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CHAPTER 

INTRODUCTION 

Many chemical processes are subject to catalyst decay in chemical 

reactors, which justifies the study of catalyst decay problems. The decay 

may be due to poisoning .<e.g. a result of impurities contained in the 

feed), to sintering (e.g. when the surface area of the catalyst is 

reduced because of physical deterioration of the catalyst from high 

operating temperature), or to. fouling (e.g. when coke is deposited on 

the catalyst). 

Since catalyst activity has a history, the operation of such 

reactors subject to decaying activi·ty will depend upon the entire previous 

history of the operating variables, and optimization of these are of prime 

inter-est these days. The solution is wel I known for irreversible reactions 

d k <I 121314 ) h h I d d'ff t t f 't an many wor ers ave ernp as ze 1 eren aspec s o. 1 • 

Included in the appendix is the "listing" for the general case of an 

irreversible reaction, and also the one for finding the best isothermal 

po Ii cy. 
. ( I 2) 

Jackson ' has considered the optimal temperature profile in 

a tubular reactor with a reversible exothermic reaction. The problem is 

easily formulated, but no analytical solutions are avialable yet. 

0 d R ( 5 16 ) h d I d I . I th d gunye an ay ave eve ope a genera numer1ca me o 

for calculating the optimal control policy using a modified gradient 

method for a reversible react1on. 

( I ) 
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In the subsequent pages, the necessary conditions for an optimum 

policy wi I I be derived theoretically. However, because of the complexity 

of such systems, a numerical method together with the analytical develop­

ments is used to get a complete solution for reversible reactions. 



CHAPTER 11 

STATEMENT OF THE PROBLEM 

In this section the objective function, which has to be 

maximized is defined. Also, al I the assumptions related to the system 

uti I ized (isothermal tubular reactor) are I isted. 

For the single tubular reactor vtith uniform temperature, the 

fol lowing assumptions are required: 

(I) There is a single reversible reaction. A material balance for a 

plug flow reactor is in terms of catalyst activity lj;, temperature T, 

conversion·x. 

ax + ax = fCI);, T, X) C 2. I ) 
at az 

.where f(lj;, T, X) is the rate of. reaction; Z is the space-time 

(distance) through the bed, t is the time on stream and X = X (t) 
0 

at Z = O. The catalyst activity lj; is defined< 7,B> as the ratio of 

the rate of reaction with decayed catalyst to that with fresh catalyst. 

(2) The activity of the catalyst lj; is assumed to depend on temperature T 

and lj; itself, but not on conversion X, as fol lows: 

di/I 

dt 
= -g Cl);) k CT> lj; = 1); 1 at t = O 

for Z i n CO ,6 ) 

(2.2) 

with 0 ~ g(lj;) ~I. ·Since the temperature in the reactor is assumed 

to be uniform at any time, equation (2.2) implies that lj; is uniform 

over the distance Z. 

( 3) 
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(3) The change of activity~ is assumed to be negligible over a time 

equal to the space time so that ~ is effectively constant for 

ax ax 
integration over z and a-t << az 

{4) K
1 

and K2 are the rate constant of the forward and backward reactions 

P1 
and are assumed to be proportional to kp and k respectively with 

p = E1/Ec and p 1 = E2/Ec' where E1 is the activation energy of the 

reaction and E is the activation energy for the decay rate. c 

The problem now consists of maximizing the total amount of 

reaction over a fixed total reaction time, T, by choosing the rate 

coefficient k (and hence T) at every instant. That is, 

Max. P with P = J; X(t)dt {2.3) 

subject to 

0 ~ k ~ k ~ k* ~ k . 
00 00 • 

Now fol lowing_ this section, rate expressions are introduced for 

two kinetic models and the general treatment using the maximum principle 

is derived. 



CHAPTER 111 

THEORETICAL DERIVATIONS 

3.1 KINETICS: 

In this section, for reversible ~eactions, two kinetic models 

are derived for the rate expression. 

For the reaction A 5 8 + , the rate of reaction is expressed as: 

Ki. 

where . 

U and W are the reaction . orders of the forward and backward 

reactions. Reaction orders wi I I now be expressed as order CU - W). 

For our first kinetic model of order Cl - I), at equilibrium 

the rate is zero, which imp I ies that the equilibrium conversion XA is 
KEO 

eq ua I to ---''---
( I + KEO) 

where KEO.= 

a function of temperafure only. 

E 
K1/K2 , and the equilibrium conversion is 

In another form, for first order reactions in both directions, 

Rate = 
dt 

dCA 
- -- = 

dt. 

(5) 
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Also, 

dt 

The conversion CX) is defined as the fraction of reactant concentration 

CA converted into product. CB is taken as zero so that CA is the 
0 0 0 

concentration of A achieved by reversing the reaction unti I CB = O. The 
0 

scale of conversion is from zero to one. 

Then, for reaction order Cl - I), 

= KCT) FCX, k)ijJ C 3. I • I ) 

Now, compared with tho irreversible case, the rate of reaction is no 

longer a product of functions of only one variable. This fact makes the 

analytical solution much more complex, if not impossible. 

Then equation (2. I) \'Ii th assumption ( 3) is integrated to give 

= 
XCijJ,k,X ) 

Ix 
0 dX (3.1.2) 

0 

where Z = 8 is the end of the reactor. 

Now consider our second kinetic model which is a first order 

1st 
reaction forward and a second order backward, A+ B. In this case it is 

+ 
:fd 

not profitable to express the rate as a function of the eq u i I i b r i um 

conversion; therefore the rate is equal to iJi[K I (I - X) - K2CA X2] and 
0 

i ntcg rating a 11 along the reactor yield 

1/18 
(3.1.3) 



7 

These two equations (3.1.2 and 3.1.3) for different kinetics provide one 

of the system equations, the other one is obtained from the rate of decay 

of catalyst. 

In this section, the rate expressionsfor our two kinetic models 

have peen shown and wi I I be used subsequently althrough this work. Notice 

that these equ~tions contain three variables. Knowing two of them wi I I 

yield the third one. 

The next section applies Pontryagin's Maximum Prin~iple to our 

system equations, and for the sake of simplicity the rate expressions 

(3.1 .I and 3.1.3) are substituted by the letter p because it is frequently 

used through this work. 

3.2 GENERAL CASE: 

In the following pages, the general derivation of the optimal 

policy is conveniently treated in the format of Pontryagin's Maximum 

Principle< 9,IO) Throughout this pa~er al I the impli~ations related to 

it are taken as known, and these derivations hold for al I kinetic models. 

Equation (2.2) can be written 

dijJ = ct> ( 1jJ, k) = -kg ( ijJ) ~ 0 C3.2.I) dt 

with iji(O) = 1jJ. and ijJC1:) ~ 0 
I 

The system equations are 

dP x fo 
dt = = 

diji 
= ct> = f I 

dt 



where P and 

defined as 

Then 

and 

Since 

1/1 are the 

. 
11. 

I 

. 
µo 

• 
111 

ax 
aP 

= 

= 

= 

= 

state variables. NovJ the 

n ()fa 
I: 11 • 

a ax' a=O 

ax -µ -
o <lP 

ax 
-µ -

0 () 1/1 

0 and 

- µI 

- 11, 

~ 
<lP 

~ct 
Cltji 

~= 
aP 

o, 

adjoint variable µi 

we have ii = 0 so thatµ =constant at any.time. From Pontryagin's 
0 0 

., 

8 

is 

Maximum Principle, Theorem 7, implies that, for a fixed time problem and 

variable endpointsµ at the final time equals I (for a maximum) and al I 
0 

the other adjoints to be zero also at the final time. Therefore, using 

dµ = ax aq, (3.2.2} -- - µ-
dt Cl1/J Cli/J 

with µCt) = 0 if iJi ( T) > 0 

and µ(T) .~ 0 if tji Ct) = 0 

The space time e is set to unity, so that T is the number of 

space times. Equation (3.1.2), linking conversion to the activity and 

temperature is rewritten then as 

= ( 

0 

dX (3.2.3) 
FCX, k) 

where FCX, k) = (XA - x) I 

E 



and for the second kinetic model with equation (3.1.3) 

"' = ( 
0 

dX 

[K 1CI - X) - K C x2J 2 A 
0 

9 

(3.2.4) 

It is assumed that F, g and K are continuous functions of their arguments 

and are twice differentiable, and that k and X are pJecewise continuous 
0 

functions of time t. 

or 

The Hamiltonian H is defined by 

H = 
n i 
E µ i f 

i=O 

H(tjl,µ,k,t) = XCtjl,k,X (t)) + µ¢(tjl,k) 
0 

(3.2.5) 

The maximization of P in equation (2.1) is then equivalent, 

d . t p t . I M . p . . I <9 , IO) t . . f accor 1ng o on ryag1n s ax1mum r1nc1p e , o requ1r1ng o an 

optimal pol icy k+(t) that it satisfy 

+ + + HCtjl ,µ ,k ,t) = (3.2.6) 

at almost any t and for al I admissible values of k. In equation (3.2.6) 

tjl+ andµ+ are the solutions of equations (3.2. I) and (3.2.2) using 

k+(t). If k+(t) is the optimal policy, then one of the following three 

conditions is necessary at any time t ~ T: 

aH ( k +) 
2 

(a) ~ (k+) + (3.2.7) = 0 and ~ 0 k* < k < k* 
ak ak2 

(b) aH(k+) ~ 0 if k+ = k* (3.2.8) 
ak 

( c) aH + k+ (3.2.9) (k ) ~ 0 if = k* 
ak 
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From equation (3.2.5) we have 

+ J.I <ti (3.2.10) 
k 

Novi, taking the partial derivative with respect to k on both sides of 

equation (3.2.3) or (3.2.4) and with p = rate and X the exit conversion 
s 

at any instant on the stationary path 

ax 
a k I,,, x 

'I', 0 

= pCX ,k) 
s (5 

0 

Substitution of (3.2.11) in (3.2.10) yields 

= p(X ,k) 
s 

dX 

The stationary policy Scan be found and implies that 

or 

along S. 

