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rate of S0y, 1b. moles/hr.

TI optimum value of the decision variable, inlet temperature .
F2 outlet flow rate of 30y from the nth stage, 1lb. moles/hr.
MAXE maximum value of the objcctivé function, overall flow rate
of 503 for the n bed system, 1lb. moles/hr.
TP outlet temperature from the nth stage, %.
X outlet conversion of 802 from the nth stage, %
TABLE 6
Bed |No. PI TI %) T2 X
1 0 429.2 193.6 617.5 69.6%
2 193.6 435.5 261.2 497.1 93.96
3 261.2 453.3 269.8 460.6 | 97.05
4 269.8 440,2 271.83 41,8 97.78
TABLE 7
Bed | No. FI TI Fp TP X
1 0 418.0 182.4 596.7 65.61
2 182 .4 431.6 259.5 501.9 93.34
3 259.5 L53,2 269.7 462,3 97.01
N 269.7 440,k 271.76 442,2 97.76
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2.2.2 Direct Search 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 resclve a resolution ridge is kept constant through-
out the search. Indeed, when a ridge is met, 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 adeqguately. Since
350°C. was thg lower limit of the golden section search used in
the dynamic progrémming, in every case the starting point will be

T, = 350°., T, = 350%., Ty = 350°C. and T, = 350°%C. To choose

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 aefined. .
2.2.2.1 Ending the Searcﬁ

Referring to wilde(®) the search ends when it fails to re-
solve a resolution ridge. Two possibilities may arise from this
ending criterion: :

(1)  the last base point is effectively the optimum
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(ii§ a finc 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: 1if at a certazin base
point, a ridge cannot be resolved within a certain tolerance (lOC.),
then the coordinates of this point are changed by a certain amount
(-SOC.) and the search begins over taking this new point as a starting
point. The search ends when the responses at thé last three base
points for which a ridge has not been resolved, are within a certain
tolerance. |

S50 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 surface 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 Temperature

In Table 8, T,, T,, Ty and Ty are the coordinates of each_
base point that has been unable to resolve the ridge, and FSO3 is
the final outlet flow rate of 803 in lb.moles/hr. From these Te-

sults, 1t i1s seen that the response shows 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.

o
Indeed, a total variation of 3% C. is observed for Tj while the

three other inlet temperatures exhibit a total variation of only
+3.5 to —l.DOC.; 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
T AT T, |AT, T3 AT3‘ Ty, ATy Fso3' AFso3
4+58,8 431.3 452,5 41,3 271.8899
"605 +l.0‘ +loo "Oos +0.0007
52,3 432,3 453.5 440,8 271.8906
-5.0 | -0.5 |-0.5] -0.5 -0.0007
L47.3 431.8 453.0 L40.3 271.8899
-0.5 0.0 -0.5 +1.0 0.0
46,8 431.8 k52,5  |W41.3 271.8899
-22.5 C|+2,.5 | 0.0 -1.5 +0,0103
Lok, 3 434.3 Ls2.5 439.8 271.9002
+1.0 +1.0 |+1.0 +1,0 +0,0010
425,3 435,3 453.5 440,8 271.9012
-0.5 -0.5 -0.5| -0.5 +0,.0016
42k, 8 43k4.8 453.0]  |440.3 271.9028
TOTAL :
VARI-|-3%.0 +3.5 +0.5 -1.0 +0.0129
ATION




TABLE
: Computer
Bed No. FI TI FpO| T2 X Time
1 0 42k.8 | 193.59 | 613.3 | 69.64
2 193.59 | 43k.8 261.13 | 496.3 93493
3 251.13 453.0 269.90 460.5 97.09
L 2569.90 440.3 271.90 4h1.9 97.80 Lot

See page 31 for the meaning of the symbols used in section 2.
2.2.2,1.2 Bed Catalyst Temperature % 600°C.

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 closé to the optimum. o when the
constraint 1s 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 600°C.; the corresponding inlet bed temperature was

found to be equal to 418.8°C. In Table 11, the first bed inlet

temperature is 418.5°C. which is very close to the expected one.
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TABLE 10
T, |ATy| T, |AT, Ty A&T3 Ty, |AT, Fso3 AFso3
417.5 431.3 4s2,.5 4h1,3 271.8368
+1.0 +1.0 +1.0 -0.5 +0.0190
418,5 432,3] 453,5 440,.8 271.8558
-0.5 -0.5 -0.5] -0.5 -0.0088
418.0 431.8 453,0 440.3 271.8470
-0.5 -0.5 -0.5 +1.,0 -0.0102
417.5 431.3 L52.5 Lh1.3 271.8368
+1.,0 +1.0 +1.0 -0.5 +0.0190
418.5 432.3 453.5 | 44+0.8 271.8558
TOTAL
VARI~- |+1.0 +1.0 +1.0 -0.5 +0.0190
ATION ‘
TABLE 11
‘ Computer
Bed No. rI TI PP TP X Time
1 0 418.5 184.1 598.8 66.23
2 184,11 432,3 259.6 501.1 93.38
3 259.6 453.5 269.8 462,2 97.0&
L 269.8 440,8 271.85 | Ww2.5 | 97,79 20t Lo

When the response surface is very flat near the optimunm,
as it is for the first case, the profit gained by proceeding exactly
to the real optimum 1s 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) 1if the responses of any three different successive
base points are within a certain tolerance
(2) 1if a resolution ridge of lOC. cannot be broken and
1f 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

-k

be within a tolerance of 5.0 x 10~ T.

2.2.2.2 ‘Study on the Variation of the Computer Time 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 couparison between these optimum paths, it is ob-

served that even though the final conversions of SO0, are practically

the same, some sets of operating conditiohs 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 ZOOC., 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 importance of choosing adequately the initial value

of D since a choice of lOOC. 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

Bed Computer
D |No. FI TI Fp TO X Time
10 | 1 0 425.,0 194%.15 | 61%.0 69 .84
2 | 19%.15 | 435.,0 261.38 | 496.3 94,02
3| 261.38 | L4s52.5 269.93 | 459.8 97.10
Y] 269.93 | 440.0 271.90 | L41.7 97.80 151 2
20 | 1 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 | 4594 97.00
L | 269.66 | 440.0 271.85 | 441.9 97 .79 gt Lo
30 | 1 0 425,0 194%.15 | 61%.0 69 .84
2 | 19%.15 | 436.3 261.3% | 497.4 ok .01
3| 261.3% | 451.3 269.90 | 458.5 97.08 :
L | 269.90 | 440.0 271.89 | Lk1,7 97.80 7t 530
35 | 1 0 46,3 186.45 | 627.1 67.07
2 | 186.%5 | L437.5 259.83 | 504.3 93.47
3| 259.33 | 455.0 | 269,76 | 463.4 97.0%
b | 269.76 | 437.5 271.83 | 439.3 97,78 71 ghn
L | 1 0 425,9 194,23 | 615.0 69.87
2 | 19%.23 | 34,4 261.37 | 495.6 94,02
3| 261.37 | L4s4,1 269.92 | 461.3 97.09
4 | 269,92 | L440,0 271.90 | 441.7 97.80 71 58u

2.2.2.2.2 Catalyst Bed Temperature p 600°C,

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 2.2.2.1, 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 mininmun value of 9' 33" at D equal to 20°C, For the comparison
with the other methods, this minimum value will be chosen as the
computer time required to optimize the system. A choice of D

equal to 10°C. instead of ZOOC. increases the computer time by 55%.

TABLE 13
Bed Computer
D | No. FI TI FP 0 X Time
10| 1 0 417.5 180.25 | 594.3 64 . 84
2 | 180.25 L32,.5 259.13 | 504.5 93.21
3 | 259.13 4L52.5 269.72 | 461.5 97.02
L | 269,72 440.0 271.83 | 441.8 97.78 14t Lon
20| 1 0 L17.5 180.25 59%.3 64, 84
2 | 180.25 L32.5 259.13 504, 5 93.21
3 | 259.13 452,5 269.72 | 4b61.5 97.02
L | 269.72 440.0 271.83 | L41.8 97.78 g1 33
30 1 0 417.5 180.25 | 594.3 64 .84
2 | 180.25 4¥34k,9 | 258,55 | 503.0 93,01
3 | 258.55 453.1 269.58 | 463.4 96.97
4 | 269,58 441,9 271.79 | 443.8 97.77 11t 38"
35 1 0 417.8 181.6% | 595.8 65.34
2 | 181.64% 432.0 259.39 503.0 93.30
3 1 259,39 452,8 269.75 | 461.6 97.03
L | 269.75 440,8 | 271.84% | 442.6 97.79 16t 3n

22.3 Gradient Seerch

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 Ty = 350 C., Ty = 350 C., T3 = 350 C. and Ty, = 350 C. For both

cases, constraint and no constraint on the temperature, the search
ends if no improvement 1s found around a base point within I1%.
The variation of the objective function, the final per-

centage of the S0, conversion, versus the number of determined base

points is presented in Table 1%. - 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
point. 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 point.

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

convergence of the gradient search technique: Forsythe and Motzkin<2]

Powell(l7), Fletcher and Powell(ls), Smifh(l9) and Swann(zo). 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 805 Computer
Base Points Conversion (%) Tine
Starting point 27 .40
1 96.58
2 96.79
L 96,80
6 96.82
8 96.82
10 96.82
12% 96 .84 23!

# The search ends because of the restriction imposed on the total

computer processing time.

2;&# Discrete Maximum Principle

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 optiﬁality condition corresponding to the case
studied and a simplified logic dlagram of the digital computer

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

Zn
Jp = (Oln rso3/bv)dz =0; n=1toh
o

This variational technique, based on necessary but not

sufficlent 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. From these results there is

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

TABLE 15
Sed Computer
No. I TI Fo T2 X Time
0 | L2s.2 193.8% | 614.9 69.73

[\ B o

193.84% | 435.3 261.15 | 496.6 93.94

261.15 | 453.3 269.85 | 460.7 '97.07

UV

L 269.85 | 441.0 271.82 | 442,7 97.78 5t pH

2.3 Discussion

2.3.1 Comparison of the Applicability 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 optimurr}o 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
(17, 18, 19, 20, 21) when the optimum environment is reached should

glve an attractlive overall efficiency.

2.3.1.1 No Constraint of the Catalyst Bed Temperature

Table 16'presénts the optimum conditions and the respective
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computer times obtained for the different optimization techniques,
excluding the gradient search. For the sake of comparison, the
optimun path obtzined by following the fine ridge up to the maxi-~
mun 1s presented for the Hookeand Jeeves technique.

The three optimum paths being quasi-identical, there 1s no
doubt about the apolicabllity of any of these techniques. Based
on the computer time, 1t seems that the discrete maximum principle
1s 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| Bed Computer
Techniques No.| . FI TI FO T2 X Time
Dynanic 1 0 429.2 | 193.6 | '617.5 | 69.6%
Programaing 2 | 193.6 | 435,5 | 261.2 | 497.1 | 93.96

3 261.2 453,3 269.8 L60.6 97.05

L | 269.8 | 40.2 | 271.8 | 441.8 | 97.78 201 26"
Hooke and 1 0 424 ,8 | 193.6 | 613.3 | 69.64%
Jeeves 2 | 193.6 | 434%.8 | 261.1 | 496.3 | 93.93

3 261.1 453,0 269.9 460.5 97.09

L | 269.9 | 440.3 | 271.9 | 441.9 | 97.80 71 53
Discrete 1 -0 426.2 | 193.8 | 614.9 | 69.73
Maximum 2 193.8 )‘1’3503 26101 )+96 06 93 t9)+
Principle 3] 261.2 | 453.3 | 269.9 | 460.7 | 97.07 |

L 1 269.9 | 441.0 | 271.8 | 42,7 | 97.78 51 p4

2.3.1.2 Catalyst bed temperature < 600°C.

Table 17 presents the optimum conditions and the corre=
sponding computer times obtained for -dynamic programming and Hooks
and Jeeves. The two optimum paths are quasi-identical so that

‘these two technigues are applicable on the system when subject to
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a constraint. Based on the coamputer time, Hooke and Jeeves is
more efficient, dynamic prograamming requiring 133% more computer
time. 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 optimilze
the system when subject to a constraint; the increase 1s of the
order of 25%. The dynamic programming algorithm being not really
affected by the presence of a constraint should not present an

" appreciable increase in the computer time; 1indeed, an increase

of only 5% is observed.

TABLE 17
Optimigzation | Bed Computer
Techniques No. FI TI %) 0 X Time
Dynamic 1 0 418.0 | 182.4 | 596.7 | 65.61
| Programming 2 | 182.% | 431.6 | 259.5 | 501.9 | 93.34

3 299.5 | 453.2 269.7 | 462.3 97.01

L 269.7 Lok 271.8 Lo, 2 97.76 21t 19"
Hooke and 1 0 L18.5 | 18%.1 | 598.8 | 66.23
Jeeves 2 | 18%.1 | 4¥32.3 | 259.6 501.1 | 93.38

3 259.6 L53,5 269.8 | 462.2 97.0k

L 269.8 440,.8 271.9 Lo, 5 97.79 gr 33

2.3.1.3 Comments

With the discrete maximum principle, there 1s no assurance
that the optimal path will be found so that, even though this
technique 1is very efficient, it may be prefefred to use a less

efficient method but that guarantees an optimal policy. Also,

no information about the shape of the objective function in the
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neighbournood of the optimum 1s 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 zbout the shape of the objective function near the optimum.
This amay be, in some cases, very laportant since 1t 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 1in the plant.

The dynamic programming technique guarantees an optimal
policy. It generates many optimal intermediate policies but if a
final optimum policy correspondinz to only one inlet value of the
state varlable 1s required then only one of these intermediate
policies 1s used and the overall efficiency is rather low. But
1f the optimum policles corresponding to many inlet values of the
state variable are needed, then the extra computer 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 optimunm
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. Dynanmic 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
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for a particular multi-stage process.

|

LOCATION OF OPTIMUM REGION)? (Until optimum environment

(IS ANYTHING KNOQN ABOUT THE No CRADIENT SZARCH
l is reached)

Yes
(IS INFURMATION ABOUT SHAPE Yes HOOKE AND JEEVES
OBJECTIVE FUNCTION REQUIRED)?2 - OR ROSENBROCK (6,26)
No
(IS OPTIMIZATION FOR ONLY ONE No ~

DYNAMIC PROGRAMING

 INLET VALUE OF STATE VARIABLE)? -

Yes

(IS FOR SIMILAR PROBLES, DISCRETE No | HOOLE AND JEEVES

A

MAX. PRINC. HAS LED TO OPTIMAL PATHS)? OR ROSENBROCK

Yes

DISCRETE MAXIMUM PRINCIPLE

2.3.2 Comparison 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.

IABLE 18
Bed No. FI TI Fp - TP X
1 0 425.0 193.6 613.6 69.7
2 193.6 4+38.7 261.0 500.0 93.8
3 261.0 441.0 268.9 L47.7 96.7
L 268.9 426.1 271.0 427.9 97 .t
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In Figure 2 are pfesented the two optimum paths obtained
respectively for the constrained: 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

S0,. It is then possible to operate the reactor optimally withe

out exceeding 600°C. in any catalyst bed and this 1s very important
due to the faster degeneration of the catalyst for temperatures
greater than 600°C.

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 O.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, which ié not particularly attractive.
However, these results become more interesting if one considers:

(1) The saving that will result from the increase in the

catalyst life by operating at a temperature lower
than 600°C. in any bed.

(2) The air pollution problem due to the SO, discharge

into the atmosphere.
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In the C.I.L. SOp converter, the interstage cooling by

méans of heet 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 sequehces 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 1s
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 coﬁditions, 17.5%
more steam must pass througﬁ the turbine in order to operate the
air blower at a specified capacity; Also, the inlet steam tem=-

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 guickly damaged.

The reachability of the optimum conditions when the con-
straiht 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°%.
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2.4 Symbols

pertubation grid, .

value of the state variable in front of the nth bed,
1b. moles SO3/hr.

outlet flow rate of SOy from the nth bed, 1b. moles/hr.

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

maximum value of the objective function for the n bed
system, 1lb. moles S03/hr.

inlet temperature at the ith bed, °C.

optimum valug of the decision variable, inlet tem-
perature, C.

outlet temperature from the nth bed, °c.
temperature in the bed, °c.

outlet S0, conversion fron the nth bed, %
catalyst depth in the nth bed, feet
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For different fixed numbers of catalyst beds (N=1,2,3,k4)
ecifled sequence of alr addition to the beds find the op-
t ne bed 1nlet temperatures and of the catalyst
bed lengths that maximize the final conversion of S505.

In every case, the catalyst used in the reactor is the
heterogeneous catalyst described.in section 2. The total flow
rate of alr addition is constant and equal to 352 1b.moles/hr.
ror the one-bed reactor, the total sir is added in the feed strean
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 threec and the four-bed reactors, 142 lb.moles/hr.
is added before the second bed and 210 1lb. moles/hr. before the
third bed. -

Bach system 1s subject only to the one counstraint: 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—sectionél area is constant, the sum of the cata-
lyst bed lengths in the reactor is less or equal to 5.598 feet.

Bach system is optimlzed following the direct search of
Hooke and Jeeves and the discrete maximum principle.

4s 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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ne non-nermissible reglon due to the ineguality constreiat, is
R o 4 9

i e way that it becomes an image of the response
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For example, in Figure 3, let the response surflace of an

i

represented by the full lines, each line

(6]

unconstrained system b
represents a constant value of the response. The system 1s

subject to & linear inequality constraint such that the line "ab"
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located in regidn II, then when a point in region II is reached,
the 1mage Ttechnique forces the search to come back toward the con-
straint boundary on which lles the optimum of the constrained sys-
tem. If the peak is located in region I, then the image technique,
creates a dimodal response surface and the search may terminate at
»eitﬁer of the two peaks. However, due to the symmetry with res-
pect to the constraint boundary, the position of the optimum in
region I 1s easily located if the false~optimum in region II is
found. It is impoffant to notice that if the response surface is
not. strongly unimodal, then the imposition of a constraint on the
system may lead to & 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 1nitial value of the pertubation grid, D, is 20°C.
for the ﬁemperature and 0.5 foot for the catalyst. The same digital
computer ﬁrogram as in section 2 1s used except that eight instead

of four variables are handled.



-35-

For the discrete maximum principle, a simplified logic
diagram of the digital computer progream 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:

Zm
J, = / (P1ln rSO3/??v)dZ=O eee(1)

1 n-1

™ a7 o) e (2)

r(x 7, 4

= N~

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

These optimal conditions are identical to those obtained(27s 28,

v 29, 30) with the use of the method of differentizl 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 technique are reduced when the equili-

brium curve is approached. B, 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 FP T2 X BL
1 |40  |0.6 0 337.5 | 241.96 | s4+8.8 | 87.04 | 5.51
2 300 1.5 o) 337.5 241.95 548, 8 87.03 5.51
3 450 2.5

0 337.5 | 241.95 | 548.8 | 87.03 | 5.51
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It is seen that for evéry case studied, the same optimun
condltions sre reached. The search pattern obtained for the first
case is presented in Figure 4. The discontinuities sppearing 1in
the response surface are due to the fact that if, for a given in-

let temperature and bed length, the equilibrium conversion of S0p

is reached, then an increase in the bed length alone will not af-

(Gl

fect the conversion.

4 Total bed length of 5.51'.15 used instead of 5.53' as it
would De expected. Thnis is due to the fact that as the equilibrium
curve 1s approached the rate of reaction becomes very small and

he contribution of the catalyst tc the 802 conversion at the end
of the bed 1s not important. To éetermine the real optimum bed
length, a very high accuracy of the numerical integration technique

in the neighbourhood of the optimum is required.

3.2.1.2 Discrete Maxinmum Principle

In order to get a good evaluation of the integral J,, it
was found that the integration step sizes in the Simpson's rule
aust be very small. In this case, only the first optimality con-
dition J,=0 1s used since there 1s only one bed.

The optimum conditions are presented in Table 20.

TABLE 20

FI TI FR T2 X BL

0.0 337.% 240.79 551.5 86 .62 5.58

The optimum inlet temperatures, obtained by the two
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techanliques, wre very c¢lose. The difference in the final bed con-

uate accurately
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for the discrete maxlmum principle.
The two optilmun pathc are plotted in Figure 5. As expected,

They tTerminaite very close To the eqguilibrium curve.

