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ABBTRACT ‘ (1)

The stability analysis and optimization of an axial flow
three bed quench type ammonia syntheéis reactor was carried out
to optimizg its performance. The reactor operation at optimal
cold shot fractions for a given set of the operating and design
parameter values will result in the maximizétion of the rate of
production of ammonia and stable operation.  This will result in
low bed temperatures and reduced total pressure drop. The 1low
bed temperatures will result in increase in catalyst life whereas
reduced pressure drop will reduce the operating cost.

Modern large capacity reactors are used for production of
ammonia used as a feedstock in the production of urea. Urea is
essential to boost agricultural production in India. A realistic
and accurate mathematical model of a large capacity multibed
autothermic gquench-type ammonia synthesis reactor was formulated
and solved by modified Milne—Prediétor—Corrector numerical
integration technique using an appropriate convergence strategy.
The optimization of the cold shot distribution was achleved by
taking maximization of the rate of ammonia production ‘as an

/objective function. The Box complexbdirect search optimization
technique was wused for sixteen set of conditions over a wide
range of values of six operating and design parameters. These
parameters ﬁere feed gas flow rate, H /N ratio in feed, inerts
concentration in feed, catalyst activityzfaotor, total volume of

catalyst and operating pressure of the reactor.



(11)

In order tQ estimate the model parameters for an industrial

reactor for simulation study, data from plant were extracted for
the period of steady-state operation over several months. The
data had a serious limitation that no measured value of cold

shot fractions were available except for the first bed inlet
where its value was aiways kept at =zero. Validation of simulation
model from thed plant data was carried out by obtaining best
values of model parameters and cold shot fractions. The estimated
model parameters are: freéuency factor and{ activation energy in
the reverse reaction rate constant correlation. for the catalyst

'used; correction for fugacity coefficient term; and heat exchange

capaclity of external heat exchanger. Thelr best values are found
16 3
to be 4.11482 % 10 mol NH /s/m ; 97622.4 kJ/kmol; 1.379; and
3 6 3
316000 W/K at feed flow rate of 0.74%10 Nm /h., (where N

indicates N.T.P. conditions), respectively. The simulated cold
shot values as fractions of total feed gas for the average plant
conditions (base case) are found to be 0.245 and 0.100 for +the
second &and the third bed inlet, respectively. Cold shot to the
first bed was taken to be zero as per plant practice.

The ' optimization computations for one set of oonditions
required generally 5 to 8 minutes of CPU time on DEC 20 computer
system. The optimization results indicate that the conversion and
the bed temperatures are quite sensitive to the values of the
operating and design parameters. Cold shot fractions at optimal
conditions &are strongly dependent on these parameters. An
indiscriminate use of cold shot fractions resulted 1in either

quenching of the reactor or a non optimal performance resulting
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in significant loss of production, higher bed temperatures and

increased pressure drops. The use of optimal cold shot fractioﬁs
increased the rate of production of ammonia by 20 to 110 t/d
(where 1 t = 1000 kg and 1 d = 86.4 ks) compared to actual plant
production of 1286.9 t/4d, even 1f the operating and design
parameters changed in adverse direction by about 10 to 30 percent
from the base value.  The rate of ammonia production shows an
increase with an increase in flow rate , catalyst activity,
operating pressure or total catalyst volume; or and a decrease in
inerts concentration. It was found that the region near optimal
is not sharp qith constraints on upper values of cold shot
fractions resulting in the extinction of the reactor. It is
further observed that optimal cold shot fractions do show &
trend, to an extent linear with repect to change in parameters,
namely, feed gas flow rate, catalyst activity factor, total
catalyst volume and the reactor operating pressure.

An  increase 1in the rate of &ammonia production of 10.3
rercent (132 t/d) is observed if the operation is carried out at
optimal cold shot fractions to first, second and third bed of
0.110,0.233 and 0.232, respectively, for the base case. It is
observed that the effect of change in H /N ratio-in the feed
gas from 3.0 is not significant on reactgr gerformance and rate
of ammonia production. It is observed that the reactor stability
near 1its optimal operation 1is quite sensitive to increase in
éold shot fractions and an increase beyond a critical value may
result 1n 1its extinction or blow-out. The use of simulation

model 1s, therefore, highly desirable to operate the reactor near



(iv)

optimal values of cold shot fractions for any set of parameter
valﬁes in order +to achieve maximum ammonia prodﬁction rate.
Simulation model can also be used for developing a suitable
control strategy for cold shot distribution for ensuring optimal

reactor operation.
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CHAPRTER 1

1. INTRODUCTION

Simulation, optimization and stability analysis of the modern
large capacity multibed quench-type (cold-feed cooling) ammonia
synthesis reectors 1s essential for their proper and accurate
control and optimal performance.

Ammonia isl an essential feedstock for the manufacture of
urea which is required in large tonnage for boosting agricultural
production. Agriculture contributes to about‘fifty rercent of the
national 1income (Pachalyapan,1984) and provides livelihoods for
about seventy-five percent of Indian population. Nitrogenous
fertiliser production is estimated at about six million tons in
1987-88 and 1s expected to rise further. 1In order to meet the
anticipated requirements, many new plants are coming up mainly
based on natural gas as a feedstock requiring huge investments of
the order of six billion rupees (1983 price).

The ammonia technology and engineering for its manufacture
has rapidly advanced in the last decade and the plants of: 1350
A/d (where 1 © = 1000 kg and 1 d = 86:4 ks) capacity and over are
common now-a-days. The latest policy of the Indian Government is
to standardise +the ammonia technology and build new plants on
elther of the two technologies, namely, Haldor-Topsoe and Kellogg
of axial or radial flow designs. In view of the large ammonia
production and high capital investment requirements, even a few
rercent improvement in production from existing plants is worth

hundreds of million rupees every year.
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Ammonia is prqduced by catalytic exothermic reversible
reaction of hydrogen and nitfogen in the mol ratio of
approximately 3:1 at elevated pressurss (100 to 1000 atm, where 1
atm = 101;325 kPa) and temperatures (675 to 925 K) using déubly
promoted iron catalyst. The current trend is towards low pressure
(150 +to 200 atm) and low temperature (650 to 770 K) operation
using highiy actlve catalyst. It 18 essential to carry out +the
reaction in an autothermic reactor with axiél’or radlial flow and
quench cooling in between catalyst beds and /or i1internal heat
exchange ~ and external heat exchange. Quench type reactors are
more common foq ammonia systhesis because of high pressure
oparation. In +these reactors intermediate cooling of reaction
mixture is achieved by the addition of cold-feed to the reaétion
mixture at the inlet of a catalyst bed. The description of
reactors of various designs are given by Walas (19569), Vancini
(1871), Zardi (1982) and others. Due to the opposing requirements
of +temperature for high reaction rate and high equilibrium
conversions, the intermediate cooling between catalyst beds of an
ammonia syntheais reactor 1is essentlial. Autothermal reactor
oparation involving feed-back of reaction heat to the incoming
cold reactor feed are generally found to poséess multiplicity of
steady-state operating points. This behaviour of autothermal
/reactor was first explained by van Heerden (1953). The reactor
steady-state point corresponding to highest conversion 1s the
degsirable operating point. Beside this, in general, there are two
other operating points, the intermediate one is unstable and the

one corresponding to the lowest conversion is a trivial operating



3
point. The stability limit is observed when both the unstable and
stable points (of high coﬁversion) coincide with each other due
to relative shifting of heat generation and heat removal curves
because of changes in plant operating'parameters. Reactor blow-
out or extinction _is a well known problem experienced in
autothermal operétion with certain changes in plant operating
parameters (Froment &and Bischoff, 1978a).

Since van Heerden, several other workers (Shah, 1967;
Shipman and Hickman, 1968; Vek, 1877; Gaines, 1977; Rase, 1977;
Ramkumar, 1978; Lutschutenkow et al., 1978; Reddy and Husain,
1978; Singh and Saraf, 1979; Sinha et =al., 1981; Khayan and
Pironti, 1982; Mansson and Andresen, 1986) have presented their
work on simulation of ammonia: synthesis reactor that have
contributed significantly +to &a better understanding of the
behaviour of ammonia synthesis reactor performance. However, the
extensive literature survey as presented in Chapter-1I1 shows that
no published work 1is avallable regarding optimization of an
existing industrial reactor for ammonia synthesis of multibed
qQquench-type with internal and/or external heat exchanger taking
cold shot distribution as decision variables. Also there is lack
of information regarding steady-state stabllity analysis of such
reactors operating at optimum conditions.

Therefore, the objectives of the present study can be
summarized as follows:

1. Development of & realistic and accurate simulation model for
a three-bed autothermic quench reactor for ammonia sfnthesis for

‘Qafrying out simulated performance studies under different design



and operating copditions.

2. Development of reliable and efficient optimization strategies
for the maximization of ammonia production rate using cold shot
diastribution as decision variables.

3. Validation gf simulation model and the determination of the

kinetic and external heat exchange rate parameters using plant

data.
4, Determination of optimal cold shot distribution and
corresponding temperature-conversion profile and ammonia

production rate for different design and operating conditions.
R Study of +the steady-state reactor stability at optimal

operation for different design and operating conditions.
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2. LITERATURE REYIEW

2.1 Literature review on ammonia synthesis reactor modelling and
simulation.

Modelling and analysis of autothermic processes, in
particular ammonia synthesis reactor, have attracted considerable
attention of research workers after the first reported study of
van Heerden (1953). Van Heerden formulated a simplified one
dimensional mathematical model for his packed bed catalytic
reactor having a.large number of tubes placed axially in the bed.
The cold feed passes through the tubes countercurrent to the flow
of gases in the catalyst bed and gets heated to desired
temperature before entering the catalyst bed where exothermic
reversible ammonia synthesls reaction occurs.

Van Heerden solved the three coupled differential equations,
namely, material and energy balance equations for the reacting
gases 1in the catalyst bed, and energy balance equation for +the
feed preheating inside the tubes for his simplified mathematical
model of the reactor by using a stepwise numerical 1integration
procedure. The solutions so obtained were in gquantitative
/agreement with the actual data obtained for a commercial reactor
of the same type.

Yan Heerden observed from his analysis +that due to
reversible and exothermic nature of ammonia formation reaction a
plot of heat generation rate due to reaction as a function of

catalyst bed inlet temperature has a sigmoid shape but at very
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"high bed inlet +temperatures the heat generation rate falls

rapidly due to equilibrium limitations at high temperatures. He
observed that the catalyst bed temperature first rises, passes
through a maximum value and then decreases towards reactor exit.
He also observed that a definite range of operating parameters
exists for stable operation of an auvtothermic ammonia synthesis
reactor at high conversion conditions in the vicinity of +the
guenching or blow-out point.

Van "Heerden further observed from his theoretical analysis
that as catalyst activity or the heat transfer capacity decreases
the stabllity of the'reactor decreases, whereas if the feed rate
decreaées the stability of reactor increases.

Annable (1852) derived a one-dimensional single-bed model of
Haber—Bosch type ammonia synthesis reactor using a Temkin-Pyzhev
(1940) rate equation. He found that the simulation model results
were in close agreement with plant observations. But he did
not 1investigate the effect of change in operating and design
variables on the performance of the reactor and 1ts stability
using his simulation model.

Kjaer (1958)!formulated his mathematical model for a single
Bed by considering the two-dimensional variation in temperature,
axial and radial, and solved the resulting model equations
cpnsisting of three partial differential equations using double-
step numerical integration technigue by hand computation. His
results of production rate and average bed temperature were in
#ery good agreement with the plant data. However, +the model

developed by KJjaer could not explain the radial temperature
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gradients reported by Slack et al. (1953). The results of Kjaer

indicated +that the radial temperature gradients may not be
significant.

Baddour et &al. (1965) studied the behaviour of a TVA
ammonia synthesis reactor (Tennesse Valley Authority reactor)
using a simplified one-dimensional model to account for axial
variation of bed temperature and conversion. They used Temkin and
Pyzhev reaction rate equation. The results of the simulation
model were found to be within 15 to 20 percent of the piant data
for the production rate and bed temperature profile. Their
study 1indicated an improvement in ammonia production rate at
higher space velocity of feed gas when reactor is operated at
high first bed inlet temperature. However, an increase in space
velocity is found to.lower the reactor stability. Use of higher
ammonia or inerts content 1in +the feed was found to be
detriﬁental, both, to reactor production rate and its stability,
even though average bed temperature was not affected
significantly. Any decrease in catalyst activity resulted in a
decline in both, the reactor stability and its production rate
and necessitated an increase in the first bed inlet temperature.
The effect of increase in the heat transfer capacity was to
increase the reactor stability with increased local overheating
of catalyst. {However, no significant effect on reactor
production raté and average bed temperature was observed. They
also observed that bed temperatuge profile at the optimum

conditions was not sensitive to changes in operating conditions.
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Shah (1967) developed a one-dimensional model to analyse
the behaviour of a two-bed ammonia synthesis reactor with cold
shot cooling. Shah made certain assumpfions to simplify his
model equations while accounting for the non-ideal behaviour of
the gases in the reaction rate egquation, heat of reaction and
specific heat values. He found that these nonidealities have a
gsignificant effect on the reactor performance. Realising the
/ihadequacy of the Temkin and Pyzhev rate equation, Shah used the
modified Temkin ~and Pyzhev reaction rate eguation 1in his
simulation model. Shah also assumed & linear decrease in pressure
with distance in the direction of flow of gas. His results of
simulation agreed well with the plant data.

Shah solved his mathematical model consisting of coupled
non-linear differential equations using a numerical integration
technique known as the Milne Predictor-Corrector (Milne, 1953)
and observed that the method of solufion was stable and converged
rapidly. |

Shah obServed from his simulation model studies that
increase in cold shot fraction decreased the reactor stability;
increase in inerts decreased the stability without significantly
affecting the production rate; &and increase in ammonia content of
teed decreased both  production rate and stability. He also
observed +that the increase in the first bed inlet temperature
resulted in &an increase in production rate till equilibrium
inhibition was obtained. Shah further observed that the increase
in pressure resulted in higher production rate but any change in

H /N ratio did hot affect the production rate significantly. The
2 2
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effect of change in space velocity and catalyst activity on
production was found to be the same as that reported by Baddour
et al. (1965).

Shipman and Hickman (1968) carried out simulation and
optimization of a five-bed ammonia reactor with external heat
exchanger and cold shot quenching. They carried out optimization
using independent variables consisting of operating variables of
cold shot distributions and design variables of cold shot
location, "catalyst bed length and heat exchanger length. Search
for optimization was carried out for minimising the converter
- cost using a modified gradient search method.

Shipman and Hickman observed that increase in the number of
catalyst beds beyond three is not of much consequence for
minimizing reactor cost. Further, cold shot distributions have a
significant effect and there exists an optimal distribution.
However, near +the optimum the small variations in cold shot do
not affect the optimal solution significantly.

Gaines (1977) simulated and optimized a four-bed ammonia
converter - with <cold shot cooling aﬁd preheating. He used a
modified Temkin and Pyzhev reaction rate equation and used the
findings of Nielsen (1968) and Dyson and Simon (1968) for making
it more realistic. He also considered the effect of catalyst
pellet mass transfer resistance by incorporating in the rate
equation the effectiveness factor as given by Dyson and Simon
(1968). He optimized +the bed temperature profile to maximise
conversion at the reactor exit and recommended a declining outlet

temperature profile from the first to the fourth bed. He found
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that +the last bed outlet temperature 1is most critical for
improving reactor conversion. He concluded that there 1s an
optimal ratio of actual ammonia mol percent to equilibrium
ammonia mol p;rcent at the catalyst bed outlet for achieving
maximum conversion. The effect of important parameters, such as
space velocity, feed temperature, pressure, inerté and ammonia
concentration, H /N ratio and catalyst activity were found to be
simlilar as repor%edzby earlier workers. His results were in good
agreement with plant data.

Vek (1977) considered two types of radial flow four- bed
amﬁonia coverters for modelling and optimization. The first type
consisted of +two heat exchangers -one internal heat exchanger
placed between the first and the second bed and another external
heat exchanger at +the end of the last bed. The second type
consisted of an external heat exchanger only, but with gas
recirculation 1in +the first bed. He accounted for variation of
overall heat transfer coefficient in reactor. He found his
simulation results in agreement with the plant data. From his
analysis he observed +that first type had better operational
stability and a higher ammonia production rate. Typical outputs
were between 100 to 130 ‘t/d/m3 of catalyst as compared to 35 to
50 t/d/m3 of catalyst volume obtained normally.

Rase (1977) also rresented a case .study of multibed
ammonia synthesis reactor with cold shot cooling. His range of
operating variables include pressure at three values of 150, 225,

and 300 atm and inerts in feed at 12 percent. For safe operation

of +the catalyst the allowable bed temperature was limited to 803
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K. Rase observed that operation at lower pressure of 160 atm was
more desirable for saving energ& costs, and increasing the 1life
and activity of catalyst.

Sinha (1977, 1981) modelled and analysed the behaviour of
one-dimensional three-bed ammonia synthesis reactor with cold
shot cooling and internal and external heat exchange. The results
suggested +that ,ammonia production rate is quite sensitive +to
operating parameters, such as, first bed inlet temperature, cold
shot temperature and 1its distributions, ammonia and 1inerts
content in the feed, <feed pressure and design parameters such as
cold shot location. It was observed that ammonla production rate
increases with a decrease in ammonia and inerts contents in the
feed, 1increase in space velocity, and increase in the first bed
inlet +temperature with proper cold shot distributions and
location. However, +the indiscriminate use of cold shot at a low
first bed inlet temperature was found to be disastrous for
ammonia production. .

Reddy and Husain (1978) modelled a single-bed ammonia

//SYnthesis reactor of Casale type with cold shot quenching at the
bed inlet using a one-dimensional model. They considered the
actual flow route of gases in the reactor and the axial variation
of heat transfer capacity. Model parameters were validated using
plant data. Reddy and Husain studied the effgct of operating
parameters on the performance of the reactor. They found that the
increase in feed flow rate reduces the amﬁonia conversion
markedly at higher flow rate; H /N ratio has an optimum value

2 2
around 2.5 for maximum conversion; and a decrease 1in 1inerts
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and/or ammonia concentration increases ammonia conversion.

Ramkumar (1978) studied the behaviour of a one-dimensional
_three-bed ammonia synthesis reactor with cold shot cooling,
internal and external heat exchange. He also accounted for the
mass transfer resistance in the catalyst pellet by incorporating
the effectiveness factor correlation of Dyson and Simon (1968) in
the reaction rate equation. He observed that for 1increasing
production rate, the space velocity and  first bed inlet
temperature should be higher,  inerts content in the feed should
be lower, and the cold shot distribution and location must be
optimal.

Lutschutenkow et al. (1978) also presented the behaviour of
a one-dimensional four-bed model of an ammonia synthesis reactor
with .external heat exchange. They. observed maximum ammonia
productivity near the autothermal limit. They also observed the
bed outlet temperature to be independent of the cold shot at the
bed inlet, and the ammonia productivity to dépend on the H /N
ratio in the feed and bed outlet temperature but not the reagtoi
inlet temperature.

Singh and Saraf (1979) modelled and analysed the behaviour
of one-dimensional ammonia synthesis reactors of two ‘types. The
first type was, a three-bed reactor with external heat exchange
and 1inter-bed heat exchanger for cooling without any cold shot.
The second type was a single-bed reactor with external heat
exchanger and cold shot cooling at the bed inlet. The effect of
mass transfer resistances in the catalyst pellét was considered

by incorporating effectiveness factor in the reaction rate
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equation by partially solving the intrapellet diffusion equation
at each axlal location. They used different rate equations for
two types of catalysts. Their simulation results were found to be
in good agreement with plant data.

Khayan and l'Pironti (1982) studied the behaviour of an
ammonia converter with heat exchanger using a two-dimensional
model to account  for axial as well as radial gradients of
temperature and Concentration. They solved the resulting non-
linear coupled partial differential equations using the Crank-
Nicolson numerical technique. Their results matched the plant
data within 2 percent. The& observed that radial gradients are
ingignificant.

Mansson et al. (1986) carried out optimization study of an
ammonia synthesis reactor to maximize exit ammonia mole percent.
Performance of +the reactor was found by optimizing the bed
temperature profile for & given mass flow rate &and inlet
éonditions. Performance was compared with conventional operation.
They observed that considerable improvement in performance may be
achieved.

The literature review presented above clearly indicates that
these simulation and optimization studies have significantly
contributed to the understanding of the effect of operational and
design parameters on the performance of ammonia synthesis
reactors. However no published information is available regarding
optiﬁization of an existing industrial multibed quench reactor
with internal and/or external heat exchanger for ammonia

synthesis taking cold shot distribution as a decision variable
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for wide range of variation of all important design and operating
parameters. Very 1little published information exists on the
steady-state stability analysis of such optimally operating
reactors. |

It may also be noted that no attempt has been made to review
the simulation and optimization literature mnot specifically

related to ammonia synthesis reactor.
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2.2. Literature Review on Kinetio, Thermodynamic and Physiocal
Properties:

Shah (1967) reported +the Kkinetic, thermodynamic and
thermochemical properties correlations using the data reported by
Annable, Hougen and others. Shah gave correlations for reverse
reaction rate constant, k , taking the Arrhenius form of
dependance on temperature anz also used a multiplying factor to
correct for pressure deviations from'BOO atm. His equilibrium
'/constant correlation is & six-constant equation, an ‘exponential
function of “temperature terms only. Ky, fugacity coefficient
term, 1is correlated as a five-constant polynomial in temperature

and pressure. His heat of reaction correlation is a ten-constant

polynomial and heat capacity of ammonia correlation is & seven-

constant equation, both equation involving pressure and
temperature terms only. For nitrogen hydrogen and methane heat
capacity correlations, Shah used four-constant polynomials in

temperature with the coefficients of polynomial found for the
mean pregssure. For argon, the heat capacity was taken at a fixed
value as it wés independent of temperature and pressure. Shah
observed that the more elaborate correlations used by him
resulted in predictions by simulation model close to the plant
prerformance.