= 0 

µcp = -k p(X ,k) 
s 

Thus, along S the Hamiltonian •s 

Jx
xs 

0 

H = X - kp ( X , k) 
s s s J

xs _I 

x 2 
0 p 

or, more compactly, 

H = X k ax 
s s 

akl ,,, x 
'I', 0 

dX 

(3.2. 11) 

(3.2.12) 

(3.2.13) 

(3.2.14) 

(3.2.15) 
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On any optimal path (in Appendix I) the total derivative of the Hami I toni an 

with time is 

dH pCX,k) dX 
0 = (3.2.16) 

dt p(X ,k) dt 
0 

and dH (on S) dH (genera I). - -
dt dt 

3.2. I First Kinetic Model (Order I - I) · 

Equation (3.2.14) and (3.2.3) for the rate expression with 

p Bkpl K
1 

= Ak and K
2 

= is integrated to give 

H = X s s 

+ 

(p -p
1

> X Cl -X ) _s ___ o_ l-x -x J 
AE AE X - X 

- x ) 
s 

AE o 

We see· from equation (3.2.17) that the Hamiltonian on the stationary 

policy is a function of X, X, and k. 
0 

Solving~ on the stationary policy 
dt 

dX 
dH (on S) = ~ dX + ~ o + ~ dk 
dt ax dt ax

0 
dt aklx,k dt 

For simplification, assume X 
0 

Now, 

dX 
= constant so that ___£ = 0. 

dt 

dH (on S) 
dt 

dH = - (genera I) 
dt 

(Appendix I) 
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(3.2.18) 

For the special case where p = p 1, Equation <3.2.18) reduces to 

which has two solutions 

dX 
dt = 0 imp I ies X = Constant

1 

or 
l:£. 

X = XAE - CXAE - Xo) e p 

But when p = p 1, XAE is a constant and the second alternative solution 

is also X = Constant2• 

However, many numerical examples have been tried and it appears 

that the second solution is not satisfied. 

For the general case Cp i p1> due to the complexity of Equation 

(3.2. 18) for the optimal pol icy on the stationary path, the analytical 

solution cannot be at the moment completely derived. From here on, 

theoretical development together with a numerical scheme wi II be worked 

out for finding the optimal policy. 
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3.2.2 Second Kinetic Model (Order 1-2) 

The rate was expressed as 

so 

(3.2.19) 

With Equations (3.2.14) and (3.2.19) we have 

p(X,k)JX' 
2 

HS = x -
[pK,<l-X)-plK2CAox j 

dX (3.2.20) s s x 2 
0 

p 

In this section (3.2), the general criteria from the Maximum 

Principle has been used in our system equations. The necessary conditions 

for an optimum are represented in Equation (3.2.18) for the first kinetic 

mode I <order 1-1) • 

Subdivisions 3.2. I and 3.2.2 have been devoted to represent the 

Hamiltonian on the stationary policy for our two kinetic models being 

studied, 

3.3 Endothermic Reaction 

In this section, it is shown that for endothermic reactions of 

order (1-1), the optimal temperature policy must end on the upper 

constraint temperature in the fol lowi_ng manner. 

From Equation (3.2. 10) since at the end of the process µ = 0, 

we must have at the end 

aH 
3k L. t 

'1'1 µ, 

But with Equations (3.2.15) and (3.2.17) assuming X = 0 for the sake of 
0 
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slmpl !city without loosing any generality 

ax For an endothermic reaction, p is larger than p1, and ak" is 

positive because al I the terms inside Equation (3.3. I) are positive and 

so at the end we wi 11 have ~~ > 0. It means with Equation (3.2.8) that 

for an endothermic reversible reaction of order (1-1), the optimal 

temperature pol icy must end on the upper bound and obviously wi I I be a 

rising temperature profile. The same conclusions holds for p = p 1• 

ax Notice that since ak is always positive, from Equation (3.2.15), x1 

ls always greater than the Hamiltonian. 

This is easily generalized for any order of reactions because 

for al I endothermic reaction, the conversion increase with temperature. 

3.4 Exothermic Reaction 

In this section it ls shown that for exothermic reactions of order 

Cl-I) the optimal temperature pol Icy does not have to reach the upper 

constraint any more; also from theoretical developments it ls shown that 

there exist for exothermic reaction a ra_nge of starting temperaturesfor 

a reactor where no optimal policy can be derived and the method to find 

these bound ls explained. 

For an exothermic reaction p is less than p1 and at the end 

= negative + positive [negative+ positive] 



It is no longer a necessary condition to end on the upper 

constraint, because we cannot predict the sign of 3H/3k at the end. 

But since for some values of p and p 1 the pol icy would be to end on 

the upper constraint, it is expected that it wi I I stil I be a rising 

temperature profile unless p = 0 which wi 11 be the I imiting case. 

3.4.1 Initial Temperature Limitation 

For the exothermic reaction p Iott i ng the conversion versus k, 

keeping the a'Ctivity constant, gives the kind of curve shown on F.igure 

18. 

x 

k 

Schematic Diagram 

15 
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Looking at the Hamiltonian on the stationary pol icy, we have 

and also in general 

H = X + µ <!> <P = -k g(ijJ) 2. 0 

Since <P is always negative and µ is always positive and zero at the end 

for a fixed time problem, we have µ<j> 2_ 0. It also imp I ies that on any 

optima I po I icy, we must have H 2_ X, and H = Xf becaus~ at t = T , µ = 0. 

Also X is always positive, so H has to be gr~ater than or equal to zero. 

It is easily showri that for an exothermic reaction, upper and 

lower bounds on the initial starting temperature can be found different 

from those imposed on the reactor, where we wil I not have any stationay 

pol icy because it does not satisfy the Maximum Principle. 

A) Lower Bound CT I*) 

x 

.I 

I 
./ 
I 

I 
I 

ti .... 

/1 
I 

for k1 = k
1 

we have 

-----·-·~-·-------------

x 

Hs = x - k ax 
· ak 

= negative 

k ax 
ak 

So this starting value of k
1 

does not satisfy the Maximum Principle. 
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However, if there is no point of inflexion, there wil I be no lower bound 

on the initial temperature, because X wi 11 be always. greater than k oX/ok. 

If there is a point of inflexion, the lower bound on initial 

temperature is formed by the point of tangency from the origin where 

k ax/ak is equal to x. 

x 

/ 

A B * k 

On the schematic diagram above, the lower and upper bound are 

respectively A and B. 

Analytically these I imits are easily calculated. For the low 

ra.nge this I i mi tati on arises when 

x. = 
I 

(3.4. I) 
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With Equation (3.2.3) 

(3.4.2) 

where Y = -w 1<K 1+K2 > 

By substitution of Equations (3.3.1) and (3.4.2) in (3.4.l)one has an 

equation of one unknown ki 

XAEC 1-EXPCY) _)=XAE[ C 1-EXPCY) .< p-p I) ( 1-XA~)+( EXP CY)? '1'( KI +K2> [XAE C p'.'"p I Hp I] 

(3.4.3) 

If Equation (3.4.3) can be satisfied for a starti_ng initial 

temperature, this temperature wi 11 be the lower bound. 
ax _ 

The upper bound on the initial temperature is when ak - O, 

therefore, at this initial temperature, the initial conversion equals 

the value of the Hamiltonian and we are able to operate the reactor at 

this temperature for an infinitely short time because the conversion is 

decreasing and the Hamiltonian has to be kept constant. 

This point is found analytically from Equations (3.3.1) and 

(3.4.2) to give 

(3.4.4) 

Again by trial and error this. equation is easily solved to yield the 

upper bound on initial temperature. 

As an i I lustration of this phenomenon for an exothermic reaction~ 

numerical solution for p = 0.6 and p 1 == 0.8 has given a maximum initial 

temperature of 850°F for having a stationary pol icy, and no lower bound 

has been found numerically for this example. For values of p = I .2 and 

0 0 p1 = 1.6, minimum and maximum starting temper~tures were 740 F and 830 F. 

From the numerical examples run, it is believed that when the difference 



between p and p1 increases with p1 increasing, the range of initial 

permissible temperature wil I decrease. 

19 

Now an interesting.question is what would be the optimum pol icy, 

ff there is one, to operate the reactor for an initial temperature higher 

than Ti*? Obviously there is no stationary pol icy, the only possibi I ity 

remaining is a constrained pol icy. By way of contradiction the upper 

constraint pol icy is rejected in this manner. 

(3,2.8) 

Assume the pol icy ls on the upper constraint. From Equation 

~> 0 
ak -

We have 

H = X + µ~ 

* ax Because al<" < 0 for an exothermic reaction where TI> TI, it implies 

that ~~ > 0 then µ < Q. Since µ has to be zer.o at the final time 

~~ > O. On the other hand, from Equation(3.2.2)we must have~~< 0 

at the end. Since µ is continuous (obtained from the solution of an 

ordinary differential equation), these two conclusions are in contradiction. 

Our hypothesis is then rnval id ·and therefore this pol icy is rejected. 

A priori the lower constraint pol icy cannot be rejected. 

For endothermic reaction, these restrictions on the upper initial 

temperature, do not appear because from Equations (3.3.1) ax ak is always 

positive. 

In this latter section, it has been noted that for exothermic 

reactions, it is no lo.nger a necessary condition that the optimal tempe-

rature pol icy end on the upper constraint, al~o in many cases there 



exist severe restrictions on the start i.ng temperature of a reactor to 

have an optimal pol icy. 

20 



. CHAPTER . I V 

NUMERICAL SOLUTIONS 

4. I METHODS 

In this scheme, Pontryagin 1s Maximum Principle is used, for 

any optimal stationary policy, by. guessing a temperature and iterati.ng 

so that the Hamiltonian remains constant. So we fix the initial 

temperature and activity, from equations (3.2.3) and (3.2.17), and 

calculate the initial conversion and the initial Hamiltonian. After 

this process is initiated, for a small time increment, assume the same 

temperature, and with it calculate the activity, the conversion and the 

Hamiltonian. If the constancy of the Hamiltonian is respected, increment 

the time, if not, ·assume another temperature until the calculated 

Hamiltonian for this temperature has surpassed the original Hamiltonian 

and with a Regul i-Falsi' technique, find the exact temperature to satisfy 

the constancy of the Hamiltonian. This procedure is used repetitively. 

4.2 Results 

A) The first set of calculations were carried out for a reversible 
kl 

reaction A ~ B being first order in both directions for a hypothetical 

reactor where 
k2 

F<X, T) = CXAE - X) 

g(ljJ) = 1/J 

EC/R = 15.000°K 

* * 900°F) k = 4.0 CT = 

k* = 0.13 CT* = 700°F> 

x = 0.0 
0 

1/11 = ! . 0 

( 21 ) 

http:iterati.ng
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The ca lcu lat ion method used here differs from that used in the 

irreversible case in the fol lowing way: for the irreversible case, a 

specified maximum conversion attainable for that reactor with the activity 

equal to one was used to· calculate the maximum rate constant of reaction. 