3.2.2.1 Hooke and Jeeves

Table 21 presents the optimum conditions obtained when
the Hooke and Jeeves technique is applied on botnh types of vari=-
zbles, the inlet temperature and the bed length,for two different
starting points. The catalyst being heterogeneous, it 1s 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 sanme basis. The Jeffective bed length"™ for each
batch 1s obtained by multiplying the aéﬁual bed length by 1its
effectiveness factor. In every case, the catalyst is packed along
the recector following an 1lncreasing order of the effectiveness
fector, 1.e. the catalyst with 0.32 effectiveness 1s used first,
then the catalyst with 0.65 effectiveness and so on. qu example,
in Table 21, the effective first bed length for the Case No. 1
is obtained as follows: the bed length 2.94%4+ 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 1.0
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.
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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 S0, are practically

the same. It may be consldered that all the total catalyst availl=-
able is used in both optimum cases.

Does the response surface present ﬁwo 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¢
so that if one bed length is decreased by a value of "d", then the
other bed length is increased by a value of "“d".

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 ana 22, it seems that the
response surface presents a very flat area for a percentage of
the total catalyst in the first bed, Pl, 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 Pl varying from

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

maximum SO, conversion versus P;. For the values of P; that lie
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Case | Bed | Starting Point Optimum “ondltions
No. No. Ti Bi FI TI Fp TH X BL mBL BLD
1 1 400 0.6 0 37745 220.1 584.,2 79,16 2.94 L.43 0.7
2 400 0.6 220.1 418.8 269.9 461.8 97.09 2.63 3.22 69.3
2 1 427 1.0 0 390.0 214%.6 591.1 77.20 2.3 1.03 22.2
2 387 1.0 214.6 413.8 270.0 461.7 97.13 3.23 3.62 77.8
IABLE 22
Case Bed Starting Point | Optimum Conditions
No.| No. | T4 By FI TI ¥ 0 X | Bu | EBL | BLD
1 1 400 4.0 0 378.8 218.9 584.3 78.74 2.81 1.3% 28.8
2 400 1.58 218.9 417.5 269.9 461.6 97.11 2.77 3.31 71.2
2 1 | %00 3.2 0 376.3 | 220.% | 583.2 | 79.26 | 2.95| 1.433 30.9
2 400 2.38 220 .4 420.0 269.9 462,.8 97.09 2.63 3.22 69.1
3 1 400 1.58 0 428.8 196.9 612.1 70.83 1.45 0.47 10.0
2 400 4,0 196.9 400.0 269.8 463.3 97 .0k 4,13 4,18 90.0
L 1 380 5.0 0 380.0 218.9 585.5 78 .74 2.82 1.33 28.7
‘ 2 420 0.58 218.9 420.0 269.9 L6kt ,0 97.08 2.76 3.32 71.3
BDL = optimum catalyst bed length distribution, %
EBL = optimum effective bed length, feet
Ti = initial inlet temperature at the ith ped, °c.

-Zﬁ-
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between O to 10%, 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 Table

23.

TABLE 23
Fixed % Starting . ?
Case Bed of Total Point Optimum Conditions
No. No. Catalyst Ti ' TI X
1 1 5 400 471.3 62.56
2 95 %00 387.5 96.68
2 1 8 400 442,55 - 68.53
2 92 400 396.3 - 96.97
3 1 35 400 371.3 80.03
2 65 400 421,.3 97.06
L 1 42 400 363.8 80.97
2 58 %00 k25,0 96.98
5 1 53 400 355.0 82.1%
2 L7 400 L31.3 96.83
6 1 80 400 352.5 82.68
2 20 400 44.8,8 95.73
74 1 93 | 400 337.5 83 .40
2 7 400 470,0 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=0, 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
Noe. PI TI 1 %) T X BL EBL BLD

1 0 413.0}| 205.0| 60%.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-
aua 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 path 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°C. for the
second bed. It is observed that in every case, the conversion at

‘the end of each bed is close to the eqguilibrium.

3+2.3 Three-Bed Adiabatic Reactor

3.2.3.1 Hooke and Jeeves

In Table 25 are presented the optimum conditions obtained
'_wheh the Hooke and Jeeves technique is applied on both femperature
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 conversions are practically

the same. 1In every optimum case, all the catalyst available is
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TABLE 25

Case | Bed | Starting Point 7 | Optimun Conditions
No. | No. T By FI TI FO TH X BL, EBL BLD
1 1 400 0.6 0 388.8 | 210.6 | 595.0 | 75.77 | 2.38 | 1.06 | 22.6
2 400 0.6 210.6 | 441.3 | 263.8 | 489.5 | 94%.87 | 1.10 | 0.91 | 19.6
3 400 0.6 263.8 | 443.8 | 271.3 | 450.2 | 97.60 | 2.10 | 2.69 57.8
2 1 | 395 2.2 0 396.3 | 205.7 | 597.6 | 73.99 | 2.0+ | 0.83 | 18.0
2 438 1.1 205.7 | 433.0 | 264.6 | 486.7 | 95.18 | 1.4l | 1.11 | 23.9
3 1 | uko 1.0 0 453.8 | 180.8 | 629.0 | 65.0% | 0.9% | 0.30 | 6.5
"2 %430 1.5 180.8| 433.8 | 258.7 | 504.8 | 93.05 | 1.50 | 0.79 | 17.1
3 40 3.0 258.7 1 u438.8 | 271.5 | 449.7 | 97.66 | 3.13 | 3.54 | 76.4
IABLE 26
Case | Bed | Starting Point ~ Optimum Uondit';ions
No. | No. T By FI TI Fo TH X BL EBL BLD
1 1 427 1.0 0 427.0 | 192.5 | 614.5 | 69.26 | 1.42 | 0.45 9.8
2 427 1.0 192.5| 442.0 | 259.1 | 502.5 | 93.19 | 1.14 | 0.74% | 15.9
3 Yo7 3.58 259.1| 439.5 | 271.5 | 450.1 | 97.66 | 3.02 | 3.46 | 74.3
2 1 427 3.0 0 397.0 | 206.5 | 599.0 | 74.28 | 2,06 | 0.85 | 18.2
2 47 1.58 206.5| 433.3 | 264.6 | 486.2 | 95.18 | 1.39 | 1.09 | 23.5
3 427 1.0 264.6 | u4h3.3 | 271.4 | 449,1 | 97.64 | 2,13 | 2.71 | 58.3
3 1 427 0.6 0 458.3 | 180.1 | 632.6 | 64.78 | 0.93 | 0.30 6.4
2 Y27 4,38 180.1| 428.3 | 259.8 | 501.0 | 93.44% | 1.80 | 0.98 | 21l.1
3 427 0.6 259.81 439.5 [ 271.% | 449.5 | 97.64 | 2.85 | 3.37 | 72.5

-9.'.(-
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TABLE 2
Fixed 9 Starti :

Case Bed ofxgotZ1 Point = | Optimua Conditions
No. No. Catalyst T; TI X
1 1 10 420 427,5 69.59

2 30 410 422,5 95.02

3 60 450 442, 5 97.6%

2 1 10 400 427.5 69.59

2 10 400 455,0 91.29

3 80 400 436.3 97.61

3 1 10 400 427.5 69.59

2 40 400 416.3 95.60

3 50 %00 %50.0 97 . 54

L 1 20 400 393.8 7%.95

2 4O - 400 422,5 96.00

o 3 40 400 L46,.3 97.52
5 1 20 400 1393.8 74.95

2 30 400 %30.0 95.53

3 50 400 L45,0 97.58

6 1 20 390 -393.8 7%.95

2 20 510 438.8 9,87

3 60 450 L42,5 97.63

7 1 20 390 393.8 74.95

2 10 %50 %60.0 92.29

3 60 40 440.0 97.56

8 1 30 400 375.0 77.39

2 10 400 %60.0 92.80

3 60 400 LL45,0 - 97 .47

9 1 30 400 376.3 77 .54

2 30 400 432,5 95.88

3 L0 400 4Y47.5 97.50

10 1 30 400 37643 77«54
2 20 400 4y2,5 94,99

3 50 400 46,3 97.52

11 1 30 400 376.3 77 o 54
> L0 400 126.3 96.16

3 30 400 450.0 97.40

12 1 12.2 400 417.5 71.17
2 20.2 400 435,0 9,26

3 67.6 400 441,3 97.65
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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
surface in the neighbourhood of the optimum is expected.

As in section 3.2.2], 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 S0, conversion
versus P;, 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 P, for three values of P,, respectively equal to O,
10 and 30%. Similarly in the direction of Py, Figure 10 presents
three cuts for three values of P2, respectively equal to O, 20 and

40%.

3.2.3.2 Discrete Maximum ?rinciple

The optimum conditions are presented in Table 28. As in
~section 3.22, 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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TABLE 28
-Bed '
No. | FI 71 Fp 0 X BL | EBL | BID

1 0 | 430.9 | 191.7 | 617.4 | 68.95| 1.37 | 0.43 | 9.3

2 1191.7 433,81 26L1.1 | 497,11 93.9% | 1,53 | 0,95 20.5
3 261.1 | 441.7 | 271.% 450.6 97.64% | 2.68 | 3.27 | 70.2

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.% Pour-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 length; _the £ifth

case is obtailned by following the catalyst consf}aint. The re-
quired computer time per case is quite high ev!n when the con-
straint is followed, it varies from 15 to 45 minutes.

Here again, differeﬁt sets of optimum conditions lead

practically to a same value of the final D2 conversion. In each

optimum case, all the total catalyst is u.'ed.
From these results and from the nrevious reactor systems
studied, a very flat response surface is expected in the neigh-

bourhood of the optimun.

\
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FIGURE 11
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TABLE 29

Case
No.

Bed
No.

Starting Point

Optimum Conditions

By

|
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BL

N =
O\ Co
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187.3 | 616.1 | 67.37
257.6 | 507.7 | 92.66
269.7 | 461.6 | 97.02
272,0 | 441.,9 [ 97.84
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3.2.4.2 Discrete Maximum Principle

The optimum conditions are presented in Table 30.

IABLE 30
%i? FI TI FP T X BL | EBL | BLD
1 o |499.3| 158.7| 652.2 | 57.08 0.5 | 0.16 | 3.5
2 |158.7| 468.3 | 240.6 | 542.5 | 86.56 | 1.07 | 0.37 | 8.0
3 |240.6| 452.6 | 267.3 | 475.% | 96.15 | 1.4+ | 0.93 | 20
b |267.3 | 440.7 | 272.0 | ¥44,7 | 97.8% [ 2.61 | 3.19 | 68.5

The variations of the optimum catalyst distributions in
the different beds obtained by both technlques, Hooke and Jeeves

and the discrete maximum principle, are presented in Table 31l.

TABLE 31
% of Total Catalyst
Bed No. Lower Value Higher Value
l‘ 3.5 10
2 6.5 23
3 20 40.0
" 33.0 68.5

These ranges, of course, do not necessarily cover the
whole flat region. In Figure 12 are plotted two optimum paths
obtalned by Hooke and Jeeves and the optimum path obtained by the

discrete maximum principle.
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Fariss(*3) 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 SO, conversion.

~ Fariss has considered two cases:

(1) The interstage cooling by heat exchangers only.

(2) The interstage cooling bylheat 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
optimaiity 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 caleulus‘25).

Fariss has
optimized the different systems following a combination of two
procedures: ‘
(1) The'gradient search to reach the set of conditions
- close to the optimunm.
(2) A Newton-Raphson type of calculations to reach the
optimum. |

In Table 32 are presented some results taken from these

" two sources. Ih each case, the feed concentration is 8% of SOZ
andvl3% of O>. The results corresponding to two fixed final SO,

conversions, 97 and 98%, are shown.
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TABLE 3
Heat Exchangers
Heat Exchangers Only and Air =
p Addition )

Catafyst Slin'ko and Beskov Fariss Fariss
~in Final Final Final Final ‘Final
Bed No. X=0.97 X=0.98 X=0.97 X=0.98 X=0.98
1 6.7 4.8 12.0 12.0 9.0
3 29.6 29.9 29.0 30.0 31.0
L 48.0 50.4% 39.0 39.0 Lit,0

In the work presented in this thesis, the optimum final

conversion is 97.8%, the feed concentration is 9.5% SO and 11.5%
O, 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. 1In
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 S0, 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 methoa'

for the first case présented'in Table 29.



3.3 Discussion

3.3.1 Comparison of the Optimal Policies Obtained For The Different

Reactor Systeams

In each case, except for the one-bed reactor, a very flat
response surface 1s found in the neighbourhood of the optimun.

In Figure 13 is plotted the maximum final SOo, conversion

versus the number of beds in the reactor. A very sharp increase
in the conversion (10%) 1is 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 S0,

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 SO, 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 4-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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TABLE 33

Bed 1 Bed 2 Bed 3 Bed &

% Bffective
Catalyst 10.3 19.9 28.8 41.0
Distribution

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 SO, 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 temperatufe
is high since not enough steam is generated in the No. 1 boiler.
However these cases are not desirable since they operate at tem-
peratures 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

: o
bed is greater than 600 C.
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3.4 Symbols

By - catalyst length in the ith bed, feet

BL - optimum catalyst bed length
BDL - optimum catalyst bed length distribution, %

D - pertubation grid, °C. or feet

EBL - effective bed length, feet

FI - optimum inlet flow rate of 505, 1lb. moles/hr.
Fp - outlet flow rate of 803, 1b. moles/hr.

n-1 _n-1
r(x; “,47 ,,¢) - S03 rate of reaction at the outlet of the

(n-1)th bed, 1b. moles SO3/ft.3, hr.

n
l,dl ) - S0y rate of reaction at the inlet of the nth

bed, 1b. moles SO3/ft.3, hr.

r(xg-

0

T - inlet temperature at the ith bed, C.
o
TI - optimum inlet temperature, C.
2 - outlet temperature, °c.
o
- temperature in the catalyst bed, C.
X - outlet SOp conversion, %

- catalyst depth in the nth bed, feet



4. FOUR-BED ADIABATIC REACTOR WITH VARIABLE AIR ADDITION

i

4.1 Purposes
. The effect of the total air addition on the final SOz

conversion is found by optimizing the four-bed reactor by Hooke
and Jeeves, when no air is added to it.. The corresponding maxi-

mum SO0p 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 waé 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
technique. |

The chosén fixed sequences of the inlet temperatures and
of the catalyst bed lengths are those obtalned 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-

tained by applying 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| Bed | Starting Point Optimum Conditions
No. No. Ay X AT AID
1 1 130.0 68.06 188.8 53.4
‘ 2 80.0 92.39 76.3 21.6
3 90.0 96.99 86.3 25.0
4 . 50.0 97.8% 0 0
2 1 60 67.78 120.9 34%.5
2 60 92.28 110.0 31.5
3 60 96 .94 . 60.0 17
4 60 97.83 © 60.0 17
3 1 88 67.88 43,2 40.7
2 88 92.39 143.2 40,7
3 88 96.99 63.1 17.9
L 88 97.84% 2.5 0.7
L 1 0 ' 67.53 79.8 22.7
2 142 92.43 272.2 77.3
3 210 96.99 0 0
L o) 97.8% 0 0

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

final SO, conversion is reached.

Although different optimal sequences are found, the same

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 along the constraint for this case is



presented in Table 35.

TABLE 35
% Total Air Distribution FSO3 outlet

Bed 1 | Bed 2 | Bed 3 | Bed 4 | Lb.-moles/hr. FS04
0 40 60 0 271.999 +0.001
+0,001

2.8 43,2 54.0 0] 272 .001
. +0.001

5.7 46.0 48.3 0 272.002
' +0.002

8.5 48.9 42,6 0 272,004
) . +0.001

11.3 51.7 37.0 0 272.005
+0.001

14.2 S L 31l.4 0 272 .006

17.0 573 25.7 0 272,007
: : +0,002

22.7 63.1 14.2 0 272.009
+0.001

: --+0.0 7
22.7 77.3 0 0 272.010 '

A large variation in the total air distribution along the

reactor seems to affect very little the final SOp conversion.

4.3 Discussion
The cold air addition to the reactor has three main effects:
(1) It cools the gas stream.
(2) It provides éome 0o which favours the extent of the

reaction and displaces the equilibrium curve such
that for a given temperature, a higher equilibrium

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

gas stream. Since for each mole of 02 four moles
of N, are added, the rate of formatlion 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 S0, 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 eduilibrium curve. If a greater amount of

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

conversion can be reached, the decrease in the overall rate of
reaction is such that, for the amount of catalyst available, a

lower S0, conversion is reached.

The air is distributed in front of the earlier beds since

the outlet SO 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-

mun displacement of the equilibrium curve is required.



4.+ Symbols

Ai -
AI -
AID -

F803

alr addition to the ith bed, 1lb. moles/hr.

optimum air addition, 1b. moles/hr.
optimum air addition distribution, %
reactor outlet flow rate of 505, 1b. moles/hr.

S0, conversion, %



5. CONCLUSIONS AND RECOMMENDATIONS

(1) The discrete maximum principle requires the mini-
mum computer time to optimize the four-fixed-bed reactor with
f'ixed éir 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 1t generates many optimal
intermediate policies, its efficiency would be greatly increased
-if more than only one final optimum policy were required. It
guarantees an optimal policy but provides no information about
the shape df 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) 1In 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 SO, 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 Y% 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 plaht, an efficient control on the last three inlet temper=-
atures be exerted.

(9) It is possible to operate the reactor optimally
without exceeding 600°C. in any catalyst bed. Because of the
gain due to the increase in the'catalyst life by proceeding at
a temperature lower than 600°C., it is suggested to operate the

reazctor 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%.

In order to achleve the plant air requirements, 7% more
steam must be passed through the turbine driving the air blower.
‘However, the turbine heing operated closer to the saturated steam
conditions, the blades might be damaged more severely by cavitation.

(10) By proceeding optimally, an increase of 0.4% in

the SO, 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 1life by proceeding at temperatures lower

than 600°C. and the decrease in the S0, 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 bgd reactor. Thé Runge-Kutta-Gill
fourth-order requires 21% more computer time while the Predictor-
Modifier-Corrector devised by Hamming requires 1104 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
sulphﬁric acid plant of the Hamilton Works,of Canadian Industries
Limited, has been performed by Dr. C.M. Crowe, Associate-Professor of
- the Chemical Engineering Department at McMaste# University(23)._ In the
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
(23)

following in this appendix was taken verbatim from

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
Preséure 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 by an automatic-analyser. The first is checked
occaéionally by the Reichs analysis, absorption in iodine solution. The

SO, content of the stack gas is also measured 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 U
depth, inches 18 17 15 15
Effective diameter,
inches 0.2u2 0.242 0.242 0.202
Area of Bed, ft2 227 227 227 227

3 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 planf data.

Because of the wide temperature range covered by the work of
Kubota et. al.(zu), their kinetic expressions were used. The rates are:
0 - Pgoa/(x P, )23

3 2 P S0, , below 450°C

1+ Ka PSOS/PSO2)2

?SO =  Ek[P




)27

and reo Ek [Q) /(KpP802

2

2
- P
9 803

, above 500°C .

T
e
(1 + K PO2 /PSO )

b 2

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:

d, =d (SOOfT) + dSOO (T-450)

T 450
50
P is the rate of formation of 803, 1b .-moles 803/ft3/hr;
3 ' .
P, is the partial pressure in atmospheres;
Kp is the chemical equilibrium constant;
K,
K_, o
- Ta are kinetic constants
%
k = 4,88 x 108 exp(-12,900/T(°K)), 1b.-moles 803/atm/hr/ft;
K_ = 1.02 x 10 Yexp(7,025/T(°K)) |

4,090 exp(-8,800/T(°K))

o

E

effectiveness factor

The equilibrium constant for the reaction SO2 + %0, = SO3 is obtained

2
- . (25)

from thermodynamic data of Kelley as:

an Kp = 12127/T - 11.423 - 0.1309 2n § + 8.50 x 10 'T - 3.774 x 10°/T2

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

AH = -24,097 - 0.26T + 1.69 x 10 °T2 + 1.5 x 10°/T (T in °K).



