Jt GO To 594 

Alat IMt•AIRC IHl+cDE 
Ult CONTUMll 
,., IFfMl"l•I0.11 Gq TO 411 

IF'lllllflll•!0.21 GO TO •72 
t! Nli'•l 
91 UIOeAl•AIRlt 

DO......94,..l'•hHI..,,.,,,, 
Allltl l,,dlllttl't•AllD 
1'fAllUIFlelf•O•GI AJllllFl•O•O 

•• COllTllOJ! 

Ml•lll 

CALL. llfltCHA I JI tCHCRtAIRl 

DO 99 l~•lt If I 


H AJRU,.•Alll IFI 

IF'INU.ro.u GO To .. 


tZ z-,,soi 
1'fZ•R•TChJlt GO TO 91 

tFfAJIUJhGf•!eO•Dlt GO To 740 

Dl•AllCJl/ZeO 


AffllJl•O•O 

GO To 141 

7,0 	 AIRIJJdlRtJl•Z•O-DI 
7'1 	 DOl••Ze0-D81F'LOATU 11•11 

JF'INNAtR.ro.11 IO TO •90 
JF'IAJJllJleLT.0.01 AJRIJt•o.o 

AJ•O,O 

DO 700 IG•ltl.JI 


100 At•Al+AIRl IGI 

IF'IAJ,GT,AlltRI GO TO 91 


1t1Z NZ•ll I . 

CALL SINCHAIX.CHClhAIAI 


•• Q•,'501 

IF'IQ,Qf,TlhJll GO TOH 

AlltlJl•AfRIJl•DI 


IFINNAllt•N!1l I GO TO 41' 
DO 144 IHaltfll 


"Plt4 Atflll IHl•All!U JNI 

1t"PJ TU tJlt•TI ltJI 


GO TO 19 

97 Tl ltJlt•l 


GO TO It 

.. ffhJll-0 

ff COllTl llUl 


Dl•Oll 

Tl hMt•TtJtJI 


WIUT!161UI I tDl1UIR liF't •ICF'•ltl 1111C Tl I tltF I tltF•l tflll tY 

4M CALL TtMTSTI IUJ 


JFflU.t.TeOI STOfl 

IF'CflltlllhGT•YI GO TO It 


IFfftflfllf•fleZI GO TO tz 
cROSSt• A R!SOLUTIOM ltlDG!• REDUCTION 0, TH£ Gitto •o• UNTIL Aflf 
tMPROVIJWNT IN THE RESPONSE rs ,OUND UNLFSS •D• JS .LT. 0.001 

111 ,.,,•• 

DO 119 k.IHaltlfl 

lfKJHt•UlltJHI 

CHCRIL.IHl•U91tt.JHI 

HtflCJlll•OeO 

at•(l.JMl•UlllKJH) 

HlfKJMl•O•O 


109 HllCJNl•G•O 

09•09/2,o 


D•(>IZ•O 

Dl-ollZ10 

bll•DI 

D9t•Dt 


StJYt.V 

$111•$1 IJI) 

MCH•Z 


WAJTEll•IOl I I tlUtlFJ tl.F•l •tll 1•(U91KFI tlt,.l t I I I I• IUllllKFI tKl'•l t J 111 
JOJ 'ORMAfltHOtUH 1110.: AT N0114•U'"P•211/1 


tFIDeLf•R!STR,AflD•MTIJlhNEel1 GO TO 200 

IPI09.LT1R!lfff•AftO•NCAT•ll!'ell GO TO 200 

JF'l019LT.R!STll•ANO.NAIR1N!'tl 1 GO TO 200 

GO To 2 

:g~ ,:.!!f:ti~~~:.e1;:·~:iV:n1A.~Jlt?lHSUACH AROUND OPTJMU .... 3X•4HD rs.rn. 
115e911Jl11tHY JS•fl'Ue9•:!Jlt5H09fl1St21'"P•31 /I I

'""'•10.Nr.11 GO eoTO 
NGG•NG 
NNG•NG•l 

NG•NG+l 

SCYINGhY 

I"NG,L.T.31 GO TO 113 


http:I"NG,L.T.31
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IF I ASS ( SCYI NCH-SCYINGG I l/SCYING Io LT, TOL oANOoABS I SCY I NC,G 1-SCYI "NGI I n•III -151­
!/SCYl~GGloLToTOLI GO TO !4 MPOTs:l 


83 ~O 7001 UA•lt 111 
 GO TO 340 
AIRC !AAl•A!RIJAAl-SMB AO WR!TEl6oRll Sl!Y loSC!loS(fXI 
H8 (I AA) •CeO 81 FOR~AT(!H<Jo77H Y COND!T!O~ 5AT15F!FnoiF1Co4 
UAl!AAl•AIRllAAI MOPT•l 

CHCRC IAAl•CHCRI IAAl-BBB9 MZ•I I I 

H9( IAAJ•O•O MPOT•I 

U911AAl•CHCRllAAI GO TO 340 

XI IAAl.X([AAJ-AB~ 791 MOPT•I 

Hf JAAJ•O•O 
 MZ•I I I 


2003 UllAAl•XllAAI 
 341 CALL Sl~CHAIXoCHCRoA!RI 


IFIDeLTeRE.STPJ !>•RESTR+C.5 
 GO TO 1000 

!FCD9oLToRESTR91 09•RESTR9+0o2 
 2 CONTINUE 

IFCD~.LT.RF'STRAJ Dff•RFSTRP+O.i; !000 CONTINUE 

NR!DGE•l 
 STOP 

NFF=l 
 12 FORMATCIH-•l4tl3F9o31 

END 

Tl!o41oLFoAUT NOT ''ECESSAR!LY CROSSING A RESOLUTION RIDGE• 

~ASF PT co~SiriFR!NG NOW AS ORIGINH PT W!Tlof •o••PRESENT •D• 


GO TO 2 

CD TOT 0599 

~' rn~NCAT.f<hl.OR."!NAJR,fQ,l) r,o TO 787 

r,n 15'1 L"=l•III 


CHCRILNl=J9CLNI 

H9(LNJsQ,J 

AJR(LN)slJ8CL\!J 

H8 ( LN) :Q,C 


XCL"JJ=IJILNI 

51 H(U;J=O, 


"!~JrtGF=l 


~I IYJ =Y 

SCJ)=SCJXJ 
NFF•2 


GO TO 2 

4 Y=iT CJ t\1 J 


SI IV) sY 

NFF=2 

tFIIeLf,2) GO TO 70 


~:.~:i;,G~~:;~~1: ~g ~g ~g 
I Fl AP.SC 5rTY1-s r I I l/S C!YI ,LT, TOLoAND,AOS CSC I I-SC IX I JISI I l oLT o TOLi 

1 GO To BC 
C OETFRMINAT!O.~ OF THE NEXT TEMP, HEAD POINToSTEP SIZES FDR EACH 
C CXICI~E~SION A~F I~DEPE'NDENT OF EACH OTH~R 

7~ DOR L=1'lll 

JF'fN"'C"AT,F0,1.n~.~C~T,F'Q,]) ~o TO 600 

C91LJ=2,0 


IF Cf Cl-'CRC l 1-~ci IL l I ,C.T ,o, ,A~JD,Ht'JI l J ,c;T ,Q, l C9(L t ·~•0 


JFf ( Cl-fCR ( L )-~q CL l I.LT .c ••A~:'.>.WH LI •LT .o. l C9f l I •'3.0 

IF<C'J.LT•-'•51 C91Ll=2•0 


H9 CL I •CHCR IL I -f9 CL I 

600 JFfNNAI~.E0.l.OP.NAI~.EO.ll GO TO 601 


CB fl 1=2.(1 


JF((APHL)-C'qfLll.CiT.c •• r.~n.H~(Ll•\.T.0.1 CRfLl:a3.0 

!Fl fAIPIL J-C'OfL I J.LT.0 •• um.f..IA(L I •l r.o.) ("Jt(Ll:a"J:.Q 


JFCOA.LT.l•l.Ol C~ILl=2.C 


H81L l•AJRfL l-F~ IL I 

6Jl JFfP\ITFV.F0.1} r~o To ~ 


Cfll=Z.O 


JFI CXfLl-FCL I 1.r.T."l •• ti\11').HfLl.<;T.o. l CfL l='3• 

fF( IX(L 1-~<L 11.L T.0 •• A~l').M(L l.L r.o. i CfL l='3· 

JFt'hLT.4.01 C(Ll•?•;'l 


1-flLJ=XfLl-!:fll 

CONT!Wf 

CHFC< IF Nf'o HASF PT CO!NCfOE OR NOT WITH PRESENT HEAD PT 

DO 25 l(K=lt I II 
JF<N~CAT.F.Q.1.oR.NNAJR.Ea.11 ~o TO 27 

JFI NCAT.Eo.1.oR. NAJR.Fa.11 GO TO 780 

IFI ~lAT.FQ.l.OR. NTC''-1.FQ.1 J GO TO 781 

JF( \lll(C~.E~.1.oR. NTFN'.FQ.l) r;o TO 7A2 

JF( :-..JAJR.E'hl) c;o To 7A'3 

tFI NCAT.~Q.ll ~o To 7A4 

!Ff ~TFM.En.11 GO To 785 


J c:"f .e,~S IX f l(K 1-Ff l(K l I .GT• ( 1 • OE-'51.AND.A~S ICHCR U:.K l-~9f l(K I J .GT• I 1 eE-'l 

11.ANn.AnS(AJRll(l(!-F~IKKl1.r:.T.c1.~-5ll r,o TO ?6 


c;c TC"l .'5 

7~0 JC'(AnS( XfKI()- f:'(l(l(JJ.r;T.11.l')F--;11 r.r, TO 26 


GO TO 25 

7Rl Jl='(AASf AJRfKl(l-~i:lfl(!()).GT.(1.(';f:'-~IJ G(') TO 26 


GO TO 25 

7P2 JFf~l3SCCIKRIKKl-F91KK)l.r,T.(1.8F.:-51J GO TO 26 

Gn To 25 

7A~ IFll\eSc XCl(Kl-F CKKIJ.GT.c1.r.--;J.ANO.Ar:iSfOfCRfKKl-FQ(l(KJJeGT. 