Dyson &and Simon (1968) gave kK correlation by fitting the
data of Nielsen 1in an Arrhenius ?orm. However wunlike shah’s
approach, there is no pressure correction term in their

correlation. They used an equilibrium constant correlation

rroposed by Glllespie and Beattie, a five-constant equation

{
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involving functions of temperature in an exponential form. Dyson
et al. also used published correlations for +the activity
coefficients of H , N and NH as four- or five-constant
équations involvingzoomplix functiogs of temperature and pressure
in &n exponential form. They concluded that their correlations
are quite precise to give fugaclty values comparable +to those
obtained by more elaborate calculation of  fugacity from an
equation of state using both Beattie-Bridgman and Redlich-Kwong
equations.

Gaines (1977) reported an Arrhenius form of correlation for
k based on the data of Nielsen, similar to that of Dyson and
/Simon. The activity coefficients of H , N and NH were
correlated using equations involving threezindegendent cogstants
and showing temperature pressure and composition dependence.
Gaines used a six-constant polynomial for heat of reaction
involving pressure and temperature terms with correction for heat
of mixing. He used an eight-constant BWR equation of state +to
compute directly +the gas mixture heat capacities by first
computing the constants for the mixture by appropriate relations.

Reddy and Husain (1978) have uséd the same correlations as
reported by ©Shah (1967) for K, Ky, heat of reaction and heat
capacities of individual component.

5ingh and Saraf (1979) took the usual Arrhenius form of
co;relation for k with appropriate values of +the order of
reaction parameter? frequency factor and activation energy for

two types of catalysts based on data reported by Guacci et al.

Correlations for K and heat capacities used by them are similar
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to those reported by Dyson and Simon (1968).

Mansson and Andresen (1986) used the usual Arrhenius form of
correlation for the rate constants in his reaotiqn rate equation
using three empirically determined sets of interdependent values
of activation energy and frequency factor. The equilibrium
constant correlation was obtained from Gillespie and Beattie as

cited by Mansson et al. The activity coefficient correlations for

H , N and NH is taken based on Beattie and Bridgman, and
2 2 3

Beattie work, as cited by Mansson et al., as a complex function
of temperature, prressure and mole fractions in a way similar to

that of Galnes but incorporating additional terms dependent on
mole fractions to make it more accurate.

The heat of reaction correlation was that given by
Nielsen, a seven-constant equation in temperature and. pressure.
Heat capacity correlations were those reported by Gillespie and
“Beattie &as cited by Mansson et al. and heat of mixing was
neglected in computing the mixture heat capacity as per the
Justification given by Nielsen and Strelzoff as cited by Mansson
et al.

Hay and Honti (1976a) have presented correlations for
thermodynamic properties. Of particular interest is that reported
for the equilibrium constant, an exponential function of
temperature giving a minimum percentage. deviation from the
theoretical values of Harrison and Kobe and comparing well with
the experimental values reported by Haber, Larson and Dodge,

Stephenson and McMahon as cited by Hay and Honti.
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Perry’s Chemical Engineers HandBook (1950) reports
correlations for heat capacities of H, N and NH , as three-
constant polynomials in temperature. 2A coirelatioi for heat of
reaction 1is also given as a polynomial in temperature. Various
other correlations for thermochemical properties are reported in
the International Critical Tables (1928), Kirk and Othmer (1978)

and by many other authors which wvary in thelir degree of

complexlity, accuracy and range of application.
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2._REACTOR_ MODELLING AND DESIGN RELATIONSHIPS

3.1. Reactor modelling and design relatiohs.

Mathematical modelling of the multibed reactor consists in
writing mass, energy and momentum balanée equations for each of
the reactor sections along with equations defining the boundary
conditions 1imposed by cold shot addition at the bed dinlet. The
rigorous model precisely defining +the heterogeneous ammonia
synthesis reaction may be written in the form of partial
differential equations for momentum, mass and energy balances in
three- dimensional space and time. However such a system of
highly non-linear and coupled partial differential equations will
be very difficult to solve. This will require excessive
computation +time and very large memory on the large new
generation computers. Convergence problems enhance these
difficulties further +that are Iinherent 1in the solution of
autothermal reactor with external and/or internal heat exchange
between the reaction mixture and the feed gas. Therefore, a
rigorous approach 1is impractical and recourse must be made to
more approxXimate engineering approach for simulation purpose that

//simplifies the modelling of converter significantly without
sacrificing +the accuracy +to predict reactor performance and
stabllity of operation keeping in view the extent of uncertainty
inherent in thevbasic data used in the simulation model.

For +this study, only the steady-state behaviour 1s taken

into consideration and the change in operating parameters 1is
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assumad to ba slow enough that reactor operation is ragarded as a
succession of pseudo-steady states. It is further assumed that
there are no gross perturbations that deliberately push the
.steady operation t§ another steady state. The validity of the
steady—state assumption i3 discussed by Shah (1967). Yet another
argument for considering the operation to be at steady-state 1is
given by Reddy and Husain (1978) by pointing out that since the

gas mixture velocity is always high, its residence time is likely

to be very .small, probably, of the order of a few seconds.
Therefore, for +the design and performance predictions of
commercial reactor, the additional information obtained by
considering the unsteady state simulation model is not

commensurate with the phenomenal increase in modelling effort and
computer time requlred for its solution.

A simplified flow diagram of a typical three-bed quench type
high capacity ammonia synthesis axial flow reactor with internal
and external heat exchange capacities is shown in Fig.3.1. The
feed gas is divided into four parts; the largest fraction goes to
bottom heat exchanger and the remaining gas is distributed into
three cold shots for mixing with the gases entering different
catalyst beds. The fraction of feed entering the bottom heat
exchanger on its shell side gets preheated as a result of heat
exchange from the reaction product leaving the third bed and
flowing countercurrently on +the tube side. This preheated
fraction of feed is heated further by exchanging heat from +the
hot reaction mixture flowing countercurrently in the catalyst bed

depending on the amount of heat transfer area available for the
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FIG.3.1. SIMPLIFIED FLOW DIAGRAM OF THREE BED QUENCH
TYPE AMMONIA SYNTHESIS REACTOR WITH INTERNAL
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internal heat exchange. This heated fraction of feed enters the
first catalyst bed inlet after mixing with cold shot fraction to

the first bed.

Assumptions.

For obtaining mass, energy and momentum balance equations in
manageable form, foliowing simplifying assumptions are made:
1. Reactor operation.is at steady state.
2. Rédial velocity,  temperature, pressure and concentration
gradients are -absent. There is complete mixing in the radial
direction in the bed.
3. There is no back mixing in axial direction.
4. Pressure drop variation is linear in the direction of flow.
The effect of cold shot is accounted for by assuming that the
coefficient of pressure drop varies with 1¥8 power of the
superficial mas% velocity, G, at the inlet of a catalyst bed
(Froment and Biséhoff, 1979b). This dependence is based on Leva
equation for packed beds indicating that the pressure drop is
proportional . to (sz) where f is the friction factor. Hicks has
observed +that +this f is proportional to (G)—O.z. Therefore,
pressure drop is proportional to (G)l'8
5. Cold shot enters the reactor at the temperature of feed gas
and at a pressure equal to the pressure in the reactor at the
point of its entry.
6. Heat exchange capacity, +that is the product of heat transfer

coefficient and heat transfer area per unit catalyst bed volume

remains constant throughout the reactor. Similarly, heat exchange
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/,capacity per unit tube side volume in the external heat exchanger

is also constant.

7. For gas-solid reaction, the interphase heat and mass transfer

and the intraparticle heat transfer resistances are neglected.

8. Intraparticle mass transfer resistance in catalyst pellet is

significant and is accounted for by considering the effectiveness

factor. A polynomial relationship for the effectiveness factor

with gas temperature and composition using pressure asg &

parameter 1s used to simplify the simulation model.

Validity of aéaumptions.

Except dﬁring'start up and shut down of the reactor, the
operation . of a continuous process remains at a steady-state.
Unsteady-state analysis becomes essential only for predicting the
reactor behaviour during the start up and shut down reriods.

The radial gradients of velocity, temperature, pressure and
concentration across the cross-section of the catalyst bed are
ingignificant &as compared to +the axial gradients. This is
supported . by the findings of Kjaer (1958) and Khayan et al.
(1982). These investigators considered +the two-dimensional
reactor model anﬁ found that the radial gradients are negligible.

Axial diffusion of enthalpy 1is ignored in ~view of +the
findings of Eymery (1964) as reported by Reddy and Husain (1982).

The pressure drop across the length of the bed is vefy small
as compared to the pressure of gas at any point in the bed. In
industrial converéers the total pressure drop is found to be well
within five percent of +the gas pressure. Therefo;e, the

assumption of linear variation of pressure along the reactor bed
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is Justified. However, a correction has been made in pressure
drop correlation from one bed to another to account for the
substantial increase in the gas flow rate 1n a particular bed
because of +the cold shot additions. The effect of increase in
flow rate is taken into account by assuming that the coefficient
of pressure drop varies with 1.8 power of superficial mass
velocity, G. For a catalyst bed of uniform cross sectional area,
it is quite evident that at the inlet of a bed G is Proportional
to the total feed fraction entering the bed.

in an ammonia synthesis reactor, the overall heat transfer
coefficient varies along the bed length because of the changes in
flow rate and the variation in physical propexrties of the gas
mixture along the bed length. However, this variation in heat
transfer coefficieht is small and for all practical purposes, it
may be assumed to be constant throughout the bed length. In any
case; 1f considered essential, +this variation can be accounted
for as the calculafions in numerical integration proceed from
point to point at which all conditions are known, computing the

value of heat transfer coefficient at any point using appropriate

correlations.
The mass, momentum and heat balance equations can be
written, keeping in view the foregoing assumptions and their

Justifications, for the ammonia synthesis reaction
l
32 H + 1/2 N = NH (3.1.1)
2 2 3
over a differential reactor section of catalyst volume dv (in
i
bed 1).
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Mass balance.

The mass balance for hydrogen (subscript 2) is given by,

Fodx = (- r g, ) dv (3.1.2)
2 iz 2 i
where,
F = molal flow rate of hydrogen in feed to the reactor,
mol/s,2
X = fractional conversion of hydrogen in bed ’i’ based on
total isdrogen in feed to reactor, dimensionless;
e ' (-r ) = rate. of reaction without mass transfer "limitations
~in catalgst given as moles of hydrogen converted per unit time

per unit of catalyst volume, mol/s/cm
g = catalyst effectiveness factor +to account for mass

transfer resistance in the pellet, dimensionless.

Energy balance.

The energy balance equation is obtained by equating the heat
of reaction to the summation of the sensible heat gain of the
reaction gas vmixture and the amount of heat transferred to the
synthesis gas _(cold feed) in the internal preheating section.
This will give, |

(-AH ) (-r g )dv
R2 20
=(ESN € )dT +(UA) (T -T )Hdv (3.1.3)
ol i3 pjJ i i 1 si i
where,

(-AH ) = heat of reaction, kJ/kmol of hydrogen converted
R2
N = molal flow rate of component j, mol/s

J
C = heat capacity of component j, kJ/kmol/K

pJ
T = gas temperature in the catalyst bed, K
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(UA) = heat exchange capacity of bed rer unit catalyst bed
3
volume, W/K/cm
T = gas temperature in the internal rreheating section, K.
s

For (UA), area of heat transfer, A, is defined per unit
volume of catalyst bed. For a given reactor of certain design and
configuration, area of heat transfer per unit volume of catalyst
bed 1is likely to be constant throughout the bed length 80 that
(UA) remains constant throughout the bed length as U is assumed
constant.

Subscript. jJ designates components (1- nitrogen, 2-hydrogen,

3~ ammonia, 4-methane, and 5-argon) and subscript i denotes the
catalyst bed number.

The energy balance equation for the feed gas in internsal

preheating section is:

FbH (;‘E: Fj' ij )dei = —(UA)i (T; ~Tgy ddv; | (3.1.4)
Where F is the fraction of +total feed entering through
preheatigg gsection and negative sign on right hand side takes
into account the fact that in internal preheating section the
direction of flow of feed gases is opposite to the direction of
increase of catalyst_bed volume.

For all the.three beds the above set of equations (3.1.2),
(3.1.3) and (3.1.4) .are applicable and subscript 1 will be
replaced b& subscripts 1, 2 and 3 as computations are carried out
for bed 1, 2 and 3, respectively.

it may be noted that the energy balances assume that heat

of mixing for reaction mixture is negligible. Only Gaines

(1977) w&ppears to have considered heat of mixing terms 1in the
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energy balance, but it is believed that at the reactor operating
conditions (temperature 600 to 900 K, pressure 170 to 200 atm,
and ammonia molle percent 1.5 to 16.0) the heat of mixing due to
the non-ideality of reaction gas mixture may really be
insignificeant. Further more, appropriate correlations are used to
account for variatibns in specific heat values with temperature
"and for ammonia with pressure also. .

It is worthwhile to mention here that +the fractional
conversion of hydrogen, x , is based on total moles of hydrogen
fed to reactor inclusive gf all cold shots. Such a choice of X
ensures that it increases monotonically as reaction mixturg
reacts while passing through the catalyst beds.

Additional mass and energy balance equations are needed to
obtain the boundary conditions for the solution of reactor
'bélance equations for each catalyst bed. The boundary conditions
at each catalyst bed inlet are introduced due +to the
discontinuities resulting from the addition of cold shots at each

bed inlet.

Mass balance equations for catalyst bed 1.

At the inlet (Subscript 0).
i
N =F (F. +=F )+ X3F ( 3.1.5)
130 J DH i=l Di 2 210
Where,

i=1, 2, 3; and j =1, 2, 3, 4, 5

F = molal flow rate of component J in feed +to reactor,

J

mol/s

F = cold shot to bed i as a fraction of +total feed to
Di
reactor, dimensionless
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At the exit (subseript 1).

i

N = F (F + = F ) +oF X (3.1.6)
131 J DH i=1 Di J 2 211

where,

1 =1, 2, 3and j=1, 2, 3, 4, 5

During cold shot addition at the inlet of any bed it may be
noted that since[reaction is not occurring, therefore, the value
of x at the exit of the previous bed (1-1) is the same as at the
inle% of the next bed i

X = X
2,1_1,1 2,1)1

Energy balance equations.
At the entry of bed i (after mixing of coldshot).

5
(=N £ 1

' 130 p3 10 5
= (2? N cC )T +F (=ZF C )T (3.1.7)
4= (1-1)31 pJI (1-1)1 Di = 3 pJ F
where,
=1, 2,Kk3
N = F
031 bH J
P ’ T =T
- 01 -« GSHE
N is the molal flow rate of component J leaving external
031
and internal preheating sections (hypothetical bed 0 exlit), mol/s
T = temperature of the preheated feed gases after rassing
SHE

through the external rand internal preheating sections, K
Subgcript 0 and 1 designate inlet and exit of the bed,
" respectively
Coefficient ( 1is proportional to stoichiometric coefficient

J
for component j and have values ¥ = -1/3, « = -1, & = 2/3 and

1 2 3
O< = O( = Q )
4 5
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Here &again equations (3.1.5), (3.1.6), and (3.1.7) are
applicable to each bed by putting proper values of i as 1, 2 and

3.

External heat exchanger balances.

In the external heat exchanger (subscript H) no chemical
reaction occurs and it is simply a countercurrent heat exchanger
to preheat only F fraction of the total cold feed gases flowing
through +the extggnal heat exchanger by all the product gases
leaving the last‘reactor bed.

The energy balance for the feed gas gives, on shell side of

heat exchanger

5

F (£ F C )dr = -(UA) (T-T )dv

DH I<! 3 pj SH H sH H

Where,
T = feed gas temperature on shell side of external heat
SH .

exchanger, K
(UA) = heat exchange capacity of external heat exchanger

H 3 '

per unit tube side volume, W/K/cm

T

gas temperature on tube side, K

H 3
v tube side volume of external heat exchanger, cm
H

The negative sign on right hand side again accounts for the

il

fact that the direction of flow of feed gases 1s opposite to the
e

direction of increase of external heat exchanger volume.

Similarly for product gases, on tube side of heat exchanger:

4]
&?{ N C )dT = -(uA) (T -T )dv (3.1.9)
=1 331 pJ H B H SH H
For (UA) , the same argument also holds as in the case of
H .
the heat exchange capacity in catalyst bed side. N is the flow

331
rate, moles of component J leaving third catalyst bed and
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entering the external heat exchanger on tube side.

The flow rate of moles of component j at any point in bed i,
N is obtained from the following equation,
13 i X
N = F (F +2Z2.F )Y+ %23 F X (3.1.10)
13 J DbH =!I pj 2 21

The above equation is valid for any of the three catalyst
beds, only bed number 1, 2 or 3 will be written in place of
subscript 1.

.The total molal flow rate in a bed, N is given by,
iT

5
N = =N (3.1.11)
iT ??l 13 ‘

which 1is valid for any of the three beds, only i needs to be
replaced by appropriate bed number 152" or e

Due +to the pressure drop inside the heat exchanger and in
the catalyst beds, the pressure of synthesis gas decreases from

|

point to poinf in the direction of its flow. A suitable
expression to estimate the pressure drop and, therefore, +the
pressure within the reactor 1is essential. Correlations are
.available in literature +to find the pressure drop of flow of
gases through the heat exchanger and the packed beds. For precise
calculations these may be used. However, since the pressure drop
through the convertor rarely exceeds 3 rercent of the convertor
pressure and also because changes in molal flow rates due 'to
conversion in any bed is also small, no purpose will be served by
using more complicated pressure drop correlations as the accuracy
so achieved may Dbe insignificant as compared to the extra
complexity added in the simulation model and resultant increase
in computer time. In view of this fact, +the simulation model

assumes that pressure, D, in atm varies linearly along the flow
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path'in any bed 1. To account for the changes in the flow rate at
any bed inlet due to cold shot addition, the pressure drop, dP

. i
is corrected for increase in flow of gases at the inlet of bed

i, using 1.8 power of molal flow rates.

3} 5 1.8
-dP = {?N /j‘:}r } dv (3.1.12)

i N J=l 430 J=! 3N i |
Where is a coefficient, +that is, prressure drop based on unit
3 .
bed volume, atm/cm ; and subscript N corresponds to a reference
or normal value of feed gas flow rate for which W is

N

preassigned, an estimated value obtained from the normally
observed pressure drops in the reactor. The above equation can
be applied to any bed by assigning 1 = 1, 2 or 3.

Similarily, pressure drop expression is written for tube

side, that is, product gases side of external heat exchanger as
below
b b 1.8
-dp =W {Z=Z N /iZ'F } av (3.1.13)
B BN  3=! 331 4= 3N H
(VD) is coefficient for pressure drop based on unit +tube side
HN 3

volume of external heat exchanger, atm/cm

A reasonable value for the total pressure drop based on
commerclial plant data is assumed and the total pressure drop 1is
distributed in a realistic manner for external and 1internal
preheating sections, catalyst beds and product gas side in heat
exchanger. For catalyst beds linear pressure drop is assumed in
each bed to account for the effect of pressure change on reaction
rate, heat of reaction and activity coefficient as indicated
earlier in equation 3.1.12. A linear pressure variation is
agssumed for product gases on tube side of heat exchanger also.

However, for preheating sections, an average pressure value,
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average of inlet and outlet bressures 1s used because the
pressure drop in this section is generally quite small. The
foregoing equations require +the relationships for reaction
rate, heat of reaction and heal capacities as a function of
temperature, pressure and composition of gas.
Reaotion rate.

The modified Temkin and Pyzhev rate expression as given by
ohah  (1967) is used in the simulation model. The rate equation

used is as follows

2 1.6 1.6 1.6 0.6
-r = 29.4204 f ky {(K/Ky) [P N N /(N N JJ-(N N -/
2 0.5 1.5 1 2 3 7T 3 7T
(p N )} (3.1.14)
2
Where,
)
(-r ) = reaction rate, mol of H reacted/s/m of catalyst
2 A
f = catalyst activity factor, dimensionless

Catalyst activity factor, f, may depend on many factors: For
a glven catalyst, the values of f may change with catalyst life.
The fresh catalyst may be assumed to have a limiting value of £
as unity and the same may decrease with catalyst age slowly. The
catalyst . 1s normally discarded after few years when the £ value
decreases to about 0.6 to 0.8 depending on the plant practice. In
the simulation model f value is given a preassigned value as

input data and the same can be made to vary 1f considered

necessaxry.

k = reverse reaction velocity constant, mol/s/m3 of
Cataly:t

K = equilibrium constant of the reaction 372 H +1/2N = NH

2 2 3
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Ky = fugacity coefficient term

N = pgaseous constituent flow rate at any point 1in the
reactor bed, mol/s

Subscripts indicate the gas component (1, 2, 3 and T refers
to N2, H2, NH3 and total components, respectively).

The correlation used for reverse reaction velocity constant
1s similar to th;t given by Shah (1967). The parameters specific
to the catalyst used are frequency factor or preexponential
factor and the activation energy. Adjustment was made in +their
values given in Shah’s correlation thiough the use of
multiplying factors Paral and Para2 for the modification to the
values used by Shah. The best values of Paral and Para2 and,
therefore, +the frequency factor and activation energy suited for
the catalyst used in the plant were found by valigation of fhe
simulation model wusing plant data as discussed subsequently 1in

chaptexr-VI1. The modified form of the equation used for k is as

, r
follows.
0.63
kK = (300/p) exp[(33.56566) (Paral) - (24082.2) (Para2)/T]
r

(3.1.156)

The 'correlation used for equilibrium constant, K, is that
reported by Hay and Honti (1976) that gives an average deviation
of 0.00055 in logK and a maximum deviation of 0.0016 in logK over
the temperature range of interest.