3.2 The Measurements Made
The ratio of O2 to N2 as obtained by Orsat analysié of the sulphur

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 conducfion of heat or diffusionm,.

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,, temperature and

3’
pressure with bed depth are described by the followingt:

dF803 A
v A rSOS ; lb.-moles SOs/hr/ft
_(_1_2 _ —A I‘SO3 AH
- . [+

dz I e ) C/ft

i 7pi
ap 150  ou? (1-e)
— = -(=—+ 1.75) 3 psi/ft
dz Re 3 :

P luy Dp eg,

A = Cross-sectional area of bed = 227 ft2

The variables are:
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PSOS = Rate, lb.-moles SOS producéd/hr/ft3

Fi = molar flow rate of i, lb.-moles/hr; i = 802, 02, 803, N2
Cpi = molar heat capacity, Pcu/lb.-mole/°C

Rep = particle Reynolds number, = puDP/u(1-3)

p = density, lb/ft3

u = superficial velocity, ft/hr

e = bed voidage fraction

u = 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 Ei are given in Table 37 below.
A value of 1.0 means that the catalyst appears to follow Kubota's
kinetiQ§(2u). |

'5.1.2 Fitting the Pfessure Drops

The pressure drop across each bed was fitted by adjusting the



void fraction e of that bed.

TABLE 37
Bed i Effectiveness Bed Void
. Factor Ei Fraction
1. 0.32 0.310
2. 0.65 0.318
3. 1.0 0.345
4, 1.44 0.350

5.1.3 Comparison of Measured and Calculated Results

-8l

The fitting bed voidages are given in Table 37

TABLE 38
Calculated Plant Measurement
% 80, after S0, removal 0.25 0.2u48
% in stack 9.63 9.0
% Conversion of SO2 - 97.u4 97.55
Temperatures, Bed 1 425/612.3 425/612
Q
¢ Bed 2 438.7/502.2 438/500
Bed 3 uul1/448.8 439/448
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.

since temperatures are not likely measured very accurately, the

However,
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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
316 tona/day of sulphurie aecid, were used to simulate the converter
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 Plant Measurement
(run 2081) October 20th, 1965
% 802 after 803 removal - 0.197 . 0.19
% O2 in stack- 9.7 , 8.0
% Conversion of SO2 97.93 . 98.0
Temperatures, - Bed 1 405/594 405/603
o .
¢ Bed 2 435/478 440 /491
Bed 3 432/438 434/439
Bed 4 y12/u4l1u 401/400

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

improve some calculated values but worsen others.
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APPENDIX II ; DESCRIPTION OF THE OPTIMIZATION TECHNIQUES

1. TERMINOLOGY
In this section, the terminology that is frequently met in the

(1),(w)

optimization field is briefly introduced.
(1) State Variables
The state of the material on which the process is operating is
defined by the value; 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) Transforﬁation
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 poliéies can be judged. As objective

-8Y4-
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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 policy.
(6) Parameters

The fixed constants of the system are its parameters.
(7) Resolution Ridge(G)

Let ei(>o) be the closest distance between twovpoints on a line
parallel to the Xi axis for which a difference between the objective
function can be detected. The resolution ei.in the Xi direction is such
that for all (Xl’ X2,‘... Xso wee Xn) it can be asserted that
F(Xp5 see Xg5 eee X ) # F(Xp, oo0 X+ €;5 oon X))o A point (X, Xy, o.e.
,Xi cos Xn) will be said to be on a resolution ridge if F(Xl, v Xi ves Xn)

is greater than F for all points (Xl, cee X teg, Ll Xn) and (Xl ee Xj-eg,

e Xn)' A resolution ridge may be a region rather than a line.

2. DYNAMIC PROGRAMMING

2.1 General Description
The aynamic programming concept has been introduced by Bellman(s)
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 pesulting 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 tﬁo 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 progfamming 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 néxt.

Schematic description of the N-stage process:

} e JA(8-1) | ld(n)
— N —;.N—l_——, ces > n 2>
X(N+1) Xwy - X-D) -~ X(n+1) X(n)
‘d(Q) ‘d(l)

—nd 2 fr—— e e l -
X(3) X(2) X(1)

.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 l), 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



-87-

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 Profit for Maximum profit for Stage 1
}Or gwg gta se = Maximum | oo C7) + corresponding to state
& g produced by Stage 2

When the two-stage opfimal 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 pséudo-stage whbse 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 calculated, 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 whén an extension of the dynamic programming.is made to
any system other than fhe straight chain of stages, a very careful examination
in necessary l).

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) Main Progranm

The main 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. Ip'each case,
the equilibrium temperature is determined the following way: the
equilibrium constant is calculated from the relation

KP = . PSO

R A— (1)

1
2
P802 (POQ)

25 ,
but KP = f(TS ?%), so that TE is the temperature for which KP calculated
from (2) is equal to KP calculated from (1). This temperature is

evaluated by searching the temperature that maximizes ](KP(l)l— Kp(2))]°

[(kp(1) - KP(2))]
KP(1)

performed folléwing the Golden Section technique

< tolerance. This search is

the search ending when

c) Subroutine Golden

This subroutine determines the optimum bed inlet temperature
corresponding to every flow rate of 803 in front of each bed by Golden
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 SO, 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 803 (F,, F2 and F3)

are such that:

) ‘ (F, - Fj)

(F, - TF
1 2 and < tolerance

£y Fy

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 REACTu4
to determine the different slopes at each particular point in the

bed.



e) Simplified Logic Diagram

' "'MAIN PROGRAM

READ IN APPROPRIATE DATA
PRINT TITLES

A

GENERATE VALUES STATE
VARIABLES

YES _ |(IS BED NUMBER, I=1)? | __NO

STORE AND PRINT RESULTS

M\

N

NO

[1=1+1 (IS I=N)2?|
YES
[‘stop]

GOLDEN

KPEQ

FIND OPTIMUM TEMPERATURE
FOR MAXIMUM OVERALL CONVERSION
OF SO2

A

FIND EQUILIBRIUM

TEMPERATURE TE

REACTH

PERFORM STAGE TRANSFORMATION

DFDZ

EVALUATE SLOPES




3.

-91-

DIRECT SEARCH OF HOCKE AND JEEVES(6)(7)(8)(9)

3.1 General Description

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

search where each solution is compared with the optimum up te that time.

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

the values of the independent variables for the next trial.

a)
b)

c)

d)

e)

£)

Basically the method is as folloﬁs.
Pick a point to start.
Make a move in turn in each of the orthogonal directions.
If the move is a success, keep the new point as a base;
if it was not; keep the old point as a base.
Proceed 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.
Make a move in turn in each of the orthogonal directions.
Check to see if the new response is nearer the optimum. If
it is, choose fhis 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)
ii)

ii)

the establishment of a pattern: items a, b and c.
the pattern moves: items d, e and f.

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:
1) while attempting to break a resolution ridge, the step
sizes 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
referred 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. 1In the standard method, the

temporary point t is obtained by extending the arrow from the

(n+1,0)

last two base points b _, and bk In the modified version, if

n-1)°

for a particular co-ordinate X3 of the variable vector, b(n) and b(n—l)

have moved in the same direction as t( 0) and t(n-l 0)? then for the
9

2

 co-ordinate X3 only, the difference between b(n) and b( is tripled.

n-1)

If for another co-ordinate Xj’ this condition is not met, then the

difference is doubled only. So the temporary point t(n+l 0) will be
A b

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—l) have moved in the same direction as the last two temporary points
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respectively or if none of the co-ordinates has

moved in the same direction.

systen.

This modification is illustrated below for a two-dimension

(standard)
Cho
(failure)
i v
.tJI e .
Hnae b
[ ‘ J;_

T
- J

3y
T tg 2 =L"
¢ QY ———
¢ p ta' J g
GRY 3 4
L 4 o oy
fl;’a tw .tu

¢ (modified)
40
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Cf course this modification begins to be effective only at t since

(3,0)
at least two base points have to be previously defined. Since in the Xl

direction b, and b

1 , are 1n the same direction respectively as t(l,O) and

I(Q,O), the A, co=ordinate at t(s,o)

co~-orcinate at bl’ three times the difference between the Xl co-ordinate

is obtained by adding to the X,

at b, and the Xy co-ordinate at b2. Similarly for the X2~co-ordinate,

is in the direction of the bl b, vector as it would have

t
so that t 9

(3,0)

been for the standard pattern.

In the Xl direction, since b2 and b3 behave like bl and b2, the

X. co-ordinate at t is obtained as for t However, since in

1 (4,0) (3,0)°
the X2 direction the condition is not met, then the X2 co-ordinate at
t(q 0) is obtained by doubling instead of tripling the difference so that
2
now t(u,o) is not in the direction of b2 and b3.

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

2

preferable to go on with small step sizes in this direction but since
the Xl co-ordinate is still going on in the same direction as previously,
why not keep on the search in this direction with large step sizes? With

the standard method, X, is accelerating faster than X, since y>z but

1 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.

the printing of the titles

the execution of the search operations

the storage and printing of some intermediate results.
Subroutine Simcha

This subroutine

converts the outlet conditions coming from the nth bed

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

Adjusts the integration step sizesvto be used in the

subroutine REACT4, following the gas compesition and

the bed length.

Prints the optimum conditions at the end of fhe search.
Subroutines CHECK 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-1)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 REACTY and DFDZ

As described in the Section - 2.2.



e) Simplified Logic Diagram

MAIN PROGRAM

READ IN APPROPRIATE DATA
PRINT TITLES

| EXECUTE SEARCH OPERATIONS
N0 A e
S (I8 T oy > TE)?
yes
Twew = Towp
]

s STORE AND PRINT RESULTS
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SIMCHA

» GENERATE INLET CONDITIONS|

CHECK KPEQ
»| DETERMINE DETERMINE
OUTLET GAS EQUILIBRIUM
PRESSURE AND TEMPERATURE
COMPOSITION TE
FROM (n-1)th
BED.
REACTH4 DFDZ
PERFORM STAGE EVALUATE
TRANSFORMATION SLOPES

NO |

(IS OPTIMUM MET)?|

\

Yes

| PRINT FINAL RESULTS |

ISTOPI




4.  GRADIENT sEarcq(®)(7)(8)(10)(11)

4.1 General Description

_9’7-

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:

AP = M. AX,
1

1

e M 3

=1

~then the gradient line is represented parametrically by:

AX, = M.A (i=1l, ... n)

See page 115for the meaning of the symbols. Equations (1) and (2)

()

(2)



together give:

n
AF = )¢ M. (3)
i

Hence AF increases with A 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, Reacti, DFDZ, Check and KPEQ.
a) Main Program
The main program is coﬁcerned 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 improvemenf is found around a base
point. The five subroutines have been described in the previous

sections.



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 A THAT GIVES MAXIMUM GAS PRESSURE AND TE(;)
RESPONSE BY GOLDEN SECTION COMPOSITION FROM %
SEARCH 9 (i-1)th BED.
AY = A T M,
BN
CALCULATE NEW BASE POINT
X = X + IM,A
1

{

. > .\ )2 [XES
(IS ANY X,y > TE ;)

NO

. A 4
(IS NEW RESPONSE < PREVIOUS |[XE€S . PRINT RESULTS
RESPONSE)?
NO
STOP
A | STORE AND PRINT RESULTS
SIMCHA REACT4 DFDZ
J GENERATE INLET PERFORM STAGE EVALUATE
CONDITIONS TRANSFORMATION SLOPES
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5. DISCRETE MAXIMUM PRINCIPLE(Q)

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’ cee Xs)’ is transformed at each stage according to the decision,

d,, ... d_), made at that stage.

denoted by a t-dimensional vector, d = (dl, X "

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

a set of performance equations:

n_ . n n-1 n-1 n-1, n n n
Xi = Ti (Xl ’ X2 3 o XS ’ dl ? d2 3 s dt )
(i = 1 to s) or in vector form:
Xn - T (Xn-l’ dn)
(n =1 to N). T" 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
is to find a sequence of dn, n=1toN, to maximize I Ci xiN
i=l

with an initial value of X preassigned. The Ci’ i =1 to s, are some
s
specified constants. The function I C. x

i which is to be maximized,
i=1

i
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

' . . . n . .
vector 2" and a Hamiltonian function H  satisfying:

MILLS MEMORIAL LIBRARY
McMASTER UNIVERSITY.
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s
H® = ¢ z,* r.° (xnfl; am) sy n=1toN
. i i
i=1
n
gt . M ; i=ltos,n=1toN
i n-1
axi
Z¥ = €, ;3 i=1tos.
i i

and to determine the optimal sequence of the decision a" from the

conditions:

" n
— = 0 orH =maximum ; n = 1 to N.

ad”

Both x and Z are considered as fixed in maximizing the Hamiitonian
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 H® = maximum are replaced by
H® = minimum.
However,
ﬁﬂ?
ad”
is, in general, just a necessary condition for the optimality and it
cannot be assured that the value of dn 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
5.2.1 Derivation of the optimality condition
a) Process
An N-fixed-bed adiabatic reactor in which takes place the

oxidation of SO2 to 803.

b) State Variable
xln = flow rate of sulphur trioxide at the outlet of the nth
bed, LB.-moles/hr.

c¢) Decision Variable

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

d) Objective function

N
1 X

maximize § = C
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 of
the gas temperature (v). We will assume that the variation of the gas
temperature with the flow rate of SO3 is constant, so that (v - vo) =

h(w - wo) ; where h is a constant.

The residence time in the nth bed can be expressed as follows:

r({w,v) =

and xln



R . . . . . n
Introduction of the one-~dimensional covariant vector Z~ and the

s . - . n . .
Hamiltonian function H satisfying:

From (1) and (2)

n-1

The necessary condition :

aH"

n
ad,

n n
0 Ty
)
- n-1
Bxl
= Cl = 1
n n
=gz D aTl = 7D aXl
1, n-1 | 5y D1
X1 X1
n n
a 9T n 9%
= 0=2 7 - 4 n
3d, 3d,
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(1)

(2)

(3)

(4)

(5)

Partial differention of t" with respect to xln-l gives, taking account

of the constancy of t":

n
IX
1 _ 1 n n
;__E:f = [ , ES - hxd ] r (xl > d) out)
Xy riXy » 44
where : dln out = outlet gas temperature at the nth bed.
X ? X 8
J = 1 1 or . 1 1 or
" 2 () W = (%
n-1 r adl n-1 n=1 r
X1 X1 X1

Partial differentiation of t" with respect to dln gives:

(6)

dw



an
1 n n
n = r (Xl ? dl out) % Jn
od
1
Substituting (6) in (4):
, =1 _ n n n 1
z, = 2 xelxy >4 ) € .- h J, ]
r(xl ,dl )
Substituting (7) in (5):
_ n n ., n
0= 2," x r'(xl »dy out) x J_
In (9), since r>0, then Jn and/or Zln 0
1. Nth bed:
N .
from (3), Zl = 1 so in (9) =0
2. (N-1)th bed:
N N
- r(x, »d )
g N-1 i1 out from (8) and (10)
1 N-1 N
r(xl ,dl )

then ZlN-l>0 and in (9), J

The same way it can be shown that

Inog pog T T =

\Y _—~— oD dv
n T n
xn
_ 1 1 ar
Jn = < (50)
w

n-1
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(7)

(8)

(9)

(10)

(11)
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Sc the N-fixed-bed adiabatic reactor is operating optimally when

.

An alnr
J ( ) @z =0, n=1toN
o

n

av

X;O being specified.

The optimization problem can be solved by the following procedure:

i) With the given values of xlo find dll such that Jl = 0 by the
Reguli-Falsi iteration pattern.

ii) With the value of xll obtained for J, = 0, find dl2 such that J, = 0

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, REACTH 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 témpérature in front of each
bed that corresponds to Jn = 0 by the Reguli-Falsi iteration
pattern. The search ends when the absolute value of Jn is less
than lO_L+ or when the last two determined temperatures are
written 0.1°C.
4, +the storage and the printing of the results.
b) Subroutine JN
This subroutine integrates Jn following the numerical Simpson's

rule technique.



c)

bed.

d)

Subroutine DLNR
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. . ’ o4 X . .
This subroutine calculates —3%£> at each particular point in the

The two other subroutines have been previously described

Simplified Logic Diagram

MAIN PROGRAM

PRINT TITLES n = 0

READ IN APPROPRIATE DATA

- JN

GENERATE INLET TEMPERATURE

EVALUATE J,
FOLLOWING SIMPSON'S
RULE. DIVIDE BED
LENGTH Z; INTO n

REACT4-DFDZ

CALCULATE CONDITIO
OF OPERATION AFTER

STORE AND PRINT INTERMEDIATE
™ RESULTS

STORE AND PRINT FINAL
RESULTS

/
NO .!(IS n=4i§]

YES
STOP

5.3 Application on a Multi-Bed Adiabatic Reactor

5.3.1 Derivation of the optimality conditions

a) Process

SO2 to SO

EACH SLICE
T; FOLLOWING REGULI-FALSI EQUAL SLICES
1
1
m
4
(1s [g_| <107) 2 YES DINE
{4 NO
. N CALCULATE 3&nr/3v)
- D
(I8 |T;-T;_,[<0.1) YES FOR CONDITIONS AT
NO THE INLET OF BED A

AFTER EACH SLICE O
CATALYST

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

3
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b) State Variables
n flow rate of 803 at the outlet of the nth bed, 1b. moles/hr.

X = X + d = total residence time after n beds, hr.

¢c) Decision variables

dln = inlet temperature at the nth bed, degrees Kelvin
d2n = residence time in the nth bed, hr.
d) OCbjective Function
2 N
Minimize S = z C. .
. 171
i=1

where 02 = 1 and C, is unspecified but different than zero because

1

if it was, then the production of 803 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 803
e) Solution

As in section 5.2.1, 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.

n-1 n n (o} .
X, = Tl (xi , dl , d2 ) 50Xy =preassigned
o
4P = X3 1 dw
2 rZw,v)
n-1
X1
n n-1 n n n o)
= = T (a,™) =0
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Introduction of the covarlant vector and the Hamiltonian function:

n n n n
H Zl Tl + Z2 T2
n n
T
g n-1 _ aH" = gD aTl + 2.0 9 2
1 - 5 n=1 1 é n=1 2 5 n-1
X2 Xo Xy
n n
, Bl ) ;D 9Ty 47D 8T,
2 BRIV S S 5y D71 2 5y 01
X2 X2 X2
N . s
Zl ¢y = unspecified but # 0
Z2N c, = 1
n n
n oT . oT
éﬂ'n = 0=2 ln * ZQn 2n
adl adl adl
n n
n aT oT
oH = 0 =72 ln + Zzn 2n
3d2 3d2 3d2
Partial differentiation of d," with respect to
2
i) Xq " gives: .
n n
aTl axl = v n o,;n ) x [ 1
5 n-1 5 n-1 X1 » %1 out o(x. "
X1 Xq X1
ii) dl gives
. n n
! et = r(x." a." J)xd
n-1 n-1 X1 > % out n
adl adl

(1)

(2)

(3)

(w)

(5)

(6)

(7)

(9)
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iii) d2n gives:
n n
aT 9x
1 _ 1 _ n n
ad D - ag B r <Xl ’ dl out) (10)
2 pJ
n n
o.M L, (11)
3% n-1 3y n-1
2 2
Partial derivative of X2n with respect to :
i) x n-l gives:
1l
n n
I 0 (12)
n-1" n-1 -
axl axl
ii)- n-1 .
X gives::
aT2n ax2n .
1" m-1" t | (13)
8X2 3x2
iii) dln gives:
3T, 3%,y
= = == 0 (14)
adl adl
iv) d2n gives::
aT2n 3%, :
o = 5 = 1 (15)
ad ad
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Substitution of:

i) (8) and (12) in (2) gives:
n-1 _ _n n .n 1
Z =2 % r(xl ,dl out) x [ v — J-nh J. ] (16)
r(xl »d, )
ii) (11) and (13) in (3) gives:
z,""' = 2,” and from (5) 2" = 1 (n=1 to N) (17)
iii) (9) and (14) in (6) gives:
_ n n n .
0=2," x r'(xl »d) out) x J_ (18)
iv) (10) and (15) in (7) gives:
_ ., n n . n .
0 =2 xr(x; »d out) + 1 (19)
(18) and (19) gives:
z,% = - i . (20)
r(xl ’dl out)(Jn+l)
n-1_ ° 1 '
or zZ = . - (21)
1 n-1 . n-1
rlxp T4y out) D)
(20) and (21) in (16) gives:
1 1 1
= L -hdJd_ 1] (22)
n-l ., n-1 n-l . n n
rlxy" Tl oue) Upogt) (1) wlxy™ 754 )
In (18), since r>0 and Zln # 0, then '[Jn = 0] (23)

. n-l n-1
In (22), since Jn- = Jn = 0 then [r(xl ,d

n-1 n
l )

1 out?™ Plxy Thdp) (2
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So the two optimality conditions are:

Z
_ n/ dinr - . 0 . .
1. . Jn = (av ) dw = 0 ; Xy being specified
o W
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-1)th bed, or

-1 » n -1 -1
r(xln ,d. ) = r(xln, dln

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

).

fixed, the optimization problem can be solved by the following

procecure:

1) Assume a value for dll.