1 Cl •OE-5 I I GO TQ '-6 

GO TO 7-5 


7R4 JFIA~SI Xll<.Kl-F' CKKJJ.GT.q.F-51.AMl').-"QSf A1RfKKJ-ERfl(KIJeGTe 
1 Clo OF.-511 GO TO 26 


M Tn 25 

7q15 IF CA~SfCt-'CR I KK J-E'C)(KK 11 .GT• I l •f-'5 I .11.ND./\PSC AIRIKK J-E8f KK l I eGT • 


1r1.cF-5ll GO TO 26 

25 	 CONT!.,UF 


NR!DGE=l 

GO TO 21 


26 ~RIDGl"=2 
C CCORDl~ATES OF THE NfW TE"°P• HEAD PO!~T 
C COORDINATfS OF THE' PRFSENT BASE' PO!~T 

27 DO 28 LL•lo!II 
JFfNNCAT.Eo.1.oR.NCAT.E0.11 GO TO 603 


CHCR (LL I .co r LL l *CYCR rLL l-CC9C LL 1-1.0 l•Uq( LL I 

uo (LL I•( Cl'CO ( LLI +((O (LL 1-1.01•uo (LL I I /(0( LL I 


r;o Tn ~o~ 


60~ Uo CLL! •CHCR C LLI 

60Ci JFC'JNA11hEC1l10~.NAIQ•E"'•ll GO TO 604 


AJR (LL) •(f! {LL l*AIR I LL 1-fCA (LL 1-1.01•ue 1LL, 

U• I LL I• CA IR r LLl+C CA CLLl-1 oC l*UACLLJ JICA CLLJ 


GO TO 606 

604 UAILLl•AIRILLI 

60~ I~f~TFY.FOelJ r,o TO 607 


X f LL J•Cf LL J•X f LL J-1 CCLL >-1 •I •Uf LL I 

UC LLI • f X C LLl+ICC LLl-1 oO l•UC LLI I HI LLI 


GO Tel 28 

607 UCLLJ•XILLJ 

28 	CONTINUE 

GO TO 2 


A4 W~JTEf/,,A~I SCYCNGI tSCYf"IG(jJ 1SCYINNGJ 

Ai; FORMATflHO•~?MGQID OPTtMU'-' coNnITIO'.: SATJS~lF"'•~F1014///) 


MOPT:al . 


http:JFfNNCAT.Eo.1.oR.NCAT.E0.11
http:TFM.En.11
http:NCAT.~Q.ll
http:lll(C~.E~.1.oR
http:lAT.FQ.l.OR
http:NAJR.Fa.11
http:NCAT.Eo.1.oR
http:JF<N~CAT.F.Q.1.oR.NNAJR.Ea.11
http:JFt'hLT.4.01
http:JFCOA.LT.l�l.Ol
http:JFfNNAI~.E0.l.OP.NAI~.EO.ll
http:A~:'.>.WH
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I
SIBFTC BC 

SUBROUTINE SIMCHA(TKtCHCRoAIRI KJ•K 

C GENERATE THE INLET CONDLTIONS TO TH! CATALYST BED 
 KK•K+l 

COMMON FlS02•F!02•FN2•FO•FN•PTToCJoHA•DP•FFS03•MZ•MZZ•LLL•TF U•K•l
! l•NON t~OPTtXYZtTTtVZ(5)•XltXXltXX2tXX!,XX4tC2•C3tC4•C5tOP2tDP3t TelTJ.0+VIKl*300,0 
' !DP4•DP5•E2•E3•E4oE5tNTCON IFIT.U:oOoOI GO TO 400 

DIMENSION TKl5l•CHCRl51•NOC5o51 •AIRC41 l"AllSIVIK J- P J oLEoOoOl I GO TO 352 
DATA NOi 15 •I Oo 8, 6 06, 20o 15•1018•hJ0120o15o10•8•30020•15o10 • 8 •30 • Pl•IXPl12127oO/T-1!•423-0.1~09*ALOGITl+8•503F-4*T-3o774E4/T/1 

120t15ol0,8/ AllC•AISIPP-PBI 

DATA PEROoPERN/Oo2l•Oo79/ AAC•Allt/PP 

AIR2•A1Rlll+AIRl21 IFIAACoLT,OoOll GO TO 352 

AIR3•AIR2+AIR131 PKllKl•loO/ABC

AIR4•AIR3+AIR<4l lCKKJ•ZIKl 1-z I K J 

Xl=OeO lFIVIKJ.GToPI GO TO 5 


DO 55 MN•loMZ JFCPICllKJ•GToWI GO TO 6 

GO TO 150•51•52o54t56l•MN ·VICK l•Yf«·t+l CKK J 


50 FO•Fl02+PERO*AIRI 11 GO To 8 

FN•FN2+PERN*AIRlll 6 VIKl<:l•P-ZIKKI 

FS03•o.o W.PKllKJ 

T•TK( 11 P•VIKI 

PTT•l7el GO TO I 

AS03•0e0 5 IFll"KllICJ.GT.WJ GO TO 7 

ATA•T-273e0 VCKKJ•VIKl-ZIKKI 

APT•PTT GO·TO I 


GO TO 53 T VIKICl•l"+lCKKJ 

51 FO•Fl02+PERO*AIR2 W•PIClllCI 


FN•FN2+PERN*A IR2 tt•YCICI 
T•TK<21 I CClllTlllUE 
FS03•FFS03 T•l'ftoG+l"*JOOeO 
A503•FFS03 lllU'flllo4041 PP.ottleT 
ATA•T-273, 0 '°" ..ClllMATCJX11MK IS ,0•5HPP IS1n0.4•5HPB IStFl0o4•4HT rs.no•• 
APT•PTT HZ Tl'•T 

GO TO 5' 	 GO TO 405 
52 FO•F102+PERO*A I R3 400 lllUTEllo40U PPoPleT 

FN•FN2+PERN*AIR3 401 l'OllMATllXolllHAU SICOUR5o3Xo4HT IS•3Fl5o9//J 
T•TKl3l 405 l!TUllll 
FS03•FFS03 , END 
AS03•FFS03 l!IFTC EF 
ATA•T-27300 suaaouTlllE CMECKITICI 
APT•PTT t VERIFICATION 11' T!MPERATUll! IS GREATER THAN EQUILIBRIUM TEMP 
GO To 53 COMMON '1502 1F10211'1120F01FN0PTT tCl •HAeDP•FFS03tMZ tMZZtLLL • TF 

54 FO•Fl02+PERO•AIR4 	 1 •HOil olilCIPToXYZt TT9VZC !!lltX1oXX1oXX2 eXX3 o~X4 tC2 oC3 tC4 •C5 oDP2 •D 1 

FN•FN2+PERN*AIR4 - lOl'4oDl"t•U•!!lof6t'9 oNTCON 

T•TK141 1 OINlllSIClll TICl51 

FS03•FFS03 I GO TO Clt2t3o51oMZZ 

AS03•FFS03 

ATA•T-27300 I 1 ~=~II.Ill 

APT•PTT 
 QO TO 4 
GO TO 5J ·i llZ•2 

56 FO•F102+PERO*AIR4 T•TKlll 

FN•FNZ+PERN*A I R4 
 GO TO 4 

T•TK < 51 
 3 MZ•3 
FS03•FFS03 ,.•...
AS03•FFS03 GO ro • 
ATA•T-273e0 I MZ"4 


APhPTT T•TKl51 

53 IFCCHCRCMNloLEolo51 GO TO 96 
 " CALL SIMCllAITKI 


NON•50 FSOl•,,S03 

GO To 88 JCl2"'J'Oool>•5*FSD3 


96 l•FS03/54o0+1,0 

tFU.GT,5) 1•5 

NON•NO< I •MN l 
 f'I02•FU02-FSOJ 

88 HA•CHCRIMNl/FLOATINONl F1'9'11+FSCl2+'50,+F02
CALL REACT4<MNoFS03•TtEI PT.PTT/14•7 ­
IF< TT oGT ,600,0,ANO,NTCONoEQo ll GO TO 58 ""'•SQRT I FT 1'02/PT 1.•FS031FS02 

IF(MOPT oNEo l l GO TO 55 CALI. Kl"l!QIPPI
IFIMNoEQol I WRITEl6t9001 TF1•"•10,0

900 FOR~ATI 5Xt8HSTAGE N0•4Xo8HCONCo llh4Xo8HTE•• llle4X.9"Pt1Po 1111 LLL•Z13Xt9HCONCo OUTo3X•9HTFMPo OUTt3Xo9HPRESo OUToZXtlOHCCINV!ltSICllhlJlllH 1'lt•GE,T1"11. LLL•llHBED Do•7Xo3HAIRtllX•l3011H-ll RETURN . 
CONV•FFS03/278 oO END
WRITE<6•62 I "N•AS03tATA•APTtFFS03o TT oPTToCONVeXYZ •AIRflllll 


62 FORMAT! 3Xtll0o8Fl2o5oFIOo3l 
 CD TOT 0185 
55 CONTINUE 


GO TO 57 

58 FFS03•1,0/TT 


WRITEl6t906l 

906 FORMAT(!Xol4HCONSTRAINT METii/i 


57 RETURN 

END 


SIBFTC 8BB 

SUBROUTINE KPEOIPPI . 