* So that K was a constant for any P value. For the reversible reaction, 

since 

::: * A k p 

and 
::: 

are of Arrhenius form, keeping the Arrhenius constants A and 8 constant; 

* * different values of p and p1 would change K
1 

and K2• 

Figure I to 8 shows the general behavior of the system variables 

when there is no temperature constraint on the reactor. 
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B) Sensitivity Calcu)ation 

In Figure 9, for an endothermic reaction, Increasing the ratio 

of p/p_1 with p1 =constant increases the total time (T) and gives a more 

slowly rising temperature profile, however the policy always reaches 
\ 

the upper temperature constraint. 

Figure_ 10 is for an exothermic reaction. lncreasi_ng the ratio 

of p/p 1 with p = constant increases the total time but has practically 

no effect on the temperature profile. 

31 

With Figures 11 and 12, for endothermic and exot.hermic reactions, 

an -Increase in the in it i a I temperature decreases the tota I time of 

reaction. 

Figure 13 is for the special case where p=p 1; the same phenomena 

Is observed. 
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C> Endothermic Reaction 

~igure 14 is the temperature profile with time which satisfies 

the conditions of optimality given by Pontryagin's Maximum Principle. 

Figure 15 shows the equi I ibrium conversion and also the 

conversion (exit conversion) with time. Notice that when the upper 

temperature constraint is reached, the equJ I ibrium conversion remains 

constant, but the conversion decrease because the temperature cannot be 

increased any more. However even if CXAE - X) increases rapidly after 

the temperature has hit the constraint, the rate now decreases, because 

the activity is decreasing faster than CXAE - X) does (Figure 16). 
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Figure 17 indicates that no matter what the initial temperature 

is, the initial conversion wil I always be greater than the Hamiltonian. 

The initial temperature of a stationary pol icy may be arbitrarily near 

the upper temperature _constraint. This is explained theoretically 

because ax 
ak ls always positive for an endothermic reaction. 

Notice that Figure 17 is I inear with k but has an exponential 

shape with te~perature. 
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0) Exothermic Reactions 

The graph of conversion versus the rate of decay on Figure 18 

is typical for p less than I, having no inflexion point, and the point 

of tangency at k = O; so there is no lower bound on initial starting 

temperature. 

0 Figure 19 shows an upper bound ot approximately 850 F on the 

initial temperature, where above that point, the Initial conversion 

becomes lower than the.Hamiltonian, which is not permissible. Figure 20 

ls the optimal temperature profile for an exothermic reversible reaction. 

On Figures 21 and 22, the conversion and the rate show the 

inverse phenomena as observed for an endothermic reaction, which is 

reason ab 1 e. 

Figure 23 compares the temperature profile for a first order 

reaction in both directions with a first order reaction forward and a 

second order reaction backward. Notice that for an order (1-2), the 

temperature rises more slowly but the operating time is longer. From 

this it is predictable that for an order (2-1) of reaction, the tempe-

rature would have to rise faster but for a shorter operati.ng time. 

http:operati.ng
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4.3 Conclusion and Discussion 

Endothermic and exothermic reactions have a different behavior 

with respect to the starting temperature. Exothermic reactions are 

subject to a lower and an upper bound on the initial starting temperature 

while endothermic reactions have only a lower bound on the initial 

temperature, different from the bound imposed on the reactor. These 

bounds are also 

than the domain 

more restrictive on the initial 

a2x of temperature where --z .::_ 0 
ak 

starting temperature 

For first order reactions, theoretical developments based on 

the maximum principle of Pontryagin have yielded such interesting 

conclusions as: 

I. For endothermic reactions, the optimal temperature 

pol icy must always reach the upper temperature constraint 

while for.exothermic reactions this is not necessary. 

This is easily extrapolated for any order of reaction. 

2. For exothermic reactions, there exists a range of 

initial temperatures outside of which no optimal pol icy 

can start and it also excludes the isothermal pol icy on 

the upper tempera_tu re constraint. 

Complete numerical solutions are given for reaction orders ( 1-1) 

and (1-2) using a simple algorithm. 

The results shown are significant in the sense that much 

consideration should be devoted to the initial temperature at which 

to start a reactor. 

The first kinetic model used of order (1-1) has always given 

the optimal pol icy. 
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However for a reaction order ( 1-2) in some cases even for these 

Initial temperatures where the initial Hamiltonian was positive and 

greater than the initial conversion, this method was not able to find 

an optim~I pol icy because after a smal I time increment the Hami)tonian 

decreases; and Increasing or decreasing the temperature would decrease 

the Hamiltonian again. There seems to be no optimal pol icy for these 

starting temperatures, probably due to the high sensitivity of the 

Hami I ton i an with respect to the conversion. 

The prngrammi ng method is very general and could be used for 

other kinetic models by making few changes in the I ist Ing. 

Mc:MASTER UNIVERSITY Llt:H~At'f'r. 



SECTION V 

SUMMARY AND FUTURE WORK 

The problem of choosing a temperature pol icy with time to 

maximize the total conversion over a fixed total time T in a reactor 

with uniform temperature and d~caying catalyst has been solved. The 

reaction is reversible and has a factorable rate of decay which is 

independent of conversion, but the rate equation is not factorable. 

The stationary policy is no longer constant conversion as it 

was for irreversible reactions, except for~= p1, but it has to follow 

the equilibrium conversion more or less closely. 

Fixing the initial temperature is equivalent to fixing the 

total time, so for each initial temperature there corresponds one and 

only one total time, the policy is unique for each value of T and is a 

continuous function of time. The higher the initial temperature or X . s 

is, the lower :t·he total time of operation is. 

Future work could be done with the rate of catalyst decay 

expressed as a function of conversion, activity, and temperature. The 

derivations w i I I not be the same because the function describing the· 

activity with time would be a partial derivative. 

{5J) 
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NOMENCLATURE 

E activation energy for reaction (E) and decay <Ee) 

g activity-dependent factor in decay rate, 
0 .::_ g(iJ!) .::_ I 

H Hamiltonian function 

k rate constant of decay. rate, k=k<T), 
also decision variable 

K rate constant of reaction rate, 

K "' kp 

KEQ equi I ibrium rate constant 

p ratio E1/EC 

p1 ratio E2/Ec 

S stationary pol icy 

t time on stream 

T temperature 

X conversion of reaction, O<X<I 

X inlet conversion 
0 

Z space time through reactor 
0<8 (8::1) 

8 space time of reactor -

µ adjoint variable to iJ! 

• total reaction time 

p rate of reaction 

~ - rate of decay 

iµ catalyst activity, .::_ i/!I 

u order of the forward reaction 

w order of the backward reaction 

(53) 
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Subscripts 

f final value, at t = T 

S value a long arc of policy S 

I initial value 

* minimum attainable value 

Superscripts 

+ value along optimal policy 

* maximum attainable value 



APPENDIX 

. . 
A.I Proof that for constant inlet conversion, the Hamiltonian is 

constant with time. 

• 
From Equations (3.2.1), (3.2.2), (3.2.3), and (3.2.5) the time 

derivative of H along any optimal path is in general 

· dX 
~=~di/J+~.91:+~ __£.+~~ 
dt ai[J cit aµ cit ax cit ak cit 

0 

The fourth term is always zero because on a stationary pol icy, the 

aH Hamiltonian is maximized with respect to the control k so al<= 0 

and on a constrained policy ~~ = O. Then 

dH aH aH ax acti aH dXo 
dt = -kg< i/J) a¢ + aµ <- ~ - µ ~) + ax Cit 

0 

By Equation (3.2.5) 

and 

aH 
cp = -.kg( i/J) aµ -

Therefore 

dH _ -k <''') [ ax + ~]- aHr ~ + acti] + aH dXo 
dt - . g 'j' ai[J µ Cli/J W- Cli/J µ ~ ax F 

0 

dH aH dXo 
cit = CJX F (Genera I) 

0 

dX 
For constant inlet conversion dto = 0 and H = constant. 

Also from H = X + µcp 

aH _ ax 
CJX - ax 

0 0 

(55) 
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and 

dX 

Differentiati_ng both sides witt'i respect to X
0 

gives· 

and then 

ax = P c x> 
ax p ex > 

0 0 

dH = p(X) dXo 
dt "PTXT F 

0 
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c 
c 

*********~~******************************************************* 

* 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

****************************************************************** 
CATALYST DECAY REACTO~ SI~GLE HED (OPTI~AL POLICY J WRITTEN BY 
JE/\f~-GlJY ul\G~UJ ,·,(.f'':/' .. STEi·( Ui!IVC:f\SITY THE 4 TH· Mf\.l~CH 1969 
EUUATION USED~D(PSI l/DT=-K*PSI**0i PSI*KK=I~TIDX/(l-Xl**Nl 
****************************************************************** 
***********~****************************************************** 
****************~** ******************************* 
***~**************************k*********************************** 
AK~= I~ITIAL RATE CONSTA~T UF DECAY RATE 
1'\ KI( ,) = I fd T II\ L r-u.:.. T E c Of-i s T ;'.\ r, T 0 F I~ E /\ c T I u t ! 
AK I = ;\! I 1\'. I i·1 u i '. i-\ f\ T f c 0 ~< s T /\ i'H 0 F '.:; [ c /\ y r~ r, T E. 
AkKI= i·'.H·lL-h.H i-\/1.TE. CONST.:'.\i>T OF i<C!\CTIUi'l 
AKU= ;!,/\XIi-:u.v, FUdE CC)1'~STJ\~H OF u~:C!0.Y Rf'Tl 
f1i<KU= 1/:i\XIi,-tUi', [-\ATE COi\STi'.\i,T OF f-\E/\CTIOf< 

C EC= 1\CTIV;\TIC:i\J Ei'~r=l<.GY EC./:\ 
c x {\ = iv'. I~ x I i ·: J ~..-. c 0 ;\: v [ [~ s I D f~ ( 1\ c T I v I T y ::: 1 • 0 :,.; I T H r ! i\ x • T U' p u~ ;'\ T u i·~ t-: 
C T E1 /\ = S P /\ C E T I i i E 0 F i-; [ /\ C T CI< 