2) Calculate Xll from equation (23)

3) With xll and dll calculate,c_ll2 from equation (24).

4) Repeat steps 2 and 3 to obtain all the values of xln and dln,
n=3, 4, -- N, |

5) If the total amount of catalyst is equal to the fixed amount, the
problem is solved. If not, assume another value of dll and repeat
from step 2 until the problem is solved. The generation of the
values for dll can be done following any convergence technigue.

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, JRNN1, REACT4, DFDZ, DLNR and RNN1.
a. Main Program

The main program is concerned with:



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 temperafure 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 RNN1:

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 JRNN1:

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) 1s equal 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|

A
GENERATE FIRST BED INLET

TEMPERATURE BY GOLDEN
SECTION

1 (IS |CALCULATED CATALYST
AVAILABLE| < TOLERANCE ?) YES

NO

W (IS DIFFERENCE BETWEEN LAST
TWO INLET TEMPERATURES - YES
< TOLERANCE ?)

| PRINT FINAL RESULTS |«

l STOP[

DISMAX JRNN1
J STORE AND PRINT RESULTS n=0 DETERMINE LENGTH OF nth BED
T FOR WHICH J_=0 by SIMPSON'S
J____J RULE
—1.n = n+l | . I . 17
' REACT4 - DFDZ

~ GENERATE INLET CONDITIONS IN 4
FRONT OF EACH BED CALCULATE CONDITIONS OF
OPERATION AFTER EACH SLIDE

OF CATALYST

¥

DLJU\-4 (IS n=N ?) [*
M1\ 1 yes DLNR

. RNNL CALCULATE 3&nr/dv)w, FOR
— ' CONDITIONS AT INLET OF nth BED
_| DETERMINE, BY REGULI-FALSI, AND AFTER EACH SLICE OF CATALYS

TEMPERATURE FOR WHICH

P(n)in © T(n-1)°YF
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6. GOLDEN sEcTIon'®)

This unidimensional search technique is of the sequential type.
Its main advantages afe 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 (6).
Let j represent the number of experiments already run and Li the

remaining interval of length. The Golden Section expefimental plan

should place the successive experiments such that:

Lj—l = Lj + Lj+l . (1)
and L: L. . ' o ’
E : @
3 j+l

where T = 1.618

Suppose that an interval of uncertainty originally of unit

length is to be explored sequentially. Then Ll = 1.0 since after only A
one experiment, no interval can be eliminated.

From (2) L

1 1.0 _
L, - 1.618 or L, = gtz = 0.618

So the first two experiments will be located at 0.618 and (1.0 - 0.618) = 0.382,
The results of the two experiments will detérmine 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 the interval. Once begun, this process may

be continued as long as desired.
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7. SYMBOLS

bi - =  ith base point

<, = specified constant

g" = decision variable vector at the nth bed.

F. =  value of the objective function at bi’ 1b-moles 803/hr.

H" = Hamiltonian function at the nth bed.’

KP =  equilibrium constant, (atm)-o'5

Mi = slope of the o?j?ctige funétion'in the direction
of the ith decision varlablg.

PO2 =  partial pressuré of 02, atm.

PSO2 = partial pressure of 802, atm.

P803 = partial pressure of 803,,atm.

r " = rate of reaction, lb-moles SOs/hr/ft3

TE = equilibfium temperature, °K.

™ = transformation at thé nth bed.

v =  flow rate of SO3 at any particular point in'a bed,
lb-moles/hr.

W =  stream temperature atvany partiéular point in a bed, °K.

Xi = ith decision variable

xn = state variable vector atithe nth bed.

Zi =  ith catalyst bed length

z" = covariant vector at the nth bed.

A =  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 OF THE NUMERICAL INTEGRATION OF NON-LINEAR
ORDINARY DIFFERENTIAL EQUATIONS

1. INTRODUCTION

For the solution of ordinary differential equations the first

(12),(15), the

step is to choose, in the light of the following factors
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 estimationof 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:

a) Runge-Kutta fourth-order, Gill version(l2).
b) Standard Runge-Kutta third-order(la).
. (14)
c) Pseudo-Runge-Kutta third-order .
d) Predictor - Modifier - Corrector, devised by Hamming(lz).

They were chosen because of their convergence i.e. as the interval
tends to zero, the finite-difference solution %ends 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, thé stﬁdy 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 crifical 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 techniQue. 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.

(8)

The unidimensional Golden Section optimization search technique 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 operating conditions:

CONV - = 1.0 - (C/9.5)

PT = 17.1

N2 = 2310.0

FS@3 = 278.0 (CONV)

FS@2 = 278.0 - FS@3

rg2 = 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 1%, 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 0.1 0.15 0.10 0.188 0.25
M.~P.-C., by Hamming- 0.05 0.075 | 0.05 0.05 0.033
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FIGURE 15

STANDARD RUNGE-KUTTA THIRD-ORDER

Maximum % SO, Conversion vs Number of Integration

Steps and Feed SO2 Concentration
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From these results it seems that for the studied set of differential
eugations, 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 4l.

TABLE 41 ,
Integration Techniques Computer Time %, time increase based
: (Second) 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 1 80 110

Both techniques, Standard Runge-Kutta and Pséudo—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 u4th 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

(15)

results. For instance it is shown 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 e#planation concerning the poor performance of the Predictor-
Modifier-Corrector technique could be the'shape of the curve FS@3 versus

Z (one differential equation is dFs@3/d4Z) /’

4

FS@3

"

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 pfedicting a value of FS@3 thatb;as 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. 1In
Table 42, are tabulated the physical charactersitics of each bed and, for
each concentration of sulphur dioxide, the éritical intervals and the
corresponding numbers of steps throﬁgh 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 catalyst used respectivel& in

each studied bed reactor correspond to the ones presently used in the

-~

.
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BED PHYSICAL CHARACTERISTICS

C H N
Depth | Particle Bed Catalyst
feet Diameter | Voidage | Effectiveness % feet
(feet)
1.5 0.0202 0.310 0.32 9.5 0.1 15
7.8 0.15 10
5.9 0.188 8
4.1 0.25 6
. 2.2 0.25 6
1.417 0.0202 0.318 0.65 9.5 ' - 0.071 20
7.8 0.094 15
5.9 0.142 | 10
) 4.1 0.177 | 8
2.2 0.177 8
1.333 | . 0.0202 0.345 1.0 9.5 0.0u44 30
7.8 0.067 20
5.9 0.089 | 15
4.1 0.133 10
2.2 0.166 8
1.333 0.0169 0.35 l.u44 9.5 0.0u44 30
7.8 0.067 { 20.
5.9 . 0.089 15
4.1 0.133 10
2.2 0.166 8.

L KIPPOR B
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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 lérger

critical interval.
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CONV
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FO
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H

PT
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SYMBOLS

volumetric percentage of SO2 in the feed stream,
conversion of SO2 to 803 based on 278 lbfmoles/hr of SO2

flow rate of N_., lb-moles/hr.

2’
fl0w rate of 02, ib-moles/hr.
flow rate of 502, lb-moles/hr.

flow rate of 803, 1b-moles/hr.

critical integration interval, feet
number of integration steps through the catalyst bed
total inlet pressure, psia.

conversion of SO2 to SOa‘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

1. Derivation

2. Presentation of Results

3. Symbols



APPENDIX IV : EQUILIBRIUM CONSTANT AND CONVERSION OF

802 VERSUS TEMPERATURE

1. . ~DERIVATION

The expression relating to the equilibrium degree of conversion

of 802 versus the temperature for a given initial composition of SO2

~and 0, is derived as follows:

2

so, + % 0, 2 S0,
X
K = Tso Nso. * Prp
P 3 _ 3 Neo
P p_ 0.5 NT . 3
80, (70)) Nso. x Fr %o Nso, Mo
2 [ 2 Pry§-5 " 2p __2 Ppq0.5
N N NT
T 0t
Nso3 ,
K = (1)
p Neo. - Vg0 Noo - 0.5 x Vso
( °V2, 3) 2. 3
i i P 0.5
(g —) 1]
T. - 0.5 x SO
i 3
Dividing and multiplying the right-hand side of (1) to Neo
25
K = _-..—)..(.-_.__... ’ (2)
P (1-x) (a)0.5
where X = NSO /NSo
3 2
i
and A = Yo - 0.5 x Vso
2, 3,
(5 —) T
T - 0.5 80
i 3
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Dividing and multiplying A by N,

1
= (b -0.5aX 3
A=@GF-os5ax T (3)
N
where az= Sozi
Np.
1
and b= N02.
1
N
1
Substituting (3) in (2) :
K = X
p - TIX) =.b = 0.5 3 Xy 20,5
LT o575y
K
- P (4)
or X= g 1 - 0.5a Ky 150.5
PG5 axm]
P
also from (25)
tn K = 12127/T - 11.423 - 0.1309 fn T + 8.5 x 1074 -
- 3.77% x 10%/T° (T in °K) (5)

The total pressure PT in the reactor varies from 1.16 to 1.04 atm; an
average pressure of 1.1 atm is used in equatidn (4).

For a given initial gas mixture composition and temperature, the
equilibrium degree of conversion of 802. (X) is determined from equations
(4) and (5) by trial and error until the relative change in the calculated
value of X is less than 10",

In Table u43,are tabulated the values of the equilibrium constant
and degree of conversion of SO2 versus the temperature for three different

initial compositions of 302 and 0,.
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2. PRESENTATION OF RESULTS

TABLE 43
Equilibrium SO2 Degree of
T Kp Conversion (%)
°c (atm)'o's' S0, = '9.5% [S0,= 9% | S0, = 8.5%
0, = 11.5% 0, = 12% 0, = 12.5%

400 509.2 99.30 99,34 99,37
410 397.7 99,10 99.15 99.19
420 308.2 . - 98.86 98.91 98.96
430 2u2.4 . 98.55 98.62 98.68
440 ' 192.0 98,18 98.27. 98.3y
450 153.1 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 95.1u4 . 95.34
500 o 54.0 93.89 94,16 94,39
510 | 44,6 92,72 93.03 . 93,30
520 37.0 . 91.38 - 91.74 92.06
530 30.8 .- 89.88 90.29 90.65
540 . 25.8 88.20 88.66 89.06
550 21.7 86.34 86.85 87.31
560 18.3 84,31 84,87 85.37
570 15.6 82.10 82.71 83.26
580 13.2 79.73 80.38 80.97
590 11.3 - 77.21 77.90 78.53
600 9.7 4,55 . 75.28 75.94
610 8.4 71.77 72.53 73.22
620 7.2 68.89 69.67 \' 70.39
630 , 6.3 65.94 66.73 - 67.47
640 5.5 62.93 63.73 64.u8
650 4.8 59.89 60.70 61.45




3.

SYMBOLS

initial volumetric percentage of SO2

initial volumetric percentage of O2
sy -0,5
equilibrium constant, (atm) ,
LB-moles of 02 at equiiibrium
LB-moles of SO2 at equilibrium
LB-moles of 803 at equilibrium

total LB-moles at equilibrium

initial LB-moles of 02

initial LB-moles of SO2

ihitial total LB-moles

equilibrium partial pressure'of,o2

equilibrium partial pressure of 80,, atm.

equilibrium partial pressure of SOS’ atm
total gas pressure, atm.
absolute gas temperature,'°K.

equilibrium degree of conversion of 50,

’ atm . .

=133~



APPENDIX V: HEAT EXCHANGER AND STEAM TURBINE PLANT OPERATING
CONDITIONS

l. Introduction
2. Presentation of the Results
2.1 Heat Exchangers
2.1.1 Detailed Calculations for Case 1
2.1.1.1 Operating Conditions at the No. 1 Boiler
2.1.1.2 Operating Conditions at the No. 2 Boiler

2.1.1.3 Operating Conditions at the SUPER 1 and
- SUPER 2

2.1.2 Final Results

2.2 Steam Turbine
2.2.1 C.I.L. Operating Conditions
2.2.2 Detailed Calculations for Case 1
2.2.3 Final Results | -
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APPENDIX V: HEAT EXCHANGER AND STEAM TURBINE.PLANT OPERAT ING

CONDITIONS

1. Introduction

This appendix is concerned with the determination of the
plant operating conditioné of the C.I.L. heat exchangers dictated
by the different optimalvsequences of the bed inlet temperatufes.

In the C.I.L. S0p converter, the interstage cooling by

means of heat exchangers is done aé 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 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 optimal cases:

Case 1 - the 4-"fixed" bed reactor without constraint,
Case 2 - the W~"fixed" bed reaétor with constraint,
Case 3 - the 4-bed peéctor 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 éase is fully described while ohly the resﬁlts 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

-]_35-
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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

2.1 Heat Exchangers

2.1.1 Detailed Calculations For Case 1

2.1.1.1 Operating Conditions at the No. 1 Boiler

In Figurel8 is pfesented a schematic descriptidn of the

process:
;’1
B
F 0. 1
SEP = T3 ™Boiler
1
=) N
Wy
Ry
Ty
FIGURE 18
Nomenclature:

SEPA . separating equipment in which "o(" 1s the fraction of the

total flow in one of the two output streanms.

MIX . mixing equipment

Fl - total flow rate of the hot gases coming from the burner;
2670 1lb.-moles/hr.
Tl - temperature of the hot gases leaving the burner; 9719C.

F3, Fiy- output flow rates from SEPA.
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Wy - water flow rate fed to BOIL 1 = steam generated from

BOIL 1; 1b.-moles/hr.

Tm - saturated steam temperature,oc.

‘F2 -~ air addition; 256 lb.-moles/hr.

To - air temperature; 60°cC.

F5 - total flow rate of hot gases fed to reactor;‘ 2926 1b.-moles/

T5 - hot gases temperature leaving MIX; (since it is observed
in the plant that a temperature drop of 8°C. occurs between

MIX and the reactor, T5 1s taken as being the inlet tem-
perature in front of the reactor plus 8°C.); 432.8%.
Purposes:

1 = The determination of "o" in SEPA that.fits_the given tem=-

perature T5.

2 - The determination of the amount~of steam, Wy, produced in No. 1 .
boiler and its temperature Tg.

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, W; 1s calculated from a heat

balance on the No. 1 boiler.
The final results are:

2150 1b.-moles/hr.

F3

By,

520 1b.-moles/hr.
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_ 0
T3 = 333 C-
X= 0.8
Wy = 1358 1lb.moles/hr.
- o)
TE = 225°C,

2.1.1.2 Operating Conditions at the No. 2 Boiler

The process flow diagram i1s the same as for the No. 1

boiler. The given conditions are:

F, = 2829 1b.-moles/hr.

T, = 598.8°C.

F2 = lﬁ2 1b.~-moles/hr.

T, = 60°C.

Fg = 2971 ib.-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 éolved following the same procedure as for

the No. 1 boiler. The final results are: -

Fy = 2741 1b.-moles/hr.

F, = 88 lb.-moles/hr.

Ty = 446°C,

X = 0.97

W, = 454 lb.-moles/hr.
1 = 225%. |
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Operating Conditions at SUPER 1 and SUPER 2
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In Figure 19 is presented a schematic description of the

process: Fy
T
AN
“«— REG 1 M%X
UPER
' W) //
|
1
—
FIGURE 1
Nomenclathre: A
wT - total flow rate of the saturated steam coming

TE -
Fyp -
TA -
F1 -
Ty -

and BOIL 2; 1812 1lb.-moles/hr.

saturated steam temperature; 225°C.

air addition to hdt gases after SUPER 1; 210
air temperature; 60°C.

hot gases flow rate fed in SUPER 1; 2796 1b.
hot gase$ temperature; 501.100.

hot gases flow rate fed in SUPER 2; 2786 lb.

from BOIL 1

b, moies/hr.
moles/hr.

moles/hr.
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‘T2 - hot gases temperature; 462.2°C.

TS - average superheated steam temperature; oC.

PS - superheated steam pressure, psig

Tl' - optimum inlet temperature at the third bed; h53.5oc.
T,' - optimum inlet temperature at the fourth bed; 440.8°C.

SEPA 1~ separating equipment in which & { is the fraction of the

total flow in one of the two outputs.

MIX i - mixing equipment

REG i - pseudo equipment that generétes values ofo(i. following
the reguli-falsi iteration pattern, until the calculated
value Ti' is equal to a given value of T1' 1%,

Purposes: |
1 - The determination of &¢; (1=1,2) such that the difference be-

! t
T1 calculated and T; specified is within‘IOC.
2 - The determination of Tg.

Solutions: ‘ S

The mathematical model (COOL 7) that simulates the two
superheaters, was wrlitten by Dr. T. W. Hoffman, Aséociate Professor
in the Chemical Engineering Department of McMaster Uhiversity(23),,
The whole process is solved following MACSIM, McMaster Sizer and

Simulator devised by the staff of the chemical engineering department

The final results are:

=1 = 018 Tg = 2%
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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 of the

bed inlet temperatures corresponding to the simulated C.I.L. path.

TABLE 4k

Case 1 Case 2 Case 3 Case W
No. 1 boiler

W 1358 1375 1333 | 1357
Tg 225 225 225 225

No. 2 hoiler

=4 0.97 0.85 0.67 0.90
Wy . bt | w22 | 391 il
T 225 225 225 225

SUPER 1, SUPER 2

o 0.18 0.3 | 0.6 | o.5
=, | o | 0.5 0.9 | . 1.0
Wip | 1812 1797 1724 1801
Tg | 283 291 306 301

Py 325 325 325 | 325
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2.2 Steam Turbine
2.2.1 C.I.L. Operating Conditions (Case k)

FIGURE 20

Valve

7 ]

32400 1b.
steam/hr. : o ' ’
575°F, D x Steam 450 F. % 490°F.
- Turbine S -
325 psig (1-%) " 113 psig 113 psig
Nomenclature:
x - steam flow rate through the turbine, lb./hr.
y - steam by-pass, lb./hr.
o - 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 the turbine
is anAisentrOpic process, the values of & , x and y are determined.

These are:

& = 0.45
X = 17700 1b./hr.
y = 14700 1b./hr.

The overall rate of change of the steam enthalpy through
the turbine, H , is equal to the product of the actual overall
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enthalpy érop by the steém 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
the ratio of the actual overall enthalpy drop to the ideal overall

isentropic enthalpy drop, then for the C.I.L. turbine:

n = 48/100 = 0.48

In the following sections, the values of <o for the
different optimum cases are calculated such that H = 8.5 x lO5
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 g

X ¥ ——— = 20800 lb./Hr.
0.48 x 80
(32700 - 20800)

e = . = 0,36

32700

2.2.3 Final Results

TABLE 45
Case No. 1 |[Case No. 2 [Case No. 3 | Case No. &
X 20,800 19,000 17,300 17,700

Jo'd 0.36 0.41 0.l 0.45




APPENDIX VI: LITERATURE _SURVEY
The different optimization techniques can be divided in

~

two categories., Thg first includes sequential procedures for
finding the optimum of a multivariable function. Wilde(6)5
Boas(B) and Bagsel(33) have treated these procedures in detail.

The second deals with the variational problem(2)7(h)’(3h)’(35)’(36).