The equation is as follows:
log K = (2250.322/T) - 0.8634 - 0.656 * 1n T -2.58987 * 10-4% T
10 -7 2
1.48861 x 10 * T (3.1.16)

The fugacity coefficient term ,' Ky, is also similar to Shah

(1967). However, it»was found necessary to adjust the value of KQ
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through +the use of another multiplying factor, Para3, to the
values given by Shah correlation. Values of K,y calculated from
the correlation used by Shah were found to be lower than the
values computed from correlations reported by many other workers.
Further, only through this adjustment the model validation using
plant data could be achieved more satisfactorily. This aspect is
discussed in greater details in chapter VII. The equation used

for Kq is as follows
! -4 -7
K9 = (Parad) * (1.7343 - 8.143 x 10 * P + 5.714 % 10 X P x T
-3 -6 2
- 2.6714 % 10 *xT + 2 % 10 ¥ T ) (3.1.17)

The correlation used for heat of reaction is that given by
Gillespie and Beattie as cited by Hay and Honti (1976).

Since the correlation reported by Shah (1967) for heat of
reaction was found to be unsatisfactory. The equation used in

simulation model 1s as follows

-OH = (2/3) * (0.64628 * P + (840.608 % P/ T)
R2 6 3
+ (458.734 * 10 % P/T ) + 5.34685 % T
-3 2 -6 3
+ 0.2626 x 10 *T - 1.69167 x 10 x T

+ 8167.09) * 4.1868 ' (3.1.18)

The correlations used for heat capacities, kJ/kmol/K, of N ,
/é and NH are those reported by Perry (1950) and +the hegt
cgpacity cgrrelation for CH 1is that given in International
Critical Tables (1928). Heat cipacity of argon is taken at 20.798

as reported by Shah (1967). The equations used in the model are

as follows
-3 -6 2
C =(6.822 + 1.631 x 10 * £t - 0.345 % 10 * t )k 4.1868
rl
(3.1.19)



35

-3 -8 2
C =(6.919 + 0.218 * 10 *x t + 0.279 *x 10 * t )x 4.1868
p2
(3.1.20)
- -3 -6 2
C =(8.497 + 8.001 *x 10 *x t - 1.764 * 10 X% t )k 4.1868
p3
(3.1.21)
-6 2
C =(3.00 + 0.0228 *x T - 4.8 x 10 * T J)x 4.1868 (3.1.22)
p4d
C = 20.798 ° (3.1.23)
pb
where,

t =T - 273
T = &absolute temperature, K
Subscripts 1, 2. 35 4 and 5 designate nitrogen, hydrogen,

ammonia, methane and argon, respectively, as indicated earlier.

!

3.2, Effectiveness faotor relation.

The effectiveness factox, fé, correlation as a function of
temperature, pressure and gas composition given by Dyson and
‘.Simon (1968) is used in the simulation model to account for the

mass transfer limitations in rate equation for ammonia synthesis

heterogeneous catalytic reaction. The equation used 1is given
below
2 2 3
g =b +b XxT+bD *ﬁ1+ b *xT +b =« VL + Db * T
0 1 2 3 4 B
: 3
+ b% % n/ (3.2.1)
Where,

n,: dimensionless conversion of nitrogen and given by,

=y /(y + 2 xy )
L 3 3 1

or 7, = L1+ ((2 %y /(3 * y . )) % x))/(1+ 2 % (¥ /¥,,.))]

(3.2.2)
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Where y , y , y are mole fractions of nitrogen, hydrogen and
1 2 3

ammonia, respectively, at any point in the bed and subscript F

indicates mole fractions in the inlet feed. Therefore at a point

in +the reactor yl is known for a known feedvgas composition and

actual hydrogen fractional conversion, X .
o 2
In equation (3.2.1) b, , b, b, b, b andb are
0 1 2 3 4 5 6
constants with pressure as parameter as given in Table 3.2.1
Table 3.2.1
Constants for eguamtion (3.2.1)
Preasure._atim
160 ‘ 225 200
b -17.538086 -8.2125534 -4.6757259
]
b 0.07697848 0.03774148 0.023b54872
1
b 6.900548 6.180112 4,.687353
2 -4 = b -5
b ~1.082790 *x10 -5.3b64571 %10 -3.463308 %x 10
3
b -26.42469 -20.869863 -11.28031
4 -8 -8 -8
bS 4.827648 %10 2.379142 %10 1.640881 x 10
bG 38.83727 27.88403 10.46627

The correlation was developed for the case of H,/N ratio of
3 and inerts concentration of 12.7 mol percent. Hiweser, in
present study the same correlation as given above is also used in
view of only slight variations in +the conditions used for
simulation study. Dyson and Simon (1968) observed that the
calculated values of effectiveness factors for the conditions
other than those specified above had shown variations from those
computed by using equation (3.2.1), but the overall effect on

phe design and performance of industrial ammonia synthesis

reactors was negligible. Furthermore, if +transport equations
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(Dyson and Simon, 1968; Singh and Saraf, 1979) inside +the
catalyst are used for finding effectiveness factor additional
complexities will be added without increasing accuracy

significantly.

3.3. Equilibrium conversion relation.
The details of equilibrium conversion relation are given by

Ramkumar (1978) for H /N ratio of 3 and summarised below along
2 2
with relation for H /N ratio other than 3.
T 2 gD
Equilibrium constant for reaction (3.1.1) 4is given by ,

K=d/(p1/2 * 43/2) =p % 9 /(p 1/2 % p 3/2 %, 1/2 % . 8/2)
3 q% Q% 3 3 1 2 ii .%
or K = K x K (3.3.1)
P 4 :
where q>, p and , represent fugacity, partial pressure and

fugacity coefficient, respectilively.

K is given as,

P 1/2 3/2

K = Pxy /((Pxy ) (P X Yeq ) )

P 3eq leq

or K =(1/p) * (y /(y"> X y 3k )) (3.3.2)

P Jeq leq 2eq
Where P is the total gas pressure, and subscript eq refers +to

mole fractions at equilibrium.
|

The equilibrium mole fraction of H , N and NH may be
2 2 3
represented as,
y = (y ~ ' * X /3)/(1-2 % y * X /3) (3.3.3)
leg 1F 2F 2eq 2F 2eq
y =(y -y x )/(1-2y x  /3) (3.3.4)
2eq 2F 2F Z2eq 2F Z2eq
y“‘i = (v, + 2 Yor xﬁ%,/s)/(l-z A xm?_/:i) (3.3.5)
After substituting values of K and y , y , ¥y "from
P leq 2eq 3eq

equations (3.3.2) to (3.3.5) in equation (3.3.1), we get after

manipulation
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K *x P/Ky = {(y + 2 % y ¥ x  /3)
3F 2F 2eq
¥ (1- (2/3) % y ¥ X Y/ {(y
y 2F 2eq iF
-y *xx /3)* x (y
2F 2eq 2F
-y X X )32} (3.3.6)
2F 2eq
Where K and K¢ are given by equations (3.1.16) and (3.1.17),
respectively, and are functions of pressure and temperature of

gas at any position in reactor bed. So for known temperature and
preséure at any péint and known feed composition, the equilibrium
conversion in terms of fraction of hydrogen in feed, x , can be
calculated using equation (3.3.6). This requires_tria%egnd erroxr
procedure or _a»single variable search method can be used for
achieving quick solﬁtion within a desired +tolerance. Generally,
the HZ/NZ ratio is kept at 3. So for this case equation (3.3.6)

can be simplified further to result in a quadratic equation

as given below

2
(14K ) * x - [2 * K + 3 % (1-y )/2 *xy ] %x x + [ K
cl 2eq cl 3F 2F 2eq cl
-9 %y /4 %y2 1=0 (3.3.7)
3F SF
where K = 3 * K * P /(4 % Ky)
C1

1.28904 * K % P/Kv
Therefore, with values of K, K,)7 found at any axial position
i
in the bed and with feed gas composition Kknown, the above

gquadratic equation can be solved without any trial and error .to

determine the Xg values, which lies between O and 1.
3.4. Conversion corresponding to maximum rate.

From equation (3.1.14) the reaction rate equation can be

written as
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2
-r =C %k * [ (K/K;) *C -C) (3.4.1)
2 1 r 2 3

where C = 28.4204 x f (3.4.2)

1 1.5 1.5
C =P Xy %Xy /y (3.4.3)

2 1 2 3

and C =y /(P®5 x yI'5 (3.4.4)
3 3 2

C, C and C are independent of gas temperature, dimensional.
1 2 - 3
' The maximum of reaction rate as a function of temperature at

othérwise constant conditions can be obtained by:
[ 8(-r )/ 9T} = 0
It may bi noted that the reaction rate shows a maxima with
respect to temperature of gas in the bed only for an exothermic

reversible reaction corresponding to any gas composition, +that

is, for any specified value of x . For a known value of catalyst

activity factor, £ a&all C , C2 and C are 1independent of
temperature, and only k , é andeQ'depeng on temperature. Since
k, K and K9 have Compiex temperature dependence, the normal
piocedure is to Qhoose a temperature and find the value of x
at which +the above equation is satisfied. The value of x si
obtained 13 designated as x , where subscript m referg to

2m
maximum rate conditions.

It 1is important to note that at any specified temperature,
pressure and composition in the bed, the effectiveness factor is
uniquely determined and actual reaction rate is reduced by that
factor. Thus, for conditions corresponding to maximum reaction
rate, +the effectiveness factor can again be uniquely determined
and the actual rate will again be reduced by that factbr and the
same will still remain the maximum possible rate for those

conditions. Therefore, on differentiating equation (3.4.1) at
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constant C , C and C and equating it to zero, we get after
1 2 3
simplification:
2 . ' .
C/C = (K/Ky) + 2 x Kk *xK=x*x [(93K/3T) “(K/Kg) ( 9Ky/ 9T )1/
3 2 2 r

(K9 ({ 9k / 2T)) (3.4.5)
or C /C = K (3.4.6)
3 2 c2
where K is equal to right hand side of equation (3.4.5) and is
c2

only & function of temperature at a given pressure and can be
calculated for known temperature and pressure at any position in
the reactor bed. (9K/oT), (BKg/aT) and (9k /3T) are all known
from equations (3.1.15) to (3.1.17) by partiglly differentiating
with respect to temperature and substituting the wvalues of

temperature andlpressure. But the defining egquations (3.4.3) and

(3.4.4) show that,

2 2 3
C/C =vy /(P %y X y ) = K (3.4.7)
3 2 3m im 2m C2
where subscript m refers +to mole fractions at maximum rate
“condition. Using the procedure as presented in section 3.3, we
get
2 2 2
K = (vy + 2 Xy * x /3) % (1 - 2 %y ¥ x  /3) /{(P *
C2 3F 2F 2m 32F 2m
(y -vy * x  /3)) x (y -y * x )} (3.4.8)
iF 2F 2m 2F 2F 2m
Therefore, x can be uniquely determined at any position of
2m

reactor bed from the above equation for the known temperature,
pressure and feed gas compositipon. Equation (3.4.8) can also be
~solved either by trial and error technique or univariate search
technique for finding the value of x . For the case when HO/N

ratio 1is 3 equation (3.4.8) can be ?Erther simplified to re;ulz

in a quadratic equation in x as given below,
2m
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CHARTER_1Y

TECHNIQUE FOR _OPTIMIZATION OF AMMONIA SYNTHESIS REACTOR

In the design and operation of ammonia synthesis reactor a
number of decision variables exist that are free to be adjusted
for wachleving oplimization. In an existing plant with fixed
design parameters and for a given feed flow rate, composition,
temperature and 'préssure, cold shots to various beds can be
allocated in such avmanner as to:'give maximum ammonia production
rates; At the design stage, catalyst distibution in different
beds can also be adjusted in addition to +the cold shot
distribution to maximize ammonia production rates.

In this study the production rate of ammonia is taken as the
objective function +to be optimized subject to +the implicit

constraints given by design relations presented earlier and

several explicit constraints for example, sum of cold shot

fraction should be between 0 and 1, conversion should be lower
l

than itsg equilibrium value, etc. In an existing reactor, the

objective function, that 1s, ammonia production rate, 1is a

function of many independent operating variables; for example,

feed gas flow rate, feed pressure, bed inlet temperatures, HZ/N2

mole ratio in feed, ammonia and inerts mole fractions in feed,
and cold shot distributions to various catalyst bed inlets. The
objective function is also a function of many design parameterg;
for example, total volume of catalyst, catalyst distribution in

different beds, heat exchange capacity in the catalyst bed and
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external heat exchanger.

The objective function for this study is highly nonlinear
and coupled, implicit, constrained, multivariable and
discontinuous in nature. It also involves internal loop
optimization with severe convergence problem of a multimodal
function that is also highly nonlinear, constrained, implicit and
coupled in nature.

With ﬂthe help of high speed digital computers with large
memory, sophisticated optimization techniques could be used to
solve guch problems. Therefore, now it is realistic to attempt to
establish an optimization procedure for obtaining the optimum
results. |

In general the gradient or indirect search methods
(Beveridge and Schechter, 1970; Gangiah, 1980) have faster
convergence in comparison to direct search methods. The gradient
methods are based on evaluation of derivatives whereas the direct
search methods « are based on evaluation of objective functions
without calculating the derivatives. However in practice, as in
the present study, it 1s either extremely difficult or impossible
to provide analytical functions for calculating derivatives
needed in gr@dient methods. The function may not be
differentiable or the derivatives may be difficult to compute
numerically, as in this case where it may lead to magnification
ol errors and large computation time.

Among direct search methods the complex search method as
given by Adelman and stevens (1972), based on the method of Box

(1965), Nelder and Mead (1965) &and a similar constrained
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polyhedron search method presented by Gangiah (1980) is selecﬁed
for use as an optimization technique.

Other methods of direct search are also available based on
"evolutionary operation” and "Monte Carlo techniques" (Luus and
Jaakola, 1873, Campbell and Gaddy, 1976; Heuckroth et al., 19786).
. However, as observed by Gangiah (1978, 1980), they are found iess

efficient in several cases.

4.1, Description of +the complex search method (Adelman and
Stevens, 1872; Gangiah, 1880; Nelder and Mead, 1866).

This method consists of +finding an original feasible
"Complex (constrained simplex)” of solutions, eliminating the
"worst” of +these by reflection through the centroid of the
remaining points, and repeating until an optimum has been
reached. Worst point 1is defined as the point at which +the
objective function is found to have a minimum value. So the
direqtion of search i1s from the worst through the centrold and
step length is obtained by reflection through the centroid on the
opposite of ‘worst point. The acceleration in step size is
provided by reflection coefficient, 0< , 8ay 1.3 (Adelman and
Stevens, 1972; Box, 1965), for mapping ihe entire feasible region

by enlargement of ‘complex so that the convergence at global

optima in the constrained feasible region is obtained.
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The problem statement in general, can be written as

maximize Y(X) = f(x ,x ,-————,x )
1 2 n
Subject to the implicit constraints

g (x) <0, 1
i

h (x) > 0, Ji= =2, ~——=——= , 8
J

e (x) =90, k=1, 2, ——-—- , M
k

here m < n

H
[
N

|
1
|
1
1
|
I
>

and the bounds or explicit constraints

X <x < x

min i max

S =g 1 P -3 - - il , (n—m)

Let x R N 2 1 2; ———————— , (n-m+l) is the jth vertex
iJ

point and 1 is the coordinate or number of decision variable.

The centroid of a&all x excluding the worst point x
1j 13
(worst),
(2(n - m)+1)
X = {1/(2(n - m))} EE X (4.1)

i i3
J =1
J #w
here 1 = 1, 2, -—————- , (nn—m)
Algorithm

1. Select the {2 (n-m) + 1} vertices.

2. Test for explicit constraints at a vertex, if constraints are
violated the decision variables are set to the bounds.

3. Solve implicit equality constraints numerically. Test for
implicit inequality constraints. If any inequality constraint is
violated, the corresponding variable is set to the constraint

value. If all implicit inequalities are satisfied go to next step
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or elgse proceed to step b by assigning the vertex as worst-
valued.
4. Evaluate the objective function. If only the worst vertex has
been replaced, go to step 8 or else proceed to next step.
b. Repeat steps 2 to 4 for all vertices 1if it 13 a newly formed
complex or else go to step 6.
6.QCompute the centroid of the complex as given in equation (4.1)
by finding the worst valued vertex.
7. Find the new vertex to replace the worst valued vertex. This
is done by formula
X (new) = i. + o | i. - x (worst) ] (4.2)
ij i r i ij
where X 18 the ith coordinate of centroid, x (new) is the ith
coordinaie of the mnew Jth point to torm a i;jxew complex and
/x'.(worst) is the ith coordinate of the worst jth point in the
cééplex.
8. Repeat steps 2 to 4. If this new trial point replacing “the
worst 1s again worst, the point is moved half-way towards the
centroid of the remaining points. If this trial also results in
the worst valued point, the point is further moved half-way
towards the remaining distance from centroid. If this also fails
to improve due to special nature of an objective function, the
reflection is seen to get new trial vertex.

The procedure terminates when the complex collapses within a
certain preassignéd,tolerance of objective function values or up
to a certaln number of iterastions, whichever is reached first.

Otherwise, go to step 6.

In the present case, it is observed that for certain cold
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shot distributions (several vertices) that are not true optima,
the ammonia production rates are nearly the same, and therefore,
it 1is impractical to assign any tolerance other than zero. The
search was then terminated by preassigning the number of
iterations so that the true constrained optima could be obtained.

The Box complex search has the following advantages over the
other optimization +technigues (Adelman and Stevens, 1972,
Gangiah, 1980).
1. The method 1is stable, versatile, and the 'solution is
very fast due to fast convergence.
2. Programming is easy.
3. It yields other valuable information about the system apart
from the optimum solution. The response of the system is  well
mapped over a wide range of values of the independent variables.
The sensitivity of the optimum, that is response to small changes
in  independent variables is obtained as the method converges to
the optimum and evaluates the response to small perturbations in
the variables. This additional information is of great value in
both design, operation and optimum control of chemical plants.
4. It is superior +to other sequential direct search methods
(pattern search, parallel tangents, etc.) and can find the true
optimum rather than local optima nearest to the starting point
because of +the fact that the points in the initial complex are
scattered throughout the feasible region, with a good chance that
at least one will lie in the vicinity of the +true constrained

optima.
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5. The use of reflection factor greater than 1.0 causes an
initial enlargement of the complex due to acceleration in step
length, +thus assuring a good initial scan of the entire feasible

region.
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CHAPTEE ¥

b, COMPUTATION TECHNIQUE

6.1 Computation technique for optimization.

The material and energy\balance equations written for a
differential section of a bed of ammonia gsynthesis reactor are
presented in chapter -I1I. For such a system of highly non-linear
and coupled  equations, numerical integration is essential because
analytical integration is not possible. A suitable numerical
integration techhique based on modified Milne-Predictor-Corrector
method is used by choosing small step size. Computation accuracy
will depend upon the magnitude of step size chosen. Tolerance

limits at each step for conversion and temperature &are checked

. -b

agalnst the preassigned limits, chosen in this study as 5x10
-3

for fractional conversion of hydrogen and 5x10 K for

temperature. The tolerance limits can be externally changed, it

required, as input data. The stepwise procedure is given below:
Steﬁ 1. Read data set for reactor conditions and parametefs
Step 2. Test the range of search based on the lower and

upprer limits on T , the temperature of the feed gas at the exit

of the internal piigeating section. If the program works, go to

"the next step or alter the bounds until the program works and set

the region of search for T .
SHE

Step 3. In the region of search assume T with an
SHE
interval, say 20 K, in T values. The computation starts from
SHE

the lower limit of the search region and proceeds with 20 K (say)
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increments until the upper limit of T is reached. Go to +the
next step if cold shot is added; otheisgse, g0 to step 5.

Step 4. Determine the temperature of resultant stream by the
regula falsi interpolation technique since the hgat capacity of
the mixture kis not known. Molal flow rate 1is calculated by
material balanée.

Step 5. Carry out the numerical integration, step by step in
the forward direction, up to the end of  the first bed to
establish the exit conditions.

If & cold shot is added to second bed, go to next step or
else go to step 7.

Step 6. Determine +the temperature and molal flow rate of
resultant stream as given in step 4.

Step 7. Carry out the numerical integration, step by step in
forward directio%, up to the end of the second bed to establish
the exit conditions.

If a cold shot is added, go to next step; otherwise, go to
step 9.
| btep 8. Determine the molar flow rate and temperature of the
resultant stream.

Step 9. Carry out numerical integration, step by step in
forward direction, wup to the end of the third bed to establish
exit conditions.

Step 10. Carry out numerical integration for external heat
exchanger up to its exit.

Step 11. At the end of last step 10, value of T , the

. SHI
computed temperature of feed entering the external heat exchanger

 RhshyT
tontral Lihram Oniversity of Roorkey
HOGREEE
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on shell side, is obtaned. T is compared with T , the actual
SHI ¥
feed +temperature and if difference, DELT = ([(T -T )] 1lies
SHI F
outside +the tolerance limit of +2K (fed externally as an input

data and may be varied, if desired) then convergence 1is nét

achieved. The next T is chosen for carrying out & pattern
gsearch. If DELT value fiEEthe next Tﬂ value i3 of the same sign
a3  that for the preceding T valuZ?E repeat step 4 onward for
the case of cold shot addit?gg at the first bed inlet or steps &

~onward without cold shot addition.
Step 12, In case convergence is not achieved but the DELT
calculated is of the opposite sign to that of the DELT obtained

for the preceding T value, then the value of T that results
SHE SHE
in converged DELT is searched in the interval of the prresent T
SHE
and preceding T values according to the convergence criteria
OHE
of the regula falsil interpolation technique.

Step 13. In case convergence is achieved and T‘ 1s less
than the upper bound of the region of search for T ?HEthen steps 3
onwards are répeated‘with an increment of 20 K (sas?Ein T

Step  14. » The highest converged value of T is tiggn as
the stable and desirable operating point aniHEcorresponding

ammonia conversion and production rate are taken as the value of
objective function for the given data set and the chosen values
of decision variables (cold shot and/or catalyst distribution)
tor which the calculations were carried out.