C XE= I~ITIAL CONVE~SIC~ 
C M= ORDER OF DECAY R~TE 
C N= ORDER OF REAC1IC~ 

C P= RATIO E/EC 
c T = r\1/~XIii1U:'< TGIP. (<J CCJW<L:SPC,\:Ul\JG ro Ar(U 

C P S I = I f ,1 I T I /, l_ A C T I V I T Y 
C PSJ,_;::: IfdTI/,L ;\CTIVITY 0,'J :!IC STf,TICif<;\[~Y P/,T!I 
C PSil= L!ITil·L /\CTIVITY 0,'i TH[ UPP:~f\ CO:\J.'.oFU\If'.T 
C TJ\I= TI/E: O~\l Tll[ L~\"!EI\ CO;\ST:~1\Ir<T 
c TSOS= Tli·1E sr->rc·.'n c~.; THE ST/1,TIC>>:t,i~Y P/l.TH 
C TOU== TI'.'.E Oii Tl!E UPPE:~ C:J:·1SH</d1H 
C H~ = T I f/, (~ T 0 f< E P U\ C E T H E U\ T J\I_ Y ST 
c *********~~******************************************************** 
c ***~******~*****~***~*********~**~******************************** 

DI i•'1 c NS I C rl T { 8 l , X ( 8 J , PS I T ( 8 J , PS I U ( 8 l 
C 0: -'.; -'. 0 i ~ :.:, , P , 1\ 1:. I , X< U , /\ r~ r<. I , ,t.i, "SU , P S I , P S I 0 , P ~' I l , X E , X S , T [ T f-, , Vil: , E c:: , ~·! 

co:--1;.~0."J Tfd 'T ~10S 'T f,LJX ,_llf-'..C' TO' GEAiH ~ UU\: :2 'FCil 'XY 'D[F' FF 
DO LtLtl14 :'iOOS[=l,1,) 

READ(5,?~JJAKU,AKI,EC,XA,PSI,TfT/\,XE 

F; E i\ () ( ') , 2 :__; 1 l. i · i , i~ , I) , X S , T 0 
/"=f·l-1 
B=l.-XS 
C=l.-XE 
D=l .-Xr~ 
E E>>i-1 
C D = c-:,. -><- I\ 

Ff~=l./(-EC:J 

F G::.: [)·iH< /'\ 

DE =f)-Y< -::-/\ 

CDE=/\LOG ( £3 l 
DET=f\l_()CJ(CJ 
ED'C=/\LOC:,( DJ 
XY=l./P-H+l. 
I F ( ~: - 1 l ? , 3 , 2 

http:Ei'~r=l<.GY
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2 AKKU=ll./FG-1.ICQl/IA*TETAJ 
AKKu=ll./DE-1./CDl/IA*PSI*TETAl 
GO TO 1, 

3 AKKJ=-IEDC-DEFl/TETA 
AKK0=-ICDE-DEFl/IPSI*TETAl 

4 AKU=IAKKO/AK~Ul**ll./Pl*A<~ 
AKKI=IAKI/AKLl**P*AKKU 
IFlf1KG-J\f~I JS,6,6 

5 AK0=AKI 
1\KKv=f\KKI 

-le ON Tffr LO'.Jt:i-: COilSTf~f\liH TILL X=XS 

GO TO 112 
6 FP=-f\\-;cDE 

P~=l./11.+PSI*AKKC*FPJ 

AA=I.+PSI*AKKU*FP 
I F I !\ 1\ I 8 ' 7 , 7 

7 IFIP-P;t;)'8,9,9 
9 F P X !1 = - f.~ -:: F Ci 

~~XA=l./(l.+AKKU*FPX~*PSI I 
IF ( f>-P1'-iX1'.\ I 1'°,11, 11 

-;(- A T 1 l T HE P CJ L I CY I S 0 ~j CJ:- U 
11 \>!r\ITEl6,3·..::UJ 

GO TO 8 
1 U 1i!R IT EI 6, 3 .._, l l 

Vif\ITE16'32ll 
GO TO l+ltLfL, 

8 IFIXS-XAJ12,12,13 
13 ~-mITE(6,3 1 :2) 

fl.Kl:=/1:<U 
t>SI0=PSI 

P S I 1 = P ~) I \. 
T/d=1,_,.•J 
TSOS=C.u 
GO TO 22 . 

-i~ Fi:\::J PSI~:; O'J THE ST/\TION:,_1:~y p;1TH=P$I IF M! C-:H 

.,, 

12 T/\J=U.C! 

112 
15 

].Lf 

16 

1 E3 

17 

PS I~::: PS l 
PS I l = 1\ K '.( o-:~ PS I ~)I !1 ~;KU 
FGH=PS I J-iH<- I 1. /PI 
GO TO 1':1 
IF(;~-1)14,15,14 

PSIC=l-CDF+D[rl/ITETA*AKKOl 
GO TO 16 
Psr~=l1./DE-1.ICDl/ITETA*AKKG*Al 
FGH=PS I J>H< I l. /f) I 
PSil=AKKO*?~l0/A<KJ 

F I ~~ C) T /\ I :: v • c: I F f\ 0 C ~<- I 
I F I ;,:- 1 l l 7 , 1 8 , 1 7 
TAJ=l./AKI*ALOGIPSI/PSIOl 
GO TO 19 
TAI=IPSIJ**(~ECJ-PSI**l-EEl l/1-Efl/l-A<Il 

-le FIM.J Tl!t~ TI1,il= or. Ti-I[ COfiSTM-;T c:0-:.;vEYSlCi'1 
19 /\i'\J\=l./P-EE 

IFIABSIAAAJ-1.JE-512J,zl,21 
2 J TS 0 S = ;\ L 0 G I I) .:J I l IP S I :.; l I ( - ,c\ K 8 n~ G H ) 
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21 
22 
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51 
61 

60 

62 
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24 

125 

GO TO 22 
T S 0 $ = ( P :~ I l >-c -~c X Y - P S I G -)(- -x- X Y ) I ( X Y ·1' ( - 1\ (... C -:: F G H ) ) 

IF(XF)5d51,Sl 
1;JRITE(6,3u3) 
f'J R I T E ( 6 , 3 2 1 l 
GO TO '+44"1 
FIND PSIF LIECAUSE AKKU IS CTE. 
I F ( f~ - l ) 6 CJ , 6 1 , 6 CJ 

PSIF=-(ALOG(l.-XFJ-DEFJ/(TETA*AKKUl 
GO TO 62 
PSIF=(l./(1.-XFl**A-J./CDl/(TETA*AKKUl 
FIND TOTAL TI~E TAUX 
IF ( ~·1-1 l 2 t,, 2 3 , 2 4 
TAUX=TSOS+TAI-ALOGIPSIF/PSill*l.IA<U 
GO TO 125 
TAU X =TS 0 S + T :1 I - ( PS I F -;c -x- ( - EE l - PS I 1->H< ( - t: E l l I ( ( - EE l -;'.- /\ r-'.. U l 

FIND INTEGRAL OF X DT 
~'! F~ I l E ( 6 , 3 : i L+ l Fi S I , P S I C ' r S I 1 
WRITE(6,3u5lP,N,AK0,AKK0 
WRITE(6,3~6)M,TETA,XA 

~RITEl6,3j7JPSIF,XF,XS 

TOJ=TAUX-TSOS-TAI 
AT OU== T OU I 3 6 :_, J. 

/1 T f\ 1 :::. T /\ I I 3 6 v J • 

ATSOS=TS0;.)/~)6u~. 

AT NJ X = T /\U XI 3 6 CJ 0. 
vm r T E ( 6 , 3 , , s l 1, T ,'., r 
WRITEl6,3~9lATSOS 
vJR I T f. ( 6 , 3 l ,1 l 1\T CJ U 

WRITE16,JlllATAUX 
V:RITE(6,313l 
v~ R I T t ( 6 , 3 l 2 l 
CALL POLCAI(~ROFITl 

,...: R I T [ ( 6 , 3 l !; l 
\·mJTE(6'312l 
C/\L_L POLCS T ( f-:C, DULL,\!< l 
Vi f\ I T f:: ( 6 , 3 l 5 l 
l'ir~ IT E ( 6 '312 l 
CALL POLCA01CE~Tl 

TOThL=PROFIT+DOLLAR+CENT 
WRITE(6,316lPROFIT 
WRITE(6,317lDOLLAR 
\'m IT E { 6 '3 18 l C Ull 
WRITE(6,Jl9lTOTAL 
TR= ( TCT !1.L/XF-TAUX l /3600. 
~vR ITE { 6 '32v l H~ 
WRITE(6'32ll 

Li-44!+ CONT I i';LJ[ 
2 0 0 F 0 i\ .· ,1 /\ T ( 2 E l C • 3 , 5 F 1 C • C l 
2Cl FORMAT(2IJJ,3FlU.OJ 

59 

3GO FO[~i-',/\T(l1.,x,c,21HHE POLICY IS o:~ THE UPPU< CO\:STf<Ali\JT •••••• P c;r\[/\TEf..; 
1 TH [ f'-! P ;'-'. X f\ l 

3l;l FOl~i·./1T{JC.:X,5511xs H.AS UEE:~ T!\i<r:': TOU LiIG •••••• t> LFSS Tf-i[f.l p;., MW p 

1 ;-1X-11) 
30/l FOr\:.J,T(l:;x,69HTHE POLICY IS Ohl THE UPi:>EC< C01\'.STf-U\Il<T••••• rJECl\US[ X 

1 s er~ U\T ER TIH~J'.J X/\) 

http:FORMAT(2IJJ,3FlU.OJ


* 

60 
303 FOR'-1AT ( JuX,75HGIVE THE TOT1\L T r:,~E m; CHOOSE /\ GREi\TEf::.; xs ••••• !j[(i\lJ 

lSE XF WOULD HE NEGATIVE) 
3U4 FORMATISX,4~1PSI=,Fl0.5,1JX.,5HPSIO=,Fl0.5,1ox,5HPSil=,Fl0.5) 
3 0 5 F 0 R i'•i /\ T ( 5 X ' 4 H P = ' F 1 0 • 5 , 1 0 X , 5 H N = , I 1 0 , 1 0 X , !+ HA K 0 = , E 1 2 • 5 , 5 H /\ K K 0 = , c~ 1 

12.5) 
3 0 6 F 0 r~ ':1 A T ( 5 X , t1 f I (i\ = , I 1 0 , 1 0 X , 5 H T E T /\ == , F 1 0 • 5 , 1 0 X , 4 H X /"-. = , F l 0 • 5 ) 
307 FORMATl5X,5HPSIF=,Fl0.7,1UX,4~1 XF=,F10.1,1ox,4H XS=,Fl0.51 
308 FOf~1'-\ATllOX'38HTiil.E IN HOUi<S Of'\ THE LO\ffi\ CO~lSTl~.1\HH=,Fl5.5) 