C DETER~INATION OF THE EQUILIBRIUM TEMPERATURE BY GOLDEN SICTIOll 

COM..ON TF•FO •F!S02•FN•DP•E•Cl tFFS03• TT oWtllN•ATT tAFFoFI 501•HA•Rfl!l1 


1oPTT•XoSI50 l •OI 50l •AX•NOl'l•AXX1NST!PoAFSl . 

DIMENSIOll V(351oZl35loPK1(35l 


Yl2l•Oo618 

T•673.+VC2l•300. 

IF(T.LF..o.o, GO TO 400 

IJ•l 

GO TO 350 


3'1 	IJ=2 

PKl 121 •l,0/ABC 

V<ll•l.-Vl2) 

T•673o+VIl1•300, 

IFIToLEoOoOl GO TO 400 

GO TO 350 


353 	PKllll•loO/ABC 

Z< ll•lo 

Z<2l•Vl2l 

Zl3l•lo0-Zl21 

IFIPKl<21oLEoPKlll>l GO TO 3 

V ( 3 l •V(l J+ZI 31 

W•PK1<2J 


P•Vl21 

GO To 10 


Vl3 l•V<2l-Zl31 

W•PKI( l l 


P•Vll J 

GO TO 10 


350 PB•EXP<12121.01T-llo423-0ol309*ALOGITl+8.50!!-4•T-3oTT4!4ff/Tl 

ABC•ABSCPP..PBI 

AAC•ABC/PP 


!FIAACoLToOoOll GO TO 352 

IFllJoEQoll GO TO 351 

GO TO 353 


10 DO 8 K•3e30 

http:IFll"KllICJ.GT.WJ


****************************************************************** 
c 
c 

D!SCRETE MAX!MUM PRINCIPLE 
****************************************************************** 

c 
c 

DETERM J NAT! ON OF OPT !MUM. SEQUENCES OF I NLFT Tl"MPERA TURES AND 
CATALYST BED DEPTHS ALONG THE REACTOR 9Y THE DISCRETI' MAX!MUM 

c PRINCIPLE 
c 

c 
DETERM!NATJO~ OF JN=O AND RCNl•RCN+ll BY REGULl-FALS! !TERAT!ON 
DETERM!NATION OF TOTAL CATALYST BED LENGTH•5o58 BY GOLDEN SECT!ONc 
NPROB=NO OF PROBLEMS TO BE HANDLEDc 
TF=UPPER TEMPERATURE L!MIT JN GOLDEN SECTIONc 
NCD= NUMeER OF BEDSc 
AX=LOWER TEMPERATURE LIMIT JN GOLDEN SFCTJON 
XXIJl=CATALYST LENGTH JN BATCH I 

c 
c 

CCI+!l=FFFECTIVFNESS FACTOR OF CATALYST !N BATCH 
AHA=!NIT!AL INTEGRATION INTERVAL IN SJMPSO~ RULE 
COM~ON ~DJStXltNNDIStTGtPTTtAJN,XtHAtCl•C2tC3tC4tC5tRRtF1S02tFOt 

JFN1XXI tXX7tXX~tXX4tFFS0310PtEtDLNROTtMNtNSTUtNCDtNRRtAH1SFCPtRNLD 
l tPOT tAHAtl<OK 
~IMENSJON VC351•Zl351•PK!l351 


READ C5tl41 NPRO~ 


DO 15 NCA=l•NPR08 

READ 15•141 NCO 

14 	 FOR~-ATl4141 


READl5tl31 TF,AX 

REA0(5tl3l FlS02tFOtFNt C2tC3tC4•C5tXX}tXX2tXX3tXX4tAHA 


13 FORMATt8FlVe4J 

ND!S=! 

TFF=TF-AX 

v121=0.6!8 


T=AX+VC2J*TFF 

CALL DIS~AXITI 


PK!l21= -ABSIXl-XX41 


c 

Vfl)=l.-V(2J 
T=AX+V(l)*TFF 

CALL D!SMAXITJ 

PK!lll= -A•SIXl-XX41 


z ( 1) =1. 

Zl21=Vl21 

Z ( 3 I= 1.C-Z I 2 I 
IFfPK1'2JeLE.PKllll) GO TO 3 

Vf3J=VC1J+Zl'?-J 

W=PK.1121 

P=Vl21 
GO TO IO 


Vl31=Vl21-Zl31 

W=PKllll 


P=Vlll 
10 	DO 8 K=3,3J 


TsAX+VCKJ•TFF 

CALL DIS'<AXITI 


PKllKI= -AR51Xl-XX41 

KK=K+l 


Kl=K-1 
K2=K-2 

ZIKK l=Z IKll-Z IK I 

IFCVCKJ.GT.PJ GO TO S 


IF(PKl(KJ.GT.WI GO TO 6 
VOCK) =V(K J+Z (KK l 

GO TO 4 

VCKKl=P-ZIKKI 

W=PKllKI 

P=zVCKJ 

GO TO 4 


5 IFCPKIIK1.GT.~I GO TO 7 

VCKKlzVIKl-ZCKKI 


GO TO 4 

7 VCKKl=P+Z(KKI 

W=PKllKI 

P=VIKI 


4 IF<ABS(P-V(Kl(J l.LT.c.oo:H GO TO 105 
IF( ABSC I PK! I K )-PK! I Kl) I/PK! IK I I .LT ,0.005.AND.ABSC CPKl CK!1-PK11K21 I 

l/PKlfKll J.LTeGeV05J GO TO 99 
8 CONTINUE 

WRJTE(6,70CJ PtVfKKltPKlfKJtW 
7:JO FORvATflXt?CHGOLD. SEA.RCH .GT. '30t'3Xt4Fl0.4///1 
105 WR!TFf6t20U PtVCKKI ,PKlfKJ tW 
20! FOR~ATC1X•!3HGRID CRITFRIA•4F!Oo4///I 

99 T=AX+P*TFF 

NDIS=! 

CALL D!SMAXITI 


15 CONTINUE 

STOP 

END 


SIRFTC 9 

SU•ROUTJ~F DISMAXCTI 


COM:~O".: ND IS t Xl • NND IS t TGtPTT tAJNt X tHA •Cl tC2 tC3tC4tC5 tRR t FlS02 •FO• 
!FNtXXl tXX2tXX3tXX4•FFS03tDPtE•DLNROTtMNtNSTUtNCD•NRRtAH•SFCPtRNL0 
i,p:ior •AHAtKOK 

PTT=l7.1 
FS03=0e0 


WRJTFf61901')) 

Xl=LleO 


NNDI S•2 

AHH=AHA 


DO 55 MN=l•NCD 

IFCMN.GEe3eANOeNCDeE0.4} AHH=0.01 

IFC~N.GEe2eA~OeNCDeEOe31 AHH•O.Ol 


HA=AHH 

GO TO 120•2le22t23l•MN 


20 F0=338.C 

FN=2310.D 

GO TO 24 


21 F0=367.8 

FN•2422.2 

GO TO 24 


22 	 F0•4llo9 

FN•2588.l 

GO TO 24 


23 F0=4lle9 

FN•2588ol 


24 lFINDIS.NEo ll GO TO 2 

TA=T-273.0 


WRITFC6,JI MN,FS03•TA 

CALL JRNNllFS03•TI 


IFCNDtS.NEel)GO TO 9 

CONV=FS03/278 • J 


T.A=T-273e0 
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WRITEC6•31 CONVtFS031TAtXtAJN 

9 IFCNNDIS.EQ.JI GO TO 8 

PT•PTT / 14• 7 

NRR•2 

CALL DFDZIFS03•T •PT.REI 

IF(RReLTeO•O> GO TO 10 

CALL RNN!IFS03•T,PTI 

T•TG 

GO TO 55 


JO WRITEl6•lll RR 
11 FORMAT(lH0t20XtllHRR eLT• Oe0tF15e6/I) 