Step 16. Steps 2 onwards are repeated for optimization over
the decision variables (cold shot and/or catalyst distribution)

using +the Box complex optimization technique discussed earlier

!



in chapter 1V.
Step 16. Repeat steps 1 to 15 for the new input data set

until the computations for &all the input data sets are

completed.

6.2. Convergence policy.

During the course of computation as given in section 5.1
convergence 1s desired in the value of DELT within a prespecified
tolerance for getting the value of Th that 1s a solution to the
system of equation of ammonia synthzgfs reactor. In majority of
cases 1t 18 found that some where in the region of search for
T the DELT value will change sign, if any solution, other than
t%?%ial solution corresponding to negligible conversion and Th
value close to T, value, eﬁists at all. When such a region D?S
isolated or deteited then the convergence in DELT is achieved by
applying regula falsi technique in the selected reglion. Another
approach 1s to use golden section search or fibonacci search by
taking absolute value of DELT i.e. I DELT I as an objective
function. However, in this study the Regula falsi technique has
been applied with great success to achieve very fast convergence
1n almost all cases. In the Regula falsi technique the mnext trial
tfor Tﬂ ) is madé in the interval of sign changes of DELT by using
the fzgﬁowing relatidnship:

For (n + 2)th iteration,
SHE, (n + 2)
(T -T ) * ABS(DELT(N+1))
SHE,n SHE, (n+1)

oHE, (n+l)
ABS(DELT(n+1)) + ABS(DELT(n))
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Where n can take any integer value 1, 2, 3 —=---mmmmm e .
For +this new point T DELT is calculeted based on
SHE, (n+2)
the steps discussed in section 5.1 and if convergence 1is not
achieved, for further search the point that has the same slgn as
DELT among T and = T is discarded and the next
SHE , n SHE, (n+1)
interpolation is made according to equation 6.1.
.3. Numerical integration procedure.

Modified Milne-Predictor-Corrector method (Milne, 1963,
Shah, 1867) is used for numerical integration of nonlinear and
coupled differential equations. This method is found to be stable
with a fast speed of convergence at each step of numerical
integration. The error in computation is less as compared to
fourth- order Runge-Kutta method (Lambert, 1974).

This method requires generating first four points by
/following predictor and corrector steps (Ivo Babusksa, 1966):

Firast point:

This point is the inlet to first bed where on the assumption
of temperature TSHE, all the information becomes available. Using

]

relations presented in chapter-I1I the differential equations in

the design relations take the following functional form:

dx
—=_ = ﬂ (X, T, P)
dv
dT
- = fQ(X, T, P)
dvyv
dTs

— = f_ (T, Ts)
dv 5
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HBecond point:

With the first point known, the derivatives at the
first point are calculated. The derivatives are used to predict
the first guess of the second point, the predictor step. The
derivatives are then calculated at this first guess of the second
point and using the corrector step the second point estimate is
refined till the last guess and 1ts preceding guess value match
within &a preassigned tolerance 1limit. This method ig stable and
in & few iterations convergence is achieved. In symbolic form:

Predictor step.

. : e
Y, & vamE v Ah, g = E;
Corrector step.
, , Ah ; gﬁb
Y =yt (v, + ) g— Y, =
where y is a dependent variable such as x, T and T ; h is

3
an independent variable such as v; Ah 1s small but finite

increment in h; superscript prime refers to first derivative and
subscript 1, 2, 3 etc. refer to variable values at first point,
gecond point, third point etc.

Third Point:

' Predictor and Corrector steps for the third point are given
below. The third point estimates are refined using the corrector
step till convergence is achieved.

Predictor step.

%‘=:5% +-(3%i -y
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Corrector step.
A T ;;
Fourth point:

The fourth-point predictor and corrector steps are given
below. The fourth-point estimates are refined till convergence is
obtained{

Predictor step.

Ah
y =y, + — (23 y’ - 16y’ + By’ )
* P 2 :

{

Corrector step.
Ah

3; it 1A +~22(93a’ g Sy b A v,

After the first four points have been generated, the Milne-
Predictor- Corrector step is applied +to generate remaining
points. As Milne-Predictor-Corrector technique is more stable and
very fast in convergence, only single application of corrector
step may, in general, gilve accurate values for the new - point
within the tolerance limit.

Fifth point:

Predictor step.

L 4Ah
. = 4 == 2 > - 3 + 2 2,
y5 Y ; ( Y, Vg y4 )
Corrector step.
Ah )
- 3 4 ’ + ’
% 5% +*E— (y3 4g* Ve )

For +the sixth point onwards a modifier step 1in between
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predictor and corrector steps 1s also used that further
accelerates convergence by making use of the magnitude of error
al  previous point between values from predictor and corrector.
This error is added in the value obtained from predictor step to
guess in advance vaiues that are used for finding the derivative
in the'corrector step.

Modifier step at ith point:

=Yy -y
(1-1) (1-1) (% ¥ )
{converged (predictor
corrector step value)

step value)

Sixth point onward for ith point:

Predictor step.

4Ah

iRy P i, (2% sy Y eyt -t 2V 5 Ly

Corrector step.

Using a y (modified), +that is, vy -+AS , the y’ for

i ot (1-1) i

corrector step is found.

-_— + Ah ( ' 4 ’ + y) )

i T e 3 y(i—z)_ &, b

(corrector

step)

where 1 = 6, 7, --—-~-- L
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6.4. Computer program features,
A computer program to simulate and optimize ammmonia
synthesls reactor performance has been written in FORTRAN - 77
and executed on DEC 2025 system of Roorkee University Regional

Computer Centre. 1t consists of a main program and 24 subroutines

having over 2500 statements. The program is efficient and
requlres minimum rossgsible computation time  and memory
requirements. It takes about 26 seconds CPU time +to compile,

about 4 seconds of CPU time for loading and linking the program,
and about 6 to 8 seconds of CPU time to run = single data set of
operating and design conditions after carrying out the search
over +the entire feasible operating region of T '. Complete
solution of +the system of equations is obtained fEEE both high
conversion and thermally unstable and stable operating points, if
such points exist, while ignoring the triviai low conversion and
low temperature point. It could be located 1in 10 to 15
lterations. Further, it took about 5 to 8 minutes of CPU time for

t

optimization of cold shot distribution to maximize ammonia
production depending on the initial points of complex search (fed
as a part  of +the input data), the degree of difficulty
experienced by the system equations in arriving at the optimum
and the precision to which the maximization of objective function
(ammonia production rate) is desired.

The main program i1s arranged in three sections, namely, READ
DATA, ©policy of convergence and optimization section, &and PRINT

RESULTS. Numerous comment statements have been used in the main

program and the subroutines to make them more understandable. The
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computexr program listing is given in Appendix-B. The program has
~following additional features:
1. The optimization could be done with an option ot feeding a
single data set and the self-generation of the remaining vertices
of complex or feeding all the data sets of the vertices. It can
further start the optimization search with known values of data
sets and thelr corresponding objective function values without
recalculating the objective function again. This would be
advantageous when one wants to further test an optimum result
based on the earlier searches by using the best possible Box
complex for which objective function values are already
available. This éan help in establishing the optimum beyond any
shadow of doubt.
2. The proéram has an option to carry out optimization or just to
carry out a single search for a single data set or multiple data
sets.
3. The program has an option to consider the particle
effectiveness factor either as unity corresponding to the absence
of mass  transtfer limitation or to compute +the effectiveness
factor at each point using the Dyson and Simon (1968)
relationship. \
4. The program has an option to print detailed results at each
point in the bed or at some interval or to print only the summary
of results at the inlet and outlet of each bed.
5. The program has an option to make searches at new vertices
elther by taking the actual values generated or at values rounded

to &a certailn preassigned decimal point or only to search at
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certain preassigned levels of the variables by shifting‘ the
actual value of the variable to its nearest preassigned level.
This feature 1is important in order to search +the cold shot
distributions only at values that can be readily adjusted in

plant.
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6.1 Purpose of estimation of Parameters and parameters
description.

For any mathematical model that is developed on
theoretical consideration of mass and energy balances it 1is
'always necessary to adjust and tune certain parameters that are
dependent’ on the specific process conditions so as to make +the
simulation model predictions closer to plant performance. “In the
case of ammonia synthesis reactor simulation, the parameters
that are specific to the catalyst used are the preexponential or
frequency factor and the a&activation energy in the reverse
reaction rate constant. Adjustment was made through the use of
Paral and Para2, respectively, as the multiplying factors to the
base values for the frequency factor and activation energy
values reported by Shah (1967), see equation 3.1.15. It was also
found necessary . to adjust the wvalue of the fugacity
Coeffiéient, Ky, through the use of Para3, multiplying factor to
the correlation for Ky reported by Shah (1967), see equation
3.1.17.

The heat exchange capacity of the external heat exchanger,
which depends on the heat exchanger design, was also estimated
after making corrections for changes in the flow rates by the

parameter estimation technique.
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6.2. Parameter estimation technique.
The objective function for estimation of optimal value of

the parameter 1is taken as the minimization of the sum of
squares, that is found to be multimodal, constrained,
multivariable and nonlinear in nature. Therefore the complex
search technique (discussed in chapter-V) is used &along with
external adjustment of the direction and step size in between
searches +to reach the minimum of sum of squares. Actual plant
data for an axial flow multibed quench type ammonia synthesis
reactor of a modern Indian plant has been chosen to simulate its
performance using the simulation package developed during this
investigation. In the plant only temperatures at the end of each

bed, ammonia concentration at the end of last bed, first bed

inlet temperature and the tube side external heat exchanger
exlt temperature =are monitored. Inlet feed composition,
temperature, rresgsure and pressure drop across the reactor are

also measured. Table 6.2.1 gives selected data for different
conditions as obtained from the plant log sheets for several
months. The data was selected for a period during which plant
operation was found to be steady.

It was tfound that the cold shot distribution, the most

important variable for reactor operation, 1s not measured at the
plant. It was necessary to consider cold shot distribution also
as a varilable whilile estimating model parameters. For more

accurate prediction of the model parameters, it is desirable +to
know +the bed temperatures at the inlet and also at several
intermediate pointyg in the catalyst bed as well as the ammonia

concentration at least at the end and the beginning of each



Selected Plant Data Extracted fros a Typical Ammonia Plant Log Sheetsy

fable 6.2,1

Catalysts Volume = 67.46 03, Distribution Bedi: Bed2: Pedd = 1:1,4:2.0
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T T T T e e e

Data Set Feed Feed
Pressure Flow

Rate
tatm) Na37h

Feed Composition:
HafN2 Ny
Ratio mol % eol % mol ¥

CHe

Ar

ist

Reactor Temperature

Bed
Exit

2nd
Bed

Exit

| 130.0 0.740810¢
2 92,0 0.800%10%
3 1720 0,740310¢
s, 185.0  -0.7854{0e
s, 84,0 0.775810¢
b. 186.0  0.760810¢
7. _ 183.0 | 0.77081¢¢
8. 183.0  0.780810¢

414.0 3.900

415.0 3.1

414,90 2.82

1.6}

1.89

1,70

7.74

Total
Press
Drop, inlet
atm

2.7 632
2.6 o4
2.8 6535
2.7 633
2,8 658
2.8 636
2,7 655
2.8 632

783

178

184

Exit NHs
ard nol %
Bed Jrd Bed
Erit
149 13.42
759 13,40
15 13,12
157 13,60
75 13.47
75 13. 14
764 13,43
198 13,20

Note: Units of feed $low rate are
N.T.P. conditions.

given as Ned/hr. The prefin N before & xerely indicates s> at the
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bed. In view of the limitations of data as discussed above, the
model parameter values estimated from the plant data have some
inherent accuracy limitations.

The objective function for minimization is chosen as the
sum of the squares of the difference 1in the computed and
observed values of bed exit temperature for each of +the +three
beds and the ammonia mole percent at the exit of lasﬁ bed. Since
fhe difference in the values of ammonia mole percent at the exit
of last bed 138 an order of magnitude smaller than the difference
in +the values for each of the bed exit temperature, a suitable
weighting function was used. This is used as a multiplier  to fhe
square of the difference in the computed and observed values of
ammonia mole percent in order to make the objective function
more sensitive to small mismatch in the ammonia concentration.
The value of welghting function chosen for the present study is

-

©200.

6.3. Belection of physical properties, thermodynamic &and
kinetic correlations.
beveral correlations (Perry, 1950; Shah, 1967; Dyson and
S5imon, 1868; Hay and Honti, 1976; Gaines, 1977; Reddy and Husain,
©1978;  Singh and Saraf, 1979; Mansson and Andresen, 1986) are
reported in literature that vary in their degree of complexity,

accuracy and range of application for the physical,

thermodynamic and kinetic properties required for ammonia
synthesis reactor simulation. The physical and thermodynamic
properties required are the specific heat, heat of reaction,

equilibrium constant and activity coefficlient for the pressure,
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temperature and composition of the reaction mixture at the
different axial positions in the reactor. Computation of
specific heats of the reaction mixture requires the specific

heat correlation for individual conétituents of the reaction

mixture, namely, nitrogen, hydrogen, ammonia, methane and
argon. Specific  heat of the mixture is evaluated by summing up
the individual molal contributions by neglecting heat of
mixing. This assumption is qguite realistic because all
constituents, except &ammonia, behave close to ideally at the
temperature and pressure condition existing in the bed. The

effect of non-ideality of ammonia is not likely to be important
because of high temperature and relatively low concentration, two
to fifteen mole percent in the reaction mixture.

The kinetic parameters needed in simulation model are the
reverse reaction rate constant ‘for the ammonia synthesis
reaction catalyst and the order of reaction parameter, «. It may
be noted here that in the present study the.order of reaction
parameter is assumed to have a constant value of 0.b. The
validity of this assumption has been discussed by many workers
"(Bhah, 1967; Dyson and Simon, 1868; Gaines, 1877; Reddy and
Husain, 1978). However, Singh and Saraf (1979) have preferred to
use values of 0.55 and 0.69 for the two catalysts considered in
their study. The usual Arrhenius form of expression is used for
the temperature dependence of the reverse reaction rate constant
with the proviso to determine the most appropriate value of the
frequency factor and activation energy using plant data as

pointed out in section 3.1.
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TheA'Correlations selected for this study are presented in
chapter-V, 'see equations 3.1.15 to 3.1.22. These correlations are
simple, widely used and predicts feasonably accurate values of
the thermochemical properties at‘the reactor conditions. More
accurate and elaborate correlations could have been used but that
may not be of much use in view of the small improvements in
computed results and large increase in computation "time. The
conclusions of Mansson and Andresen (1986) with reference +to
the effect of noq—ideal gehaviour of reaction mixture support the
above observation. 1t may also be noted that the plant data may
never be quite accurate and elaborate due +to the inherent
limitations in the measurement of parameters by the instruments
that are used. So searching for a very accurate correlation may
not be worthwhile. However, more accurate correlations can always
be substituted in the simﬁlation model, if considered necessary.

The main aim of present investigation is not to find the
best correlation for the properties but only to use reasonably
accurate correlations for developing a reliable and efficient
simulation model, validated from the plant data, and to use this

simulation model for establishing the optimal operating and

design conditions for maximizing ammonia production rate.

6.4. Description of procedure for kinetic and thermodynamic
parameter estimation.

The most optimal values of kinetic and thermodynamic

parameters namely, Paral, Para2 and FPara3 are determined from the

plant data using the simulation program developed for an axial
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flow multibed quench type ammonia synthesis reactor. This 1is
done by first delinking the external heat exchanger from +the
reactor as the heat exchanger performance will not effect the
computations of tempgfature and concentration profile in the bed
since lthe first bed 1nlet temperature is known from the plant
data. The computation will then only depend on kinetics of the
catalyst and the conditions in the bed. For model validation
computations the simulation program had to be modified +to some
extent to take care of the special computation algorithm
requirements for the model validation. For the model validation,
computations ‘start with the known value of the first bed inlet
temperature for the plant and computes the bed exit temperature
up to the third\ bed with first set of guessed values of the
five variables, namely, Paral, Para2, Para3d and cold shots
tractions at the inlet of second and £hird beds. It is to be
noted +that no cold shot fraction 1s added at the inlet to first
bed as per the present plant practice and the plant supplier’s
recommendations.

From the actual (plant) and computed bed exit
temperatures for all three beds and the exit ammonig
concentration from the last bed, the objective function, that is,

the sum of sqguares of the errors is then computed as discussed in

the section 6.2. The objective function so generated is found to

be highly nonlinear, constrained and multimodal. 'Therefore, a
gireot search technigue, the Box complex search, 1s used to find
the most optimal values of the five variables. The parameter

estimation by +this optimization oprocedure also required
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external 1intervention for changing the direction and step size
of the search for the above referred five parameters in order +to

Jump one region of local minima to another region of local

minima. In this way the true minima of objective function was
established. Without external intervention, the search
terminated sometimes at a local minima. Simlilar computations

were carried out for three sgsets of plant operating condlitions.

6.5. Procedure fof the estimation of external heat - exchanger
heat exchange capacity:

For a given plant operating condiﬁion data set, after
establishing the optimal values of Paral, Para2 and Para3 and
gsecond and third bed inlet cold shot fractions the heat exchange
capacity (UA) of the external heat exchanger was found by
computing theH heat exchanger tube and shell side temperature
profile. It was carried out by making a guessed value of heat
exchange capacity,' preferably +taken on higher side than that

|
calculated approximately by estimating the total ammounts of heat
transfer -and average temperature difference for heat exchange.
The heat exchange capacity is based on per unit heat exchanger
tube éide volume. From the computed temperature profile, it was
then possible to locate a position at which the temperature on
the shell side matched closely with the actual feed temperature.
From this, the guess for the (UA) value was improved to obtain
an accurate value of heat exchange capacity (UA) within 2 to 3
iterations. In this way, the heat exchange capaci%y values were

found for the three data sets of plant operating conditions. It

was observed that heat exchange capacity at high flow rate was
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.‘/
gsignificantly higher showing its dependence on the flow rate.

Therefore a 0.8 power dependence of heat transfer coefficient on
flow rate was assumed based on the well known Dittus-Boelter heat
transfer coefficient correlation (McAdams, 1954) for heating and

cooling inside tubes. It may be noted that Kramer and Westerterp
(1963b) have also reported that the overall heat transfer
coefficient U is approximately proportional to (flow rate)3/4. On
thig basis the best average value of  heat exchange capacity was

B 3
obtained for the base condition flow rate of 0.74 % 10 Nm /h

from +the +three hea£ exchange capacity values. It may be noted
' 3]
that +the units of feed flow rate are given as Nm /h 1in this
: 3 3

study. The letter N before m merely indicates m of the feed gas
at the N.T.P. conditions. Eventhough such use of N in S5.1. units
is not permissible, but for ease of comparison of gas flow rates
with varying temperature and pressure, the use of N to refer

N.T.P. conditions 1s frequently found in engineering practice.

6.6. Reliability and accuracy of the validated simulation model:
After determining +the best values of parameters ' Paral,
Para2, Para3d, (UA) and the cold shot fractions at the 1nlet of
second and thirg bed by the optimization and averaging
procedure as discussed above, it was considered desirable to find
the sum of squares for thé selected data sets using the best
parameter values. This was carried out to see how best the model
validation had been achieved and to establish the reliability

and accuracy of simulation model for using it for reactor

performance analysis and optimization. Two strategies for
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testing the accuracy were tried. The first was to consider +the
first bed inlet temperature as obtained from the plant data as
the starting point and test the model validation. This resulted
in some mismatch in calculated and actual feed temperatures. The
second strategy was to make iterations to obtain calculated and
actual feed temperatures within a certain tolerance. The latter
strategy resulted in some mismatch in the calculated and actual
temperatures at the first bed iniet. It may be noted here +that
the observed values of feed temperatures in the plant " are likely
to be much more accurate than the observed values of first bed
inlet temperature. This may be attributed to some variations in
the actual axial logation of the temperature sensing probe at
the inlet of a'cétalyst bed. Exact location of the temperature
sensing probe will gsignificantly influence the recorded value of
the first‘ bed inlet temperature. A difference of & to 10 K
between measured and computed first bed inlet temperatures due
to above mentioned reason may not be unusual. It may, however, be
noted that slight variations in the physical location of the
feed temperature-sensing probe will not affect the temperature

measurement at all.
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CHARTER-YI1

7. BESULTS_AND DISCUSSION

7.1. Parameter estimation for reactor simulation model.

Adopting the procedure for parameter estimation as discussed
“iﬁ gsection 6.1, the simulation package is made quite accurate for
a modern ammonia  synthesis reactor selected for the present
optimization study. An accurate model is essential for applying
the results of the simulation and optimization in the plant with
confidence and also for developing a reliable and accurate on-

line control.

7.1.1. Plant performance data for an axial flow multibed quench-
type ammonia synthesis reactor.

The plant data 1is ' shown in detail in Table 6.2.1 and
discussed in sectionv6.2. In all, eight data sets were extracted
from the log sheets'of the plant for the period during which the
plant.conditions were steady that also coincided with the time at
which feed and product gas samples were drawn for composition
analysis. The +time of data ensured compatibility of composition
analysis and the operating parameters. The bed temperatures shown
are the average of two temperature observations from probes
located opposite esach other at any axial position. The +two
temperatures were found to be within 3K, indicating negligible
radial dispersi?n. The base set of operating conditions was
selected on the Basis of average values of parameters existing in

the plant and 18 reported as data set 1 in Table 6.2.1.
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It is observed from Table 6.2.1 that some operating
parameters that include operating pressure (173.0 atm in data set
3) and feed gas flow rate (0.80 x 106 Nm3/h in data set 2)
deviate from the base value by about 10 percent. It was,
therefore, considered desirable to use data sets no. 1, 2 and 3
for independent parameter estimation, that is, to find three sets
of optimum values of model parameters as discussed din section
6.1. Based on these three set of values, the best estimates of

parameter values were made as dlscussed in sections T7.1:3 and

7.1.4.