Dynamic programming(l))(z)’(S)

gory(35),

may be included in the second cate-

In the chemical reactor optimization, the reversible
exothermic reactions are one of the kinetic systems most studied<39)4
These reactions are usually carried out in several adiabatic
~ stages connected in series. One such system is the multibedv
adiabatic reactor equipped with interstage cooling by means of
heat exchangers or cold shots, i.e. by the addition of cold re-
(3),(4),(27),(28),

agents. Much work has been done on'such systems

(29),(30),(31),(37),(38) ,(40) ,(41) ,(42)
In the case of the SO, oxldation:

(1) Colette and Scheepers have determined the temperature
that maximizes the S0, rate of reacti&n for different fixed values
of the conversion.’ Then, for a flxed conversion and the corres-
ponding optimum temperature, they have determined the optimum

set of concentrations of SO, and O, (varied by air dilution) that

maximizes the rate of reaction. The kinetics expression given
by Salsas-Serra(uu) has been used. Unfortunately, this rate
-1hk-
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expression 1s erroneous, indeed at zero conversion, the rate of
reaction calculated from this expression passes through a maximum
with respect to the temperature.

(45)

(2) Salsas-Serra has optimized the number of beds,
the sequences of the inlet temperatures and of the catalyst bed

depths, given a final SO 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 hils results are approximate only. Since he used the
previously mentloned erroneous rate of reaction, his results are
of no interest. |

(3) Homme and Othmer 31 have optimized a sulphurie
acid contacting plant in which a two-bed adiabatic reactor con-
stitutes the SO» 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 avold any resemblance to a known‘operating system 1s made.,

(&) Aris(3o) and Boreskov and Slin'ko(28) have derived
by the method of calculus, the conditions for an optimﬁm design
of an adiabatic reactor involving the choice of the size of each
bed and the amount of intefstage cooling between the beds. They
have considered the cooling by heat exchangers only. Applying
these conditions, Slin'ko and Beskov(?2) have optimized different
adiabatic reactors. The number of stages, the fecd gas composition
and the final degree of S0Op conversion were varied.

(%) 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: (1) 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(h6)

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 SO,. 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 compleﬁely 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 optimization 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 presentedlin the literature.



APPENDIX VII: PROGRAM LISTINGS

Direct Search of Hooke and Jeeves

Discrete Maximum Principle

Dynamic Programming

Gradient Search
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1

653

654

650
651
117

483
4R1
482
483
484
48%

06

DIRECT SEARCH OF HOOKE AND JEEVES
RIZ TS L2 84 =%
DETERMINATION OF OPTIMUM SEQUENCES OF INLET TFMPERATURFS ¢ CATALYST
BED DEPTHS AND AIR ADDITION BY HOOKE AND JEEVES
NPROB=NUMRER OF PROBLEMS TO RE HANDLED
1112NUMBER OF DIMENSIONS ASSOCIATED WITH EACH VARIABLF
K=MAXe NUMBER OF SEARCHES
NFRID=1s FOLLOW RIDGE WHEN GRID CRITERIA SATISFIED
NGRID=1» SEARCH ENDS ONLY IF GR1D CRITERIA SATISFIED
NTCON=1s CONSTRAINT ON TEMP,
MOPT=21, PRINT ALL STUDIED CASES
NTEv=1s TEMP, IS CONSTANT
NCATzls CATALYST IS CONSTANT
NAIR=1s AIR 18 CONSTANT
NNCAT®1s FOLLOWING ONLY COMSTRAINT CAT,
NNAIR=1s FOLLOWING CNLY CONSTRAINT AIR
F1502=LB=MOLES S02/HR
F102 =LB=-MOLES 02/HR
FN2= LB~MOLES N2/ HR
TOLs THE SEARCH FNNS WHEN (V(N)-VlN-l))/Y(N) AND (Y(N=1}=Y(N=2))}
/Y{N=1) 1S LESS THAN TOL
A¥AX= THE TOL CRITERIA 1S APPLIED ONLY IF YIN) THE RESPONSE AFTER
N SEARCHES 1S GRFATER OR FGUAL TO AMAX
BEDL= CONSTRAINT ON TOTAL MAX, CATALYST RED LENGTH
AIRR= CONSTRAINT CN TOTAL MAX, ADDED AIR {LBMOLES/HR)
X{1)= TEMPSRATURE VARIABLE {(DEGe. KELVIN)
D= STARTING GRID VALUE FOR TEMP,
STR = LOWEST VALUF ALLOWED FOR D
HHD =VALUE TO 2F SUBSTRACTED FROM TFMP, WHEN RIDGE CRITERIA MET
IN ORPER TH FOLLOW THE RIDGE
CHCR(I)= CATALYST BED DEPTH VARIABLE (FEET)
D9=STARTING GRID VALUF FOR CATALYST
RESTR9= LOWEST VALUE ALLOWED FOR D9
RRS AND RH9= AS BBB BUT APPLIED RESPECTIVELY ON AIR AND CATALYST
AIR{1)= AIR FLOW RATE VARIABLE {LB=-MOLES/ HR)
n8=STARTING GRIP VALUE FOR AIR
RESTRAs LOWFST VALUE ALLOWED FOR DB
XX12 CATALYST LENGTH HAVING EFFECTIVENESS FACTOR =
XX2= CATALYST LENGTH HAVING EFFFCTIVENESS FACTOR = C3
-
=

XX3= CATALYST LENGTH HAVING EFFECTIVENESS FACTOR
XX4= CATALYST LENGTH HAVING EFFECTIVENFSS FACTOR
DP2= CATALYST DIAMETER (FEET) CORRESPONDING TO C2
pP3= CATALYST DIAMETER (FEET) CORRESPONDING 70 €3
nP4= CATALYST PIAMFTER (FEET) CORRESPONDING TO Cé
DPS= CATALYST DIAMFTER (FEET) CORRESPONDING TO C8
F2= BED VOIDAGE CORRFSPONDING TO C2
£3= BED VOIDAGF CORRESPONDING TO C3
€4= BED VOIDAGE CORRESPONDING TO C4
E5= BFD VOIDAGE CORRESPONDING TO (5
COMMON F15023F1029FN2+sFOsFNsPTToC1sHAIDPsFFSO3sMZMZZoLLLSTF
1NON sMOPTsXYZsTToVZIB) $X1 s KXY e XXP 4 XX39XXasC29CA19Ca9CE5sDP2+DOP3 s
1NP& sDP54E29E32F&LsF5sNTCON
DIMENSION X(5)aT(10544 ) oHIS) $CLR)sF(5) oK) 2S(108)9SCYL30) 2CHERIS
l)QHQ(ﬂloCO(‘)-Fn(‘)QUQ(5)0Cﬁ(5)cAIP(ﬂ!oHF(S)oF!(‘lOUF(K)vCB(SlO
1A1B(5)

READ(S5+1) NPROB
DO 10U0 NN=1sNPROB

WRITE(6+908)

FORMAT {1413 THHOOKF AND JEEVFS CONSTRAINT/ 1X930(1H=~1/7/)

READ(5s1) II1+K

REAN(5s1) NFRINWNGRIDINTCONSMOPT

PFAD(591) NTEMsNCAToNATRoNNCATSNNAIR
FORMAT(1314)

READ(S54+117)F15029F102+FN2sTOL + AMAXsBEDL#AIRR

REAND(551171 XsDsRESTRIRBB

RFAN(59117) CHCReDIRESTRI#BRAYG

REAN(S59117) AIRsDAIRESTRA +ARRS

READIG$T17) 'XX1 #XX2 o XX 39 XK8usC2+C395C4sCE9DP2sDPIsDOPLeDPSIERF 0
1FE44E5

WRITE(6+653)

FORMAT(1HI 960X+ 10HENTRY DATAS/61X910(1H=1//}

WRITE(6465C) NPROB

WRITETE465C) 111K

WRITE(6465C) NFRIDINGRIDsNTCONIMOPT

WRITF (66501 NTEMINCATINATRONNCATINNALR

WRITF(64651)IF15S029F1029FN2+TOL s AMAXSREDLAIRR

WRITF{64651) XeDIRFSTRsOBB

WRITE{(64651) CHCRsD9+RESTR9+BRBO

WRITF(6+651) AIRIDBWRESTRB+ARARS

WRITE(65651) XX]19XX29XX3#XX40sC24C39C4sC5+DP2+DP39DPLeDPS9E29ESy
1E4+E5

WRITF(64654)

FORMAT (1MO913G(1H=1//)
FORMATIIHO»1C1R)

FORMAT (1HO+8F15.5)
FORMAT(AF1Ues)
IF(NTEMLEQel} WRITE(64480)
IF{NCAT4EQsl) WRITEL6+481)
IFI(NAIR4EQel) WRITE(644B2)

IF(NTCONSEDs1) WRITE(64483)

IF(NNCATJEQel} WRITE(64484)

IFINNAIREQel) WRITF(694B5)
FORVAT(55X923HTEMPERATURE 1S CONSTANT//}
FORMAT (56X 92CHCATALYST 1S CONSTANT//)
FORMAT(55Xs21HAIR STAGE 1S CONSTANT//)
FORMAT{55X3s19HCONSTRAINT ON TEMP,//)
FORMAT(55Xs26HFOLLOW CATALYST CONSTRAINT//)
FORMAT (55X 2 1HFCLLOW AIR CONSTRAINT//)
WRITE(&sAT 6)(X(l)ol:)o]!l)olCHCR(!)-l-loIll)-(AlR(I)ol-]oIll)o DOD

19+08

FORVAT (1X92S5HINITIAL POINT COORNINATFES18F7e2///)

IFINTEM, EO-loANDaNCAT-EO.l.ANO.NAIR FNel) GO TO 791

M=1l1+1
THE H({ 11S ARE THE DIFFERENCE RETWEEN THE PREVIOUS TEMPORARY HEAD
POINT AND THE PREVIOUS BASE POINT
THE U( 1S ARF THF COORDINATES OF THE PRESENT BASE PCINT
THE E{ )tS ARF THE COORDINATES OF THE PRESENT TEMP. HEAD POINT,
THEY ALLOW THFE CALCULATION OF THE NEXT H( )
00 5V JJy=1+111
HiJJ1=0,

Etudraxion

HO{JJ)=0e0

U9(JJ)sCHCR (JJ)

E9 (U1 =CHCR(JD)

HB(JJ) =040

UBIJJI=AIR(YD)

50

340

30

3

ot

3

~

33

-

6
402
82

702

62

]
(13

68
65

66

36
38
802

k2
72

w

&40

w

3%
34

7145

41

430

410
411

EB(JL)=AIR(JIJ)
UtJdar=xign
NRIDGE=1 -l)+9-

NFF=2

NG=0
D88x=D8

D99=D9
MPOT=2

DO 2 1=2,K

1Y=l+l

1X=]-1

NNTT=2
NFTTs2

IF(NCAT.FOs14ORNNCAT£Q41) GO TO 33
CHC=040
DO 30 IM=1s111
CHCaCHC#CMCR ( IH)

1F{CHCGTBEDL) GO TO 31
60 To 33
CHD=CHC~-BEDL

DO 32 IHslslll
CBUIH)=CHCRIIH)

CHCR{TH)= CHCRUIHI-CHD

IF(IT1eEQel) CHCRITH)=CHCRITHI=CHD
IF(CHCRITH) e LEs0e0) CHCRIIHI=040
NNTTel
l?(NAllaEOol-OR.NNAIR.EQo1) GO TO 402

Al=0,0
DO &7 IH=1s111
Al=AT+AIR(IHY
IFtAToGT4AIRR) GO TO 82
IFIMPOTEQ.13G0 TO 2341
GO To 6%

A1DsAt-AlIRR
DO 86 IH=1s1il

AlB{IHI=AIR(IH)

ATR(IHI=sAIR{IHI=ALD
TFIATR(IH)«LTe0us0) AIRIIHI=040
IFIMPOTEQ.11G0 TO 341
NFTT=]

M2=111

CALL SIMCHA{X+CHCR»AIR)

T{1+1)=FFSQ3

IF(1.NEL2) GO TO 702
Y IS THE RESPONSE AT THE LATEST BASE POINT

Y=FFS03

S$t2)=y

AFINFF.EQel) YsTilsl)

DETERMINATION OF THE NEXT BASE POINT

TtleM)aTi1s1)
IF(NTEM«EQel) GO TO 403
00 3 J=lsill
E(JyaxtJy

Jlzgel
XtJisx(J)+D

IFIT{1s0).LTels0) GO 1O 802
IF(JeEQe1eANDX(1)sGT487340) GO TO 36

GO TO (66962+63+66468)0J

MZZ=4
CALL CHECK(X)
1FILLL.EGel) GO TO 36
MZ=111
CALL SINCHAIKQCM(ROAIR)
2=FFS03 .
GO To 38
220,0
IF(Z4GE.T(Ts0)) GO TO 71
X(J1aX{J)=2,0%D
M2=111
CALL SIMCHA(X¢CHCRIAIR)
Q=FFSO?
1F{QGE,T{IsJ) } GO TO 72
X{J)extI140
Ttledl)eTiI e
GO T0 3
TtleJl)=2 .
.60 10 3 -
Tiledl)=Q
CONTINUVE .
T(leM)nT g )
WREITE(G012F1oDs (XIKFIoKFuloITT) o {TUIsKF)IKF
CALL TIMTS§(1U)
1F(LULTLD) STOP
Tilsl}sTiLeM)
IFINNTT,NEs1) GO TO 34
DO 35 IHslellt
CHCRUTHI=CBITH)
IFINCATLEQ.1) GO TO 404
DO 40 Jmlsllt
DO 745 IH=1,111
AIBULIHI=CHCRIUINY
E9LJ)NCHCRIS)
D9=2D99
DD9=D9/FLOAT(I11I=1)
MUMU=1
JIsJ4l
CHCR{J)=CHCRE D)1 4D9
IF(NNCATLEQel) GO TO 410
CHC=0.0
NTF=2
VERIFICATION BED LENGTH CONSTRAINT MET
DO 41 1R=1s111
CHC=CHC+CHCRITR)
IFICHC+GT+BEDL ) GO TO 42
MZ=111
MUMU =2
CALL SIMCHA(XsCHCRsAIR)
GO TO 48
GO TO (411+412941394149415)eJ
D0 416 IH=2+111
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416 CHCRUTHI=CHCRI[H)=0D® 4%7 AIR(IHI=AIR(IH}=DDS
GO TO 420 GO TO 470
412 CHCR(1)=CHCR{11=DD9Y 453 DO 438 IHels2
00 417 IHe3ei11 488 nnnm-ukum-nm
417 CHCRIH)=CHCRITH)=DDY A89 [H=48
GO TO 420 4%9 AIRHH)-AII”NI-DDO
413 DO 418 IHels2
418 cwcnum-:ncmlm-nm 4%4 DO “0 lN'h
00 419 IH= 460 AIR(IHIwAIR(IN)=DDA
419 CNCR(INI-CNCI(IH)~DD9 AJR{S)=AIR{S)1-DDB
GO TO 42 60 TO a70
434 DO 421 lNIl-! 435 DO 461 IMeles
421 CHCRiIH)I=CHCRUTH)=DDS 461 AJRUTHISAIRLINI=NDY
CHCR (8} =CHCR(S1DD9 470 CODe00
GO TO 420 < 1P AIR OVER TOTALSREADJUSTMENT TO RRING ® TOTAL
415 DO 422 IH=1e6 ';0,” Ihets
6 HCR L TH) #CHCR ( TH1=DD9
b;g gnn-o IF!IIR (INIoGToll-OE-B)-OIolnoEOoJ) 60 T0 8850
IF tn OVFR TOTALsRFADJUSTMENT TO RRING & TOTAL
-l All("ﬂlﬂ‘.o
DO 500 IH=1sI11 930 CDDeAIR{IM)+COD
IF(CHCR{THI «GT4 (120E~8)00R. THeEQLJ} GO TO 500 IFICO0LTSAIARY GO TO 381
NO=NO+1 1FICODLEQAIRR) GO TO 383
CHCR(IH)2Ce2 CDE= (COD=-AIRRI/FLOAT 1L 1=NQ)
500 CDD=CHCR(IH)+CDC 00 552 1Meleltl
IF(CDReLTL.REDL! GO TO 501 IF(AIR (M) oLE11.0E=0).OR(IHIEQeJ) GO TO 552
IF{EDD+EQ.BEDLY GO TO 503 AIRUIN)@AIR (TH)=CDE
COF={CDD=BFOL } /FLOAT (1T 1=NG! 852 CONTINUE
DO 5U2 IW=lsl11 60 TO 8§93
TF(CHCRUTH oLE {140F -8 ¢OR, IHeEQLJ} GO TO 502 581 m-uumnumnnx-u
CHCR ( TH) =CHCR{ TH) =CDE 994 Inelsl
502 CONTINUE IFLINEQJ) GO TO 354
GO Tn 503 ALRIIMY.AIR( IHI4CDE
531 CDF={RFNLCNNI/FLOATIITT=1) 354 CONTINUE
DO Sua THalslll 833 [FIMINILEQe1) GO TO AT1
IF([HeFQeJ) GO TO 504 1FIMINToEGe2 ) a0 10 472
CHCR{ TH) =CHCRETH) +CDE 93 N2iFel
SC4 CONTINVE 91 AIRDsAf-AIRR
$03 [F{MUYULET.]) GO TO 430 00 %4 (FelsN{
IF(YUMUGFD02) GO TO 431 AIBCIFIsAIRIIP)
4 NTF=1 AIRLIFSmAIR{IF)=AIRD
42 CHD®CHC=AEDL IF(AIRCIFILLTe0,0) AIRIIF) @040
DO 44 1F=1s111 94 CONTINUE
CBUIF)=CHCRITF) mEs11¢
CHCRUIF)=CHCRUTF ) =CHD cAtL un:nuxoo«:n-um
IF{I114EQel} CHCRUIF)=CHCR{IF}=CHD 0O 98 IFfelsl!
IF(CHCRITF) oLF 40401 CHCRITFI80,0 95 AIRILFInALISt IF)
44 CONTINUE 1F{NZFoEGsl) GO TO %6
vZ=l11 92 LeFrson
CALL SIMCHAIXsCHCRIAIR) TR{Zo8E«T(ToJY) GO TO @
DO 45 [F=1y111 TFIAIR{SI2GEL2.05D8) GO 70 70
45 CHCRUTF)=CBIIF) DBeAIR(JI/2+0
IFINTFLEQ1) 50 TO 49 AIRUJ)e0,0
48 2=FFS03 Go To 74
IF(Z,GEuTIIsJ)) GO TO 74 740 AIR{J)I®ATIR(J) «2,00D8
IFICHCRID)GF,2,0809) GO T0 Tué T41 DDBw<2,00D8/FLOATIINT=1)
D9=CHCRIJI /240 IFINNATR.EQ.1) 4O TO 430
CHCR U120 IFEATRIJICLTL 0401 AIRIJIN0L0
GO To 747 A1=0,0
746 CHCRIJI=CHCR{J)=2408D9 0O 700 1Gs1elll
767 DD9==2.0%D9/FLOATITII=1} 700 At=Al+AIR(1G)
IF(NNCAT,EN.1) GO TO 410 IF(ATLGT.AIRR} GO TO 93
CHC=040 AT2 M2el11
DO 748 TH=1sT11 CALL STMCHA(XsCHCRSATR)
768 CHC2CHC+CHCR{IM) 96 QaFFSO3
TF(CHCLGTLHFDLY GO TO 46 1F10.6E.T114J)) GO TO 98
431 MZ=111 AIR(J)I®AIR(J)oDS
CALL SIMCHA{XsCHCRAIR) IFCNNATRONES1) GO TO 472
49 Q=FFS03 DO 744 IM=1,181
IF{0.GELT(1+J)} GO TD 7% Thé ATRUIHISAIBLIHI
CHCR () xCHCR{J1 409 473 TileJ1)sTile)
IF(NNCAT NFol) O TO 432 0
DO 749 IMslsIll 7 Ttlslye2
749 CHCRUIHI=AIRIIH) GO TO 89
432 TCLadlb=Ttled} 98 Tilrll)eQ
GO T 40 89 CONTINUE
74 TilsJ1)eZ D§=DIE
GO TO 40 TilsmyoTilog)
75 T(IsJ11=0 nnuuun.na.uu (RFYsRFalelTT)o(TCTIRF) sRFu1 oMY
45 CONTINUE 409 CALL TIMTST(!
N9=p99 IF{IULT0) svo-
TtIaMi=T(Ts D) L I Yo 4
WRITE(6912)i9D9s {CHCRIKFIsKFe1sTI1) ot TIToRF ) oKFusM) oY 1F(NRIOBEEQe2) GO 82
404 CALL TIMTST(1U) CROSSING A RESOLUTION lmxi:- REDUCTION OF THE GRID *DY UNTIL AN
IF(TIUWLTLC) SToP < TMPROVENENT N THE RESPONSE 1$ FOUND UNLFSS ¢D? IS oLT, 0,001
TUle1)2T(1eM) T87 NFFal
IF{NFTT4NEe1) GC TO BT 00 108 KJHels113
DO 88 IH=1s111 RIKJHISUIKINY
88 ATRITMIZATALIH) CHCRIRMIZUI (KINY
87 IF(NAIR.EG.1) GO TO 405 MK =
DO 8% Jslselll ATRIKIMI 2UB (KJHY
DO 743 IH=lslll . HEIK I 2040
743  AIB(TH)ISAIR(IN) 109 H(XJN1e0,0
D8=DFA D9=D9/240
EB(JI=ATRIS) Deb/240
Ji=J +1 09=08/240
AIR(J)=AIR(J)+DB bassps
DDB=NA/FLOATITIT=1) D999
Mimr=1 SiIvrey
IF{NNAIR.EQe1) GO TO 450 St1resitxny
A120,0 . MCHe2
NZFs2 WRITE(E01011 10 (ULKE) oKFo1 o119 (USIKF) oKFut ol L) o URIKFIoXFalslIT)
VERIFICATION TOTAL AIR CONSTRAINT MET 101 FORMAT(1HOs12M RIDBE AT NOs18018F742///)
D0 90 IR=lslf] TP IDoLToRESTR.ANDONTEMORE, 1) GO TO 200
90 AI=AT+AIR(1S) IF{DILTRESTRILAND.NCATaNEL L) GO TO 200
IF(ATWGTLAIRR) GO TO 91 TF(DBLLTJRESTREGANDNAIRGNES]) GO TO 200
47 vz:lll G0 To 2
MiMle 200 WRITE(60201) De¥eDYe .
CALL SI”CNMMHCR-AIN 201 FORMAT{1Xs19HGRID CRITERIA+4Xs2IHSEARCH AROUND OPTIMUM3Xe4MD 1SsF1%:
GO To 9 3115095 3X0aHY FSsF18e903Ke5HDINTIS+2FT63///)
450 6O 10 usl-uz;u;-csunssy X IFINFRID.NES1) GO TO
481 DO 486 IH=2e111 NGGONG
456 AIR(IM}I=AIR[IH}~-DD8 NNG=NG=1
GO To a7C NGENG+1
452 AIR(1)=AIR{11-DD8 . SCYING)sY