T•623.0 
55 CONTINUE 

8 FFS03•FS03 
WRITEl6•251 XI 

25 FORMATilH0,30X,3HXl•eF6o2///J 
900 FORMATC13X•8HSTAGE N0•7X•8HIN CONCo•9X•6HIN TE.•5X•!0HCONVER 

16X•9HOUT CONc•• sx.7HOUT TE.•9X.6HBED D.•!2X•3HAJN•/IX•!301 !H· 
l FORMATC6X•ll5•2Fl5o51 
3 FORMATC51Xo5F15.5/ll 

RETURN 
END 

SIBl'TC C 
SUBROUTINE JRNN11FS03,TI 

C NUMERICAL INTEGRATION USING SIMPSON RULE 
COMMON NDIStXl •NNDIS•TG•PTT •AJNeXeHA eC! •C2 •C3•C4•C5 ,RR• FJ502 

tFNtXXl .xx2.xx3.XX4•FFS03•0PtE•DLNRDTtMNtNSTUtNCDtNRRtAHtSFCI 
hPDT •AHAeKQK 

DIMENSION ARl21•AREAC20101 

AJN•O.O 


NSTU•2 

x-o.o 

PT•PTT /14• 7 
CALL DLNRCFS03•T•PTI 


ADR•DLNRDT 

DO 9 1•1'2000 

DO 10 J•lt2 

Xl•Xl+HA 

JFIXl,LToXXll GO TO 11 

IFCXl.LT.xx2.AND.Xl.GE•XXllGO TO 12 

!FCX1,LT.XX3oAND,XloGE•XX21GO TO 13 

IFCXloGEoXX31 GD TO 14 


11 Cl•C2 

DP•Oo0202 

E•0.31 

GO TD 15 


12 Cl•CJ 

DP•0,0202 

E•0,318 

GO To 15 


13 Cl•C4 

DP•0.0202 

E•Oe345 

GO TO 15 


14 Cl•C5 

DP•0,0169 

E•Oe35 


15 	 IFCNNDJS,EQ,ll GO TO 21 

CALL REACT41FS03•TI 

IFCNSTU,EQ,11 GO TO 27 

PT•PTT I 1"o 7 

CALL DLNR IFS03•T•PTI 


10 ARCJl•DLNRDT 

CALL TIMTSTI IUI 


IFCIU,L T ,o I STOP 

AREAlll•HA*CADR+4o*ARIJJ+ARl2ll/3,0 


AJN•AJN+AREACll 

IFCABSIAJNloLE.0,00011 GO TO 21 

1FCAJN,LT.c-.000011Go TO 22 

Wl•FS03 


TWl•T 

ADR•AAl21 

GO TO 9 


22 lfll!T!l6•50l AJNtHA 
50 l"OllMATl1Xol5HAJN VALUE AFTER•Fl5o5•10X•Fl5o6/ll 


AJN•AJN-AREAC I I 

FSD3•W1 


T•TWl 

Xl•Xl•2•0*HA 

X•X•2oO•HA 


HA•HA/2e0 
9 CONTINUE 


24 lf1UTl'i6t251 X•AJNtFS03• T •PT tXl 

25 l"OAMATC1Xt24HLONGUEUR LIMITE DEPASSEE•6F!l•51 


GO TO 21 
27 Xl•Xl-HA 


X•X-HA 

WRITEC6e301 


30 P'ORMAfltH0•30X•25HWARNJNG RATE RXN oLT, 0,0•/31Xt711H•llll 
21 RETURN 

END 
SIBl"TC AB · 

SUBROUTINE RNNlC FS03 • T tPTI 
C DETERMINATION T FOR RCN!•RCN+ll 
C REGUl.1-FALSI METHOD 

COMMON NDIStXl •NNDIS•TGtPTT •AJN•XtHA •Cl •C2•C3•C4•C5•RReFJS02 
lFNoXXl eXX2tXX3tXX4tFFS03eDPtEtDLNRDTt~N.NSTUeNCD•NRR•AHeSFC 
ltPDT tAHAeKQK 

NRR•l 

TP•T•JO,O 


TO•T 

RE•O.o 


57 TO•T0-20,0 

CALL DFDZCFS03tTOoPTtR!I 

ABC•RE-RR 


IFCABCoLT.0,0001 GO TO 56 
GO TO 51 


56 AOBC•ABC 

61 Tl•TP 


CALL DFDZCFS03tTltPTtREI 

ABC•RE-RR 

IFCABC,GT,0,01 GO TO 60 

Tl•Tl+2.0 


GO TO 61 

60 DO 58 JZ•l•50 


CALL DFDZIFS03eTl•PT,REI 

http:IFCNNDIS.EQ.JI
http:AHH�O.Ol
http:AHH=0.01
http:IF(PKl(KJ.GT.WI
http:IFCVCKJ.GT.PJ
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ABC•RF.-RR 

JFlAASIASCIRRJ.LT.0.0051 GO TO 352 

T2•T 1-ABC* I Tl-TO I /I ABC-40BC J 

JFIA"SIT?•Tll.LT.0.0101 GO TO 9'> 

IF!JZ.E0.50) GO TO 95 

Tl•T2 


CALL TJ,_.TSTt JUI 

lFflC.LT.JI STOP 


'>B CO"lll~UE 

95 WRtlEl61591 JZ1RE1RlhT2tT1 


TG•Tl 

GO TO 8 


'1'i2 WQJTFl619l-1 Jl1P.F1RQ1TZtTl 

TG•Tl 


'16 FOJt'-l,UflJt17HI"'. QN~'ltl4t6F10 ... l 

IJQ F't'}Q...ATltlC•l''"'G~JD ClfITF'ATA114t4F10•41 


!! RETUR .. 
END 

SlAFTC E
su111nnuTPH:: R!=:AC'T41FSO'.hll 

CALCUlA.TtnN CF CONV'f'RTIO"t AND TF-.P• TMROUGH AED 
F'IJUqT1-1 OROFR RUNGF ICUTT A 
c~·.-~·or-i -.:n I~• Xl tN~~o1 s. T(,tD TT •AJ*h Jt •H• •(1 •C?•C'.h(4•C' tR•tP1502 t'ih 

tt-.:. xx I .xx;>' XX'\ 1XX4 tFFSO'\ •DP •F ,.,L-.:1tnT •"N•~STl•1NCn1NRlhAH•Sll"CPtlfftl.n 
1 tPl'>T tAHAtKOK 
:>JYENSJ')~ 1\1151t'!I'1 tC I IS I tC:I 10t51 tYI lOtlJ I tAKIJOtlJI tlAZIJOI 
')AT 1' At!\t(/ ,; ,O '" .'i tO •293 t l t 707t0t l 'ift7t0•0 t2 •Otl •0tl•Ot?•0t0t0t0•5 t 

lve293tle 7:_ 7,J,5/ 

DATA N/4/t-.Nll!. 

YI 1'1 J=r..-:: 


Y12tl l•F~Ol 


YC-hll•T 

Yll.,ll•PTT 


00 3 l•l t.'11 

Qfftll•C, 

01 lt51•0. 


3 	 CONTlWE 

')Q 2 V•l.-.N 

Jt•X+"4A 

!>O 5 l•ltN 

QI Jtl 1•01 I t5l 


5 	 CONTINUE 

DO 6 J•?t5 

K•J•l 

FS0l•Y(2•KI 

T•Vf3t!(I 


PT•Yf4tKl/l4•7 

CALL DFOZIFSf"1,T tPT,QFl 


Aki l tJ)•J ,l..i 

1FIAF' 1 LT,L. ... COf,J GI) TO 401 

REq•AE 


AKl7.tJl•2271.J*RE' 
Al( 13 tJ Ja-?27 • •R~•AH/SFCP 
Akf4tJl•-fl5Je l/Q"JLD+l.751•Pl)T 
DO 7 Jat 1'-I 
YfJtJhYl!•lf 1+4A*("fJl•IAKlfoJ)-lllJl•t)CJtK Ill 
Cf J tJ l•Cf J tll:; J+"ll,• f It f JJ •(AK I I •JI-" I Jl*'JI 1 tK I I I-Cf Jl•AIU I 1JI 

7 CO"ITl ..UF 

JFIJ.~0.51 GO Tn R 

GO TO 6 


fl DO q I t•l •~ 


Y(Jftl lrY! lft'51 

ZAZllflzYIJ?.11 


q CO'- TI'\L:F' 

6 co"'rr·•L'r 
2 cc"'Tl''l,E 

FS03=Yf2tl I 

T:YI ltl l 

PTT:Yf4tl) 

c;::;: Tr, 4C3 


4t:'l X=X-1-lA 

NSTU=l 


FSOl•lAZl2l 

T=lAZf31 


PTT•7.&.Zl41 

4'-3 AfTUR"I 


~NO 
15111~rc r, 

5u11P~VTJ'!F "F""llfFS03tTtPTtqF'I 
CALCULATION OF CONV~RTJO'i MJi') T~.'4P 1 THtJOUGH l'lf"D 
cn...•..ri·· NDJStXl •'''-.?DIS1T(;1DTT tAJ~tX tHAtCl •C2tC'1tC4tC5tRlhFIS021Fnt 

lF"l 1XX 1 tXX2tXX1 t XX4 tFFSQ-, •OPtE •'>L'iADT tM'itNS TUt'iCOtNAR ,.._MtSFCPtRNLD 
} 1~f')T tAHAtKOK 


FQ2>tFC-C e'i*FS03 

~so2•F' 1s02-Fsr-1 

FT"' Fiii..~ 502•F ~'"ll +FO? 