309 FOR!-iAT(JOX,38HTI~liE IN HOU~S ON THE STATION!\PY PATH=,Fl5·5l 
310 FORMATllOX,JBHTIME IN HOURS ON THE UPPER CONSTRAINT=,Fl5.5J 
311 FORMATllUX,38HTOTAL TIME IN HOURS TO OPERATE =,Fl5.5) 
3 1 2 F 0 R '< /\ T ( l 2 X ' 8 HA C T I V I T Y ' 1 6 X ' 8 HT I ME < H R ) , 1 6 X , 1 0 H C 0 NV [I:.; S I 0 N , 1 6 X , 14 tH E r·IP 

lEf~ATUf::.;EIKJ l 
313 FOR~ATl5X,23HON THE LOWER CONSTRAINT,//) 
314 FOR~ATl5X,22HON THE STATIONARY PATH,//) 
315 FORMATl5X,?3HON THE UPPER CONSTRAINT,//) 
316 FORMATllOX,31HPROFIT ON THE LOWER CONSTRAINT=,[15.7,/l 
317 FORMATl1GX,32HPROFIT ON TriE STATIONARY POLICY=,El5·7,/l 
318 FOR~ATl1GX,31HPROFIT CN THE UPPER CCNST~AINT=,El5•7,///l 

3 1 9 F 0 F~ i.,,i AT I 1 C X , 1 3 HT 0 TA L PI< 0 F I T = , E 1 5 • 7 , I I l 
320 F0f..(i<AT(1L,X,13t1Tf~. FOi\ :-t1\X.=,E:l5.7J 
321 FOl~HAT(lHll 

l+4Lf5 STOP 

END 

SUBROUTINE POLCAIIPROFITJ 
D I ME i~ S I 0 N T ( !+ ) , X ( 4 l , P ::_; I T ( 4 l 
C 0 t'': ,\ i 0 N i • i , P , /\ K I , A k U H\ ;, ( 1 , /\ K KU , P S I , P ::; I 0 , PS I 1 , X L_ , X S , T E T /\ • P l'/1 , c E , i'l 

c Oi•~ i ~ 0 /,1 1 /\I ' Tso s ' T /\ u x '1\ Ku ' r 0 ' i~ E !1f·11 ' [; L;\i·, 2 ' r G H 'x y ' u [_ r ' FF 
IF(TAI)ld,2 

1 P r< o r~ 1 T ::.: v • ,; 
e E N·i 1 = C. U 
R[lLif--<f\i 

2 L=l(J(, 

TI =--T 1-\ I I 1-\fJ 
F>RCJFIT=U.u 
l:3= l. /PS I-~-:q_:[ 
C = - E E -:( AK I 
Arv~= \1 
D= 1. I ( 1. -,L1.H l 
A/1=:1\ LOG ( l • - X [ ) 
Bb=l./11.-XEl**(N-ll 
T ( 1 l = (_;. '-: 
JJ=L/2 
DO 9 J=l,JJ 
DO 8 I=l,3 
IF U':-1 l 3, 4 , 3 

4 PSIT(Il=PSJ-:<-EXP(-f\Kl''.-l(Ill 
GO TO 5 

3 P .'..) I T ( I ) = I [H ( -C-:* T I I ) l l ',He FF 
5 IFIN-1)6,7,6 
7 x ( I ) :::: 1 • - E x p ( M\ - ? s I l ( I ) le /'d~ K I -n t: T !\ ) 

GO TO lv 
6 S=N-1 

X (·I ) = 1 • - ( ( S l 0: T [ T .fl. *PS I T ( I J ~: fl K f~ I + ( l ·• - X E l o'.- ~:- ( - S J ) -::- -:i ( l • I ( - S ) l 
10 TII+ll=T(Il+TI 

8 CO~H I f'-iUl 

http:t1\X.=,E:l5.7J
http:CONSTRAINT=,Fl5.5J
http:XS=,Fl0.51


PROFIT=PROFIT+TI/3.*IXl11+4.*Xl2l+Xl3l l 
T(ll=T(:?;) 

9 corn r i'-iUE 
CALL TIMEXITAI,DTI~El 

TT=U.C 
DO 21 J=l'lJ1.j 
I= 1 
IF<TT-TAI 122,2s,2s 

22 IFl~-1123,24,23 
24 PSil (I l=PSI->cEXP(-1\f:~IY--TTl 

GO TO 2 5 
23 PSITIIl=IA+l-C*TTll**FF 
25 IFIN-1126,27,26 
2 7 X ( I l = 1 • - E X P I ;'\/.,_ - P S I T I I l -;', fH~ K I -;q E T 1\ ) 

GO TO_ 3\J 
2 6 X ( 1 l = 1 • - ( I - S l -;q ET;\-~, PS I T I I l ->< f\ < r~ I + I l • - XE l ->H< ( - S l l -;H- ( l • I I - S l l 

0RITE(6,3211PSITlll,ATT,Xlll 
TT=TT+DT Ii,'.t: 
IFIJ-10~121,15,15 

21 CONT I MJE 
28 [,[/Vll=TT 

TT=TJ\i 
J= 1 ,;u 
GO T 0 2 2 

1 5 f-< ET U f-<f< 
3 21 F 0 i< ,'. t\T I 1 :~ X , F J 2 • 5 , l '.~ X , f~ 1 2 • '.:; , 1 C X , F 12 • 5 l 

El,lD 

SUt:,i\UuT I 1'~E fJCLCS T (EC' D~)LLf-\I~ l 

61 

CO;'', -: CJ f'. >~, P , /1 .<I , A.~~ U , f:, :< :< 1 , /1 <KU , fl c, I , F -::, I 0 ' 0 :~ I 1 , X [ , XS , T t:: T /1 , P \i , EE 'f\ 

C 01\i'.; Cf,; 1 f, I , T ::.0 ~!'.":> , T NJ X ' !\ 1:. C , T U ' El [ /\:.; 1 , ~ff i\ ,· ',? ' F Ci fl , X Y ' C:-1 E F ' FF 
IFITSOSl27,27,23 

27 DOLU1.f\=·~·' 
B E 1\:-'' 2 :~ f) Er\> l l 
RETUl-<i\ 

28 f-<=l.C 
f.3f3=-f'\ K O-ieF Gii ~- X Y 
CT[=PS I J-><Ar'...kU 
A,£\=F'S I c;-;c-r--XY 
G ci tJ = P ->(- :·v: - I 1 • + P l 
DCl_LM-< =XS-;<T SOS 
CALL Tl1'1EXll~;()S,DTI1iEl 
CALL TI~OlbEA~l,DTI~E,TAI,Tl 
D 0 5 u I = 1 , 1 ,, ,; 
IFIT-TAI-TS0Sl3J,39,39 

31 IFIA8SIB3Gl-l.E-5l33,34,34 
33 PSITT=PSIJ*EXµl-AKO*FGH*IT-TAil I 

GO TO 35 
34 PSITT=IAA+~Ll*IT-TAI I l**llo/XYl 
35 AKK=CTt/PSITT 

TE~P=TL/11.-R*TG/IEC*Pl*ALOGIAKK/AKKU)l 

CCT=T/36C'..!. 
\';I~ I T E ( 6 , 3 2 2 l f:~ S I T T , CC T , XS , T E ,\ 1 P 

T=T+DT I i'·IE. 
IFII-1CUJ5G,37,37 

50 CONT I ~~UE 
39 f3EM~2 = T 



-x-

T=Ti-d+TSOS 
I=lv0 
GO TO 31 

3 1 r H:_ nn.;: i\l 
3?. 2 F 0 f< ,\ i !1 T ( 1 0 X , F 1 2 • 5 , 1 C X , F 1 2 • 5 , l 0 X ! F 1 2 • 5 ' 1 ~: X ' F 1 ? • 5 ) 

END 

SUBROUTINE POLCAUICE~Tl 
DI i,i EJ< .=.,I O,\J PS I U I 4 ) , X I 4 ) , T IL+ ) 

62 

((i,\:.'.c:~ i.;,p,(.\,(I ,f11:u,;,,.~.<I ,/1.<f-'.,U,PSI ,PSIO,PSI 1,x[,XS,TET/\,P,'·l,t:E,f·~ 
C Qr// 0 f< T A I , T SOS , T A. U X , r, < G , T 0 , r~ [ f\: :. 1 , r) F!" i :', 2 , F U! , X Y , C1 

[ F , FT 

L=lv'-' 
A/\l=L 
TI=I f1\UX-T~OS-TAI )//.:..i\l 
CENT=L-.0 
T I l l = T S 0 S + T 1\ I 
A.i\=PS I 1-:a- (-[E) 

CC=DEF 
JJJ=L/2 
DO 39 J=l,JJJ 
DO 3B 1=1'3 
I F ( ,\i - 1 ) 3 3 ' j Lt ' :-n 

3 4 P S I ~j I I ) = P::, I l -;; EXP I I T ( I l - T Su S - T !1 I ) ,,_,_ ( - ;, ,.-~ U I l 
GO TO 35 

33 PSIU (I l = (AA+ ( EE-::f\K~J )-;; ( T (I l-T/\I-TSCJS) I )c-;;FF 
3 5 I F I l\i - 1 ) 3 6 , 3 7 , 3 6 
37 XI I l=l.-EXP(CC--TFT!1'~i)::OIUI I ) 0'./1K:<Ul 

GO TO Lf]~j 

36 S=t:-1 
X ( I ) ::: 1 • -- ( I :, l !< T E T i\ ;'.- f-' S I U ( I J ;; !1 K f-'.. r. J + ( l • -- X E ) -;; ->c ( -- S ) ) -:t :'. I l • I ( ·-· S ) l 

Lf]C T(I+l)=T(Il+TI 
3 s corn I r;uc: 

C Ei'lT =CE id+ T l I Y-<- ( X ( 1 l + 4 • ,,_ X ( 2 ,l + X I :_;; l l 
T ( 1 l = T ( 3 l 

TI :-iE= T .f\UX-T sc.S-Tfd 
C1'\LL TI i·iEX (TI f·T, DT I t·~E l 

c r~ L L T r 1 : o 1 Li E ;\ 1.; 2 , c T 1 ;:1 r:-: , sos , T r 1 
I=l 
DO L;l J=ldvC. 
I F ( T T - T 1\ l J X l L1 2 , 4 8 , 4 8 

4 2 I F ( f•'1- 1 l L; 3 , L1 Lr , t1 3 
4 4 P .s 1 1 

: 1 I i = P .s r p- E x P 1 ( r T - T sos - r A I i-::- < -1\ ni i i 
GO TO 1L15 

4 3 PS I u ( I l = ( /\ /\ + ( EE-:* f\t< U l -:c ( TT - TA I - TSO 5 H ,~-;;FF 
145 IF(N-1)46,47,46 

47 XIIl=l.-EXP(CC-TtTA*PSIUI I ~*A~KUI 
GO TO 411 

4 6 X ( I ) = 1 • - I ( .S I * T [ T /\ *- P S I U ( I l " A. K K ~ + I 1 • ·- X E l 0~ * ( ·- S l I -~ ~f ( l • I ( - S l l 
411 BBTT=TT/3600. 