7.1.2. Selection of kinetic, thermodynamic and physical property
correlations.

The reasons for the selection of the various correlations
that are used in mathematical model are discussed in section 6.3.
Reverse reaction rate constant correlation, k

The kinetic parameter, k (for an arbitrzry condition of 200
atm and 773 K) and the correZponding values of frequency factor
and activation'energy are presented for the varioué correlations
that are reportéd by Shah (1867), Gaines (1977), Singh and Saraf
(1979) and Dyson and Simon (1868) 1in Table 7.1.2.1 for
comparison. The correlation used in the present investigation is
a modification of Shah’s cqrrelation as given by Egquation 3.1.15.
The corresponding values of parameters obtained by parameter
estimation technique and used in the present work are also given

in Table 7.1.2.1.

All +the parameter values have been converted to +the same



Tabhble 7.1.2.1

Comparison-of Freguency Factor and Activation Energy

Yalues in _the Reverse Reaction Rate Constant, ke

Correlation/ Reference Freguency Activation ky mol NH /g¢/m
I it
factor Eneroy at 200. atm

mel /s /m 23 7 lsmey anc 7FE K

Ghah (19467) WHW4HEQ*1w1é 136 2 27603
Fresent worlk 4.11482*1M1® 97&R£"4 ER6GLE
Gaines (1977) %.1E968*1wl& Q4700 .8 2540
singh and Saraf (1979) wum1434*1ml& GRE297.0 1297 .4
m"m44w1*1wl& QAET79 06 R s

Dyson and Simon (1968) W"w491®*1mw BEHBY6 .0 14632 .9
Moter % Modification of Shah’'s correlation obtained by data validat
kK Montecatind Edison catalyst

(X Haldor—-Topsoe catalyst

T2

Remark

X X

XK X

LM W
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units and per le ammonia formed for ease in comparison. Units

for reverse reaction rate constant, frequency factor and
3 3
activation energy are mol NH /3/m , mol NH /s3/m , and kJ/kmol,
3 3
regspectively. [t can be observed from the table that k values at
r

200 atm and 773 K range between 254.0 (correlation of Gaines,
1977) +to 3268.3 (present work). The value of reaction rate
constant obviously depends on the inherent activity of the
catalyst and it appears that the catalyst used in the. reactor for
the plant under consideration is quite active. The current trend
in eammonia synthesis is to use relatively low-pressure (1560-200
atm) and high-activity catalyst.

It may be pointed out that when Shah’s (1967) correlations
were used for data validation with the plant values of first bed
inlet temperatures the conversion was found to be significantly
lower as compared to the plant values due to low reaction rates
predicted by the rate equation of Shah. It may be observed from
Table 7.1.2.1 that the frequency factor and the activation
energy values obtained by validation of model from the plant data
and used in the present work are also comparable to values
reported by Shah, Gaines, Singh and Saraf, and Dyson and Simon.
Data 1in the Table 7.1.2.1 show that the activation energy values
range from 82297.0 to 100869.2 kJ/kmol. The value of the
activation energy obtained from model validation in the present

study is 87622.4 kJ/kmol which appears to be very reasonable.

K, Equilibrium Constant Correlation.

For +the reaction 3/2 H + 1/2 N = NH the values of K are
2 2 3
computed at two arbitrary temperatures of 723 and 773 K for the



T4

correlations reported by Hay and Honti (1976), Shah (1967),
Gaines (1877), and Dyson and Simon (1968). Gaines used the same
correlation used by Dyson and Simon.

As observed from the Table 7.1.2.2. +the K values at 723 and
773 K range between 0.00662 to 0.00769 and 0.00376 to 0.00437,
respectively. In the present investigation, the correlation of
Hay and Honti has been used and an average deviation from
reported experimental data is reported as 0.00055 in log K with a
maximum deviation of 0.0016 in log K over the temperature range
of interest. It may be observed that the K values obtained from
the correlation of Shah are always on the high side while that of
Dyson and Simon are slightly on the low side. The K values
decrease with increase in temperature which is consistent thermo-

dynamically for an exothermic reversible reaction.

Fugacity Coefficient Term, K.,.

i The values of Ky are computed from the correlations of Shah
(1967), Dyson and Simon (1968), and Gaines (1977) and obtained
from the data reported by Dodge (1944) and Denbigh (1981) for a
comparison with those used in the present work, a modification of
Shah’s correlation (equation 3.1.17).

It may be noted that all correlations depend on gas
temperature and pressure except that of Gaines which 1is also
dependent on gas composition. The K., values have been calculated
at conditions of 100 atm and 723 K, 300 atm and 723 K, and 300
atm and 773 K for comparison since the data reported by Dodge and

Denbigh are available at these conditions. The Dyson and Simon

Vwéwas are very close to those reported by Denbigh and Dodge



- Table 7.1.2.

Comparison of touilibrive Constant, K,

{Reattion Equationy 372 Hz ¢ 1/2 Wz = HHs)

torrelation/ Referente K Yalues at Gas Condition
723K 773K
Hay ant Honti (1976a) 0.0uh78 0. 00384
Shah (1367) 0.00769 0. 00437
baines {1977} | 0. 00602 9.00376
pyson and Simon {1968} 0, 00662 0,00376

Note: & Used in present investigation.

5

,..
i

Remar

2

1§

13

i4 billespie and Beattie Correlation as cited by Dyson

and Simen {1968),
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Tabhle 7. 3.8,

Comperrison of Fugacity Coefficient Term., B .

(for reaction 3/72 Ha + 172 WNa = NHx)

Correlation/ Reference o Values at Gas Gondition Remarks
100 &tm 200 atm 3200 atm
TE2E TEE K TTE K
Dermbigh, F.G. (1981) O.710 0747 = X
Dodge, B.F. (1944) DL 229 O 757 D775 X
Shah (1967) 0. 808 0. 72 Q. 7EE
Fresemnt Worlk 1.114 1. 000 1,058 KK
Dyson and Simén (1968) 0. 909 0.7 4é IRy 7

Gaines 1977y : 1253326 e ) )| B, Ry XK K

Notﬁ:.* Experimental data.
i Modification of Shah values by a multiplying #actﬁr
obtalined by model validation with the use of plant data.
AX% For gas cemposition (mol %)

Rl = 55,0, Mo = 17.7, NHx = 14.8, CHa = 9.9, Ar = 4,0
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while Shah;s vélues are on the low side and those of Gaines are
quite high for all conditions.

It may be noted that the values of Kg used in the present
investigation appear to be reassonable, slightly higher than those
of Denbigh and Dodge but considerably lower than those of Gaines.
Heat of Reaction, (-OH )

r NHs

The values ot heat of reaction were obtained from reported
data and Computéd from the correlations given by Gillespie and
Beattie " as cited by Hay and Honti (1976), Perry (19560), Shah
(1967), Gaines (1977), Nielsen (1968), Kirk and Othmer (1978) and
(1928)  for comparison. Table 7.1.2.4 shows the values at
different conditions.

It may be observed that the heat of reaction increases with
increase in +the pressure and/or temperature. The Perry and
Nlelsen correlations are independent of pressure while those éf
Gillesple and Beattie, Shah and Galnes are also dependent on
pressure for accounting +the nonideality introduced due to
pressure. It may be observed that the values obtained from the
correlation of Shah are nearly fifty percent higher and those

/obtained from the correlation of Gaines are nearly ten percent
lower than those obtained from other sources, namely, Gillespie
and Beattie, Perry, Nielsen, Kirk and Othmer and the

International Critical Tables.



Table 7.1.2.4

Comparizon of Yalues of Heat of Reaction, (-AH/) s,

ttor reaction 377 Hy ¢ 1/2 Ho = NHy)

correlation/ Referente {~AMH;)wus at Gas Condition,

kd kool

100 atm

723 ¥,
Gillespie and G3624.5
Peattie f
Ferry {1750) 33494.7
Shah {1967) 76199.4
caines (1977) &4 47658, 3
Nelsen {19a8) 33544, 2

girk Othser (1978) 43% -~

ICT (1330a) 43! -

WHs formed .
300 ate 300 atm 200 atm
723 K 1735 K 833 K

07308 G630, 1 55592.3

£3494.7 S4704.5 550481
768W8  79867.4 B3602.0
484€2.9. 48985,.4 49791.7

533482 23972.0 54625.2

78

t atm
91 K

44461.6

160%4.4
61797.2
41270.1
458371

46274.7

hote: 3 fis cited by Hay and Honti 11976b) and also used in present

investigation.

31 Correlation frow Kazarnovskil data as cited by Gaines (1977).

111 Reported data.
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Heat Capacities of Ammonia, Hydrogen, Nitrogen, Methane and
Argon, |

The values of heat capacities were computed from the
correlations given by Shah (1867), Perry (1950) and the
International Critical Tables (1930a, 1930b, 1930c, and 1930d)
for comparison at four conditions of 100 atm and 723 K; 300 atm
and 723 K; 300 atm and 773 K; and 200 atm and 833 K. It is
observed from Table 7.1.2.5 that with increase in gas temperature
at constant. pressure the heat capacity increases except for
ammonia heat capacity computed from Shah’s correlation. This is
thermodynamically, consistent. The values of heat capacity of
ammonia calculated from Shah’s correlation are higher while those
obtained from correlations in the International Critical Tables
are lower. Therefore, ' in the present investigations, the
correlations given in Perry’s Handbook are considered more
sultable and are used in the present work. Similarly, the
correlations given in Perry’s Handbook are considered more
satisfactory for hydrogen and nitrogen and are used in the
present work., For methane, the correlation given in +the
International = Critical Tables is used. For argon the constant

value feported by Shah i1s used.

7.1.3. Estimation of Kinetic and Thermodynamic Parameters.

7
%
-

The procedure for estimation of kinetic and thermodynamic
parameters have been discussed in detail in section 6.4. After
selecting the appropriate correlations based on the reasons
analyzed in section 7.1.2, +the parameter estimation was carried

out for the three data sets (set nos. 1, 2 and 3 in Table 6.2.1).



Table 7.1.2.5

|
Comparison of Heat Capacities of MHs, Ho, No and CHs.

Correlation/ Reference fas Cp, K3/ knoi/x Remarks

Constituent 100 ate 300 ate 360 ate 200 atw
723 K 723 K 713 ¥ Tk

Shah t1367) N3 bU.OE  b1.B4  SR.IE 55,35
Ha .48 29.48 29.60  29.77
Wz .90 30,90 319 3183
tHa SR.70 58,70 6121 e4.18
Ferry (sso NHs 47,05 49.15 50,49 52,00 %
H 29.60 25,60 29,73 78,85 f
AP 31,36 3.3 3toRl 31,9 8
ICT (1929 HH3 39.86  39.86 40,28 40,78
1CT (17306 Ha2 28,97 8.3 7.10 8.4
ICT t1930¢} Nz 88.34 88,34 o, 04 102,914
ICT (193z0d) Cha 109 71,09 TA3e 7843 %

Note: 3 Used in present investigation.
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The results of +the computations for minimization of sum of
squares of errors are summarised in Table 7.1.3.1. It is observed
that for the first data set (base condition) the match in  actual
bed temperature and computed ones has been brought down to within
about 2K. The match in ammonia concentration is also very good
and the difference is only 0.264 mol %. These resulted in a sum
of squares of error value of 9.1. The optimal parameter values
sre computed to be 1.076634, 0.967812 and 1.450. Tor Paral, ParaZ
and Paral, respectively. Using the computed values of Paral and
Paraz, the frequency factofeand activgtion energy _values are

found to be 12.408973 *x 10 mol,/s/m and 97622.4 kJ/kmol,
] &)

re;pectively. In the case of increased flow rate of 0.80 * 10
ij/h the optimal Paral, Para?2 and Para3 values are found to be
1.61367, 0.967812 and 1.357, respeclively, to result In a sum of
squares of errors of 17.Y9 with the absolute ﬁaximum ditference in
bed outleﬁ temperature and smmonlia concentration of 3.7 K and
0.0563 mol percent.

Using the computed values of Paral and Para?Z, the {requency
factor and the activation energy values are found to be 1.77430

16
10 and 976.

~

Lo OB respectively. Similarly from the Lable it is

I

ohserved that at decreased pressure of 173 atm, the optimal
Varal, Parad and Parald values are obtained Lo be 1.03757,
0.967812 and 1.330, respectively. The match in temperature and.
ammonia  concentration 1is again very good with absolute maximum
difference in temperature and concentration is found to he 3.2 K
and  0.021 mol percent, respectively, and the sum of squares of

errors  of only 18.7. Using the computed values of Paral and



82

Summary of Resuits for Parameter Estimation.

o

Operating Feed Gas Feed  Bed Outlet Tesp., K External Heat Ammonia Sum of (UR)  Paral Para2?  ParaX Remarks

N0.  Pressure Flow Rate Temp. ist  2nd  3rd Exchanger £xit fonc. at  Squares
{atm) (K} Temp. (K) Outlet of of
(NW3/h. ) ard Bed  Error  W/K
rol X

t. 190 0.74 ¢ 10% 414 783 732 9 588 13.42 =5 = o - S
Lo780.T 7536 750.0 3.684 9.1 294165 1,07664 0.9678127 1,450 54
- 2.3 1.6 1.0 0.264 i3

2. 192 0.80 ¢ 10¢ 415 778 799 59 588 13.40 T = - -~ T |
417.4 78,7 760.8 757.9 592.4 13.433 17.9 354600 1.01867 0,967842 1.357 #4
2.4 Dol 1.8 - 1.1, 4.4 0.053 114

3. 173 0.74 ¢ 106 414 784 765 796 SE7 13,12 == - -- -3 el |
412,1 786.3 76B.2 757.8 590.4 15,141 18,7 320645 1,03757 0.967817 (.330 14
~p.9 2.3 3.2 1.8 5.4 0.021 , 13

Note: ¢ Plant data.
11 Computed results,
13% Difference of computed value and corresponding piant data.
Units of feed flow rate are given as Na3/h, cubic
meter per hour at N.T.P. condition.
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Para?Z, the frequency factor and activation energy are found to be
33405053 1016 and Y7622.4. It may be obscrved Lhat the  Ghroo
sats  of  optimal values of Paral, Para?2 and Para3 obtained by
validation of the model by comparing with the plant data for the
same catalyst, éiffer to some extent from each other. The
cdifference in values may be attributed to not so accurate plant
dota. | Thercefore, An average of the three values 1s used in the.
uimulaLion model . The average values for Lhe  tLhree sparumetoers
are:

16
FPara 1 = 1.04429, Fregquency factor = 4.11482 % 10

1

0.9674812, Activation energy = 497622.4

ara 2

Para 3

i

1.379

The average values are reported in Table 7.1.2.1 and ars
discussed in | section T7.1.2. It may be noted herefl that the
corresponding  validated optimal values of cold shots obltalned

durlng  puaramcter eolimation for the threc data sets are  (0.245

6.100), (U.2b4, 0.0480) and (0U.170, 0.160) at the inlet of the

second and third beds, respectively. The cold shot at the . inlet
of  Lthe [irst bed is taken to be zerxo as per the pregsent practices

in the plant.

7.1.4. Eatimation of Heat Exchange Capacity of the External Heat

Exchanger, (UA) .
H
The proccedure for estimation of (UA) , W/K as given 1In
H
aoction 6.5 was used to obtailrn the best values for the three dota

Sobo oan shown in Table 7.1.3.1. The threce valucs corresponding Lo
Lthe data sets 1, 27 and 3 are 2841656, 354600 and 320645 W/K. Ao

dicscussced  1n seclion 6.9, it 18 reasonable to account for Lhe
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effect of flow rate on (UA) Dby assuming a 0.8 power dependence
1l

o [low rabe ol overall heat Lranster coellicient, U (McAdams,

1854; HKramer and Westerterp, 1963b). For comparison the (UA) value

6 3 H
obtalned for data scet 2 at & flow rate of 0.80 % 10 Nm /h whoen
5] 3

converted to  the base value flow rate of  0.74 % 10 Nm /h
becomes 333165, Again the three values are ditferent although the
differcrnce in maximuam and minimum values at base value of flow
rate of 0.74 % 10b de/h is about 13%. This may be attributed to
& large exbtent to the temperature meésurement errors in the plant

dala. Thiercfore, an average value is used and (UA)Y)  1s computced

H
in simalation madel by:
e 3 6 0.8
(UA) = 316000 ((feed gas flow rate, Nm /h)/(0.74 % 10 ))

H
W/K
7.1.5. Comparison of Reactor Simulation Model Predictions with
Actual Plant Performance.

Ao discussed in seclion 6.6 the reliability of the model i3

Louted at the average value of Paral, ParaZ, Parad, (UA) and the
‘ ! I8t

cold  ohol,  wvalusds obtained by model validation. The results  of

uumyuLaLiQuu for sum ol sqQuures of crrobs for all eight daba scls

(given 1n Table 6.2.1) are showan in Table 7.1.5.1.

It is ubSUrvcd Lhal by using strategy 1, the sum of squuras
of errora valuem'rauge from 20 to 130 and by uasing i1terative
Strategy o2, Lhi¢ sum of sguares of errors values range from 33.9 to
ah3 0. The valune  of suam of squares of errors and the computod
value of tumperature and concentration alil along show a very good

mobet. The matoh in ammonla concentration 12 also quite good. It
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Table 7.1.5.1

Comparison of Simulation Results With Plant Data At Average Value 0f Estimated Parameters.
Faral = 1.04429, Para2 = 0.947812, Faral = 1,379

Data Operating Feed Simulated Feed First Bed Dutlet Temp.(K) External  Araonia Sum (UA)w Remark
Set  Fressure, 6Gas Cold Shot Fraction Temp., Bed — —=------mmmoommne- Heat - fif L
Ho.  fatm) Flow —=~—-ommmmmmoeee o Inlet Ist 2nd 3rd  Exchanger Prodn., Mol X Squares
Rate, Znd Bed 3rd Bed Temp, , Exit t/d af {comp-
uted)
(10¢ Temp., Error
/) K () '
i £90 0.740 0,245 0.100 414 652 783 752 749 588 1313 15.42 - 16000 4
395,2 602.0 784.9  739.5 794,46 5846 13.68 106,98 i
414,73 658.3 788.5  T76L.9 756.2 596.5 1287.2 13.50  253.0 $18
2. 192 0.800  0.254  0.090 415 4658 778 759 7%9 588 1393.8  13.40 - 236370 4
414.8 654.0 781.3  754.0 792.9 596.3 1394.0 13,83 180.0 it
415.8 6541 7814 7341 752.9 594.5 1393.6  13.83  182.0 134
3. 173 0.740  0.176 0,140 414 655 784 163 736 587 13,42 - 316000 3
410.1 435.0 784,37 765.2 753.9 590, 1251.4 13,25 20.1 1"
414,27 b06.4 785.0  T7h5.7 754.2 592.8 1247.5 13,19 38.% i
4 185 0.785  0.223 0.120 43 653 781 768 1371 568 1370.4 13,60 - T331280 ¢
409,0 453.0 781.6  759.3 752.7 592.5 1364. 1 15,74 453.1 i
413, b54.4 782.8  759.9 753.1 594.4 1399.9 13,70 64.8 i
g 184 0,775 G212 0.129 417 &5t 775 163 7157 587 15.47 - 327890
401.8 631.0 779.5 789.2 7 088. 4 1339.3 13,52 65 1"
417.2 636.1 7B3.7 T61.2 753.1 996.4 1328.4 {3.38 184.0 14
b. 186 0.760  0.215  0.091 414 656 792 765 758 589 13,14 - 322800 4
418,0 656.0 7808.8  767.3 7613 995.5 1280. 1 13,17 69,7 i
! 414.1 654.6 787.9  76b.8 T7b1.0 593.5 1284.3 13,22 44.9 4]
7. 183 0.770 - 0.206 0,110 447 655 782 768 76l G5B9 13,45 - 326190 4
419, 1 655.0 785.3 765.1 797.9 996.3 1304, 0 13.22 93.2 1
417.1 654.3 7B4.8  T64.9 757.7 595.3 1303.2 13.24 76,5 154
B. 183 0.780  0.2i5  0.410 417 632 778 763 758 . 5O 13.20 - 329380 %
§11,0 632.0 7BL.5 7618 755.3 S92.6 1337.3 13.45 335.4 i
417.1 654.1 783.3 76Z.b 755.8 594. 1330.7 13,37 100.¢ 144

NOTE: ¢  Plant data.
1 Strategy 1. First bed inlet temperature is taken as plant data (actual), a ncniterative procedure,
433 Strategy 2. First bed inlet temperature is searched to match calculated and actual fees temperatures, an 1terat1ve
procedure,
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therefore, wvolublishes that Lhe values of model parvameters found
from pilamt dsta nre  Aindeed gond for further analysis  and

cpbtimisablion ol the plant performance.
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T.2. Choloce of Variables and Their Ranges for Simulation Studies.

Operation of an ammonia reactor is generally associaﬁed with
changes in the values of operating variables. Important operating
variables for a multibed reactor are: cold shot distribution,
feed gas flow raté, concentration of inerts (methane and argon )
in the feed gas, hydrogen to nitrogen ratio in the feed gas,
catalyst activity, operating pressure, and feed gas temperature.
At the design stage, a designer can also vary total  catalyst
vdlume and catalyst distribution.