PTF•PT/°"T 


PS02•FSc?•PTF 

P02,.F02•J. TF 


PS03aFSOl•PTF 

PN2•F'"'*DTF 


~~i~~~!~~!!€x;~~i~~~l~:;~~· 1'IQO•unr: IT )+II. "'\.'IF-4•T-1, 714U/TIT I 

11.'tU'"'•AIC 1 •I PO;>-P5(13*•7./ I Pll'•DS(l? I**? I 
''"'"' 1-?41;07 .-1 c ,nr.-t .fi<l':-'ll*Tl •T +1 .'i~"i/T I 
CP'1i'•ft,lj+~ ,c;; l•T 
SFCP,.F'N •CPN2+F02* I A127+,e!lf!E-4• T-1!'I,77E4/T /T J+FS01•tTt 7+'' 13£-3 

1-0,A'\F-6•T I •TI +F'SO~* I !>1077+ I ?le "''\7f'-'ll•n•f."1f'-~* T1•T1 

TPT"'ALOGI TI 

VJ S/\12a?,63E-4•FXD I• 74•TDT I 


VIS02=4,;>~f-4•C::XP ( ,t'>,•TPT I 
\I JSS0?•9,82f-r,*fXP I 1P.'l•TPT I 

VI SS01mJ• ~l2<1•SQRT f T/77h I 
VI SC= I FN •VI SN2+VI S02•F'O;>+V I SSO;>*FS02•VI SS03•FS~'\ I /FT•2,to2 
002"P02*24• .. /T 

0S02•PS02•4B •!!IT 

DS03•PS01•611C/T 

D"il2•P"!2•2114/T 

D!NS• f!'IO?•F'02+.,~';>•F~ +"S0i'•FS07+"\SO,•F~n" I /FT 

WAVF:• I ~2.•FO;>+:tP.•FN +11o4,•Fso2+110.•FS.,, I /FT 

vo..FT•'r1AVr /OF'MS/? ;>7. 

PNLn•nF.NS•Vl)•l)P/Vf SC/' 1.0-F l 


POhOE'11S•VO•VO•I t.0-FI /}44,/l)PIF*•3/4, l 7!:!! 

IFIT•lE•72hJ GO TO 20 

JFfT1GF.773tl GO TO 21 

AO•l .02E-5•flCP 17025, /Tl 


AKllll•4090,•EXP 1-fl!!OO, IT I 
• ADftd•l 1,+AKA*PSO~/DS::'.l21 **2 


ADEN2• ( J,+11.Kq•SQRT I P02 l /PS02 J**2 

AD!N1• IADFNl •I 11h-T l+Al)f'~7•f T-7?1. JI 1110, 


RE•Cl•ANUP4/AOEN3 

GO TO U 


11 AKl•40tO.•EXPl-8800,/Tl 

AO!Nl•l t .+AIU••SQRf lP07.1 tPS02 IH1 


R!•Cl•ANUM/AOFN1 

GO TD U 


20 	.\U•l.OZ!•S•EXPl102'•/TI 

AD!Nl•f l.+AKA•PS031PS021 H2 


ltf•Cl•AfrtlalllAO!Nl 

11 1'CNU:.ro.21 RR•RE 

10 RfTUAN 

srwtc ""' , 	 " 
SU8ROUTIN! OLM IFSO!tT1PT1 

Off!'RMtJCIAflON OP' PARTIAL DERIVATIVE OF LNOUTFI W.~.T, THF TEMP, 


ALHBlllC TRANIFOllMATJONS ONLY 
COfi91DN NOll•llll tNNDIS• TGtPTT tAJN1X •HA tCl tC2 tC31C4tC5 tRR t Fl S02 •FO• 

lF'N ,1x1 t&XJ ..., tlllX4tFFSO'' DP• I! tOLNROT 1MN t NS Tu tNCD. NRR. A Ht SFC:P. ~~LO 
hPDT tAHAtkOI. "' 
FSOZ•PlS02-FSOS 


roZ•F0-0•1.,SOJ 

n•Flt+t'SOl+ll'02•11"SOI 


PF•PT1'T 

PIOZ•rSOa•" 

P01•ro2~F 
PS01•,SOS•P'


fl'I:•!•'• 12121.on-1 t .423·0· t !D9•Al0G IT I +II. 50lt-4•T-1, 174E4/T /TI 

AK1•4•11Hit!XPl-12900.1T I 

Al:A•l •OU-,•!XP I,025• IT I 
AK9•40t0,9fXPl•llOO•IT I 
ANl#it•AKl•f POl-PSO!••Zll PK9Pso21••21 
C"'2•6•S+0•00l•T'"'•'N. -CPNl•F02•U.27•2·5eE-oT-11111.nE1t/T IT I +FS07.•I ', 1+('. '1E-3 

1-o.nr-6•T1•T ,.,501•16.0Th 12!.•t!7E-1-o.6ft7~-fi·T I •TI 

Alt9l •240.?, .. f O, 26•l •6•E-1•T 1•T•J1 'UIT I 

rz«•T 
PIC.2•P«•N 
~-a.H..-OelJ09/T•UU7tOIT2+7."("TIT2 
'SOH•'50!1,S02 


Al•l2tOO,tT2+2.•FSOJ2•FS032•1)1tt(IPK2 /I P02-FS032•FS0!2/PK.2 J 

""tLl!e 121.o I GO To 20 

1F<T.&T.u1.o.A11DeT.LT.n1.01 GO TO 11 
AKP•AKB•$QRflPOZtlPS02 


AOfMZ•lt.+aK8•P02..0•SntS021..2 

lll•Cl•ANlM/ADllllZ 

SOAZ•SORTIAD!Nll 

OLM0hAl•2••lk8"11(10•1T21SOAZ 

GO TO 22 


20 	ADfNl•ll••ACA*PS0'1PS021••2 

R-Cl•ANUM/ADl'Nl 

AKAF•AKA•FSOJZ 


SOU•SORTUD!Nll 

DLNltDhAHl 140'0••A«All"lf2 I /SOAl 

,Fl•l••AU•FtSO 


GO TO Z2 
21 	A0£Nl•fl • .UHPSOJ/PS021H2 


ADFNZ• I l•+~kft•POz••O•"PS02 JHl 

ADENl•lADENl•( 111.-T1+&DfN2•1 r-1n.1 I ,,o. 

R•Cl•AM/ADEN! 

AKAF•AU•FS012 

AKl't••AKf!•SQltT I POI I /PSOI 

DO!DT•-J40,0,•AllAF•I 1,+AK.AF I IT2 

DDZDT•Z1• I l •+AKBPl•Al.BP•llOO• /T2 


T77•77Jt•T 

T7Z•T•T2'. 

DLNROT..tt •f T77•0DlOT•ADENt+T12•DD2DT +MF'N;> J 150 ,1 Al'JEN1 


22 ltETURN 

[ND 


CO TOT 0421 

http:1,+AK.AF
http:1F<T.&T.u1.o.A11DeT.LT.n1.01
http:AK1�4�11Hit!XPl-12900.1T
http:1'CNU:.ro.21
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f llll'TC 

; < *************************************************************••••• Ffl'121•,,SOI 5'5 


C DYNAMIC PROGRAMMING XXX!Z l•X -1 ­
V!11•1.0•VC2lc **************************••••·······························••***C DETERMINATION 01' TM! OPTIMUM S!OUENC! OF ~ED !NUT TEMP!RATUR! hAX+VI l l*TFF' 


C RY DYNAMIC PROGRAMMING KKJ•l 

C Ol•OXYG!N~•Al~t Al•AZnT! •AIR•t AXl•INl'!RIOR Tet l'S!•INITloe l'SOlt lfl'CT.L!eO•OI GO TO 400 

C AF&i•INCRrM!NT 1'101 l'SO••WZ 


COMMON Tl'oFO •~tl02tl'Nt0PtltCl t'l'l'SO~ oTT oW t~N •ATT tAl'I' oPf !0 I oHA •R 110 I (IO TO U 

! oPTT, xo~ C'o l oOl901 tAXtN0NtAUt~!T!PoAFS1 17 CALL R!ACT4CMN0FS03,T1 
DIMENSION AC50I l Ff TT eGT e600. 0 I FFS03=WZ+l e0/TT 
READC5o45l NPROB JJ•2 

DD 300 NP=loNPROB !FCFFS03oLToWZZl GO TO 701 
READC5o45l NBoNSTeP IF!MNoGToll GO TO 61 
WRITEC6o5071 701 FFFCl)•CFFS03-WZJ/C278,0-WZl 