WRITE(6,3231PSIUIJ),Q3TT,X(J) 
T T = T T + D T I ~,1 C: 
IFIJ-lG0)41,45,45 

41 CONT I i'1UE 
t+S TT=T/\UX 

J::lUU 
GO 10 L+2 



-x-

45 r~El lmr,~ 

323 FOR~ATl1GX,Fl2.5,1JX,Fl2•5'10X,Fl2.51 

DHJ 

l 

l 

l 

s u L3 rw u T 1 r~ E T I :'-!Ex ( T l i'< [ ' [) T I l'T ) 
Dif'-iE~lSIOf'l f'J0(,15l 
IFITIME-1J*36GC.J7,B'B 

8 CHECK=TIME/(1C.*36CC.) 
i'JO(ll=IFIXICHECKl 
DO l IN:::Z,15 
N 0 I i N I = ;~ 0 ( I r< - 1 l I l \J • 

I F ( i< 0 ( I i'l I l 2 ' 2 ' 1 
1 COf\I TI l<UE 

\'J f~ I T E I 6 , 3 2 4 l 

STOP 
2 NXX=llJ->HH IN-2 l 

NU;\\= :'W I I f\; - l l -~ 1\J XX 

I F ( DI FF l l 3 , 4 , Lr 

3 DT li'<E=/\:'W /1 

(j0 TO 5 
4 Af\.:cr,~=1'W,,1 

lH I i ~ E = f\f'-10 , i 
GO TO 5 

RE TUi~ii 
5 D T Ii< E = D T I ,; [ l< :::; 6 ~) C. 0 

RETUFU,! 
32'+ FOi~>1f\T(l~:X,lLrrfrYl<Oi< If-J TI,,1EXl 

E 1'~D 

• 

SUBf<OLJT I f\JE TI r-:o ( f3EJ1'.-'1' e>T I :<L:., SOS, Tl 
DO 99 KK=ld~.Jvl: 

IFIBEAM-SOSl55,77,77 
7 7 B E /1, ic'1 = ll [ A :'•i - ~ T I i''. E 
99 CONTI1\!U[ 
55 T=l3[,'\;<+DT1"'1[ 

RETUIUJ 
E~W 

611 GC [1\j[) f-~ECORD 

160E-06 3.:-:Jt+Gt:-:)9 1s0 Q<,,. 

(j 1 o. 5 
C.9 
0. 557 

.16'.![-06 z,. ':i4 ·~c-v;) l:)O~JC. :J. 9 
ij 1 l.C (). 2 5'] 

• 16 •! E-C; 6 :3.'.)f~l:.[-09 iso~~:c. CJ• 9 
() 1 1 ' ., . _, L: • :; 3 2 

l • 16CE-(j6 3. 540[·-"'9 l" r;,-,.·1 
'.J 1~JVve 0.9 

G 1 c. 5 0. '.) 

1 • J60E-v6 3. ~)L+ c E- :_; 9 l 5COO. o. 9 
u 1 c. l G.673 

l.160E-C6 3 • r) Le :~ [ - ' .. 9 150CC. ~~. 9 
() 1 l. 5 .761 

1 • 16CJE-u6 3.54,,:,[-,J9 l~)OCC. 0.9 
0 1 l.O 0.9 
64Gu El\l [) FI LC: 

1 
,. 

.u 

900.0 
1 • 0 ,, 

9 ():,_,. ,; 

1 .o 
900.C 
1 . () 
9 OCl • 0 
i.o 
900.l) 
1 f\ . './ 
90().(J 

1 • (j 

90U.u 

63 

1 • () o. ;) 

i.o o • c 

1 .o c. (1 

1 • c, 0. () 

i.o o • Ci 

1 () o. '" • u 

1 • () o • 0 

http:FOR~ATl1GX,Fl2.5,1JX,Fl2�5'10X,Fl2.51


A l1 3 l 2 ' L c L+' ~J; ' T 2 '._, ~;. Df·WU I 

f~Ui'J ( S l 64 
SET I ~WF. 
REDUCE. 
LGO. 

APPENDIX A.2.2. 
61-1 Ju UW F\i::: C Oi\ D 

P i\ 0 G 1:; /\ ; ··: l :_:, T ( I ,\J P u T , 0 U f P '-J r , T 1\ ;) [ S = I ; ' c) lJT , T f\ P [ 6 = CU T P U T l 
c ***********~*************''**************************************** 
c ****************************************************************** 
c THI~) Pf~~Gh:/\i, F'IiWS THC: [lc.:;T ISJTr·:nz,;fll_ POLICY FC:,; IF<i\E\/E~\SIHLE i~Lf\C 
c EUUATIOh:-:J u::,Eo •••• D(PSIJ/JT=-:< 0~PSP:l~i'1 
C RATE~K(TJ*PSI*Cl.-XJ**~ 

c ******************************~*********************************** 
C ***********************SY1·,AvLS************************************ 
C /\KI= 1-:Ii·lh1U1·1 f\1\Tt::: CJl'-ISTi-11H Of LJECi\Y i\f,_Tl 

c 
c 
c 
c 
c 
c 
c 
c 
c 
r 
'-

J'.i. :<. U = i< AX I U i\ r:,; /\ T E C 0: J ~; T /\;, T CJ F lJ t. C!\ Y i"U\ T L:: 

EC= ACT~VATICN ENERGY EC/R 
x,r,;,, \'1/1.XIf0\J1< COi~V~i~SIC!: L!-\CTIVITY:::}.Cl v:ITll :•:1\X. TE;<PEf<f,T~Jf-ZE 

XE= INITIAL CONVERSION 
TETA= SPACE TIME OF REACT~R 
P= FUITIU t./LC.. 
PSI= 1\CTlVITY 
~= CRCER OF DECAY RATE 
N= ORDER OF REACTIO~ 

C T /\ 1J X = T 0 T /\ L T I ': c I r,, [H1 Y S 
c **********~~*i~************** *:*********************************** 
c -x- -~i- -;.~- ~(- ·*- ;\ )~ )~ ~~- ~;- ~~ -;{ ~~- -;:- ·,;.· ;, -:~- -;~ ·k -:~· -~~- -~~- >.- -;:- -::~ -.~~ -~~ -~~:._ ~~- -~~- < --~- ~::- -~- -;'~- ;~- -;:~ ;~- -:~- -";<- ~~- -;~ -~~- ~~ -:~- -;i- -;~- -;~- -~f- -~~ -~ -~· -;.~ -;.;- ~~ -;:: -~- -~~ ~( -~;- -;:,- ~,~ -~;:- -;.;- -)..~ ~:: 

D I ii E f~ ':) I C f'l T ( 4 I , X ( L+ l , PS I T ( ~ I 
CC i «' i C>i-l i: , \: , T (\'._.', X , P S I , I E , P , r-. K I ' T c: T />. , 1\ '( '· J , X ;\ 
c o :-·:; _,. o 1 ~ T u , :·z , E c , c T E , n_ , · P 
C O\i 'lO 1\1 /\CT 

[) 0 '.> u 0 iv\ 0 0 s [ = 1 ' 5 ~; 
I~ E fl. D ( :.; , 1 (, ·. I /\ ;( U , ;, ~~ I , E:. C , X !1 , l<.> I ~ ·r L_ T f\ , X l 
f<EM) I :j, 1 CJ!-r I;.;' i'! 
READ(5,1LlJP,TAJX 
f-< E A D ( S , 1 ,; ~) I T " , f~ , [ C 
T /1. U X :.: T /\ U X -!t 6 Ci 4 C ,, • CJ 

C T [ = 1\ :( U I E X P ( - E C I ( !,; .;q 0 I l 
AKSUP=PSI**(J.-NJ/(TA~X*(l.-~I I 
IF(~.GT.CI GO TO 1 
TE~Pl=-EC/R/ALOG(A~I/CTEl 

T UiP 2 ==-EC: /iU /,LOG ( t1r-:.SUP /CT El 
I F ( /\ f'... S 0 P • G T • /\ ,<. lJ l G 0 T (.; i 
I F ( ;~,K SUP • L T • 1\ K I l (j 0 T 0 2 
1\ KU= /1 ;(SUP 

1 f-1f~Gi•' I i\'.:::/1K I 
/\f~C,''if\X=AKU 

\ 1JR I T [ ( 6 , 1 2 \) I 
C f-1 L L S E 1\ F; CH ( i, f < (, ;. ! I i ,l , A I\ (j :> ;\ X ' P i~ u f I T I 
BTAIJX=TA:JX/C\64 J.C 
WRITEC6,JL2l0TAUX,TE~P,ACT,PROFIT,~'~'p 

IF(MOOSE.E0.5vl GO TO 3 
GO TO 5'.,1'.:> 

2 TNJX1\l=P:3I-:;;; ( 1-i'·i) I ( ( J-1·:l''l1t~I I 
B T /1, U X : 1 = T A. U X r.; I 8 6 L,. ~, ,.i • r, 
~-,· r~ I I E ( 6 , 1 •. 6 l [) T .t1 U X , UT /1, U Xi··, 