DO 457 IHa3sl1l IFINGLTe3) GO TO 83
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IF(ABS(SCYING)=SCYINGG))/SCYING) oL ToTOLoANDeABS(SCY{NGG)=SCYINNG) )
1/7SCY(NGGYoLT4TOL) GO TO €4
83 00 2007 1AAsielll
AIR(IAAY=AIR{JAA)=88R8
HB(1AA}=Ca0
UB(T1AA)=AIR(TAA)
CHCR(1AA)=CHCR(TAA)-BBBY
H9{1AA) =040
US(TAA)=CHCRITAA)
X{1AA)aX(TAA)=-RBA
H{IAA) =040
2003 UCTAAY=X(TAA)
IF(DsLTeRESTR) DaRESTR4Ce%
IF{D9«LT+RESTRY) DI*RESTRO+042
IFINRLTSRFSTRR) DA=RFSTRA+40.5
NRIDGE=]
NFF=1
60 To 2
T(1s414LE.RUT NOT MECESSARILY CROSSING A RESOLUTION RIDGEs
AASE PT CONSINFRING NOW AS ORIGINAL PT WITH ¢D¢«PRESENT 1D¢
62 TF(NNCAT.FQeleORNNAIRIEQsL) 6O TO 787
ne 63 LN=1I11
CHCRILN) =U9 (LN)
HI{LN)1=042
ATR(LN)=UB(LN) -
HB(LN1=04C
X(LN)=ULLN)
53 H{LM)=0,
NRINGF=1
S{1Y)=Y
S{1y=801X)
NFF=2
Go To 2
4 YsT(lsM)
SUIY)=Y
NFF=2
TF{leLES2) GO TO 70
IF(YepToAMAX ) GO TO 70 .
IFINGRIN.FNLT) GO TO 70
FFOARS(SUTIY)=S(1))/S(IY)oLToaTOLoANDSABSIS(I)=STIX)}/S(T) L ToTOL)
1 GO To 8C
DETFRMINATION OF THE NEXT TEMP. HEAD POINTsSTEP SIZES FOR EACH
(XIDIMENSION ARF INDEPENDENT OF EACH OTHER
72 D0 8 L=1slll
TFINNCAT FQe140%NCAT,FOL1}
COtLY=2,C
TF((CHCRILI=EOIL))eGToa0a e ANNDGHA (L) 4GTa04) COILI=,0
TFOICHCRILI=F9 (L)1 al ToaCueANDLHA(L) 4L To0s) CO(L)23,0
IF(B2eLTaue5) COULL)=240
HO(L)=CHCR(L)-ES(L)
600 IF{NNAIRGENe1.ORWNAIR,EQe1) GO TO 601
CaL)=2,0
IFCIATRILI-EA{L) 1 eGTa0aaANDGHAIL) oGTs00) CBILI=240
TFU(ATRILI=-FAlL))alTaNeeANDaHRIL ol Ta04) CRILI=240
IF(DRaLTalieN) CRILI=240
HBIL}=ATR(LI=FEB(L)
621 IFINTEM,FOLLY GO TO 8
CtL1=240

a0 TO 600

TFEEXILY=F{LY ) aiTeNa e ANDAHILYoGToNs) CtL =30
TFUIXIL) =T L) 1 oL To0uuANNGHIL) LT 404 CILI=3s
1FINeLTL6e0) CILI=24D R
HILY=X{L)=E(L)
CONTINUE
CHECK [F NEW BASF PT COINCIDE OR NOT WITH PRESENT HEAD PT
DO 25 %K=1ls111

@

IF(NNCAT.FQe14ORWNNATRGEQe1) GO TO 27
1F{ NCATJEQelsORe NATRWFQel) GO TO 780
IF{ NCAT.FQel.0Re NTEMeFQe1} GO TO 781
1F{ NAIR.EGe140Re NTFMeFQel) 6O TO 782

IF( NAIR.ETe1} GO TO 782
IFt NCAT.ER.1) GO TO 784
IFt NTEMGENG1) GO TD 785
TECARSIX{KK)=F{KK) 1 oGTo(140E=5)2ANDGABSICHCRIKKI=FGIKK))oGTol14E=8
114ANDGANSIATRIKK)=FBIKKI 1 ofTol14F=5)) 60 TO 26
6C To 2% ’
780 1F(anst
GO TD 25
781 IF(ABS( AIR{KK)I=-FR{KK)1eGTal1aCF~5)) GO TO 26
GO TO 25
702 IF(ABS(CHCRIKK)~FO(KK})+G6Tal1e0E=-51) GO TO 26
GO To 25
782 IF(ARSY X{KK)=F (KK))aGTal1eF=5)¢AND,ARSICHCRIKK)=EQ(KK) }4GT o
1{1.06~51) GO TO 26
GO TO 25
784 IF(ABRSH X(KK)=F (KK1}eGToallaF=5)4ANN,ARSE AIRIKKI=ERIKK!}eGTs
1(1+CE=-5}) GO TO 26
6o To 25
785 IF(ABS{CHCRIKK}~EQ(KK))aGTol1eF=5)aANDJARS( AIR(KKI=EB{KK))eGT¢
1(1CF=51) GO TO 26
25 CONTINUE
NRIDGE=1
6o 1o 27
26 NRIDGE=2 .
CCORDINATES OF THE NEW TEMP. HEAD POINT
COCRDINATES OF THE PRFSENT BASE POINT
27 DO 28 LiL=1s111]
IFINNCATJENe14ORNCATEQel) GO TO 603
CHCRILLI=COILL)*CHCRILLI=(COILLY=1,0)#ua(LL)
UOILL) =t CHCRILL)Y+(COILLI=140)%Ua(LLY ) /CO(LL)
no Tn &0%
603 U9ILLI=CHCRILL)
605 IF(NNATRECs140ORNAIReENI) GO TO 604
ATRILL)=CRILL)#AIR(LLI=(CBILL)=140)%URILLY
U (LL)=CATRILLI+{CAILLY=14CHRUBILLYI/CRILLY
G0 TO 606
604 UBILL)I=ATRILL)
606 1E{NTFY,FQ.1) 6N TO 607
XELLYI=CILLI#XILL)I=(CILL)=T4)%UILL)
UGLLY = (XILL)+{CILLI =100 %00LLY Y 70 MLL)Y
GO TC 28
607 ULL)=X(LL)
28 CONTINUE
6o T0.2
84 WRITE(658%) SCY(NG) »SCY(NGG) s SCYINNG?
85 FORMAT(1H0s3PHGRID OPTIMUM CONDITION SATISFIEN3F1044//7)
MOPT=1

XIKK )= F(KK)14GT4(10F=8}) GO TO 26

a0
a1

791

341

~

1000
12

vZs11l
MPOT =1

GO TO 340
WRITE(6981) SUIY )sS{1)eS(IX)

-151-

FORMAT(1HU922H Y CONDITION SATISFIEDIF1C44

MORT=1
MZ=111
MPOT=1
GO TO 340
MORT=1
MZ=111
CALL SIMCHA(XsCHCRsAIR)
60 T0 1000
CONTINUE
CONTINUE
sTop
FORMAT (1H=314913F943)
END

cb Tor

0599
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SUBROUTINE SIMCHA{TKsCHCReAIR)

GENERATE THE INLET CONDLTIONS TO THE CATALYST BED

COMMON F15029F102FN2sFOsFNe2TToC1 sHAIDP sFFSO3oMZosMZZa LLTF
T9NON sMOPTsXYZsTToVZ(5)9X10XXT8XXK2eXXIs XX C29C39CH9CS5sDP2sDP3
1DP4sDPSsE22E3sE4sESsNTCON

DIMENSION TK{5)sCHCR(5)9NO(S9eS) oAIR(4)

DATA NO/!5’10v8-606020!15'10080!‘!0920015010-BDSOoZOo1501008030;
120915910487

DATA PEROSPERN/0¢2150,79/

AIR2=AIR(1)+AIR(2)

AIR3sAIR2+AIR(3)

AIR4=AIR3+AIR(4)
X1=040
DO 55 MN=l,MZ

GO TO (50951+52+54956)sMN ) .
FO=F102+PERO*AIR( 1)
FN2FN2+PERN#AIR(1)
FS03=040
T=TK{1)
PTT=17.1
AS03=0.0
ATA=T=27340
APT=PTT
GO TO 53
FO=F102+PERO®AIR2
FN=FN2+PERN#ATIR2
T=TK{2)
FSO3=FFS03
ASO03=FFS03
ATA=T=27340
APT=PTT
GO TO 53
FO=F1024PERO*AIR3
FN=FN2+PERN®AIR3
T=TK(3)
FS$03=FFS03
ASO3=FFS03
ATA=T=27340
APT=PTT
GO TO 53
FO=F1024+PERO*AIRG
FNRFN2+PERN*ATRS
T=TK{4)
FSO3=FFSO3
ASO3=FFS03
ATA=T=273.0
APT=PTT
GO TO 53
FO=F102+PERO*AIRSG
FNeFN2+PERN®AIRG
T=1K(5)}
FS03sFFS03
AS03=FF503
ATAaT=27340
APT=PTT
IF{CHCR(MN} ¢LEs1e5) GO TO 96 .
NON=50 N
GO To 88

1%FS03/5440+140
IF(1.GTe5) 125
NON=NO{ T oyMN}
HA=CHCRIMN) /FLOAT (NON)
CALL REACT4(MNsFSO3+TsE)
IF(TT6T+600.0.ANDNTCONSEQs1) GO TO 88
IF(MOPTeNE«1) GO TO 55
IF(MNoEQel) WRITE(6+900)

FORMAT( 5XsBHSTAGE NO»4Xs8HCONCe INs4XsBHTEMP, INsAXsHPRESs INs

13K 99HCONCe OUT93Xe9HTEMP, our.3Xo9nPREs. OUT 22X+ 1 OHCONVERSIONsOX s 8H

1HBED Deo7X»3HAIR9/1Xe130(1N=))

CONVeFF503/27840

WRITE(6962) MNsASO3sATASAPToFFSO3+sTToPTToCONVEXYZ +ATR{MN)

FORMAT( 3X»I10s8F12,55sF1043)

CONTINUE

60 Yo 57

FFS03=1,0/TT

WRITE(6+906)
FORMAT (1Xs 14HCONSTRAINT MET///)
RETURN

END
SIBFTC BBB
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351

353

[

350

SUBROUT [NE KPEQ{PP)
DETERMINATION OF THE EQUILIBRIUM TEMPERATURE BY GOLDEN SECTION
COMMON TF1FOsF1S029FNsDPoEsCLoFFSOSsTToWeBNIATTsAFFeFIS0) sHAIRISO)
19PTTaXeS(50)20(50) s AXINONIAXXINSTEPIAFST -~
DIMENSION V(35}+92(35)+PK1{35)
Vi2)20,618
T=67344V(2)1#300,
IF(T4LF+0+0} GO TO 400
1J=1
GO TO 350
14=2
PK1(2)=1,0/ABC
Vil)=1l.=V(2)
T=673.+V(11#300,
IF(TJLELO0e0) GO TO 400
GO TO 3%0
PK1(1)=1,0/ABC
2{1)=1,
2(2)mvi2)
21312140202}
IF(PK1(2})eLE4PK1{1}) GO TO 3
VI3)=v(1)42(3)
WaPK1(2)
pavi2) .
GO 70 10 -
Vi3)=V(2)=2(3)
w=PK1(1)
P=V{1)
GO 10 10
PBaEXP(1212740/T=114423~001309#ALOGIT)+84503E~4#T=3, TT4EA/T/T)
ABC#ABS{PP=PB)
AAC®ABC/PP
IF1AACLLTe0401) GO TO 352
IF(IJ.EQel) GO TO 351
GO TO 353
DO 8 K»3430

-152-
KJ=K
KK=K+}
KisK-1
T8 73 04VIK)#30040
IFtTeLELO40) GO TO AOO
IP(ABSIVIK 3~ P JeLE40.01) GO TO 352
!-le‘lZlZ?.O/Y—llc423-0.1309*ALOG(T)+8.5035-A*T-3.77AEA/T/1
ABCsABS{PP-PB)}
AACSABC /PP
TFIAACLT40.01) GO TO 352
PK1{K}=1+0/ABC
ZIKK)I®Z(K1)~2Z(K}
IF{VIK)eGTeP) GO TO 5
TFIPK1(K)+BT W) GO TO 6
NARK YOV T {KK)

GO To 8
VIKK)=P=2(KK)
W=PK1 (K}
pPaV(K)

GO To 8
IF(PK1IK)«GToW) GO TO 7
VERK )V (K)=Z (KK}

o

w

G0 T0 8
VIKK)«PoZ (KK )
WePL1IK)
paviKy)
CONTINUE
Teg73,04P#300,0
WRITE169404) PPePBYT
406 FORMAT{1XsTHK IS 30e5HPP 1S59F10.495HPR 1SeF10.4+4HT I53F1044
352 TFaT
G0 TO 403
400 WRITE(S+A0L) PPsPBT
401 PORMAT (1Xe10HAY SECOURSs3Xe4RT 15+3F15,9//)
%08 !TURN

END
18FTC

UBIOUT!N! CNECK(TK)

VERIFICATION IFf TEMPERATURE 1S GREATER THAN EQUILIBRIUM TEMP
COMMON F1S024F102eFN24FOsFNIPTTCL1osHAIDP sFFS039MZoMZZLLL TF
1sNON oMOPTsXYZoTTIVZ(8] 9sX1eXX10XX20XXI9XX09C2sC39C49C53DP2sD

- 10P4+BPSIEZSEI2EAED $NTCON
DIMENSION TK(3)
Q0 TO (15293¢5)aMZ2

-~

6 CALL SIMCHA{TK)
£S02=FP303
FOZOFO=0,54F503

i £3025F1502-F503
FTepNeFS02+FS03+F02

; PYPTT/140T

‘ PPaSQRT(FT/F02/PT I #FSO3/FS02

! CALL KPEQ(PP)

TF1aTFe1040

LiLe2
IE(TLGELTFL) LLL=1
RETURN

END

! cp Tor o188
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DISCRETE MAXIMUM  PRINCIPLE

R 2223 * % I IR
DETERMINATION OF OPTIMUM SEQUENCES OF INLET 7=MPERATUR=5 AND
CATALYST BED DEPTHS ALONG THE REACTOR 8Y THE DISCRETE MAXIMUM
PRINCIPLE

DETERMINATION OF JN=0 AND R(N)=R(N+1) BY REGULI-FALSI ITERATION
DETERMINATION OF TOTAL CATALYST BED LENGTH=5.58 BY GCLDEN SECTION
NPROB=NO OF PROBLEMS TO BE HANDLED

TF=UPPER TEMPERATURE LIMIT IN GOLDEN SECTION

NCD= NUMRER OF BEDS

AX=LOWER TEMPERATURE LIMIT IN GOLDEN SFCTION

XX(1)=CATALYST LENGTH IN BATCH I

C{1+1)=EFFECTIVENESS FACTOR OF CATALYST IN BATCH I

AHA=INITIAL INTEGRATION INTERVAL IN SIMPSQN RULE

COMMON NDISsX1sNNDISsTGsPTTsAINsXsHASC19C29C39Ch9C59RRIF1S029FO
TFNSXX1 9XX29XX39XX4 sFFSO39DP +E sDLNRDT sMNsNSTUsSNCD s NRR 9 AHs SFCP4RNLD
15PDT s AHAKOK

DIMENSION V(351 9Z(35)sPK1{35)

READ (5s14) NPRCR

DO 15 NCA=1sNPROB
READ {5s14) NCD

FORMAT (414}

READ(5313) TF,AX

READ{5+13) F1S02sFOsFNy
FORMAT(8F1Us4)

NDIS=1

TFF=TF=AX

Vi21=0.618
T=AX+V{2)#TFF
CALL DISMAX{T)

PK1{2)= -ABS{X1-XX4)
Vil)=le=Vi2)
T=AX+V(1)*TFF
CALL DISMAXI(T)

PK1(1)= =ABS(X1=XX&)
Z(1)=1.
242)=VI(2)
2(3)=140-21(2)
IF(PK1(2)sLE«PK1(1)) GO TO 3
VI3)=VI1)+Z(3)

W=PK1(2)

P=vi2)

GO TO 10
VI(3)=V(2)=2(3)
wW=PK1(1)

P=V(l}

DO 8 K=3430
TaAX+V(K)*TFF
CALL DISMAX(T)

PK1(K)= =ARS(X1<XX4)
KK=K+1

Kl=K=1

K2=K=2

ZIKK)=2Z(K1)=Z(K)

IF(VIK)+GTeP) GO TO 5
TF{PK1{K)4GToW) GC TO 6
VIKK)=VIKI+2Z (KK}

GO TO &

€29C39C49C59XXT 9 XX29XX3 0 XX4 0 AHA

VKK =P=Z{KK)
WsPK1(K)
PaVIK}

GO TO &

5 IF(PK1(K)«GTaW) GO TO 7

-

VKK )=V (K)=2(KK)
GO TO 4

V(KK }=P+Z(KK)
W=pK1(K)
P=V(K)