507 F'ORMATC4RXo35HOYNAMJC PROGRAM~ING WITH CONSTRAJNTo/48Xo35ClH-)///) 74 ATlll•TT 

WRJTEC6o90ll NSTEP FF! ll•FFS03 


90! F'ORMATC52Xo!9HDYNAM!C PROGRAMM!NGo5Xo2HN•oI4///l Xl(l(C 1)-X 

\<R!TEC6o900l Zlll•l•O 


900 FOR~ATC1Xt7HT.S~A~.,4Xt8HSTAGE NOt4XtllHFlXEO CONCet2Xtl3HOPTe IN TEMPet5 Z!2!•V!21 

1TEMP,,5X,lOHMAX. CONVet6Xt9HCONCe OUTt6XtQHOUT TEMP.t9Xt6HB!D Det Z!3l•l.O-Z!21 

!6Xo9HCONC. ENDo/!Xo!30C!H-ll tF!FFF!2leLEeFFF!l)l GO TO 3 


DO 55 ~N=ltNB V!3l•V!ll+Z!31 

CALL Tl~TST C !GI W•FFF!2l 

!FC IG.LT ,:l) STOP P•V!2) 


45 F'ORMATC4!4l ATT•ATl2l 

READC5o4)F'JS02oF102oFN2oO!oA!oAX!oFS!oAFSloPTToHAoDP•C1oE AFF•FF!2l 


4 FOR~ATf8Ft0.6) AXX•XXX!21 

~·JRITE'C6t481 ~NtCl GO TO 10 


48 FOR'1ATtlX•FIH~TAGE NO•l4•15X•5HC1 IS1Fl0e41,X16(1Hel///J 3 V!3l•V!2l-Z!3) 

FO=FI02+01 W•FFF!ll 


FN•FN2+Al P•Vlll 

AX=AXI ATT•ATll l 


FS03=FSI 	 AFF•FF! l l 
AF'S03=AFS! AXX-XXX! !) 


DO 58 N=loMSTEP GO TO 10 

IFfVNeF.Oe4eANneNeEQ.21 GO TO 300 61 IF!MNoEOo3l GO TO 300 


F'S03=FS03+AF'S03 IF!FFS03oLT.R!1l•ORoFFS03oGT.RCNSTEPllGO TO 91 
IFCMNeEOe4J FS03•0.0000 DO 62 K•loNSTEPl 
ACNl=FS03 L•K+l 
!FC'IN.EQ,41 GO TO 200 IF!FFS03oGE.RIK!.ANDoFFS03oLE,R!Lll GO TO 63 
F02=Fo-o.s•FS03 62 CONTINUE 
FS02•FIS02-FS03 3-PO!NT NEWTON FORWARD DIFFo INTERPOLATION FORMI 
FT•FN+FS02+FS03+F02 63 NSToNSTEP/2 

PT•PTT/14.7 IF!KoGToNST! GO TO 65 

PP• C FT /F02/PT l HQ, 5*FS03/FS02 LL•L+l 

CALL KPEQCPPl DlYl•F!Ll-F!Kl 


tFCTFeGT.873.Jl TF=A73e0 	 D1Y2•F!LLl•FILI 
GO TO 201 D2Yl •01Y2-Dl YI 

200 TF=873,0 UX-IFFS03-R !K) l/AFSl
201 CALL GOLDEN CMN oFS03 l AB•F!K)+UX*CD1Y1+!UX-!o0l*D2Yl/2,0) 

JF('1N.E0.2.oR.MN.E0.4lGO To 100 GO TO 66 
RCN!•A(N) c 3-POINT NEWTON BACKWAR D!FF. INTERPOLATION FORM! 
FfNJ•ACNJ+f278e0-AINll*W 65 LK•K•l 

FS03•ACNl 	 DlYN•F!L 1-F!Kl 
WRITE'( 6•541MNtR (NI tFtN 1W1AFF1ATT tAXXtF f "1 I 01 YNl•FIKl•F!LK I 

GO TO 58 D2YN•D1YN-D!YNI 


JOO S!Nl=ACNl UX-!FFS03-R!Ll llAFS1 

OCNJ•AfNJ+C278.G-AINI l*W 	 AB•F ! L l+UX* 101YN+!UX+1 e0 l *D2YN/2 • 0 l 

;? 

FS03=A C N l 	 66 IF!JJ,EQ,11 GO TO 73 
WRITEf61i;4J~N1SCNltBN1W1AFF1ATT1AXX,Q(NJ FFF!ll•!AB-WZl/1278.0-WZl


54 FOR,..ATC5X1Il517Fl5e6///) 
 GO TO 74
58 CONTINUE tFCFFS03oLToSl1loOReFFS03oGToS!NSTEPllGO TO 301 
55 CONTINUE DO 302 K•l•NSTEPl

300 CONTINUE L•K+l
STOP IF!FFS03.GE.S!KleANDoFFS03eLEoSILll GO TO 303 
END 302 CONTINUE 

SIBFTC SS 	 3-POINT NEWTON FORWARD DIFFo INTERPOLATION FORML 
SUBQOUT I NE GOLDEN (,'IN• FS03 l 303 NST•NSTEP/2


C DETERMINATION OF' THE OPTI~UM INLET TE'4PERATURE BY GOLDEN SECTION IF!KoGToNSTI GO TO 68 

COMVON TFoFOoFJS02oF'NoDPoEoC1•FFS03oTT,WoBNoATT•AFF•FC50l•HA•R!501 LL•L+l 


l 1PTT 1X1SC 50) tOC i;OJ 1AX1NON1AXX1NSTEPtAFSl 
 D1Y1•0!L l-O!K l 
DI MENS ION VC 351oFFF!35 l oZ 135 loAT! 35 l •FF'f 35 l oXXX! 35) D!Y2•0!LLl-O!Ll


NSTEP!•NSTEP-1 
 D2Yl•D1Y2•01Yl
TFF•TF-AX UX•!Ffl'S03•SIKlllAFSl 

Vf2J•Oe618 AB•O(K)+UX•!D1Y1+1UX-lo0l*D2Yl/2o0)
T=AX+VC21*TFF GO TO 409 

KKJ=2 3-POINT NEWTON BACKWAR DIFFo INTERPOLATION FORMI 
IF<TeLEe01LiJ GO TO 4CO 68 LK•K•l 

WZ=FS03 DlYN•O!L)-O!Kl

WZZ•WZ+leU D1YN1•0!Kl•O! LK I 

85 GO TO f8018l18Z183J1MN 02YN•D1YN-DlYN1 
80 	 !FCFS03.Lfo54.Cl NON=30 UX•!FFS03-S!Lll/AFSI

IF ( FS03eLE • l CB• C.: eANDeFS03 eGT • 54• 0 I NON•20 AB•OIL )+UX•! 01 YN+! ux+1.o, *D2YN/ 2. 0,
IF( FSo3.LE • 162. Ce AND. FS03eGT .1oe.) NON•l 5 409 IF!JJ.EQ.11 GO TO 73 
I Ff FS03eLE' .216. (;•AND. FS03eGT el 6? •I NON•l 0 FFFC 1 l•( AB-WZl I ( 279,0-wz,
!FCFS03.GT.2!6o0l NON=6 GO TO 74 

IFIKKJeEOeZI GO TO 84 73 FFFl2l•CA8-WZll!278o0-WZl
GO TO 87 GO TO 70 

81 	 IFf FS03.LEe54eOI NON•30 91 WRtTEl6•92l MN•KKJoWZ• TFo TT •FFS03'RC ! l eRC NS TEP> 
JFCFS03.LE.1oe.O.ANO.FS03eGT.54.0I NON•20 IF!JJ.EOoll FFF12l•Oe0 
IFCFS03.LE·16Z.J.AND.FS03eGT.1oe.1 NON•l5 IF!JJ.EQ.11 GO TO 70 
IFCFS03.LEe2l6eC.AND.FS03eGTel62el NON•lO FFFll!•OoO 
IFfFS03.GTe216e0l NON=8 GO To 74

JFCKKJeEOeZ) GO 84TO 	 301 WRITE!6•92) MNeKKJ.wZ.TF.TT.FFS03oS!!l•SCNSTEPl
GO To 87 92 FORMAT!1Xe14HBEGIN OFF LIM.o2I4o7F'!0,4)

82 	 IFCFS03.LEe54.0J NON=20 IF!JJoE0.11 FFFl21•0•0 
IFCFS03eLE•l08e0eANDeFS03eGTeS4eOI NON•l5 IFCJJoE0.11 GO TO 70 
IF ( FS03eLEe l 62 •De AND eFS03 eCiT e l08e J NON•l 0 FFF!ll•O•O
I FC FS03.LE •216• OoANDo FS03oGT o 162 • l NON•8 GO TO 74!FCFS03,GTo2!6o0) NON=6 10 DO B J•3,30