5UO (Of\IT I f•lUl 

http:IF(~.GT.CI
http:L!-\CTIVITY:::}.Cl


3 STOP 
1 U u F m<J-:if-\ T ( 2 l l •,, • 3 ' 5 F 1 0 • 0 l 
101 F 0 !-<;.·/I. T ( 2 Flu. ~J l 

65 

iu2 ro1~~AT15x,c12.5,1ox,E12.5,1cx,~12.s,10x,c12.5,10x,12,10x,12,5x,Fs. 
12,///) 

l 0 Lt F 0 Fdi f.. T ( 2 I 1 0 l 
105 FORMAT(3Fl0.u) 
1 C 6 F 0 R f . A T ( 5 X , '.:! 8 H T H E T 0 T /\ L T I , . t: I S T 0 0 l 0; 1 G E V E ~.: F 0 F.! T H C: L C\'J E S T T C: i\: P t:r..: 

J,'\TLif~E,zuHYOUf~ TOTAL TH:i::: IS =,:.:.12.,'.+,7rl I;\: Uf,Y,//'37r1/\iW Tnc [vi/\XHU 

2i·: lJ;-,,[ PEf~i-',IS.Sit3LE: IS =,El2.'-H///) 
J 2 u F 0 !~, ·1 A T ( 6 X '1 2 H T F '. E II\ DJ\ Y S , 6 X , 1 4 H T E ~· l P [ I~ A TU i..; LI K l , 4 X , 8 H /, C T I V I T Y '1 C 

1X,6HPl<OFJT,8X,J4HU~<DER CF DEC1\Y,1CL<,17HC;fWER OF R[!'\CTI01~,5x,7HP v;, 
2LUEl 

EI·~[) 

SUf3f\OUT I f\iE SE/\f-;;CH ( M\Cj,,i I/,, 1\1\Gf·.J,,X, Pi-\CF IT l 
C 0 !·,H ·• 0 I 'l r: , "~ , T 1'\ U X , P S I , X E , P ! /\ K I ' T [ T f>. , A. K :J , X 1~. , T A l J X ,· ; , L , ;,1 F , i-<T AU X 
COMMON T~,R,EC,CTE,TE~P 

COi''iMOi~ l\CT 
NFL/\G=J 
TO= 1. 618 v :?3 9 d 8 7 4 
T r.,1 I I\=/\ f~ GI·~ I ,\J 
T !'Ii/'>. X = /\ f~ Cj;1. /\ X 

'• 12=Tf':l1,; +I Ti ':1\ X- T fv'. Ii''. l IT 0 
Tl=T~IN+ITMAX-T2l 

CALL I 1'1 T (j ( T 1 , P 1 l 
Cf\ L L I rn G ( T 2 ' p 2 ) 
Piv1AX=P2 
TTfvif\X=T2 
I F ( f\ FL /:1 Cj l 6 ; 5 , 6 

5 D 0 t:~ 3 I = 1 ' S ,; 
6 JFIP2-PlllJ,19,9 
9 IFIT1-T2ll~,1u,11 

1 v T t·" If'~= T 1 
GO TO 12 

11 H'./\X=Tl 
12 T 1 == T >1 H~ +I T 1'J1 X- T 2 ) 

CA.LL INTG( Tl ,pJ l 
GO TO 23 

13 1F(Tl-T2llf,17,16 
16 H1II'\=T2 

GO TO 18 
1 7 r,v,/1,X=T 2 
18 T2=T~AX-(Tl-lMINl 

CALL INTG(T2,P2l 
GO TO 23 

19 ROS=Tl-12 
I F ( M:> S ( f\ 0 S l - 1 • (:· E -14 l 3 7 , 3 7 ' 6 0 

60 JF{ROSJZJ,37,21 
2o·TMIN=Tl 

TM/iX=T2 
GO TO 22 

37 THJ.AX=Tl 
GO TO 39 

21 T'.1U!=T2 
T>1AX=Tl 

22 i'JFLf1G=l 
GO TO 4 

2 3 C 0 N T I f·l U [ 
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39 1F(Pl-P2J4C,40,41 
trO PFWF:-IT=P2 

RETUl~N . 

Ld PR 0 F I T = P 1 
f<ETUf~N 

END 
SU U f-< 0 U 1 I ~i E I h T G ( T 1 , P 1 l 
D I >1 E N S I 0 N T ( 4 l , X ( 4 J , P :, I T ( Lt ) 

C Oi',: ;. : 0 N r: , :~ , T A U X , P S I , X E , P , !~ K I , T E:: T A , /1 i( U , X f\ 
C Q:t, 'i 0 N T 0 , r:~ ' EC , CT E , TE "·1 P 
C CliJ·;o fi ACT 
EE=M-1 

· AA=1~LOG ( 1.-Xt: l 
AKOP=Tl 
.l\=N-1 
C=l.-XE 
D=l.-X/\ 
IF('·~-1 l2'13,2 

2 AKKU=(l./U**A-1./C**Al/(A*TETAJ 
GO TO 1 t+ 

13 AK~U=-IALOGIDJ-ALOGICl l/TETA 
14 AKKCD=A<KU*(AKOP/A(Ul**P 

L=luv 
!\f''1 == L 

3 2 T I = T !-" ~J X I flt·! 
PfWF IT:::.:.,. 
D=l./PSI-><-~-Ef 

C = -- E L -:< 1\ i( I 
A!": = F L 0 f\ T I ·,; l 
bf3= 1. I I 1. --Xl )-;;--;:- ( fi-1 l 
1(1)=_,.l_. 

JJ=L/2 
DC' 9 J=l,JJ 
DO 8 I= 1 , ~-I 

I F ( v:-1 ) 3, Lr,::> 
4 PSIT( I l=P.::OPEXPl-/\KOP';Cl( I) l 

GO TO 5 
3 P S I T ( I l = I G -t- t:: E -:; 1\ KC P -;; T I I l l ->H: ( l • I I - ET l l 

5 IFIN-ll6,f,6 
7 X ( I l = 1 • - t. X P ( M~ - P S I T ( I l -;,_At( < 0 P .;; T ET.!~ l 

Go ro io 
6 S=:'~-1 

XI I l=l.r_,-( (S)-lq[TA'<PSIT( I )-l':-/\r(KuP+rrnJ->H':-(l.0/(-5)) 
10 TII+ll=TIIJ+TI 

8 c 0 N T I rw E 
P IW F I T =Pf< 0 F I T + T I I 3. -le ( X ( 1 l + 4 • -:< X I 2 l + X I 3 l J 
T I l l = T ( 3 l 

9 CONTINUC: 
Pl=PROFIT 
T E :/.fJ = - E c I rv !1 L 0 G ( ,t\ f( 0 p I c T E ) 
l1CT=PSI TI I l 
RETUf;:N 
ENU 

• l_, l 
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1.5 
9UJ.Cl 

3 J. ~; 
1 • CJ 
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. Li'0~ LI ST = 1 
1 i 1 0 ~.Jn = 1 .-i 

' ., 
.( 

.)' 

, 11 2ff 102 c 1;LL . PROQEs c:..Ku. ) . 
1 i.~ 0 g~ ( T Jt? :... !' ) "C' 11" . '"'.:l ~ _..- - : .... i.. .... 'i i ? '" ·()- ? "1 .·. ' "1 • ·~ ' 

11 10 4g PS.! f =~- ALOG C 1. - CO •1/ . AE)! CA!\ KL+'t..KK2 ) 
11 51 I .C;UX =TI ME+l\LOG CP;).11'/ PSI F)/l'i!W .·.· 
11.c "l. T. '- ? .· .. 

... ~ 1 -- ' l·~ ·- -"' ' ti 

1 1 7 ·1 . 4 9 C Ot .. T I M 1~ E 
11 g~ AK = P.1{ U \t. 
1 t 8'0 P'SI =PSIT 

·1.20.0 GO TO , .12 . 
12 10 50 I::t 
1 2~0 AK= AK ~ DELTAK 

1·24:'1 
l .5 0 
1260• 
1270 
1 ·28~ GO TG -."52 
h:..9 0 ,)J_· J::. l 
100;,1 
L1 l " 
1320 

A !f,:: AY. + -J)~L T f,\~~ 
CALL r HO CE.' C,110 · 
r--o· ~,-.-, t')~ • j 
.... .!.. \,,f ·t..,,, le~ 

1 . 11 :-SA~ CC :: ;(l\E - \ . , 
1:150 ·Rs :: PC::IT)f: ( A,\K I +-A}~K2. ) 
L)~ ;~ RST ::.Psi.r*A< ,.., .·· .. 
1 3,70J~ATE = RB*.CC 
.! 3 E 0 . I F C L _ - 1 ) 5 0 f1 9 408; 5 2)0 · · ... 
1397) 5i1'.} ! F' C?~- C0'•!),)00 ;.40:3 ,_ Lt:JO ·. _ 
1400 .3f'.;J PRhl. ? '' CO\! ERS. IOt~ IS.- 01,ff:R THAH -HE HA~.U LTONL-,M " 
14 1 (1' .DRT'"" '' P -~ ~ ~Mp" v1q;- C" ·non n11~1 ~T M{,"' . 

, 4 .. ~-.,i f'd_r\.:J.. -, '-· l·l ,.,.:, f~ ~'lt 9 ·(\ , ,lX.tJ_, ... 9 ,_ ,\'.l '~ -,..,:'.t_::,,JtJ ' flH·_, , ~ 1 ~ L;1.f:-

l .Ci20 STOP · . . . ··t • '.' ~. ·" . '-: · 
··f 4. 0 '100 co ... ruiuE 
1440 I F ( M~J· - l t!l) 8.9 ~ ' 68 ; 6~ .. 
1450 ~Cl CONT UlLJE . 
1460 TEt·1 P ::-E / AL OG C' JCTE ( - 273 . :.·~ 
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1 , ,.,,.., nnr 115 1 ..,,..:.~T 't' L''1 · V 'Ar'.' c'c· Qflt'l lj/\.Ni TIME'• tj -'"'S!/t f1"\~-L·-~ _ :J r;':' ... !J J. ·f'.J_._ ' ;\_ '9 '\,t.:f,"'!,. ~ _ ) , \~ ,:-") ~ (\f'\;.i' ' ..... .! 1 i.:: .. .' 

l .400 '.">) FORU\" C F 7. ~ ~ F8 . 3 9 .6F7 . _5 ) ': ,·· . ·. · ·· 
:150e PR.Irrt;t ,. · 

···15 10 PRl'H ~ "ACTJVI T°Y. :: " ; RSl 
15 2 0 . PR ' ~ J 9 "ACT I V _ I . K K l + 2 = ". ~ R'S 

· !~ rJC. po 1· •·i1··., nf' Trc·_,. n11 -1 r- "" .· · 
) 'y; [\ ,. I• ' i1 M ! [', - ,., f\·ti ~ ~ 9 I I · '· " ·' · 

154 0 .F C \~.~E- T .AU~( ) 77 , 7FJ,.7~ 
I 5 5 0 7 7 ,, · ... I . _. .: .: · . 
j 5 6 'l I F C I S - U 2 ~ 1 25 9 (?. 
15 70 R9· t· ' l = ~l~) '.tl . . , 
l 5R1 . iiO.~S :: t~~l 
! 5?iq !F ,(LI ST -1 ) 2.? L ~5 -, g,· 
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1 r~0 1 ~s I~c v~~-1) 225 , ?45 ? ~~5 

1G10 .4~ ~ -~ '\:: = zz - ;:< 
1 6~':) I j ' ='·''.ll 
1 ~- 1 .,. ·i;: =Tif·1E+DTI•'it. 
!"' 1 1 1.fJ\-.=2 
1650 '·l!=~JS S 

,.,0 0 1 ~? 
2~5 TI .P: = 
DT _ "·1F. :: Z 
'i~ T:) 102 
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1 r;-:: '7, 
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17 ~r: 
17 ! !':\ 
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l t; J 
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E ~1 
1oar; 
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,or1·to· 1 iI"•F. , P~I ~ !1 , ,(\ ,, 1~ ;. , q , ;'c;IT ,"s ~r:..-. , HM1 
P 1-1 "'? - '1 

.. . • .. - - - 0 ... 