Performance of a multibed ammonia synthesis reactor is
greatly affected by cold shot distribution. Low cold shot rates -
as well as high cold shot rates have a pronounced effect on the
reduction of ammonia production. Injudicious increases in the
cold shot rates result in the quenching of the reactor. In order
to study the effect of changes in the operating and/or design
variables on the ammonia production rate, it was considered vital
to have the optimal cold shot distributions for each of the
condition. Otherwise, non-optimal cold shot distribution will-
totally mask the true effect of the changes in other variables.
Accordingly, cold shot distributions are not treated as operating
variables, but instead the cold shot distribution is optimized
for each set of operating and or desiegn conditions.

| Surprisingly, Fhe data obtained from a modern commercial
multibed axial flow ammonia reactor did not have any measured
values for cold shot flow rates/distribution because of lack of

facilities for such meeasurements. In the present study, the cold
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shot distribution for the base case was obtained by validating

the plant data. This aspect has been discussed in detail in the
preceding section (section 7.1). The base value for each of +the
operating variable was chosen as the most probable value at which
the plant is operating. The changes in operating variables were,
in general, restricted to ten percent on either side of the base
value (as observed from the plant data tor few months), except
for catalyst activity factor. The base value of catalyst activity
factor was chosen as unity and the effect of deterioration in
catalyst actlvity was investigated at the catalyst activity
factor of 0.9, 0.8 and 0.7. Changes in the feed gas temperature
as well as catalyst distribution in different beds were not
investigated because of their irrelevance in the present context.
The catalyst volume was changed only to compare the effect of
such changes from those obtained from the corresponding éhanges
in the feed gas flow rate. The base values of operating and/or
design variables and their ranges of variations are given in
Table 7.2.1. The values of some of the operating and/or design
variables kept unchanged of their base values are also given in
Table 7.2.1. The base‘-values for theae variables were also
obtained either from the actual plant data or obtained from the

|
validation of thé model by use of plant data {section 7.1).
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Qpﬁxﬁlina_nnd_Dﬁaisn_Eﬁxﬁmﬁiaxa_Axaxagg_!alug_and_ﬂﬁn3ﬂ_1n1§aiigahﬁdL

Jal
o .

No.

Description
of the Variable

Unit -

Selected Values for
Simulation Study

(&l

4.

5.

Note:

Parameter Varied

Feed Gas Pressure

Flow Rate

H /N  Ratio
2 3
Inerts in Feed:
CH4
Ay

Catalyst Activity
Factor

mol %
mol %
mol %

3

Catalyst Total Volume m

Parameters Kept Unchanged

Catalyst Distribution --

External Heat Exchange WK

Capacity

Internal Preheating W/K

Section Heat
Exchange Capacity

{Catalyst Bed Side)

Feed Gas Temperature K

NH in Feed Gas
3

Here prefix N before m

‘mol %
3

Base Range of
Condition Variations
190 170 to 210
6 6
0.740 % 10 0.667 x 10 +to
' 6
0.820 % 10
3.0 ' 2.5 to 3.2
12.84 10.68 to 13.95
8.80 6.88 to 9.30
4.04 3.80 to 4.65
1.0 0.7 to 1.0
67.6 61.0 to 75.0
1.0:1.4:2.0 =
316000 -—
0.0 i
414 -=
1.61 --

stands for N.T.P. condlitions.
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7.3. Simulation Results for Base Conditions.

The gimulation program was xyrun on Roorkee University
Regional Computer Centre main frame Computer System, DEC 20.
Optimization of cold shot fractions for a single set of
conditions took nearly 5 to 8 minutes of CPU time. The results
of optimization are summarised in Tables 7.3.1.1 and 7.3.1.2.
The detailed computed profiles of bed temperature (K) and ammonia
concentration (mol percent) are presented in Appendix A, Tables
A.1 through A.7, for the sixteen sets of conditions investigated.
The detailed results are tabulated at shorter intervals towards
the end of each bed to clearly understand the contribution of
each additional increment of catalyst volume. It may be noted
that for numerical integration each bed was divided into 100
equal = increments. Figures 7.1 +through 7.16 show the effect of"
changes 1in operating and design parameters on the optimal
prerformance and the stability of the reactor. Except for set no.
a, all other sets represent the perforpance of reactor at the
optimal cold shot distributions. Set No. O designates the base
.condition with simulated value of cold shot fractions (since
actual cold shot fractions at the first and second bed inlets are
not known due to lack of measuring facilities  in the plant)
obtained by validation of the model by comparison with plant
data. S5et No. 1 also represents the base conditions except that
the cold shot fractions added at the inlet of each of the three
beds are at the optimal values obtained from the optimization

studies.



et Ho.

(R

1

PArnmeter Value Of

Vartfed Pardmeter

2(A) Flow rate, 0.667#/5

Nwm3/ +

2(B) Flow rate = 0.820%c°

3(A) B/N rmatio 2.5
3 (B) ~3d0- 2.8
3(C) -do- 3.2
4(A) Inerts Conc.10.68
- mol %
4(B) ~do- 13.95
5(A) Catalyst 0.7
Activity factor
5(B) ~do- 0.8
5(C) ~do- - 0.9
6(A) Catalyst 61.0
Volume, nd
6 (B) ~do- 75.0
7(A) Operating 170.0
' pressure,dm
7(B) ~d0- 210.0
Note:

See Table 7.2.1 for base conditions

TABLE.ND,
SUMMARY OF COMPUTED RESULTS

7.3 0.1

cold Shot Distribution

ist
Bed

0.000
0.110
0.123

0.098

0,309
0.108
0.108
0.145
nN.089
0.030
n.080
0.09A
0.096
0.120
0.089

0.146

2nd
Bed

5

0,245

0,233

0.253

0.230

0,237
0.240
0.237
0.250
0.249
0.193
0.232
0.237
0.239
0.253

0.235

3rd
Bed

0.234
0.220
0,192
0,201
0.220
0.214
0.235
0.199

0.231

Total

0.5714
‘0.629
0,558
0.415

0.515

0.630

Mol %
NH3 AL
Outlet Of
3rd Red

8
13.502
14,880
15,188

14.631
14.914

14,918
14,845
15.387
14,647
13.764
14.322
14,631
14,640
15,104
14,167

15,691

Production
Rate OF
NH3,

trd

1287.2
1419.2
o

1306.4

1547.3
1421.7

1422. 4
1416.3
1467,0
1397.1
1312.5
1366.2
1395.6
1397.1
1447 .8
1351.3

1495.4

91

Total
Pressure
Dropu

atm

10



TASLE *JG. 7+ 32 ]2
TENPERATURE ATD AMMONIA COHCEMTRATION VALUES AT BED INLET AND QUTLET
FOR DIFFERELT CONDITIONS

Set Mo. Intérnal Temperature Anc Conversion In The Bed

Preheating st BRed 2nd 2ed 3rd Bed
Section Iniet Qutlet Inlet Outlet Inlet Outlet
Outlet Tens. Folx Teap, Mol 5 Temp. Mol % Temp. Mol % Temp, Mol :% Temp, Mol :3
Temp.., K (K) = MH3 = (K) . MH3  (K)  MH3  (K) © HH3 “.(K) NH3  (K) CTH3
1 2 3 4 5 5 7 8 9 10 11 12 13 14
0 58,3 658.3 .1.61 788.5 10.32 692.9 7.81 761.9 12,74 729.6 11.52 756.2 13.50
1 f95.1 540.% 1.61 773.3 10.98 675.4 7.96 751.9 13.47 678.3 10,48 737.8 14,88
2.4a) 702.3 636.4 1.60 779,0 11.13 665.4 7.83 746.8 13.68 673.7 10,60 735,4 15,19
2(B) £87.8 641.4 1.61 777.5 10.72 676.8 7,87 750.9 13.18 681.7 10,43 733.6 14,63
3(a) R95.4  640.9 1.61 779.5 10.99 672.8 7.90 750.5 13.50 676.0 10,45 736.2 14.91
3(B) £95.7 640.5 1.61 729.3 10.99 672.3 7.87 750.3 13.49 676.5 10,47 736.6 14.92

3 AR94,.T7 640.9 1,61 78G.1 10.95 674.6 7.91 751.1 13.40 679,5 10,50 738,.3 14,85



1 | 2 3 4 3 6 7 8 3 10 11 12 13 1

P

4(a) 709,6 627.9 1.61 773.3 11.37 665.7 7.58 749.0 13.85 675.1 10,73 739,11 15.39
4(B) ARG, 5 645.5 LAl T8l 11072 670070 7.64 4.1 1308578, 4 10.38_736.0 14.65
5 (A) AGG.3 656.5 . 1.61°773.9 9,83 696.1 7.75 762.8 12;37 700.2?10;13 749,7 13,76
5(B) 633.5 647.2 1.61 778.3 10.37 578.5 7T.67 749.9 12,76 6R6.0 10,31 749.5 14,32
5(c) 696G, 4 643.9 . 1.61 787.4 10,756 €75.6 7.81 750;3 13,16 680.9 10.40 738,2 14.63
6 (a) £90. 5 644.3 1,61 789.7 1C.75 675.8 7.80 750.4 13.14.682.9 10,46 739.5 14.65
6 () 700.1  635.1 1.61 775.8 11.20 665.3 7.83 746.4 13.568 673.1 10.60 734,9 15.18
7 &) 6 .5 633.7 1.61 769.3 10.29 671.1 7.60 741.4 12.63 680.3 10,25 733.3 14.17

7(B) 709.6 62"5;.8 1.61 772.9 11.61 665.7 8.11 748.5 14.0% 676.3 10.95 740,1 15.69

¢6
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(plant practice)
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7-1 AMMONIA CONCENTRATION AND TEMPERATURE PROFILES
IN CATALYST BEDS (See Table T-2.1 for Base

Conditions)



Ammonia concentration, Mole %
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Set No. 1
> L £ A Maximum reaction rate |
7 curve
B Equilibrium curve i

O 1 | " A | 2 -l A
630 670 710 750 790

Bed temperature, K

FIG. 7.2 AMMONIA CONCENTRATION VERSUS TEMPERATURE IN

CATALYST BEDS (See Table 7.2.1 for Base
| Conditions)



Ammonia concentration at the outlet-of third bed,Mole %

——— Set No. O |
i ——— Set No. 1
O - 1 b A i 1 { o
hos 485 565 645 725

Internal preheating section exit temperature,K

FIG. 7.3 REACTOR OPERATING POINTS AND THEIR STABILITY
(See Table 7.2.1 for Base Conditions)
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Ammonia concentration , Mole

16

14

12

10

T
.
!
;/ Set No. Flow Rate
- s 6. 3 1
i 10°Nm3 /hr
i / 1 0.740 |
// —— —— 2(A) 0.667
Py — — 2(B) 0.820
A Maximum reaction J
/;7’ rate curve A
Bz Equilibrium curve B R
" 1 I 1 | | 1

630 670 710 750 790

Bed temperature , K

FIG. 7.4 EFFECT OF FEED FLOW RATE ON AMMONIA
CONCENTRATION-TEMPERATURE PROFILE IN
CATALYST BEDS FOR OPTIMAL COLD SHOT
DISTRIBUTION (Base conditions, set
No.l, are given in Table 7.2.1)
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0 B Set No. Flow Rate o ]
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o 14 F 106Nm3/hr ™
O — 1 0.740 ’
b3 . ———  2(A)  0.667 I i
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FIG. 7.5 EFFECT OF

FEED FLOW RATE ON REACTOR
OPERATING POINTS AND THEIR STABILITY (Base
conditions, set No.l, are given 1in Table
T7.2.1)
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Ammonia concentration, Mole %
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14 |-
12
10
8} J
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y L Set No.  H,/N, Ratio
— 1 3.0
" ——— 3(A) 2.5 .
— —  pealfB) 2.8
oL "= 3(C) w2 N
Maximum reaction Al A2 A3 Ak
i rate curve [ "
Equilibrium curve Bl B2 B3 B4
, H /N, Ratio : 3.52.83.03,2
630 670 710 750 790
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For set No. O and 1 Table A.1 and Figures 7.1 give +the
detailed temperature and ammonia concentration profiles for each
of the three beds in the reactor. Figure 7.2 shows the changes in
the ammonia concentration as a function of the temperature in
each of the three beds in the reactor along with the changes in
ammonia concentration at the equilibrium conditions and also at
the maximum | reaction rate conditions at different bed
temperatures. Further from Fig. 7.2 the variations in the actual
temperature “and ammonia concentratioﬁ conditions in the bed can
be clearly seen vis-a-vis equilibrium and maximum rate
conditions. Figu;e 7.2 also helps in identifying the direcpional
changes required for the cold shot distributions for maximizing
the ammonia production. Figure 7.3 shows the three steady-state
operating points (points of intersection) of the reactor for set
No. 0 and 1 on typical heat removal and generation curves used
commonly to explain the stability behaviour of the reactor
operation. More detalled discussions are given in subsequent

subsections.

7.3.1. Strategy of Optimization by Cold Shot Distribution.

As already discussed in chapter IV, in an operating plant
with fixed design parameters and pre-specified feed conditions,
the variables that are free to be adjusted for maxmizing rate of
’ﬁroduction of ammonia are the cold shot fraction at the inlet to
various beds. In rarticular, for the +type of reactor
investigated, +these are the three cold shot fractions at +the
inlet of first, second and third bed, respectively. Therefore, in

the present study the cold shot fractions were taken as



110

independent variables for +the optimization in order to maximize
the rate of production of ammonia.

During +the course of optimization computations experience
was gainéd to evolve a.two—step procedure to locate optimal cold
shot fractions quicklf. In the first step, computations were made
for, séy, 12 iterations. The cold shot values so obtained
corresponding +to the maximum rate of ammonia production fof 12
iterations were readjusted to make the total cold shots. about 10
to 20 percent higher. The édjustment of cold shot was done based
on the approach of actual ammonia concentration at the outlet of
a particular bed to its corresponding equilibrium value (shown in
Table A.1 under column 6 and 10 for set No.O and 1 respectively).
In case the ratioiof actual to equilibrium ammonia concentration
at the outlet of alparticular bed is found to be between 0.95 +to
1.00, the cold shot to that bed inlet was correspondingly
increased. This was done considering the presence of equilibrium
inhibition due to low cold shot value. On the other hand if the
actual to equilibrium concentration ratio is below 0.95, the cold
shot fraction 1is correspondingly decreased. The value of the
ratio of actual to equilibrium ammonia concentration at the
outlet of a bed around 0.95 for optimal is also. supported by the
observations of Gaines (1977).

With +the new adjusted value of cold shot fractions as
starting point it was possible to locate optima within 12 to 17
iterations. This strategy proved to be very efficient and the CPU
time required for locating the true optima was cosiderably

reduced. The number of iterations obviously depended on the
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closeness of starting point to the optima. The optimal cold shot
fractions at the inlet of the first, second and the third bed are
found to be 0.110, 0.233 and 0.232, respectively, for the base

conditions as given in Table A.1 set No.1l.

7.3.2. Temperature Profile

For the base conditions, set No. O and 1, Figure 7.1 shows
the profiles for @ the bed temperature (in K) and ammonia
concentration (in mol percent) of the three bed quench-type
ammonia synthesis reactor considered for this investigation:

The cold shot fractions to the first, second and the third
beds for set 0 are 0.000, 0.2456, 0.100, respectively.
As can be seen from Fig. 7.1, the bed temperature has initially
& high and linear rate of increase. However, later the rate of
increase 1in bed temperature decreases successively from the
first bed to the third bed. The observed initial rates of
increase in bed temperature (in K per unit total percent bed
volume) for the first, second and the third bed are 7.7, 3.0 and
1.6 for set NQ. 0 and 7.1, 2.9 and 1.5 for set 1, respectively.
The 1initial linear.rise in temperature 1s due to the fact that
rate of reaction ‘is not being inhibited by equilibrium, as
equilibrium concéntration is much higher compared to actual
concentration, as 1is evident from Table A.1 under columﬂ 6 and
10. It is well known that the addition of cold shot at the point
where reaction is equilibrium inhibited results in increasing the
conversion as observed in case of set 0 and set 1 from Figure 7.1

and Table A.1. Addition of cold shot at the first, second and the
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third bed results 1in an increase in sammonia conversion. The
optimal cold shot distribution for set 1 resulted in somewhat
lower rate of temperature rise as a result of lower bed inlet
temperatures. The decrease in the rate of temperature rise from
the first +to the third bed was due to the fact +that ammonia
éoncentrations of the gas become higher as one moves from +the
first to the third bed inlet.

In case of set No. 0, Dbase condition with non-optimal cold
shot, it is observed from Figure 7.1 that toward the end of first
and second bed the temperature profile flattened out earlier than
what was observed with set No. 1. This is because inadequate cold
shot  additions at the inlet of esch bed result in a higher bed
temperature for set O as compared to set 1. The higher bed

“temperature in set 0 resulted in an early equilibrium inhibition.
This effect is much more pronounced in third bed for set 0 where
nearly fifty percent of third bed volume is ineffective due +to
equilibrium inhibition compared to & total absénce of equilibrium
inhibition conditions in set No. 1.

Based on the above discussion, it is evident that non-optimal
cold shot distribution results in higher bed temperature and
quicker equilibrium inhibition whereas optimal cold shot lowers
the bed temperature and removes equiiibrium inhibition. The lower
bed temperatures are also good for catalyst 1ife. The maximum
temperature was found to be 788.5 K in case of set 0 compared to

set l-value of 779.8 K.

7.3.3. Conversion profile.

The conversion profile for set Nos. 0 and 1 are shown 1in



113

Figure 7.1 and the detailed results are given in Table A.1.
Columns 4 and 8 of this Table give actual ammonia concentrations
while columns 5 and 9 give concentration at maximum rate for set
Nos. O and 1, respectively. Whereas columns 6 and 10 give
concentrations at{equilibrium for set Nos. O and 1, respectively.
Figure 7.2 shows the concentration as a function of the bed
temperature as the reaction progresses along the bed. ‘Figure 7.2
also shows maximum reaction rate and equilibrium curves.

As observed for bed temperature profiles, it is also clear
from Figure 7.1 that rate of increase in ammonia concentration is
initially high and linear. However for set 1, unlike temperature
profile, the ammonia concentration increase is more than that fof
set O which resulted in higher conversions in each bed. The
concentration of ammonia, in mol percent, for set 1 1increases
from 1.61 to 10.88, 7.96 to 13.47 and 10.48 to 14.88 in +the
first, second and the third bed respectively. Whereas the
éorresponding increase 1in ammonia concentration for set 0 are
1.61 to 10.32, 7.81 to 12.74 and 11.52 to 13.50, respectively.
The use of non-optimal cold shot distributions for set O results
in higher bed temperatures which in turn lowérs the equilibrium
concentration causing equilibrium inhibition at the end of the
first and the second bed and from the middle of the third bed in
the reactor. This further emphasises the need for optimal‘ cold
shot distribution to achieve not only maximum ammonia conversion
but also lower bed temperatures. The increase in ~exit ammonia
concentration and. corresponding rate of ammonia production at

optimal cold shot distribution isg quite substantial, about 10.3
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perceht (132.3 t/d) of the simulated base value.

Further, it may be observed from Figure 7.2 and Table A.1
that the ratio of the actual conversion +to +the equilibrium
conversion at the outlet of first, second and third bed are
0.983, 0.957 and 0.947 respectively for set 1 and corresponding
values for set 0 are 0.995, 0.985 and 1.00 respectively. It may
be noted that when actual conversion becomes extremely close +to
equilibrium conversion value (ratios of actual to! egquilibrium

|

conversion valueé of 0.999 to 1), the tolerance limit chosen for
55
H conversion (5 %x 10 } for Milne-Predictor-Corrector method is
2

too large to give preclise conversion value for next step.
Therefore, if actual H conversion at any bed point is 5 % 10—6
{approximately 0.002 aimonia mol %) or less than the equilibrium
conversion, then it is safe to assume that equilibrium conversion
value has been achieved. This situation can be observed for last
three bed points in the third bed for set 0 in Table A-1.

The set | 0 values obviouély indicate the need for
readjustment of cold shot to establish the optimal, as obtained
in set 1, by adopting the strategy given in section 7.3.1.

because only 0.083 increase in ammonia mol rercent is observed

S
/

in the last 50 percent of catalygt volume in the third bed.

7.3.4. Performance Analysis at Optimal Operation and General
Considerations.

Based on computations for optimization, it was quite
significant to observe that the optimal condition is mnot sharp

but instead the region around it is flat. Many more combination
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of cold shot fractions were possiblebat which the rate of ammonia
production (or the corresponding exit ammonia conéentration) was
within 0.3 percént.of the optimal value. Some such sets of cold
ghot . fractions at the inlet of the first, second and the third
beds are (0.082, 0.275, 0.205), (0.110, 0.233, 0.224), (0.085,
0.275, 0.205), (0.085, 0.275, 0.212), (0.110, 0.225, 0.232),and
(0.110, 0.233, 0.216). and the corresponding rates of ammonia
production are 1417.4, 1417.8, 1415.9, 1415.9, 1415.4 and 1415.0
t/d, rspectively.

However, the increase in any of the cold shot fractions
above optimal resulted in quenching of the reaction. In the base
case (set 1) it! wag observed that an increase in magnitude above
optimal in any of the cold shot fractions at the inlet of first,
second or third bed by 0.002, 0.003 or 0.003 respectively
resulted in gquenching of the reactor. The computation results for
optimal cold shot distribution further showed that the reaction
rate values at the exit of a bed and at the inlet of next bed
differ significantly. For the base case, the reaction rate values
at the outlet of first, inlet of second, outlet of second and
inlet of third bed were 22.6, 13.8, 15.3 and 10.5 mol NH /s m3
respectively. However,.Kramer and Westerterp (1963&a) repogt that
at the optimal cold shot addition the reaction rate values at
outlet of a bed should be equal to the rate value at the inlet of
the next bed. This could not be substantiated from the present
investigations. As discussed in section 7.3.3, +the ratio of

actual to equilibrium conversion at the outlet of the three beds

vary between 0.847 to 0.983 with an average value of 0.962. This
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is found to substantiate the observations of Gaines (1977) that
at optimal condition this ratio should be near about 0.935.

From the computation results of optimization it may be
sumnarised that at the optimal condition the reactor performance
improved substantially resulting in considerable increase in rate
of ammonia production, decrease in bed temperature and consequent
increase in cataiyst life. It is also observed from Table A.1
‘that the total pressure drop across the reactor also . decreased
substantialiy. From a value of 2.77 atm for base case (set 0) to
2.26 atm in case. of optimal condition, set 1. This is about 18.4
percent reduction and it will result in considerable saving in
electrical energy required by the gas recirculation/ booster

system.