IFfKKJeEOeZ J GO TO 84 KKJ•JGO TO 87 T•AX+V! Jl•TFF 
83 	 IFfFS03eLF.e54e01 NON=l5 IFfT,LEoOoO) GO TO 400 

IF ( FS03.LE. l oa. o. AND. FS03 .GT. 54. 0) NON•lS F503•WZ 
IFCFS0'3.LE.162.0.AND.FS0'3.• GT.1oe.) N0Ns8 GO TO !95•96e97o98) oMN 
IF< FS03 .LE .z16. o. AND. FS03eGT el 62 • J NON•6 95 	 IF!FS03oLEo54,0) NON•30
IFfFS03.GTe2l6eOJ NON=4 IF!FS03olEolOB.0•ANDoFS03oGTo54,0l NON•20IFCKKJ,EQ,2 l GO TO 84 IF!FS03oLEo162oO•AND.FS03•GT.J08ol NON•!5GO TO 87 IF !F503oLEo216oO•AND•FS03 ,GT 11620 l NON•1084 CALL REACT4C"N•FS01oTl !F!FS03oGTo216o0) NON•6

IFCTT.GT.600.0l FFS03=WZ+l.O/TT GO TO 88JJ•l 96 	 IF!FS03oLEo54o0) NON=30IFCFF'S03oLT,WZZl GO TO 700 
lFCFS03eLEel08•0•ANOeFS03eGTe54eOJ NON•20IFfMNeGTell GO TO 61 
lF<FS03.LEel62.~.ANO·FS03.GT.1oe.1 NON•l5700 FFFC2l•!FFS03-WZJl!278oO-WZl 
IF ( FS03 eLE·216•0•ANOeFS03.GTe162 • 1 NON•IO70 ATC2l=TT !FCFS03,GTo2l6o0) NON•8 

http:IFCTT.GT.600.0l
http:IFCJJoE0.11
http:IF!JJoE0.11
http:IFCFS03.LEe54.0J
http:IF!JJ.EQ.11
http:JFCFS03.LE.1oe.O.ANO.FS03eGT.54.0I
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http:FCFS03.Lfo54.Cl
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http:IFfVNeF.Oe4eANneNeEQ.21


99 	TF!=TF-27300GO TO 88 
WRJTEl6tlGOJ KKJtTFl -156­97 	1FfFS03oLE•54.0I NON=20 

IF< FS03 •LE• l 08. a.AND• FS03eGT • 54. 0 J NON= 15 

IF ( FS03.LF.e l62. o.AND.FS03.c;T .1oe.} NON==lC 

IF<FS03eLEe216.0.ANDeFS03.GTel62.) NON=8 

IFIFS03oGTo2l6oO I NON=6 

GO TO 88 


98 	 IFIFS03oLEo54o0) NON=l5 

IF ( FS03 •LE• l OA • O.ANDeFS03eGT e54e 0) NON=l 5 

lFCFSC'l3eLE·l62•0•ANDeFS03e()T.JC8e J ~ON=B 

IFCFS03eLEe216.0.AND.FS03eGT.J62.) NON=6 

tFIFS03eGT.2l6eOI NON=4 


88 CALL REACT4fMN,FS03,T) 

IFITT.GT.600.0l FFS03•WZ+t,O/TT 

JFIFFS03,LT ,wzz I GO TO 79 


IFfMN,fQ.11 GO TO 79 

IF(MNeEOe3l GO TO 200 

IFCFFS03,LT,RI 1 J,Of~,FFSO'ht;T,RINSTFPJ JGO TO 64 


DO 75 K=l•NSTEPI 

L=K+l 


IF<FFS03.GE.RCKJ,ANOeFFS03,LE,RCLl) GO TO 76 

75 CONTINUE 

76 NST•NSTEP/2 


JF(K,GT,NSTJ GO TO 67 

LL=L+l 

DlYl=FCLJ-FIKl 

DIY2=FfLLl-FfL) 

D2Yl=DIY2-DlY! 

UX=fFFS03-RfKI )/AFSl 

AB=F f Kl +UX* CDl Yl+<UX-1,0 l *D2Yl/2,0 l 

FFF I JI= ( 4A-WZ l 11278. 0-WZ I 

GO TO 77 


67 LK::l(-1 

DlYN=FCL!-FCKI 

DlYNl=FCKl-FCLKI 

D2YN=DIYN-DIYN1 

UX=IFFS03-RILl 1/AFSI 

AB2FCLl+UX*ID1YN+IUX+l•Ol*D2YNl2.0I 


FFF I JI= I A8-WZ l / 1278 .O-WZ I 
GO TO 77 

200 JFCFFS03.LT.sc11.oR.FFS03.GT.SfNSTEPIJGO TO 201 
DO 202 K=ltNSTEPl 

L=K+l 
IFCFFS0'3.GE.Sl10.AND.FFS03.LE.SCLI) GO TO 203 

202 CONTINUE 
203 ~ST•NSTEP/2 

IFfKoGToNSTI GO TO 69 
LL=L+I 


OlY!•OfL)-OfKI 

D!Y2=0fLL)-OILl 

D2Yl=DIY2-DIYI 

UX•(FFS03-SfKI 1/AFSI 

AA=Of K l+UX* ( !)l Yl+ Iux-1. 0 I *D2Yl 12 .o I 

FFFCJl=IAA-WZl/1278.0-WZI 

GO TO 77 


69 LK=K-1 

DIYN=O<Ll-OfKI 

DI YNl•OI ( 1-01 LK I 


D2YN=DlYP\l-DlYNl 

UX• I FFS03-S f LI) /AFSI 

AB=O<L I+UX* ( Dl YP\I+ (ux+1.o l *D2YN/2,0, 


FFFCJl=IAR-WZl/C278.0-WZt 
GO TO 77 


79 FFFIJl=IFFS03-WZl/1?7A.0-WZI 

77 JJ=J+l 


Jl•J-1 

J2=J-2 

FFfJI =FFS03 


ATIJl=TT 

XXXfJl=X 

ZfJJl•ZIJll-ZfJI 


!FIVIJloGToPI GO TO 5 

[FCFFFCJl•GT.WI GO TO 6 


V{JJ I =VI JI +Z I JJ I 

GO To 4 


VI JJ l •P-Z f JJ I 

W=FFFIJJ 

AXX=XXX (JI 


ATT•ATIJI 

AFF=FFIJI 


P•VfJI 

GO TO 4 


5 IFIFFFIJ1.GT.WI GO TO 7 

VIJJl=VIJl-ZIJJ) 


GO TO 4 

64 WRITE C 6•86 l~N tJtWZtPtVC JI tTFt TT tFF50'3 tR ( t l •R CNSTEP) 


FFFIJl=O.O 

GO T<"l 77 


201 WRJTEC6tA61MNtJtWZtPtVIJltTFtTTtFFSO~•Sftl•S<NSTEPI 
86 FOR~ATllXtlDHOFF LJMITSt2l4t8Fl0.4) 


FFFIJl=O.O 

GO TO 77 


VIJJl=P+ZIJJI 

W=FFFfJI 

AXXcXXX I JI 


ATT•ATfJI 

AFF= FF IJ I 

P•V(J). 


4 KKJ•J 
AM=VCJJI 


JFIABSIP-VCJJll.LT •• 004.ANO.FFFCJl.LT.O.OOOOll GO TO 101 

JFIABSIP-V<JJll.LT,0.0031 GO TO 105 


JFCFFFfJJ.EQ.::-1.0.0R.FFFIJlJ.EQ,O,OI GO TO 8 
!FfABSffFFFIJl-FFFIJlii/FFFIJlloLT •• DODloANDoABS<fFFFfJll-FFFIJ211 

1/FFFfJI I loLT,.00101 GO TO 99 
8 CONTINUE 

GO TO 99 
101 WRITEf6•1021 KKJtPoAM 
102 FORNIAT<lXt4HHELP•lOHOFF LlMITStl4t'3Ft0,4//J 

BN•AX+P•TFF-2 73. 0 
GO TO 103 

105 TFl•TF-273•0 
WRJTEC6t606J KKJtTFl1VCJl1P 

606 FORMATllX•l3HGR!D CRITER!A,[4•~Fl5o61 
BN=AX+P•TFF-273, 0 
GO To 103 

JOO FORMAT C4X, 14 tFl 5•6) 
BN=AX+P•TFF-273.0 

GO TO 103 
400 WRJTE(6t401) KKJtTFF,T 
401 FORMATllX•IOHAU SECOURS•l4o3Fl5o9//I 
103 RETURN 

ENO 

CD 	 TOT 0358 

http:JFIABSIP-VCJJll.LT
http:IFIFFFIJ1.GT.WI
http:FCFFFCJl�GT.WI
http:AB2FCLl+UX*ID1YN+IUX+l�Ol*D2YNl2.0I
http:IFfMN,fQ.11
http:IFITT.GT.600.0l
http:1FfFS03oLE�54.0I


-157­CALL SIMCHAIXI 
YIJ+l J=FFS03 
WRITFC6tC3D) ACJ+lltCtYfJltXtYfJ+l) 

50 FOR~ATC10Xtl2F10.41 
IF CABS< Y( J+l l-Y I JI I.LT .O. t I DFL T A=0•5*DEL TA 
IFfDELTA.LE•TOLl D~LTA=TOL+0.5 

IFIYIJ+1J,GT•YIJJ I GO TO 12 

; c ****************************************************************** 
' C 	 GRAD! ENT SEARCH 
c ***********************~**********************************•······· 
C DETERMINATION OF THE OPTIMUM SEQUENCE OF THE BED INLET TFMPrRATURE 
C BY THE GRADIENT SEARCH 
C DELTA•GRID FOR EVALUATION OF SLOPE 
C CCll=MULTIPLICATOR TO ACCELERATE ON GRADIENT LINE 
C STEP=MINIMW DIFFERENCE ALLOWED BETWEEN TWO PTS ON ACC, GRADIENT 

C LINE 

C TOL=TOLERANCE ON GRID AROUND PSEUDO -OPT, 

C NCONST=l NO CONSTRAINT 

C NCONST=2 CONSTRAINT 

C ASL=D RESPONSE WHEN CONST, MET 

C NN=NUMBER INDEPENDENT V~RIABLES 

C ADS=GRADIENT LINE PERAMETRIC REPRESENTHION COEFF. 