4 IF{ABSIP=VI(KK)1,LT.C,003} GO TO 105

™

IF(ABS({PK](K)=PK1(K1)})/PK1(K)) ek Te0s0054,ANDsABS{ {PK1(KI)=PK1IK2} )
1/PK1(K1) )L TeCel05) GO TO 99
CONTINUE

WRITE(6323C) PoVIKKIsPKI(K)sW

2C0 FORVAT(1X920HGOLDe SEARCH oGTe 3093Xs4F10447/7)
105 WRITE(69201) PsVIKK) sPKI(K) oW

201
99

1

w

SIRFT

20

2

—

22

23

24

~

FORMAT{1X+13HGRID CRITERIAs4F10e4///)
T=AX+P*TFF

NDIS=1

CALL DISMAX(T)
CONTINUE

STopP

END

[« a

SURROUTINE DISMAX(T)

COMMON NDISsXIsNNDISsTGePTTsAINIXsHASC19C29C39C49C59RRIF1SO23FO0»
1IFNPXX1 »XX29XX39XX4 sFFSO39DP+E+sDLNRDTsMNsNSTUSNCO9oNRRoAH» SFCPsRNLD
1sPDT »AHASKQAK

PTT=17.1
F503=0,0
WRITF {64900}
X1=Ue0
NND1S=2
AHH=AHA
DO 55 MN=1sNCD
IF(MN+GEe3¢ANDNCDeEQes} AHH=0,01
IF(MNaGEe2 e ANDoNCDeEQe3) AHM=0,01
HA=AHH

GO TO (20421922923} sMN

F0=338.C
FN=2310,0
GO To 24

FO=367+8

FN=2422,2

GO TO 24

FO=411.9 -

FN=258841

GO 70 24

FO=411.9

FN=258841

IFINDISJNEs1) GO TO 2

TA=T-273,0

WRITE{6s1) MNsFSO3sTA
CALL JRNN1(FSO3eT)

IFINDIS,NE«1)GO TO 9

CONV=FS03/27B40
TA=T=273,0

: -153_
WRITE(6+3) CONVsFSO3sTAsXsAUN .
IF(NNDISeEQe1l) GO TO 8
PT=PTT/14e7
NRR=2
CALL DFDZ(FSO3sT sPT4RE)
IF(RReLT+0e0) GO TO 10
CALL RNN1(FS03sTsPT)
T=TG
G0 TO 55
10 WRITE(6911} RR
11 FORMAT(1HO»20Xs11HRR oLTe 0e0sF1546//)
T=62340
55 CONTINUE
8 FF503=FS03
WRITE(6025) X1
25 FORMAT(1HO»30Xs3HX1=9F6e2///)
900 FORMAT (13XsB8HSTAGE NOs7XsBHIN CONCes9Xs6HIN TEes5Xs10HCONVER
16Xs9HOUT CONCe»8Xs7HOUT TE,.99Xs6HBED Da»12X93HAJINS /21X 9130 1H
1 FORMAT(6X9115+2F1545)
3 FORMAT(51X+5F15.5//)
RETURN

Ll

END
sigrFTc €
. SUBROUTINE JRNN1(FS03+T)
4 NUMERICAL INTEGRATION USING SIMPSON RULE
COMMON NDISsX1sNNDISsTGoPTTsAINSX9HAIC19C29C39CH9C5sRRIF1502
1FN9XX1 $XX25XX3 XXk sFFSO32DPsEsDLNRDT sMNsNSTUSNCD sNRR sAH»SFC!
1sPDT s AHASKQK
OIMENSION AR(2)sAREA(2010)
AJIN=0,0
NSTU=2
. X=0e0
. PT=PTT/1447
CALL DLNR(FSO03+TsPT)
ADR=DLNRDT
DO 9 I=1,2000
DO 10 J=ls2
X1®X1+HA
i IF(X1eLTaXX1) GO TO 11
IF(X14LTeXX24ANDeX14GEeXX11G0 TO 12
IF(X1eLTeXX34ANDoX1sGEeXX2)1GO TO 13
1IF({X1.,GE«XX3) GO TO 14
11 C1=c2
DP=0,0202
€x0,31
G0 TO 15
12 Cl=C3
DP=0,0202
E=0e318
6o To 15
13 Cl=Cé
DP=040202
E=0e345
GO To 15
14 C1=CS
DP=0,0169
| E=0e35
IF{NNDIS.EQl) GO TO 21

CALL REACT4IFS03+T)
IF(NSTU.EQ.1) GO TO 27
PT=PTT/14e7
CALL DLNR
10 AR(J)=DLNRDT
i CALL TIMTSTI(IU)
IF{JUsLT40) STOP
AREA(T)=HA* (ADR+4,#AR(1)1+AR(21)/340
AJN=AJIN+AREALTD)
IF{ABS(AJUN) o LE. 040001} GO TO 21
IF{AJINGLT,.(~,0000))GO0 TO 22
W1=FS03
TWi=T
ADR=AR(2)
Go TO 9
22 WRITE(6»50) AJNSHA
50 FORMAT(1Xs15HAJN VALUE AFTERSF15¢5910XsF1546//1
AINSAIN=AREA(I)
FS03=W}
TaTwWl
X1mX1=2,08HA
X=X~2,08HA
HA=HA/240
CONTINVE
WRITE(6925) XsAUNsFSO39TsPTeX1
25 FORMAT(1X924HLONGUEUR LIMITE DEPASSEE»6F11451)
GO TO 21
X1=X1-HA
X=X=HA
WRITE(6930)
30 FORAMAT (1HO»30Xs 25HWARNING RATE RXN oLTe 040e/31Xs7(1H=}//)
21 RETURN

END
SIBFTC AB -
SUBROUTINE RNN1(FS03:TsPT)
< DETERMINATION T FOR RUN}=R{N+1)
C REGULI-FALSI METHOD
COMMON NDISsX1sNNDIS+TGIPTTsAINIXsHA»C19C29C39ChrC54RRIF1SO2
1FNoXX]1 #XX2sXX39XX4sFFSQ39DPsE+OLNRDTIMNsNSTUINCDsNRRsAH9 SFC
19PDT 2AHAIKOK .
NRR=1
TP=T~10,0
TomT
RE=0,0
57 TO=T0~2040
CALL DFDZ{FSO3+sTOePTIRE)
ABC=RE=RR
IF{ABCsLT20,000) GO TO 56
G0 To 57
56 AOBC=ABC
61 Tletp
CALL DFDZ(FSO3+T1sPTeRE)
ABC=RE-RR
1F(ABC4GT40,0) GO TO 6C
T1=T142,0
GO TO 61
60 DO 58 JZ2=1+50
CALL DFDZ(FS03sT1sPT4RE)

(FSO3sTePT)

N
&~ 0

2

~
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ABC*RE=RR
TF{ARS(ABC/RR}4LT40,0051 GO TO 352
T2=T1-ABC*#{T1=TO)/{ABC-A0BC}
IF(ABS(T2=T1),LT40,010) GO 10 95
IF{JZ+EQe50) GO TO 95
T1aT2
CALL TIMTSTLIUY
IFUILLLTY) STOP.
CONTINUE
WRITE(6+59) JZsREWRRIT24T1
16=T1
Go 70 8
352 KOITFI6096) JZsRFIRRT24T]
G=T1

-
"o

9!

96 FORMATIIXSTHIX RNMLeT496F10e4k}
5o FORMAT{1Xs13HGRID CRITERIAs1494F10e4)

8 RETURN
END
SIRFTC E
SURRQUTINE REACT4{FSO3sT)
c CALTULATION OF CONVERTION AND TFMPe THROUGH RED
4 FOURTH  ORDFR  RUMGE  <UTTA

COBON RDISOXTINnDISsTGHBTT sAINIX sHASCY 9C29C30CA+CS sRRIF1SO24FO0
1ENSXXD $XXP XX s XXbsFESOsDP s 4NLNRNT suN s NSTUINCH o NRR s8He SFCPIRNLN
15PDT »AHAIKGK

DIVENSION A(S192{5)sCL81+GI10451+Y(1005)0AKI1005)22A20(10)
~.5'0-293-l-707-0-l651-0.0|Z.001o0nl.00?-ﬂ!0.0'0.5l

LTy
DATA N/hItNN/l/
Yelel12Cal
Y{2+11=F507
Yiasliat
Yi4sl)=PTT
DO 3 I=1sN
QCTelinl,
Ntle5)aG,
3 CONTINUE
D0 2 ValsNN
Xz X4H8
DO 5 I=1sN
CUIel1=QiTs5)
S CONTIRUE
BO 6 Je2s5
KzJ-l
FS0I=Y{24K)
Ta¥{34K}
PTY{4a0) /1607
CALL DFDZUFSO1+T sPT4RF)
AK(Tod)m] oL
IFIRF4LT4La 00051 6D TO 401
RER=RE
AK (290122274 #RE
AK[38J)2=2274 #RERAH/SFCP
AK (s ) m={1504I/RNLD+14T5) 40T
DO T I=1sN
Yiled)aY (1ol Jauan(Al ) (AK{Ts01=0101800(1s 1))
SUIeJ1=GIT0K D2, # 1AL RCAKITe ) =PI IS00T0K 1} 1=CIVRAKI[ o)
T CONTINUF

1F1Ja€Qe8) GO To 8
G0 TO &
8 DO 9 11=1.N
Y{IIs1d=YtIToeS)
ZAZUITY=Y(ITa1)
9 CONTINUF
& CONTI®LE
2 CONTINUE
FSO1=Y(241)
T=¥(3s1)
PIT=Y(as1)
Ge e ac3
4U1 X=X=HA
NSTU=1
FS03=ZAZ(2)
T=242(3)
PTT=72a2(4)
4¢3 RETURN

END
s1eFTc 6
SUSRAUTIVF CFAZIFS034TepTsRF)
4 CALCULATION OF CONVERTION AND TEMP, THROUGH PED
COMIOM NDTSsX1aPNDISeTGPTT sANIX sHASC19C29C32CH0C59RRF15029F0s
TFNSXXT #XX2sXX 39 XX4sFFSO3sDPE «DLNRDT sMNsNSTUSNCD sNRR 9 AM» SFCPyRNLD
180T sAHAWKOK
FO27FC-C,5%F503
FS02%F1502-FS03
FT=FN4FSO2+FSN34F02
PTF=PT/*T
PSO2=FSC2#PTF
PO2=FO2#1 TF
PSO32FS03ePTF ‘
PN2=FN#PTF
BE=EXP(1917700/1=114479200 1 1004ALORIT 14 R02F-4aT=2, TTAEA/T/T)
AK]26 4 BREAREXP(=129004/T)
ANUM=AK]# (PO2-PS0I42/ I PE¥PSD ) %40
AH2(=247070= (0 28=1,69E=14T ) #T41.6FS/T)
CPNP=6a54CeCLTNT
SFCPeFN #CPN2+F02# (Be2742aSRE=42 T8, 17E4/T/TI4+FS024{ T4 741543E=-3
1-04AIF~68T ) 2T 14FSOIR(4,0774(2348I7E=2=NekRTE=4STI4T)
TPT=ALOG(T)
VISN222,63E—62FXP {4 744TPT)
VIS02564 28«4 aEXP(o4694TPT)
VISS0229482F-S#EXP(+865%TPT}
VI5501m3,"329%SCRTIT/7734)
VISC2{FH #VISN2+VISO2#F02+VISS0I#FSO24VISSOIRFSDII/FTH2442
D02=PO2%2404/T
0S022PS02%6B48/T
N503=P50386140/T
DN23PN282164/T
DENS=(NOZ#FN24NN24FN 4NSOPSFSOP4NS0I%FEA2) /FT
WAVE= (22 ,8F0247R #FN +R4 4 #*FSO2+R0#FSN3 ) /FT
VOzFT#YAVE/DFMS/277,
RNLP=NENSEVONP/VISC/ (140=F)
POT+DENSHVO#VOR(140-F1/1444/DP/FR83/4,17E8
IFITaLELT234) GO TO 20
IF(TeGEa7734) GO 1O 21
AKA=]402E-5#EXP(7025,/T)

END
SI8FIC
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AKA=AU90 , #EXP{=BA00./T}

< ADEN1={1,+AKA#PS03/PSO2) #42

ADEN2=1{1.4AKA*SQRT(PO2)/P502)e#2

ADEN3S (ADENT#{7724=T)4ADENI®{T=723,1)/%0,
RE=C1#ANUM/ADENY

GO YO 23
21 AKBn&090,2EXP{~8800s/T}
ADEN2a(1,+AKRESQRTIPO2) /P502) e 82
REC1SANUM/ADEN?

60 TO 23 R
20 AKAS1.028-58EXP(7023./T) .
ADEN1= 11, ¢AKA®PSO3/PS02) #42
RERC1SANUM/ADEN]
23 IFINRR.EQ.2} RRaRE
10 RETURN

¥
SUBROUTINE DLNR  (FSO3+TsPT)
0:7‘“”!"!‘]0" OF PARTIAL DERIVATIVE OF LNIRATF) W.R.Te THE TEMP.
ALGEBRIC TRANSFORMATIONS ONLY
COMMON NDISoXIsNNDISs TGoPTToAUNSXsHAICI»C29C30Co9C59RReFISQ24F D0
l'ﬂ'l‘l 'll!ill!ollh"?SO!-D’l!'DLNRDYoMNﬁNSYU'NCD'NRR-AH;SF(“oQNLD
AMA s KQK
F $020F

303
"01'!0-0-!“80!
FTaFN+FSO24F024F 503

E

2121.0/v-11.A23-0.1909GAL05(T)oA.503(-«~v-s.114€~/V/Tn
EARENP (~12900./T)
ARAZ] 4 O2E=5OEXP (7025, /T) -
AKBe4090, 8EXP( o /T)
3882/ (PKEPSOZ) 092)

CPN2264540e0018T
aFN, SCPNZSRO20(8,2742458E=4aT= 1R, TT7EG/T/T)I4F5028{7,74(543E~3
1 038=68T10T)4FSO3R(6,0774(29,537E~3=0e6076-42T)sT)
AHBl=20007,+10,26-1+80E=18T) 8T4]15ES/T)
T24THY
PR 22PKEPK
OPKeBo5Et=001309/Tn12127:0/1247e54E5/T/T2
'SOS!-'SO!I'SO
Alllz’QO./7!02."5032"50!200’(/’K2 71PO2-FS0328F5022/PK2}
IFIT.LELT72300)
l"(TnGY.‘IZS-00‘»-'“?.173.0l 6o Yo 7
AKSPeAKBRSORT (PO2) /P502
ADEN2S 11, +AKBPPO2%80,5/PS021 882
I-Cl.AMIA"N?
SOA2eSCRT (ADEN2
MD'-AI‘?-OQKW“GO.IT!IMAI

20 lD(Nl -( l o« +AKARPSO3/PSO2 ) 42 N

ReC 1 #ANUM/ADENL

AKAFeAKASF SO 3!

SOA1=SORT (ADE!
oLunnY-Axo«1~oso.'A:Ar/12|/saA1
FF2524PAKASF150

G0 70 22

21 ADEN1e(1,+AKARPSO3/PSO2)082

ADFN2u (1. 4AKREP02840,8/PS02) #02
ADENS= (ADEN1®{ 773 =T ) +ADENZ#(T=723,11 /50
ReC2#ANUM/ADENS
AKAF-AKACFSO 2

AKAP=AKR4SQRT (PO2) /PSO2
Dolov--:;oso.-nxnsot|.onxAr|/T:
DDZ0T=2,2(1++AKBP) #AKBP#88004 /T2
T778773¢=T
T72=T-723,
OLNRDTeA1={T77eDDIDT~ADENT+T7240D2DT+ADEN?} 750+ /ADEN3

22 RETURN
END

<D TOT 0421
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SIBFTC

4

507
901

900 FORMAT(1X97HT o SEARS 94X s BHSTAGE NO94Xs11HFIXED CONCo92Xs13HOPT, IN TEMP4sS

11414

PprgRgewn "

DYNaMIC PIOOIAMM!NG

DETERM]NATXON OF THE OFT!MUM S!QUENCE OF BED INLET TEMPERATUR!

BY DYNAMIC PROGRAMMING

OluOXYGENE=AIRy AIwAZOTE =AJRes AXI@INFERIOR Tes FSIsINITIse FSO$»
AF81¢ INCREMENT PS03

cOMMON TRIEDIF1802¢PNIDPIEICLIPFSOsTT oW sRNIATTSARF P (80),HASR(B0)

13PTTsXs5(80)s0(850) sAXINONIAXXINSTEBsARS]

DIMENSION A{S0}

READ(5+45) NPROB
D0 300 NP=1sNPRCB

READ(5+45) NBsNSTEP

WRITE(64507)

FORMAT (48X 935HNYNAMIC PROGRAMMING WITH CONSTRAINT/48Xe35(1H-)///})
WRITE(6+901) NSTEP

FORMAT (52X s1SHDYNAMIC PROGRAMMINGs5Xe2HN=s14///)

WRITE(65900)

1TEMPe 95X s 10HMAX. CONV.16X+9HCONCs OUT#6XsIHOUT TEMP 49X+ 6HBED Do
16Xs9HCONCs END9/1X9130(1H=})
00 55 MN=1,NB

CALL TIMTSTLIG)

IF(1G.LT.3) SToP

45 FORMAT(414)

READ(594)}F15029F1029FN2+019sA19AX1sFSY1sAFS1sPTTeHASDPC1sE

4 FORMAT(8F10.6)

48

20C
201

100

54
58
55
300

85
80

81

~

83

»

700
70

WRITE(6y48) MN,C1
FORMAT {1 X+RHSTAGE NOsT495XsSHCY 1SeF10e433Xe6(12He)///)
FO=F102+401
FNaFN2+Al
AX=AX1

FS03=FS1
AFS03=AFS1

DO 58 N=1sMSTEP

IF(YNeFQua4sANDeNsEQe2) GO TO 300

FS03=FS03+AFS503

IF(MN+EQs4) FSO320,0000
A(N)=F503

IFIMN.EQe4) GO TO 200
FO2=F0=0,5%*FS03
FS02=F1502-FS03
FT=FN+FSO02+4FS03+4F02

PT=PTT/14.7
PP={FT/FO2/PT)*%0.5%FS03/FS02
CALL XPEQIPP)
IF(TFeGTe87343)
GO TQ 201
TF=873,0
CALL GOLDEN(MNsFSQ3)
IF{MN.EQe2+0ReMN4EQe4)GO TO 100
R{N)=A(N)
FINI=AINI+{2784C=AIN) ) *W

FS03=A(N)
WRITE(6954)MNsRIN)sRNsWsAFFsATTIAXXSFIN)
GO To 58

SIN)=A(N)
O(NI=AINI+(2784C=A(N) I ¥W

TF=87340

FS03=A(N)
WRITE(6954)IMN»SIN sBNsWs AFFSATTHAXX90(N)
FORMAT{SX»11537F1546///)

CONTINUE
CONTINUE
CONTINVE
sToOP
END
ss
SUBROUTINE GOLDEN(MN+FSO3)

DETERMINATION OF THE OPTIMUM INLET TEMPERATURE BY GOLDEN SECTION
COMMON TF9F0O2F15023FNsDPsEsCL1sFFSO3sTTsWeBNIATToAFFF(50) sHASR(50)
19PTTsX35(50)+0(50) s AXsNONIAXXsNSTEP s AFS]

DIMENSION V(35)eFFF(35)92(35)9AT{35)sFF(35)sXXX(38}

NSTEP1=NSTEP~1

TFFaTF=-AX
V(2)=0,618

T=AX+V(2)}*TFF

KKJ=2

IF(T4LE«OsU) GO TO 4CO

W2=FS03

WZZaWZ+140
GO TO (80981+82983) sMN

IF(FSO34LE«544C) NON=30

IF(FS034LEe1C8eCeANDeFS034GTe54401}

IF(FSO3¢LEe1624CeAND«FS03eGTo1084}

IF(FSO3.LE«216.C4ANDsFS034GT,16241
TF(FS034GTe21640) NON=6

IF(KKJeEQe2) GO TO 84

GO To 87

IF(FSO3.LE«544C) NON=30

IF(FSO34LEe108404ANDeFS03e6Ta5440)

TF(FSO34LE+162400ANDeFS034GT41084)

IF(FSO34LEe2160CsANDeFS03eGTe1624 ]