7.3.6. Reactor Stability.

.Figure 7.3 shows the three possible steady-state operating
points of +the ;eactor along with S (sigmoid) shaped heat
generation curve and a near straight line heat removal curve. The
intergsectionas of heat removal line with heat generation curve

give the three possible operating points for the reactor. The S-

shaped curve for heat ‘generation was obtained by plotting ammonia

exit concentrations, % NH , (in mol percent) and corresponding
3

grid values of internal preheating section exit temperature,

T . The ammonia concentration, % NH , and T values were

SHE 3 ) SHE

generated during the grid search. For grid search, the range for

T was chosen from 600 to 725 K with an interval of 25 K. The
SHE
grid search 1is used for converging on actual feed temperature

value for a given set of conditions with one set of trial value

e
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of cold shot fractions. The procedure is discussed in section

5.1. It may be noted that for any chosen vlauwe of T , a
SHE

corresponding exit ammonia concentration, % NH , is obtained by

3
continuing computation up to step 10 (section 5.1). The computed

value of % NH 1s proportional to the heat generation term. The
3
rlot of grid points (T , % NH ) is S-shaped similar to +that
SHE 3
reported by several other workers (Gaines, 1877; ° Kramer and

Westerterp, 1963b; Reddy and Husain, 1978;  Shah, 1967; van
Heerden, 1953). The points for heat generation curve (T , %
' SHE

NH ) for set O are (600.0, 4.81), (625.0, 14.20), (650.0, 13.75),
3

(676.0, 13.02), (700.0, 12.31) and (725.0, 11.61), and the
corresponding points for set 1 are (600.0, 2.18), (625.0, 2.96),

(650.0, 5.07), (675.0, 13.88), (700.0, 14.83), and (725.0, 14.46)

respectively. It may be noted that for any assumed value of
T , at the end of computation step 10 (section 5.1), the
SHE

computed temperature of feed entering the external heat exchanger
on shell side, T . is obtained. The value of T shall be

SHI SHI
equal to (within +the 1imit of convergence) the actual feed
temperature, T , only if T corresponds to one of the possible
F SHE

operating points of +the reactor. For establishing all the
prossible reactor operating points computations had to be
continued up to step 13 (sectlon b.1). As shown in Figure 7.3,
the +three possible operating points for base case (set 0) are
‘(414-0, 1.61), (618.9, 11.47) and (658.3, 13.50) whereas the
corresponding points for set 1 are (414.0, 1.61), (674.9, 13.84)
and (695.1, 14.88). The heat removal curve is obtained by joining

the three possible operating points by a straight 1line (sihce
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they were found +to 1lie on a straight line) for each set of
conditions. The three operating points will also lie on the S-
shaped curve as well as heat removal curve. As discussed in
section 2.1 and also reported by van Heerden (1953), Shah (1967),
Gaines (1877) and others (Kramer and Westerterp, 1963b; Reddy and
Husain, 1978), 'the highest operating point is the desirable and
stable operating point for each set of conditions. In case of set
0 and set 1 these are (658.3, 13.50) and (695.1, 14.88),
respectively. The two S-shaped curves and heat removal curves are
different obviously because of the different reaction  paths
followed for the two sets 0 and 1 having two different " sets of
cold shot fractions.

It 1is observed from Figure 7.3 that the optimal allocation
of cold shot results in higher operating point being located
nearer to the blowout point on the optimal S-shaped curve as
compared to the corresponding locations for non-optimal set 0.
This 1s very much to be expected as the maxima of the S-shaped

,/cﬁrve is always nearer the blowout point. It may be further noted
that even a small increase in the optimal cold shot fraction at
the inlet of any bed (say, two percent) for set 1 will result in
quenching. Whereas even large changes in the cold shot fraction
at the inlet of any bed (say, fifty percent) for set 0 may still
not result in quenching. This further clarifies the relatively
poorer stabllity at optimal cold shot fractions. In the present
investigations for optimal ceold shot fractions the maxima of the
S5-shaped curve could not be achiéved because 1t required a

further fine +tuning of cold shot fractions ‘to such small
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fractional values that are not feasible to be implemented in the
actual plant operation. Therefore, in the present investigations
during the search, the cold shot fraction values were rounded off
to the third decimal place. This also provides for better reactor
stability by moving somewhat away from the blow out point.

It may be, therefore, summarized that operation near optimal
will always be &t some sacrifice of reactor stability as
obgserved from %igure 7.3 for the two cases of set 0 and set 1.
However, ™ this  sacrifice pays richly 1in the form of quite
substantial increase in the rate of ammonia production, decrease
in bed temperatures with consequent increase in catalyst 1ife and
decrease in electrical energy requirements for the gas

booster/recirculation system due to decrease in reactor pPressure

drop.
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7.4, .Effect of Variations in Design and Operating Parameters on
Reactor Performance.

The values chosen for the operation and design parameters
for a three bed quench type reactor for ammonia synthesis are
given in Table 7.2.1. For studying the effect of variations in
the six operating and design parameters, it was vconsidered
desirable +to vary only one parameter at a time in. the range
specified in Tab}e 7.2.1, while keeping all the other parameters
corresponding to‘the base condition values. As discussed earlier,
it may be noted here that cold shot fraction to each bed inlet
in not taken as & pre-specified parameter but is considered as an
independent variable for the optimization for any chosen set of
conditions. The +two additional values of the varying parameter
(except for H / N ratio and activity factor), namely, at the
minimum and ihe iaximum of the range, were used for obtaining
simulation results. For H / N ratio and activity factor one more
value within the range (oiherzthan the base value) was chosen in
addition 10 minimum and maximum values of the range. These two

(or three) computed results along with those obtained for the

base conditions form a set for each parameter variation. Each of

2
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the six parameters, that were permifted to vary, were treated as
an independently varying parameter in order to sfudy the effect
of the same. The results of this sensitivity analysis can be very
useful 1in the evolution of optimal conditions for design and
operation of the multibed quench-type reactors for -ammonia
synthesis. The detalled computed results are given in Appendix-A,
Tables A.1 to A.7. The summary of +the computed results of
simulation are gilven in Tables 7.3.1.1 and 7.3.1.2.

The general +trends for changes in bed temperature and
conversion in the reactor were similar to those obtained fér the
base conditions. Thus, further discussion on the same is ﬁnot
considered esseritial. The effect of the variations in the deéign
and operating parameters can be discussed properly with the helb

of tabulated results as given in Tables 7.3.1.1, 7.3.1.2, and

Appendix-Tables A.1 to A.7, and Figures 7.4 through 7.15.

7.4.1. Feed Gas Flow Rate,

It is observed from Figure 7.4, Tables 7.3.1.1, 7.3.1.2 and
A.2 +that the decrease in feed gas flow ratg by about 10 percent
from the base condition value of 0.74 % 106 {in cubic meter ﬁer
hour at N.T.P. conditions) to 0.667 * 106 results in an increase
in conversion and decrease in bed temperature. The exit ammonia
concentration (mol percent) increases to 15.188 (2.07 percent
increase from base value). The behaviour is to be expected due to
increase 1in residence time with decrease in flow rate. But the

rate of ammonia production decreased by about 8 percent because

increase in conversion was not commensurate with the decrease in

flow rate. The total pressure drop is found to be 1.83 atm, a
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reduction of about 20 percent from set 1. As observed from Flgure
7.5, there was no noticeable change in reactor stability and it
remained nearly the same (slightyy better). The effect of
increase in flow rate to 0.82 x* 106 NmB/h (11 percent increase
from base value)‘results in decrease in the conversion and, in
general, increase 1in_ bed temperature except in the +third bed
where bed temperature is glightly higher. The rate ‘of ammonia
production increases by 9.0 percent due to the combined effect of
increase in flow rate and decrease in conversion (1.67 percent
decrease from base value). The pressure drop increases by 23
percent to 2.78 atm due to higher flow rate. It is also observed
from Figure 7.5 that the stability is nearly the same (slightly
poorer). From Figure 7.4 and Table A.2, 1t may be observed that
the ratios of actual to equilibrium ammonia concentration at  the
first, second and third bed outlets are 0.994, 0.932 and 0.947,
respectively with an average value of 0.958. Similar effect of
change in feed gas flow rate on reactor rerformance is reported
by Shah (1967),  Gaines (1977), Reddy and Husain (1978) and
others. About 35 iterations including some quenched ones (no
operating point except the trivial low conversion) were required
to locate the optimal cold shot distribution in each case. The
total cold shot fraction values ranged between 0.313 to 0.614.
It is further observed from Table A.2 that the optimal allocation
of cold shot fractions to each of the first, second and the third
bed showed & declining trend with increase in flow rate. The
~values of cold shot fractions to each of the bed inlet and the

6
total cold shot fraction for feed gas flow rates of 0.667 x 10 ,
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6 6 3
0.740 % 10 and 0.820 * 10 Nm /h are (0.123, 0.253, 0.234,

0.610), (0.110, 0.233, 0.232, 0.575) and (0.088, 0.230, 0.219,
0.547) respectively. Therefore, the reactor operation at the cold
shot ~values corresponding to optimum conditions of set 1 will
result in non-optimal performance in case of decrease in flow
rate whereas it will quench the reactor in case of significant
increase in flow rate. This emphasises the need for establishing
the new optimal cold shot distribution with ‘the help of
simulation model 'if. change in féed gas flow rate becomes
essential.
7.4.2. H /N Ratio in Feed Gas,

It Es gbserved from Figure 7.6, Table 7.3.1.1, 7.3.1.2 and
A.3 that the decrease in H /Nr ratio from the base value of 3.0
results 1in a slight improvgmeét in the third bed outlet ammonia
concentration_ as well as the rate of ammonia production. For
H /N ratio of 2.5, 2.8, 3.0 (base value) and 3.2 the rate of
aimoiia production in t/d are 1421.7 ( +0.2 percent increase),
1422.4 (+0.23),  1419.2 (0.00) and 1416.2 (-0.20), respectively.
The reactor stability as observed trom Figure 7.7 also remains
essehtially the same as the plots nearly overlap each other. The
best condition 1is &t a value of H,/N ratio of 2.8. Similar
observations are also reported by oihei authors 1including Shah
- (1967), Gaines (1977) and Reddy and Husain (1978). However, Reddy
and Husain found the best value at H /N ratio of 2.5 for a
single bed reactor with high internal hgatzexchange capacity that

may be due to non-optimal cold shot conditions at the bed inlet.
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The optimal cold shot fractions for four H /N ratios are also
nearly the same. The first, second, third gedzand the total cold
vshot fractions for the H /N ratio Qf 2.5, 2.8, 3.0 and 3.2 are:
(0.1089, 0.237, 0.236, 20.%82); (0.108, 0.240, 0.234, 0.582);
(0.110, 0.233, 0.232, 0.575) and (0.108, 0.237, 0.226, 0.571),
respectively. Only slight decrease in +total cold shots
requirement is observed as the H /N is increased from 2.8 +to
3.2. There 48 mno definite trendzinzthe individual cold shot
fraction values because of the reasons already discussed earlier
that the region near optimal is flat and there could be other
combination of individual cold shot fractions that will be nearly
optimal, Therefore it may be summarized that optimal performance
is not quite sensiti&e to changes in H /N ratio in the vicinity
of 3.0 and plant operation at a valuezof23.0 would be desirable

from operational point of view. This will +then not require

continuous adjustments of make up feed gas H /N ratio.
. R

7.4.3. Inerts Concentration in Feed Gas.

It is observed from Figure 7.8 and Tables T3 . 4 ml" gy 2
and A.4 that the effect of increase in concentration of mol
percent inerts (consisting of methane and argon) from 10.68 to
13.95 with the base value of 12.84 was to decrease the conversion
end increase the first bed temperature. However, the second and
the third bed temperatures are lower compared to base case. The
rate of production were found to be 1467.0, 1419.2 and 1397.1
t/d, respectively, for the +three values of +the inerts
concentration, that is, 10.68, 12.84, and 13.95 mole percent. The

increase in inerts lowers the partial pressures of hydrogen and
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nitrogen and decreases the rate of reaction unless equilibriﬁm
inhibition is observed due to high temperature. In such a case,
the 1inerts acting as heat carriers will shift +the equilibrium
favorably. Similar observations about the effect of change in
inerts content on the reactor performance is also reported by
_/Shah (1967), Gaines (1977), Reddy and BHusain (1978) and Mansson
and Andresen (1986).

I
The first, second, and the third bed and total cold shot

|
fractions” for the inerts concentration of 10.68, 12.84 and 13.85
mol percent are (0.145, 0.250, 0.234,| 0.629), (0.110, ©0.233,

0.232, 0.575) and (0.089, 0.249, 0.220, 0.558) respectively.

Except in the case of second bed cold shot fractions other cold.v

shot fractions do show a trend and the values decrease with
increase in inerts. It is observed from Figurg 7.9 that +the
reactor stability somewhat deteriorates with decrease in inerts
concentration. .Howéver, the increase in pressure drop with the

increase in inerts concentration is only marginal.

7.4.4. Catalyst Activity Factor.

It 1s observed from Figure 7.10 and Tables 7.3.1.1, 7.3.1.2
and A.5 that at the catalyst activity factor values of 0.7, 0.8,
0.9, and 1.0 the rate of ammonia production in t/d was found +to
be 1312.5, 1366.2, 1395.6 and 1419.2, respectively. The
corresponding optimal values of the first, second, +third and
total cold shot!fractions are (0.030, 0.193, 0.192, 0.415);
(0.080, 0.232, 0.203, 0.515); (0.096, 0.237, 0.220, 0.5653) and

(0.110, 0.233, 0.232, 0.575) for the activity factors of 0.7,
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6.8, 0.9 and 1.0, respectively. The above also indicates a trend
in the variation of the individual and total cold shot fractions.
As  the activity factor declines the cold shot fraction values
also decline, but the decline in total cold shot fractions is not
proportional to the decline in activity. This emphasises the fact
that with a decline in the catalyst activity a new set of optimal
cold shot fraction has to be found and used for getting the
maximum advantage (production); otherwise, the reaction wili
’quench or operation may be non-optimal. It is further observed
that +the total pressure drop increases at optimal cold. shot
fractions with the decrease in catalyst activity. This increase
ranges from 2.0 to 14.0 percent of the base value of 2.26 atm.

The highest bed temperatures are found to be nearly the same
with operation at changed activity factors. The stability of the
reactor 13 found to deteriorate with decline in catalyst activity
as observed from Figure T7.11.

It may, therefore, be summarised that the reactor may be
operated with some loss of production even with used catalyst
having lower activity factor. However, the cold shqt
distributions have to be readjusted to an appropriate lower value
found by optimization. It was observed from computations for
catalyst activity factor of 0.6 and lower that except for trivial
operating point of low conversion no other operating point exiats
for activity factor of 0.6 and less. It is worthwhfle to observe
that the readjustment of cold shot distribution at lower optimal
values helps in maintaining ammonia production rate close +to

fresh catalyst conditions even when the decline in catalyst
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activity factor may be quite significant (for 30 percent decline
in catalyst activity'factor, the decline in ammonia production
rate 18 only 7.5 bercent of the base condition). It may be
furthef observed that after a certain decline in activity factor,
say, below 0.7, the catalyst may have +to Dbe replaced as
economical operation will not be possible. Similar observations
about the effect of decline in catalyst activity factor have also

been reported by Gaines (1977) and van Heerden (1953).

7.4.5. Total Volume of Catalyst.

It was observed from Figure 7.12 and Tables 7.3.1.1, 7.3.1.2
apd A.6 that at the total catalyst volumes of 61.0, 67.6 and 75.0
md, the exit ammonia concentration in mol percent were 14,646,
14.880 and 15.184, respectively. This increase in ammonia mole
percent 1s obvious because increase in catalyst volume at
constant feed gas flow rate at base value increases the residence
time and is analogous to the effect of decrease in feed gas flow
rate at constant catalyst volume. The effect of the decrease in
feed gas flow rate for a constant total catalyst volume at base
value is already discussed in section T7.4.1. The optimal values
of the first, second, third bed and the total cold shot fractions
are (0.096, 0.239, 0.214, 0.549); (0.110, 0.233, 0.232, 0.575)
and (0.120, 0.253, 0.235, 0.608) for the total catalyst volumes
_ofv61.0, 67.6 and 75.0 m3, respectively. Except for the second
bed, the cold shot fractions show an increasing trend with the
increase in catalyst volume at constant flowirate. The highest

bed temperatures are virtually unchanged. Similar observations

have been reported by Mansson and Andresen (1986) about the
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effect of change in catalyst volume on reactor prerformance.
Figure 7.13 indicates that the stability of the reactor increases

slightly with the increase in total catalyst volume.

7.4.6. Feed Gas Pressure (Operating Pressure).

It may be observed from Figure 7.14 and Tables 7.3.1.1,
7.3.1.2 and A.7 that at feed gas pressures (operating pressures)
of 170.0, 190.0 and-210.0 atm the respective rates of production
of ammonia are 1351.3, 1419.2 and 1495.4 tpd. The highest bed
temperature at 170.0 atm is found to be about 20 K lower +than
that observed at the base value of pressure (190atm), set 1.

The optimal values of the first, second, third and the total
cold shot fractions at operating pressures of 170.0, 180.0 and
210.0 atm are (0.089, 0.235, 0.199, 0.523); (0.110, -
0.232, 0.575) and (0.146, 0.253, 0.231, 0.630), respectively. The
first bed and the total cold shot fraction values show an
increasing trend!wifh an increase in the operating pressure. It
may be emphasised here that the increase in pressure greatly
favours ammonia formation, but readjustment of cold shot fraction
to a new set of optimal values is essential to keep the reaction
away from quenching and also to maximize ammonia production rate.
Stability of the reactor is found to improve significantly with
increase 1in operating opressure. Similar  observations are
reported by Shah (1967), Gaines (1977), and Mansson and Andreseﬁ

(1986) a&about the effect of change in operating pressure on

reactor performance.



129

7.4.7. Sensitivity Analysis.

it was observed from the discussions in previous sections
that the reactor performance, in particular, conversion +to
ammonia, 1is quite sensitive ﬁo changes in the parameters of feed
gas flow rate, inerts content of feed gas, catalyst activity
factor, +total volume of the catalyst and operating pressure. The
increase 1in the flow rate or inerts concentration, decrease in
the catalyst activity factor, catalyst volume or operating
pressure result in significant decrease in exit conversion. The
excessive increase'>in flow rate or inerts will result in
quenching effect and the rate of reaction will become so small
that the reactor will quench. Similarly a decrease in catalyst
activity, catalyst volume or operating pressure will result in
quenching of the reactér. The effect of changes in H /N ratio
studied 1in the present investigation is found to be qiitg small
and imsignificant in nature. A slightly better performance is
obtained at the H /N ratio of 2.8. However this will require
continuous readjus%meit of make up feed gas H /N ratio. This

2 2
may, therefore, be undesirable from the point of view of prlant

|

operation.
For a Comple# maltidimensional problem, sensitivity analysis
is & powerful tool te identify the dominant - variables. Table
7.4.7 summgrizes the effects of various design and operation

parameters on ammonia production rate following the procedure

discussed by Rudd and Watson (1968) .
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Table 7.4.7.
Comparison of Parameter Bensitivity,
Base Sensitivityx
Parameter un%L Yalue Range of Ygxiﬁnsen Absolute Relative
Flow Rate Nm / 0.740 x 0.8667 * 10 +to 0.170 1.00
h
106 0.820 % 108
H /N Ratio --g 3.0 2.5 to 3.2 0.006 0.04
2 2 .
Inerts mol 12.84 10.68 to 13.95 0.048 0.28
Concentration %
Catalyst e 140 0.7 to 1.0 0.060 0.35
Activity
3
Catalyst m 67.6 61.0 to 75.0 0.036 0.21
Volume
Operating atm 190 170 to 210 0.102 0.60
Pressure

¥  Absolute Sensitivity (fractional change in maximum ammonia
production rate at optimal cold shot
distribution)/(change in éﬁrameter as

a fraction of €xpected range of

variation)

i

Relative Sensitivity (Absolute sensitivity of parameter)/

(Maximum of absolute sensitivities)
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It may be observed from the relative sensitivity values
given in the last column of the Table 7.4.7 +that the maximum
ammonia production rate at optimal cold shot distribution ig
highly sensitive to flow rate and operating pressure with
relative sensitivity values as 1.00 and 0.60, regspectively.
Whereas ammohia production rate isg moderately sensitive +to
catalyst activity factor, inerts concentration and catalyst
volume with relative sensitivity values as 0.35, .28 and 0.21,
respectively. However, ammonia production rate 1is almost
insensitive to H /N ratio in the feed and shoﬁs a relative
sensitivity value gf 5.04 only.

7.4.8; General Considerations.

it was observed from the computation results of optimization
investigations +that the value of individual cold shot fractions
was very sensitive +to the variations in operating parameters
value and there existed, for each bed, an absolute maximum value
beyond which the reactor quenched irrespective of the decrease in
the cold shot to other beds. This limit for the first bed cold
shot fraction is‘found to vary between 0.03 to 0.16 depending on
the parameter vafied and its value.  For the second and the third
bed cold shot fractions this l1imit was in the range from 0.19 to
0.35.

It was further observed that in general it is best to
operate ammonia synthesis reactor near its blowout point to
maximize conversion to ammoniaso as to obtian low bed
temperatures and reduced pressure drop. However, +this means

sacrificing in terms of reactor stability. Some compromise,
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therefore, may be desirable to operate the reactor at cold shot
fraction values sgomewhat lower than the optimal in order +to

achieve good stability for small unintended rerturbations in

-

‘parameter values. It must be mnoted here that this compromise is
at the cost of reduced rate of ammonia production. Therefore, the
cold shot values can not be set mach below the optimal to take
care of even higher magnitude of disturbances in the parameters
taking place in the plant. Rather, it will be more desirable to
find the new set of optimal cold shot values for the new
parameter wvalues which may now exist as a consequence of higher
disturbances, and operate the plant gt some what lower cold shot
values than the new set éf optimal values. As discussed earlier,
the region near ~optimal values of the cold shot fraction |is
rather flat, +therefore =a slight lowering of the values of the
cold shot fraction from optimal, in order to achieve Dbetter
reactor stability will result in only a slighf decrease in the

rate of the ammonia production.