, J 1 Cl= !L~ 1 11 :.. . O'J 
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:J.RD ll CfL1TI'IJED 

~ 1 '10 ;FT=FU'·fC3. 
2 11 1 I F C ~3S C D!fF )- EPS !) 5r , 5~,57 
21 2 vJ ~ " :i ET UR~· 
~ 1 .7> ,., ~) 7 5 = FU "C 1 * F J'" C :1i 
0 14,.. I, ( Sl ) 6 1, 5r: , :,~ 

r. l "i'' 5 , G!= t''-IRG,) 
~ 1 cr.i FU''C 1= F1·1c 
9 17 "" GO T .53 
? J S~ ~ l ARG2= ~RG3 
~ 1 ~ r, F' J '- C .= i'W' ":: ,) 
220": 10 TO 53 

~:;:20 <;;DAT A 
?.2:s0 41(';\ •• 6 . ~ ~rm . 
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. ,APPENDIX A. 2. 4 

l 'Kl . 
110. OPT i '1AL POL IC, FOR & REVE'.\S-l'3L E. RE~CT IO'.:. :oF ORDER 1- 2 'SI JET T' 
-12. c •.. , ': r 1 r AL. ; rr;- .,~.1p er '1 nv J ~ DR/1111 •• . · ~t·J· ~·u· C'T i af'<'> · 1~ ~~ - .... ... ... :"- • G . ~-~ ... _, O .·"" CI -·~ .1o.1,...,. _ _. t·~----'" • ,_-.? _, _ _;i,. 

13 :°1.0 .-
1

• ~:~ ~~\:.,!:~~ ~·<_:{<~':*~~*::~~ *-~~;~>k* *~:~::k~;.:;:~.;* :-:<._;~*~~X: ;;;~~~******~~*X** ~~~,~~~=+= *;.!:;-~,;~~-~*-*¥-:?:-*~ *** ~:' ::!(~** 
·11: J . 
15 ~~ " 
u::;r . 
1 ~ ~. 
~ I , • 

~ 1\1 O()L. C': . "" 
. •J -l. t,_1,,1 - . ;'): ' 

.;. 

i :~~ . r ·=S!ARTING 1'Er1PERATUREff ) ' 
-1 c .. ,:1 , A p ~ />CT Tu fJ~i· I 0·~1 £. nr;Rhv 0"' el' TQ ,.E 1 I r;c' •... - , .. __ .., . ... •:• - -M -~ ': ... "' ..... L.',. __ ,_ .• ,oi .......... . r'tn. ___ .. _ , t,.., _ 

8-':;:'. . AP l :: . ·" " E2!EC 
~1 0 0 . ~S= UPPER' nou~m· O:~ TE"'i.P:f;R,~IURE: dn . 
' ')"'!, 

( "; _ _, ~ 
'r> rft 
::;.L ' o _ 

~Li 0 6 
I)" 'X 
-~"'_,/ > ..• r.- Q 

~~~ ~ 
• ~7 rj o 

r-r--:, f'Y 
"' ~- J- ~ 

'?;<=' ~ 0 

;.:~·« 0 

··d j')' 0 

. . 32ff-,, 
1:S:Sj e 
34C'' c. 

~~*~~*}~::<?r<~~~-*'k:;1;<¥>-:;:t~*'f~-::.:~:5~~::1<~_!<;:'°%<*~<..f.:**~~*-~~·~;:<::k*~~~-;>;:;1.:-~-!<~;c*:·_**'-~**-*·*·**:4::::-~*X*;.!~Z:.'~)~i'.~~.:~j;:>·:.>::* ' . . . 

~********************~%********·*~**:"****~************************* 
5·1 . 

. ' . - - . 

36'l cnm1w 
·5.1: c cr·r;.' 'Jr·· 

'~.0 READ u T~l. .AP 9 AP ,1 Q TS 
!i l 3 E::1 5100 . 
'"?.0 CA0=1 • . 

LinPi CTE = 1. 6.90:0 1 E+ 9 
L'.50 1'1_. ::C Tl- 32·~ *5 ./ . 
!i_ ~ 0 
.': 7 f'!; 
)12_'" 

L;9·] D':}I ::l. 
500 [JT P 1E.::., 0 1 
5 111 LL = ?1 
520 .LT~1~ ::. 5 
5:).J A.= 1. · 
54 "J R = 1 • 
~5f1 Tr1UX =1 Cl0 " i 
5G'J KRS~ l 
57(; lK ' ='1 

LIST =0 
'J ;1 :: 1 
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; :1D l 2 CO HJ'itJ ED 

€ 00. !JV:: l 
6 ( 0 EPS = 1 • . GE-..5 
c .? . . 0 · ~1·v1'"· - :;;'0 \). .... . - .;:rr.-- .. o . .,.. 

630 ZZ =DTI~E . 
640 .A.<< 1 = ,~ 1<**AP*A . 
. 5 0.' .. n .. 2 = '.\'\**AP l *B 
660.PSIT =PSI . 

70 CA J:. HA;·m· 
~:'J HM10= HAM 

f 98 QOP ;;: HA·~@ 

. •. 

70..0 KM1 =HA!"1.0 . . . 

' -
" 

7l 0 RATF. l :: PSI* E AK!{ H: ( 1..-:- / ) .:- A-., .,2,~C Pd?i*X*.O 
72'.l PRJr1T37:'5 

,. .. ' 
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.. ·;IF 

' ' /----
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_7 30., 313 FORMAT C4/( 9° 4HPSI ·: ~ l 0X 9 7HTEt1P on~ 18?\ 9 l HX ; 1CX9 .3HHt'\M 9 l.0X? 4HT nn.'.: ) 
·711 '.11. of.? 'Pl'.f nc. T . TT Y P~":'L ~1·n·r · · · · : ·· · · 

• ~ F , .• J. • .... ? ... '-"". .:.... 9 - -- ' _. \ 9 , l • " r S' ...... ; -~ t..... 
·7c, r;· oo·r~-T ·"t !'T "' TTI A· R 11·Tr -" · .f\.T·i:;-I 

*"'·kJ i. ;, \ "· - 9 ! 9 - _:"""' -· t"\ •. li.:r'ic..-.. .... ...- ? t· -:I ._t-_. 

. 760 IF~HAM 5fD~,1 06 ,i bs . 
77 ?: 1 06. IF'Of'A'.J -X ) 8 9 6l,_ , 6 1 3 ~ -
72/1 6 13 PRl tff2 i'. p;rfIAL .TE:l»lPERATURF: ( F ) :rs T00 H1GH '~ 
79·':3, STOP . . 

. ,g;;q 105 PRHlT , :" I S; ITI 1~L. J-EMP ( F ) 1$ TOO. O'r' 
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-"--'- - ~-· .. - ._ ... ~ .. .-t _a;_. '·()- .......... 

'?3 "1 I = '.:.i 
SA0 J :: 7: 
350 DIR=AV · 
ssq CALL P?QC~S (A~ } 

. >'. '/VJ. 2G IF CH.4:1 ~- .HAt:0 ) Hf, 1Z 9 1... 
SB Z l 5' If ( J - 1 ) 5· 0 9 fHi 9 5 G . 
8~~8 6.0_ :~Y I ::: .~X ... DE .TA }\ . 

. _ 00 . !<'9.= AK 
~ 1 0~2·CALL PROCES CAK l ·) 
20 HA~ l= HAM · _ 

93Z CALL PROCES CM\2 ) .. 

-· 

9ft0 ·- .A~12 ::: HA, 1 ,. . , " . . 
.. 5 0 ··CA _, REGULI C HMYl , '.-lAM2 ; f~K l , !'l\2 9 HAM0 '_Al{ ) 
.. 60 1r-CAK.: , 1nJ ) 92 9 $4 , 9-4 
q? .••. 92 I KL: 0 . . 
98~ PSI :: PSI T 

· , 990.' GQ 0 1 2 . 
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- - ! r) )'.Tit UI:D 

1 1 -· I F ( I ~JJ '. - 1 ) 4 :-;. ' /j - 9 I; () 
11 1 "' 4 r' SS= . { IK *. i°''k A 
1 1 ~ 0 s s 1 = A.': I;.·~ ,·~ .~ p 1 }~ B 
11 } DAr• = S~ . T C L; • ..<.<:;*SST*CA"'+SS>'.<SS ) 
11 4'": z~~1 =- SS- D~"1 

11 ~1 ...,'."'"'T =- S<:+DA:1 
1 l f,..j -~SU =- ': . }:<S. T*- _,f:>,r . 
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11 7'~ 3_,· = 1./f)"J~~>.~ALOr' ( C:iSU*-CO . i~1-z:-Vi)>'< ( r<.SU* ' '.C+ ~RC:T )/CFlU}:· co11+-;:, 'T )/C RS l 
! ! ,.., - +>:~ ,_,..+::.~S)) 

11 °,... TA1iX=TI :1.:.+ . LOG CPSIT / PSIF )/ -,;<U 
T "-? .... i.- ..,, 

1 ': ! r1 4 9 '\ = · K LI 
128"' "':I = P. IT 
12 0 .so 0 1-:; 
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