IFIFS034GTe21640) NON=8

IF(KKJeEQe2) GO TO 84

GO To 87

IF(FS03.LEL5440) NON=20

IFIFSO34LFe108406ANDFS03eGTo5440)
IF(FSO34LEe162404ANDeFS03eGT41084)

IF{FSO34LEe21640eANDeF50346T41624)

IFIFS0346Te21640) NON=6

IFIKKJoEQe2) GO TO 84

GO ToO 87

IF(FS034LFe5440) NON=15

TF(FSO34LE«108+UsANDeFS03¢GTe5440)
IFIFS03.LE«162¢04ANDFS034GTe1084)

IF(FS5034LEe216400ANDeFS0346T01624)
IF(FS034GTa21640) NON=4

IF(KKJoEQe2) GO TO B4

GO TO 87
CALL REACT4(MNIFS03sT)

IF(TTa6GTe600401 FFSO32WZ+1,0/TT

JJ=1

IF(FFS03.LTeWZZ) GO TO 700

IF(MN.GTe1l) GO TO 61
FFF(2V={FFSO03-WZ)/(278,0-WZ)
AT(2)=TT

NON=2C
NON=15
NON=10

NON=20
NON=15
NON=10

NON=15
NON=10
NON=8

NON=15 v
NON=8
NON=6

~

701
T4

u

61

6
[}

w N

&5

30

o

i 302

303

68

409

73

9

30

9

1

9

9

1

1
2

(]

5

o

FF(2)=FFSQ3

XXXt2)mX

Vil)el,e0=vi2)
TuwAXeV{1#TFF

KKJwl

IF(TeLE«OL0} GO TO 400
PS03 eW2

60 TO 8%

CALL REACTA{IMNIFSO3sT)
1F(TT.GTe600.0) FFSO3=WZ+140/TT
JJ=2
IF(FFS03.LT4WZZ) GO TO 701
IF{MN.GTa1) GO TO 61

FFF{1)e(FFSO3-WZ)/(278,0-WZ}

AT(1)=TT
FF{1)sFFSO3
XXX (1)2X
24112140

Z(2)avi2)

Z13)=1,0=2(2)

IFIFFF(2)4LE.FFF(1)} GO TO 3

Vi3)aV(1)+42(3)

WaFFF(2)

PaV(2)

ATT=AT(2)

AFFeFF(2)

AXX=XXX(2)

G0 To 10
Vi3)eV(2)=2(3)

WeFFF(1)

Pavil)

ATT=AT(1)

AFF=FF(1)
AXX=XXX(1)
GO To 10

IF(MNJEG.3) GO TO 300

IFIFFSO34LTeR{1)4O0ReFF503¢GToRI(NSTEP))GO TO 91
DO 62 K=1sNSTEP]

L=K+1
IF({FFS02eGE«R{K)sAND¢FFSQ3.LEsRI(L)) GO TO 63
CONTINUE
3-POINT NEWTON FORWARD DIFF. INTERPOLATION FORM
NST=NSTEP/2
IF{KsGTNST) GO TO 65

LisL+l

DlYleF(L)=F(K)

DlY2=F(LL)~F(L)

02Y1eD1Y2-D1Y1

UX» (FFSO3~R{K)}/AFS1
ABRF (K )4UX# (D1Y14(UX=1,0)#D2Y1/240)

GO To 68
3-POINT NEWTON BACKWAR DIFFe INTERPOLATION FORM
LK=K=1

DIYN=F({L)~F (K}

D1YN1=F{K)=F{LK)

D2YN=D1YN-D1YN1

UX=(FF503~R(L))/AFS]

AB=F (L) +UX# (DIYN+(UX+140) #D2YN/240)
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IF(JJeEQe1) GO TO 73
FFF(1)={AB-WZ)/(278,0-W2) N
GO TO 74
IF(FFSOS.LT.S(!)oOR.FFSO!.GT.S(NSTEPl)GO To 30%
DO 302 K=1sNSTEP1
L=K+1
IF(FFS034GE«S(K)sANDFFSO34LE«S(L)) GO TO 303
CONTINUE
3-POINT NEWTON FORWARD DIFF. INTERPOLATION FORML
NST=NSTEP/2
IF(KeGTeNST) GO TO &8
LL=L+] '
D1Y1=0(L)=-0(K}
D1Y2=0{LLI=0(L)}
D2Y1=D1Y2=01Y1
UXa{FFSO3=5{K})/AFS1
AB=O IR )+UX#{DIYI+(UX=1,03%D2Y1/2+0)
GO TO 409
3-POINT NEWTON BACKWAR DIFFe INTERPOLATION FORML
LK=K=1
D1YN=O(L)=0(K}
D1YN1=Q(K)=0{LK)
D2YN=D1YN~D1YN1
UX={FFSO3=-S{L})/AFS1
ABSOELI+UX®{D1YN+(UX+1401#D2YN/240)
IF(JJeEQel) GO TO 73
FFF{1)=(AB~WZ)/(278,0~W2)
GO TO 74
FRF{2)=(AB~W2)/(278,0~-W2}
GO T0 70
WRITE(8992) MNOKKJsWZsTFsTTsFFSO3sR (1) sRINSTEP)
1F{JJeEQ.1) FFF(2)=0,0
IF{JJeEQs1) GO TO 70
FFF{11=0.0
GO To 74
WRITEL6992) MN.KKJ.HZ.TF;TT;FFSOB.S(1)'S(NSTEP)

FORMAT(1X+14HBEGIN OFF LIMe921497F10,4)
IF(JJeEQel) FFF(2)=0,0
1F(JJeEQel) GO TO 70
FFF(1)20s0 .
GO TO 74
DO 8 J=3,30
KKJ=J
T=AX+V(SI#TFF
1F(TsLEC040) GO TO 400
FS03=w2

GO TO (95+96997+98) oMN
TF{FSO3.LE«54,0) NON=30
IF({FS03¢LEe108406ANDsFS034GT+5440)
1F(FSO3¢LEe162¢00ANDeFS034GT41084)
IF(FS503.LE«216404ANDeFS034GTe1620)
IF(FS034GTe21640) NON=6

GO TO 88

IF{FS034LEe54e0) NON=30
IF(FS034LEe108e0sANDeFS034GT45440)
IF{FSO03.LEe1624UeANDsFS034GTa1084)
IF{FS034LEe216e04ANDsFS03eGTa1620)
IF{F503,GTe216+0) NON=8

NON=20
NONe1l$S
NON=10

NON=20
NON=15
NON=10
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GO TO 88

97 IFIFSO34LE«5440) NON=20

IF(FSO34LEe108+CeANDeFS503eGTe5440) NON=15
IF(FSO3eLFe162.0sANDeFS034GTe10841 NON=1C
IF(FS03¢LEs216404ANDaFS03¢GTe1624) NON=8
IF(FS034GTe21640} NON=6

GC TO 88

98 IF(FSO3eLEe5440) NON=15

IF(FSO34LEe108404ANDeFS03eGTo5440) NON=15
IF(FSO34LEe162+04ANDeFS03e6T41C84) NON=8

IF(FSO34LEe216404ANDeFS030GTo1624) NONz6

IFIFS034GT421640) NON=4

88 CALL REACT4IMNsFS03,T)

IF(TT.GT,600401 FFS03=WZ+4140/7T
IF{FFSO3,LT.WZZ) GO TO 79

IF(MN.EQel) GO TO 79

IF(MN.EQ.3) GO TO 200
IF{FFSO3.LTaRI1)40RFFSO3GTaRINSTFPYIGO TO 64
DO 75 K=1sNSTEP1

L=K+1

IF(FFS03.GE«R{K)4ANDeFFSO3,LE«RIL)) GO TO 76

75 CONTINUE
76 NST=NSTEP/2

IF({KsGTaNST) GO TO 67

LL=L+1

D1Y1=F(L)=F{K}

D1Y2=F(LL)=F{L)

D2Y1=D1Y2-D1Y1
UX=[FFS03=-R{K))/AFS1
AB=F(KJ+UX*#(D1Y14+{UX~1,0)%D2Y1/2,0)
FFF{J)=({AB=WZ)/(278.0-WZ)

Go To 77

67 LK=X-1

20

o

D1YN=F{L)-F(K)

D1YN1=F(K)=F (LK)

D2YN=D1YN~D1YN1

UX=(FFSO3~R(L})/AFS1

AB=F{L)+UX* [D1YN+{UX+140}%D2YN/240)
FFF(J)=(AB=WZ}/(278,0=W2)
GO TO 77 .
IFIFFS034LT+S(1)s0RFFSO3.GT«SINSTEP))GO TO 201
DO 202 K=1sNSTEP1

L=K+1

IF(FF5034GE+5(K) 4ANDFFS03,LE«S{L)) GO TO 203

202 CONTINUE
203 NST=NSTEP/2

IF{KeGTeNST) GO TO 69
LL=L+1
P1Y1=0{(L)-0(K)}
p1Y2=0(LLY~-0(L)
D2Y1=D1Y2-D1Y1
UX=(FFS03-S{K})/AFS1
AB=OIK)+UX*#(D1Y1+(UX-1.0)%D2Y1/240)
FFF(J)=(AB=WZ}/(27840-W2)
Go To 77

69 LK=K-1

79
n”

&4

201
86

~

8
101
102
105

608

D1YN=0{L)~0(K)
D1YN1=0(K)=0(LK)

D2YN=D1YN-D1YNI1
UX=({FFSO3-S{L}})/AFS]
AB=0 (L) +UX# (DIYN+{UX41,0)%D2YN/2,0)
FFF{J)=(AR=WZ)/(278,0=-W27Y
GO To 77
FFF{J)=(FFS03=WZ)/(27R.0=-WZ)
Ja=J+1
Jl=Jd=1
J2=d=2
FFtJ)1=FFSO3
AT(U) =TT
XXX(J)=X
Z(JIy=214)=2())
IF(V{J)«GTeP) GO TO 5
IFIFFF{J)eGTaW) GO TO 6
VIS =vidI+Z1J)
GO To 4
VIJJy=p=21{JJ)
W=FFF D)
AXX=XXX{J)
ATT=AT())
AFF=FF(J)
P=viJ)
GO TO &4
IFIFFF(J).GTW) GO TO 7
VI(JJr=vIJy=2(JJ)
GO To &
WRITE(G186IMNs JsWZsP VIS sTFoTToFFSO3sR{11sRINSTEP)
FFF(J)=0.0
GO To 77
WRITE(63861MNsJsWZoPsVIJ)sTF9TTsFFS0395(1) »SINSTEP)
FORMAT[1Xs1CHOFF LIMITSs21498F1044)
FFF(J1=0.0
GO To 77
VIS =P+Z(JJ) .
wW=FFF{J)
AXX=XXX(J)
ATT=AT(Y)
AFF=FF(J}
P=V(J).
KKJ=J
AM=V (JJ)
TF(ABSIP=V(JJ) ) eLTeaT04eANDSFFF{ J}elTe0400001) GO TO 101
IF(ABS(P=V{JjJ))4LTe0,003) GO TO 105
IF(FFF{J1eEQeTs0eORFFF{J11eEQe040) GO TO 8
IFLABS({FFE(J}~FFF(J1))/FFF(4)1eL.Tae0001ANDeABSI(FFF(J1)=FFF(J2})
1/FFF{J1))4LT440010) GO TO 99
CONTINUE
GO TO 99
WRITE(63102) KKJ#P2AM
FORMAT{1Xs4HHELP s 10HOFF LIMITSs1493F1044//)
BN=AX+P2TFF=273.0
GO To 103
TF1=TF=273+0
WRITE(65606) KKJeTF1sVIJ)sP
FORMAT(1Xs13HGRID CRITERIAs[433F1546)
BN=AX+P#TFF=273,0
GO To 103

TF1=TF=273.0
WRITE(691C0) KKJ#TF1 -156'
FORMAT (4X 214 sF1546)
BN=AX+P*TFF-273,0
GO TO 103
WRITE(635401) KKJsTFFsT
FORMAT (1X»10HAU SECOURS»1493F1549//)
RETURN
END

<o TOT 0358
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" " KRS RNARERN -l 57-

eg GRADIENT  SEARCH CALL  SIMCHA(X)
ld L2 223 ** * * * S XTS2TRTETL 2 LS Y(J*1)=FF503
4 DETERMINATION OF THE OPTIMUM SEQUENCE OF THE BED INLET TFMPERATURE WRITF(695C) ATJ+1)sCoY(J)aXaY(U41)
C BY THE GRADIENT SEARCH 50 FORMAT(10X»12F1044)
< DELTA=GRID FOR EVALUATION OF SLOPE IF(ABSIY(J+1)=Y(J))aLTe0s1) DELTA=0.5#DELTA
4 CC11=MULTIPLICATOR TO ACCELERATE ON GRADIENT LINE IF(DELTALLEsTOL) CELTA=TOL+045
C STEP=MINIMUM DIFFERENCE ALLOWED BETWEEN TWO PTS ON ACCe GRADIENT IF(Y(J+1).GTaY(J)) GO TO 12
4 LINE : GO TO 13
C TOL=TOLERANCE ON GRID AROUND PSEUDO ~OPT. : 12 J=J+l
C NCONST=1 NO CONSTRAINT C11=440
C NCONST=2 CONSTRAINT GO TO 8
C ASL=D RESPONSE WMEN CONST. MET € SEARCH BETWEEN A(J-1) AND A(J+1) RY GOLDFN SECTION
c NN=NUMBER INDEPENDENT VARIABLES 13 IF(JeNEel) GO TO 2002
C ADS=GRADIENT LINE PERAMETRIC REPRESENTATION COEFF. GMIN=A(1)
COMMONFFS039MZZsLLLs TF1sNCONSToF1S02+F1029FN2sFOsFNsPTTsCloHAY GMAX=A(2)
10P sMZ s TFsNONsMOPT 9 XYZ 5 TT4VZ (5) - GO TO 2003
DIMENSTON X{4)sA(100})sY{100)sYY(1NC)sCl4)»SLOPE(4Y #D(100) 2002 GMIN=A(J=1)
READ{5+2C1) NPRORINCONST GMAX=A{J+1)
TF(NCONSTLEN.1} WRITE(651008) 2003 k=1
IFINCONST.EQe2) WRITE(651009) E=(GMAX~GMIN}/20,0
1008 FORMAT(51X»29HGRADIENT SEARCH NO CONSTRAINT»/51X929(1H=)//7) DIK)=GMAX=GMIN
1005 FORMAT (50X931HGRADIENT SEARCH WITH CONSTRAINT»/50Xs31{1H=)//7) JaJg+2
DO 100  KCA=1sNPROR AlJ)=GMAX=D(K)/1+618034
NADS=3 DO 22 I=1sNN
MOPT =2 22 X{I)1eSLOPE(II#ALNI+CIT)
READ(5»201) NN MZ=4
201 FORMAT(2014) CALL SIMCHA(X)
READ(59202)F1S02+F102sFN23XsADS sDELTAC21sSTEP«TOLIASL Y(J)=FF503
2C2 FORMAT(8F10e4) A(J+1)=GMIN+DIK) /14618034
NM=2#NN DO 23 I=1sNN
NP=0 23 X(I)=SLOPE(1}#A(J+1)+CIT)
CALL TIMSET(12C) M4
MZ=4 CALL SIMCMA(X)
CALL STMCHA({X) Y(J+1)=FFSO3
Y(1)=FFS03 C  TEST FOR HIGHEST RESPONSE
WRITE(654B) XoY (1) 60  IF(Y(J+1)=Y{J)) 26926428
‘ 48 FORMAT{20X+5F1Ce0b)g C  REPEAT SEARCH WITH GOLDEN SECTTON ALONG PARAMETER
¢ EVALUATE PARTIAL DERIVATIVES BY FINITE DIFFERENCE 24 GMAX=A(J+1)
5 DO 14 I=1sNN DIK+1)=D(K}/1+618034
CALL TIMTST(IU) K=K+l
IF(1UsLTaC) GO TO 377 IF(D(K)eLELE) GO TO 30
ClIr=x(1) JzJ+2
X{I1)=ClI)+DELTA A(J)=GMAX=-D(K) /14618034
NNCC=2 s DO 64 I=1sNN
108 IF(14EQe1+ANDLX(1)eGT,87340) GO TO 100 64 X{I)=SLOPE(L}*A{J)+C(T)}
GO TO (6696296326711 MZs4
62 MZZ=1 CALL SIMCHA(X)
Go 7O &5 Y(JI=FF$03
63 M2Z=2 AlS+1)=A=2)
GO TO 65 ) Y(J+1I=Y{J=2)
67 MZZ=3 GO TO 60
65 CALL CHECK(X) 28 GMIN=A(J)
IF({LLL.EQe1) GO TO 100 DIK+1)=D(K)/1.618034
66 IF{NNCCeEQel) GO TO 166 . | KaK+1
MZ=4 IF(D(K)eLE.E} GO TO 35
CALL  SIMCHA(X) . : JeJel
GO TO 101 } A(J+1)=GMIN+DIK) /14618034
100 FFSC3=040 ; DO 68 I=1sNN
'
IF (NNCCeEQel) GO TO 167 68 X(I)=SLOPE(I)#A(J+1)+C(1)
101 YY(I1)=FFS03 MZ=6
X{1)=C{1)=DELTA CALL SIMCHA(X)
IFIYY(1)4GTalaC) GO TO 166 . Y{J+1)1=FFS03
NNCC=1 i 60 TO 60
GO TO 108 t30 g=J42
166 MZ=4 A(JSI=GMAX=D(K) /240
CALL  SIMCHA(X) DO 31 I=1sNN
167 M=NN+1 31 X(I)=SLOPE(I)I®A(JI+C(T)
YY(M)=FFS03 MZ=4
14 X(1)=C{T) : CALL SIMCHA(X)
NP=NP+1 Y(1)=FF503
WRITE(6482) NP G0 TO 5
82 FORMAT(1Xs14) 38 J=J+2
Al1)=0,0 AlJ)=GMIN+D(K) /240
J=1 DO 36 I=14NN
c11=C21 36 X{11=SLOPE(I)®A(JI4CIT)
IFINADS.EQs 1) GO TO 370 M2Z=a
IFIY{J)eGTa26840) NACS=2 CALL SIMCHA(X)
IF{NADS«EQe2) ADS=ADS/440 Y(1)=FFS03
TF(NADS.EQ.2) NADS=1 GO 10 5
370 MK=0 1000 CONTINUE
DO 72 I=1sNM stToP
72 IF(Y{J)eGE«YY{I}) MKsMK+1 END
IF (MKoNEJANM) GO TO 6004
WRITE(6954) X»Y(J)sDELTA ¢p ToT 0199
54 FORMAT(1Xs13HPOSSIBLE OPTee5Xs6F1064//)
DELTA=0,5%DELTA
IF(DELTASLELTOL) GO TO 6002
60 TO &

377 WRITE(65378) DELTA
378 FORMAT(10X+18HCOMPUTER TIME OVERsF2045+/10Xs18(1H=)///)

6062 MOPT=1
MZ=4
CALL SIMCHA(X) ,
GO TO 1000

6004 DO 73 I=1sNN
IF(YY(I)1elTolaC) YY(T)=Y{T)=ASL
T2 SLOPE(IN=(YY(I)=YIJ))/DELTA
111 Cl1=2.0%C11
Ald+l)=AtU)%ClL
IFCACU+1)alTela0) ACJ+1)=ADSRCIL
DO 10 I=1sNN
15 X{I)=SLOPE(T)#A(J+1)+C( 1)
TFLABSIXt1)=Cl1))eLToSTEPLANDeABSIX{2)1=Cl2) )l ToSTEP«AND+ABSIX(3)
1=Cl31 ) el ToSTEPLANDGABS(X{4)=Cl4))4LT4STEP) GO TO 111

@

C VERIFICATION IF PT TO THE RIGHT OF EQUL CURVE
1F(X(1),6T4873,0) X{11=873,0 )
MzZ=1

CALL CHECK(X)
IF{LLL.EQe1) X(2)=TF1
MZZ=2

CALL CHECK(X}
IFILLLWEQs1) X(3)=TF1
MZ2=3

CALL CHECK({X)
IFILLLeEQel} X(4}=TF1
MZ=4


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

	Structure Bookmarks