COMMONFFS03tMZZtLLLtTFlt"ICONSTtF1502tF!O?tFN2tFOtFNtPTTtCltHAt 
!OP t~Z • TFtNON ·~OPT tXYZ, TT tVZ ( 5) 

DIMF.NSIO"I X(4),.A(J00)tYCt00)tYY(lf")::::JtC14JtSLOPE(41 t0fl00) 
READl5•2CIJ NPRQA,NCONST 


JFC'ICONST.F0.ll WQITEl6tl00Bl 

IFINCONST.EQ,21 W~ITEl6•1009l 


]00A FORVATl5!X•29HGRADIENT SEARCH NO CONSTRAINT,/5!X•29(]H-J///I 
]009 FORMATl50X•3!HGRADIENT SEARCH WITH CONSTRAINT,/50X•3!(]H-l//ll 

DO }\..:00 KCA=l tNPRO~ 
NADS=3 
MOPT•2 
READC5t2011 N"l 

20I 	FOR~ATl20I4l 


READC5t202JF1502tF102tFN2tXtADS tOELTAtC2ltSTEPtTOLtASL 

2C2 FORMATC8F10.4) 


NM=2*NN 

NP•O 

CALL TIMSETII2CJ 

MZ=4 

CALL SIMCHA(XI 

Y (I> =FFS03 

WRJTEC6t48) XtYlll 


48 FORMATC20Xt5F1Ct41, 

EVALUATE PARTIAL DERIVATIVES BY FINITE DIFFERENCE 

5 DO 14 I=loNN 


CALL TlMTSTllUI 

IF<JU.LT.CJ GO TO 377 

((J)=XCIJ 


XI I J=CI I !+DEL TA 

NNCC•2 


109 IFCI.EOel•ANO.Xlll.GT.873.0l GO TO 100 

GO TO C66t62t63t67ltI 


62 MZZ•l 

GO TO 65 


63 ~ZZ=2 


GO TO 65 

67 MZZ=3 

65 CALL CHECKIXI 


IFILLL,E0.11 GO TO 100 

66 JFCNNCC.F0.1) GO TO 166 


NIZ=4 

CALL SIMCHAIXI 


GO TO 101 

100 FFS03=0.n 


IFCNNCC.fO.ll GO TO 167 
101 YYllJ=FFS03 


XI I I =CI I I-DELTA 

!FIYYl!J,GTol•CJ GO TO 166 

NNCC•l 

GO TO 108 


166 MZ=4 

CALL SIMCHAIXJ 


167 M=NN+t 

YY (/II. J =FFS03 


14 X( I )=CC I I 

NP=NP+l 

WRITE16t82l NP 


82 FORMATl1X•I4l 

AClJ=O.O 

J=l 

Cll=C21 


IFINADS,EQ, 11 GO TO 370 

tFfY(Jl.GT.268,01 NACS=2 

IF<NAOS.E0.2) ADS=ADSl4.0 

IFINADS,F0.21 NADS=! 


370 MK=O 

DO 72 I=ltNM 


72 IFfYCJl.GE.YY(J)) ""IK=MK+l 

IFUJ.K.NE.NMJ GO TO 6004 

WRITEl6,54J x,Y(JJ•DELTA 


54 FOR~ATC1Xtl3HPOSSJSLE OPT.t5Xt6Fl0.4//) 

DELTA1110e5*DELTA 

IFIDELTA,LE,TQLJ GO TO 6002 

GO TO 5 


377 WRITEl6o37RJ DELTA 
37R FORYATf!OXtlA~co~PUTE~ TIME OVER•F20.5,11ox.1ec1H-)///) 

6002 MOPT= 1 
MZ•4 

CALL SIMCHAIXI 
GO TO !COO 

6004 DO 73 I=ltNN 
IFCYY(Il.LT,1.01 YYltl=Yf!l-ASL 

7• SLOPE( I l •IVY I! l-Y (JI I /~EL TA 
Ill Cl1=2•0*Cll 

8 AfJ+ll=ACJJ*Cll 
IFfA(J+lleLT.1.0) ACJ+lJ=ADS•Cll 

DO 10 J•l•NN 
1~ XI I J:SLOPEI I J*AI J+I l+CI I l 

I FC ABSC XI t J-C ( l l I.LT .STEP.AND.AAS( Xf 2 )-CC 2 I JeLT .STEP.A.NO.ABS< Xf 3) 
1-Cf~JJ.LT.STFP.AND.A~S(X(41-Cf411.LT.STEPJ GO TO 111 

c VERIFICATION IF PT TO THE RIGHT OF EQUL CURVE 

IFCXftJ.GT.873,0l Xfll=IH3.0 

MZZ=l 

CALL CHECK IX l 

IFCLLLeEO•l I XC2J=TF1 


MZZ•2 

CALL CHECKIXJ 

IFILLL,EQ.1J Xl3J•TFI 


MZZ=3 

CALL CHECK IX I 

JF(LLL•E0.11 Xf4J=TF1 

MZ=4 


GO TO 13 
12 J=J+l 

Cll•4.0 
GO TO 8 

SEARCH BETWEENc AIJ-11 AND AIJ+JI PY GOLDFN SECTION 
TO 2002 

c TEST FOR HIGHEST RESPONSE 
60 IFIYIJ+IJ-YIJJJ 24•24•28 

c REPEAT SEARCH WITH GOLDEN SECTION ALONG PARAMETER 

13 

2002 

2003 

22 

23 

IFIJ.NEelJ GO 
GMIN•AI 11 
GMAX•Al2l 
GO TD 2003 

GMIN•AIJ-11 
GMAX•AI J+l l 

K•l 
E•IGMAX-GMINl/20,0 

DIKJ•GMAX-GMIN 
J•J+2 
A I J l•GMAX-DIKI /l 0618034 
DO 22 1•1'NN 
XIIl•SLDPElll*AIJl+Clll 

MZ•4 
CALL SIMCHAIXI 

YIJl•FFS03 
A I J+l l •GM!N+D( KI /I, 618034 
OD 23 l•l•NN 
Xlll•SLOPElll*AIJ+ll+CllJ 

MZ•4 
CALL SIMCHAIXJ 

YIJ+IJ•FFS03 

24 

64 

28 

68 

30 

31 

35 

36 

l 000 

GMAX•AIJ+ll 
DIK+ll•DIKl/l,618034 

K•K+l 

IFIDIKl,LE,El GO TO 30 

J=J+2 
AIJJ•GMAX-OIKl/I,618034 

DO 64 l•loNN 

Xlll•SLOPElll•AIJJ+Clll 


MZ•4 

CALL S!MCHAIXJ 


YCJl•FFS03 
AIJ+llsAIJ-21 
Y(J+IJ•YIJ-21 
GO TO 60 
GMIN•AIJI 
DIK+ll•DIKl/l,618034 
K•K+l 
IFIDIKJ,LE·El GO TO 35 
J-=J+l 
AtJ+IJ•GMIN+DIKJ/lo618034 
DO 68 1•1'NN 

Xlll•SLOPElll*AIJ+ll+Clll 
MZ•4 

CALL S!MCHAIXJ 
YIJ+ll•FFS03 

GO TO 60 
J•J+2 
A I J l•GMAX-DIK l /2o0 
DO 31 l•l oNN 
XI 1J•SLOPEI1l*AIJJ+CI11 

MZ•4 

CALL SIMCHAIXJ 


YI l l •FFS03 
GO TO 5 
J=J+2 
A I J l•GMIN+DI Kl/2,0 
DO 36 l•loNN 
XI !l•SLOPEtl l*AIJJ+cll l 

MZ•4 

CALL SIMCHACXI 


Ylll•FFS03 
GO TO 5 
CONTINUE 
STOP 
END 

CD TOT 0199 

http:JF(LLL�E0.11
http:IFILLL,EQ.1J
http:STEP.A.NO
http:IFCYY(Il.LT,1.01
http:IFINADS,F0.21
http:IFCNNCC.fO.ll
http:IFILLL,E0.11
http:IFCI.EOel�ANO.Xlll.GT.873.0l
http:IF<JU.LT.CJ
http:JFC'ICONST.F0.ll
http:FOR~ATC10Xtl2F10.41
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