7T.5. Conditions for Optimal Design and Operation.

Based on the results of optimization and the discussions
presented 1in the foregolng sections it is observed that the
operation of reactor should be maintained at near optimal cold
shot distributiop corresponding to a given set of values of +the
parameters. The concentration of inerts should be maintained as
low as possible for high ammonia production rate. HZ/N2 ratio

should be kept at 3.0 as reduction to 2.8 gives only a marginal

advantage in production rate compared to inconvenience in



operation. The feed gas pressure (operating pressure) should be
kept as high as permissible by reactor design (mechanicgi
strength) considerations. The catalyst should be discarded after
a period of time (about a few years depending upon the catalyst
used and its condition) when the activity factor declines by
about 20 +to 30 percent. The reactor operation at the above
/conditions will certainly result in significant improvements in

ammonia productivity.

133
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CHAPTER-VIII

8. _CONCLUSIQNS AND RECOMMENDATIONS

8.1. Conclusions.

8.1.1. A realistic, accurate and stable simulation model for a
modern multibed aquench reactor for ammonia synthesis was
developed. The simulation model was tested over a wide range of
variations 1in the design and the operating variables and the
model seems to give reliable information on reactor rerformance.
The model is capable of simulating the external and internal heat
exchange as - well as the addition of cold shot at the 1inlet of

each bed.

8.1.2. A reliable and efficient optimization algorithm was
developed for the maximization of ammonia production rate using

cold shot distribution as an optimization variable.

8.1.3. The simulation model was validated using plant data of =a
large " capacity three-bed quench reactor. The kinetic and heat
exchange rate_parameters of the reactor were " established. These
are:
(ij Frequency factér for the reverse reaction rate constant

- 4.11482 % 1016 mol NH /s/m3 catalyst
(11) Activation energy for the3reverse reaction rate constant

= 97622.4 kJ/kmol

(1ii) Correction for fugacity coefficient term in the rate

equation

= 1.379
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(iv) External heat exchange capacity, (UA) , at feed gas flow
b 3 H
rate of 0.74 *x 10 Nm /h

= 316000!W/K
8.1.4. The cold shot distribution as practiced at the +time of
plant data collection was found to be nonoptimal resulting in an
‘ammonia production rate of 1286.9 t/d. Merely by using an optimal
cold shot distribution without any other change gave an ammonia
production rate of 1419.2 t/d - an increase of 10.28 percent over

the prevalent ammonia production rate of the plant.

8.1.5. For an existing ammonia rlant, the adjustmenx of cold shot
distribution to an optimal value appears to be the most practical
and = powerful choice for the maximization of ammonisa production
rate. The simulation model developed in the course of this
investigation can play .a vital role for achieving the above

objective.

8.1.6. The effect of variation of six design or operating

parameters, namely, feed gas pressure, feed gas flow rate, H /N
2 2

ratio 1in feed gas, inerts concentration in feed gas, catalyst

activity factor and catalyst volume, was studied. The simulated

results showing the effect of these parameters on optimal cold

shot distribution and ammonia produbtion rate are summarized in

Table 7.3.1.1. Variations in H /N ratio appears +to have
' 2 2

insignificant effect on reactor performance and, therefore, use

of H /N ratio of 3 is recommended.
2 2
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8.1.7. The simu%ated results in Table 7.3.1.1. clearly indicate
that tho undeu.ll rublo offoct ol wdvorso variation in  paramotor
values can be greatly minimized by the adjustment of bold shot
distribution +to a new optimal value for any change in parameter
values. It is significant to note that loss in ammonia production
rate 1is restricted to about 7.52, 1.56 and 4.78 percent for a
decrease in catalyst activity, catalyst volume and operating
pressure by 30, 9.76 and 10.52 percent of the Dbase value;,

respectively.

8.1.8. Conditions of steady-state stability were established for
the first time for a three-bed quench-type ammonia synthesis
reactor at optimal. cold shot distribution corresponding +to
~maximum ammonia production rate for wide variation in parameter
values. 1In all the cases, 1t was found that the highest ammonia
production rate could be achieved at conditions close to blowout

roint.

8.1.9. For optimal operation close to blowout point even pressure
drop and catalyst bed temperatures were found to be lower with
consequent decrease in energy requirement for gas booster/

recirculation system and increase in catalyst life.

8.1.10. Stability consideration dictate that +the reactor be
operated slightly away from the blowout point in order to ensure
good -stability even when some unintended small perturbations in
parameter values occur. Reduction in ammonia production rate for

such an operation is likely to be insignificant (probably less
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than 0.5 percent) because the optimal conditions are not very

sharp and region around them appears to be flat in nature.

8.2. Recommendations.

|
8.2.1. It i3 re¢commended that the results of this study must be
implemented on the plant for which the simulation model was

developed.

8.2.2. Similar studies must be carried out for other _.industrial
reactors including radlal flow reactors for ammonisz synthesis.

8.2.3. All ammonia synthesis reactors should have facilities for
preclse measurement and control of cold shot fraction &t the
inlet  of each bed in addition to the facilities for the precise
temperature and possibly ammonia concentration measurements at

the inlet and the outlet of each bed.
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Set 16.3(C),H2/N2 ratio=3.2
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PEPCENT AND TEMPERATURE

FOR DIFFERENT CATALY:T ACTIVITIES
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TARLE NO, A6

AIMONIA MOLE PERCENT

AND TEMPERATURE IN THE BED

FOR DIFFERENT CATALYST VOLUMES

conpaTED PROFILES OF

Set No, 6(A),Catalyst volume = 61,0

Set No, 6(B), Catalyst volume=75.0
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TABLE NO,A.7

PERCENT AND TEMPERATURE IN THE BED

FOR DIFFERENT OPERATING PRESSURES

onpyTED PROFILES OF AMMONIA MOLK

C

170.0 set no, 7 (B),Pressure = 210.0

e =

Set 1o, 7(A),Operating press

U
r
10

Max .
Rate

Bed
Temo, Actual At.
(K)

Faquil=-
Ibrium
6

%
nE

Mole

i

Mayx .
Rate

NH3

Actual At

(K)

Bed
Temp.

0f

Total

Cata-

lust

Voluyme
2

L)
>
£l

—{

Red
Pt.
NOo .

IO~ ON NN L O m N
e & &6 0 & 8 6 0 ¢ s Ot G 8B &0 @
MMt N1 CO~INIMONNONN

NN SN N MO O
MO —ONA N OO ONOODD —0
O CIT~-MNUNNOSNO N
e« &% ¢ & & @& & & &« & 5§ & &6 & u 3
COOVT =T ~-NIMmN—~COoNnC
MONONIONON i vl vt v vd v i

MOCOMCTDODE IO NI~
X OONC DN~ ~FC.C
O NO I~ ONINNINOM T O
® & & s 5 @ ®» © & » » & & & & ¢ @
~ONONMFNO DT RO it
D e b b L]

C O A~ Tt TN SN MMF
® & &8 ¢ & ¢ & @ & o 7 & 5 & & o
COMNLONT TN OCIN—UN &
N DO~ DO AN L UNS T~
(CRVIVs VeIV iVal o Sl ol ol o e N o e

el s ekl isilaliplfalrale SNatmilelento i oN
SO MON SO0 OO
NHONT T Mt TS C T UL
T & B _ & ® & & & 8 5 & » & ¢ & & O

S = TN DNMCNO~ e
—~nocaoNoToTmMmor~Ca
OO MM NN <t M
8 & ® ¢ & & ¢ & » ¢ & & & 8§ & & B
MO~ mMmMN—=0o oo aox o
NN A v e

MO COATS MO -ONOUVHO DWW
~'OON-MNOoODO0? -~ ION~OY
QN NN OO A~ M O 0N
® 8 2 2 3 &8 2 8 e s 2 s e s

— i

NN O I C N~ O N TNC M
» & ® & & ¢ & 5 & » = & & » ¥ 5
O O—MOOC@ UM ONO O
ONC R COANMS UL C L0
Ne¥aleVolNol ol o o ol e L It o it o

OMUI L=V O T NI O~
. L] L] » e 9 9 ¢ 8 o [ ] . L LI ) s &
CNIFLECT —~ NN 00O —H NN

et vt At D Ot D Sl D
Ll S ot AR R TaktoRt ol ol eude gl e Rooke slaniion
—

CCOMOMOONN~-ONTO—OWD
CHUOIFE@—NNMCT N OMm
.\l..."'....'.....
WD ONACO AT~ ~ O\CUNNWD

NN —MUNNOONO OME TN~
N~~~ OPNIC~O T D ND
AN~ ML AL ONT A~ T O
a5 8 0 6 6 @ 8 60 0 0 s 0000
NG OGN TM MO OS— —

OV OO =N O NOD T MO N
COMMMMONCNIOTOHOoO~Ce
O M OIS SN = O OO
s & & & 5 & & & & & 5 & & &R &=
O ORI = NN MMM M <P
e = v v o o v e e

O M~ MO O N NE I i C OO
& ¢ @ & & ¢ & & & & & @& o & & » B
NG OO N NE O MO~
CI~ 0 VO A N N T ¥ o
VeV alVeTVoTV1 S ol o o o e O L o e

CONOEC MRS OC T N
CHCMENNOM NN NI~ MO
At ONOSLE N QNS C o N
® & ¥ & ®» & 9 B8 F ® E ®» = P €& ¥ 8
TN CT OO O NNt
ONONON N et ed v =t vt e v v vt i

MGNSNHNONOLCME T TN
—HCODMOC OGO TMEIE N M—
COoO-CUIITOMOITOUMO0~O
2 & & & & & B & & & o 2 3 & & &
CLH-UUNSTMNMONNNN—— AT OO

TOTTLC NN OO~ DOND
SN~ M O S-MOC T O TN
UDONOLCNNTOMT M inD
# 8 8 & 3 0 8 6 8 & 2 2t s oo e
VAT COO i~ NN NN

A YMNC O HOM S
¢ & & 5 &8 & ¥ B % A& 5 ) CT > "
SN ONDVOTE — P T O
OO Ot NN MMM N
el RN ] o N o e A Sl o o o o

O MG CONOF OO N OO
s 5 & 2 6 5 8 8 0 e P B EFE S B X
NN N O =M N0 Th et NM <P
NN MG < S F NN

R b T T R e el Vo R N I e R o iToTe &2 20 1
—omMmIInne oo e o
—

SOOI CTNNPOCMIT N
WA TN S-ON N NNV GO
% ® & 58 & & & & © & 5 2 & & 8 & o
WO = C O ND OO0 0O

<NV TN~ - CO VI MCe
ST MODNINMODM—ANMOTO
OO Me= S C WA NINO K~
e & & & ¢ 5 » @ & & & & B 5 5 & &
RO I-LCNUNTHMMMMONONN
NN et il v v e v w{ v

TN NS OOMSSMOS
e 5 6 5 8 5 8 60 0 8 060 8" e
Ot ONMMM Y P < PN TN
rdrdivrir{ririvri et rivt vt et et vV e i

Mt T C O N NGO~ N MO
e ® 4 & ¢ & & & & 5 = o 0 & ¢ o 5
CMNOENMM O MmN~ X OO
OO —=ANNNMN MMM N
N e o O e e a o S S e N

T TR — D C et = N L

ANTMNON N O~ ACIS N0

cCX~-MmO IO MO
® & ®» & & ® & & 8 & » & o s ¢ »
N—=OOCO~~O G OWUmIinIowmnumun

N AM DO NS M= 0 WO
CT—NUO—~MM XD~ NC <ML
TIININLCTITO-FNODON ST
2 8 8 ¢ & o L s 8 " 8 & & 5> & 8
T OUTT NN OIIN ON vt vd o v et
D b b b Do b L R B P R e e B T

ODLCIT N ITUO O M v it~
I LCODAITNNMONIRCIS NG
NECADIC X TONTE-LENC
@ e o 8 6 8 o s 5 0 8 v e o 9
C T et NN ON MM M N o N M e

MNMEATOXT LMWV OV D etmil~m
® & & & & & 5 & % O & = @0 & &
COLMOOND DA MO~ OV~ (NN ™M
XXCTT NN M
(LoR¥oiNo iNof ot ot ol ool ol B 2l St 2t an il et ol

W SONSMNS =< OO NOMOS
L] . & s & 8 [ ] *» @ L s & & L] 1 L 3
TOMCN-C T O M~ o
RatielNeitel ol ol sl g A Loal aNG FReATha oo

——
iabatalal ol s NeR Nel ool LiNeE S iieleeR ]

LS NAR RS EOTtONeRIos ool el aal 4 fubk bt oatan
—i

O
— <LUnNMmm
N NN
L e & s &
2

lelelele

foxiTe Jostag]

< IO
™M ONe
3 *» ¢ s
N SODO
=3
t..
T C
o]
aed
jo
Cz
jeyal
e
M
Q&
b~ D
Theed
wue
v °
GJIT QT
[ SRS SJouy Sl
Soof o
v T
~ 2T
TUWC T
e D
SO—-HUL O
ol v e



00100
00200
00300
n04Qn
00500
N0600
n0700
00800
00900
01000
01100
01200
01300
01400
01500
01600
01700
01800
N1900
n2000
02100
02200
n2300
02400
02500
02600
02700
N2R800
N2900
063000
03100
03200
03300
03400
03500
03600
n3700

C

E
E

(e}

RS

PAGE : 1 =
APPENDIX=B 15

OM START PART 1 CfF TEE MAIN PROGRAM FOR SUMULATION OF AMMONIA SYNT

MULTIBED QUENCH TYPE HIGH CAPACITY REACTOR
INPUT STATEMENT PROGRAM
DIMENSION PF(50),TF(50),F11(50),F22(50),F33(50),F44(50),
1F55(50),FD22(50),Fn33(50),FD44(50),211(50),222(50),%33(50),
2R%2€210,4),AP(210,4),AX(21G,4),AT(210,4),AXRMNL(210,4) ,APATDL(100),
2AZPL(210,4) ,APL(210,4),ATL(210,4) ,ANXL(210,4),ATHL(210,4),
2AXENY, (210,4) ,AXEL(210,4),ACXL(210,4) ,ACTL(210,4) ,ACTHL(210,4),
3ATH(210,4),ACX(210,4),ACT(210,4) ,ACTH(210,4) ,ATH12(800)
4,ATEM(100),APEL(100),ATEP(100),ATEMP(100) ,ADET(100),FATPL(17,20)
5,ANX(210,4) ,AZP(210,4),M12(20),XLH(8),YLH(8) ,ADELT(800) ,APATD(100)
6, VFT(50),FC1(50) ,FC2(50),FC3(50),FC4(50),FC5(50),FC5N(50),
7VCAT(50),DBREDP2(50),nBED3(50) ,HLL(50) ,UAR(50) ,UAH(S50) ,FF1450],
gPFN(20) ,TEN(20Y,VFTN(20) ,FCIN(20) ,FC20(20) ,FC3N(20),FC4NC20),
BAXMAX(8),ATMAX(8) ,ATHMAX(B) ,ALPS8(8) SINTL(210,4),XLPX(20,20),
8QR1AV(210,4) ,WRXNC210,4),WRXNS(210,4) ,RINTL(210,4) ,0BLPF{20),
9FD22%(20) ,DBED3N(20) ,HLLN(20),UARNC20) ,UAHN (209 ,RATIONL50),
AFFi1N(20) ,RATTO(50),ACXLP(2,50),LPAGX(50),
CFD33N(20),FD44N(20),VCATN(20) ,DBED2N(20) ,EFZI8(210,4)
1,0R1B(230,4) ,EF2IA(8),ALZP(210,4),
DAXEN(C210,4) ,AXRMN(210,4),XENC80,20),XRMN(80,20) ,AXE(210,4),
EAXRM(210,4),PDROUP(8),
FOBJLPN(50),0BJF(50),AQX(50,20),A0X1(20,20),NLEV(20)
1,TAC15,4,5) ,AMuD(12) ,0BLPN(12) ,NBPTS(4,5),NLPD(15,4,5),
fATPL2€20,50),0BJF2(50),ANH3L(50) ,NOBJLP(20),
10BJFB2(50) ,0BJF8(50),0BJIF92(50) ,0BJFI(50),
1AQ0X8(50,20),A06%x9(50,20),
1AZ7PLLE,50),A78P,(3,50),AZ9PL(7,50)
1,8TLpPC14,50),SALP€11,50),STLP2(3,50) /SALP2¢3,50),
1AZ11PL(30,50),AZ12PL(30,50) ,AZ14P1.(17,50% ,A215PL(7,50),
1AZ2PLC11,50) ,Az3PL(11,50),AZ4PL(8,50),AZ5PL(8,50),
1AZ6PL(B,50),FDESN(20)4FD55(50),
10RJF3(50),0BJF4(50),0BJE5£50),
1XLPX1€20,20) ,XL,PX2(20,20),0BLPF1(20),0BLPF2(20),
IN1DLPT(12),LPCRJIN(12) ,APDRPL(12) ,APDRLE(50)
8AXE2(4,310,4),AXRM2(4,310,4),
COMMNN/CBL/F1,F2,¢3,F4,F5,LQ0,ITYPE,PARAL,PARA2,PARA3
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n4000
n4100
04200
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07300
n7400
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1,PARA4,I0P26,T0P29,FF

1/CB2/AZ,AF ,AX,AT,ATH,AXMAX

1,ATMAX ,ATHMAX,ALPE8,W11L2,QR1AV,AXE2,AXRN2

1,WRXN,WRXNS,RINTL,SINTL,EFZ18,Q0R1R,EF2IA,PDRUP,I0OL1/CB3/
1AFD1,AFD2,AFD3,AFD4,21,22,23 ,HL,XW,UV,C4,RUA,HUA,C5,C61,C62,M15,K7
2,F111,F112,F113,F121,F122,F123,F131,F132,F133,F141,F142,F143,H01,
3FIS51,F152,F153,PH1,PH2,PB11,52,511,5812,FTF1,5112,5122,AR1,AR2,
4AR3,AR4,AR5,011,621,631,041,051,012,022,032,042,052,

4IEL2P,UARLP,K5,KLS81,INPT3,AFDO;
5013,023,033,043,053,HA11,HA21 ,4A31,HA41,HAS1,HA61 ,HATL,HAL2,M16,
AHA22,HA32,HA42,HA52 ,HA62 ,HAT2 ,HAL3 ,HA23 ,HA33,HA43 ,HAS3,HAK3,KE,
THA73,HAY4 ,HA24 ,HA34 ,HA44,HAS4 ,HAG4 ,HAT4 ,N2L N22,N23 ,NE4 ,MZ1,M2Z2,
8MZ3,MZ24 ,HAA21,HAA22 ,HAA23 ,HAA24 ,AHAR1 jAHAR2 ,AHA23,AHA24 ,RHA21,
9BHA22 ,BHA23,BHA24 ,HAP21,HAB22 ,HAB23 ,HAB24 ,AHA31,AHA32, AHA33,AHA34
A/CB4/ANX ,72T1,PAM,pZP/CB20/ACX,ACT,ACTH
B/CB7/1CSIZE,10PT1,EFFAH ,EFFAL

1/689/FFL,RHNL,XTNCL ,XINCL2,TOLS1 ,PHYL,PNIL ,PAML,DELE,DELM

1,I0L8,188,10P11,IC0LBY

1/0B6/BXE , AXRM,AXEN ,AXRMN ,M12/CB71/NVARI,FALPL ,ND7BL ;IOLBP

1/CB74/A3XLP,G1,62,63,64,65,G6,G7,6G8,69,G610,G11,612,613,G14,

1G15,G16,G17,618,G19,G20,621,6G22,G23,624,G25,G26,627,

1G28,629,630,G631,G32,633,634,635,G36,G37,FDLIM

OPENfUNIT=3,DEVICE='DSK!' ,FILE='DAAS,NUTY)

NPEN(UNIT=1,DEVICE='CSK' ,FILE='DAA2,DAT")

OPENCUNIT=2,DEVICE=2LSK' ,FILE=!'DA17,DAT")

OPENCUNIT=4 ,DEVICE='DSK' ,FILE='ADAAS,OUT")

OPEN(UNIT=8,DEVICE='CSK! ,FILE="D17,DAT}!)
OBENCUNIT=11,DFVICE="DSK',FILE="'LP3,DAT")
OPENC(UNIT=12,DEyICE="DSK.! ,FILE="LPMANS,0UT™)

READ (1 ,%)UARLP,TEL2F,10L8P, TI¥PLL,NOBLPY, ITTYPE, ITYPES ,WTFN,
1W11,wiiLIFwWiilp,wl11HL,PARAL,PARAZ
1,PARA3,PARA4,IQP26,10P29,T0P201,
1C¢8p11,C8P12,CSp1F,C8P22,10PLS,
1XINCL,XINCL2,ToL81,1I0L8,10L81,I0LPE,1M88,
110L1,10L2,C8P33,C03,C2,C4,C51,C611,Ch21 ,EFFAH ,EFFAL,
AVW,IHH1,IHH2,YuH3,1HH4,C71,C72,C73,C74,KJ81,

2M5,HM81,M82,1J1,1J2,1J3,1J4,J5,



n7500
07600
07700
07800
n7900
08000
08100
08200
08300
08400
08500
n8AO0
ng700
NBROO
08900
09000
09100
n9200
09300
09400
n9500
09600
09700
09800
09900
10000
10100
10200
10300
10400
10500
10600
10700
10800
10900
11000
11100
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2K5L,M15,M16,4161,M162,K7 ,K8,FLPF,TIUPL1,
310P12,ICSIZE,I0PTY,I0PT2,NDPTS,ND2PL, ND3PL,ND4PL, NDLPS,

INLPCSD,FACT,I0PT3,NVARI

32,AC2,AIP5,TOLS ,TOFT4,FDLINM,

4I0pPT5,I0PTH,XV,TV,THV,NXAXIS,NYAXTIS,SPY1,SPX1,5PX2,HGT ,ANGL , NUM|
5,C(PFN(T), TFNCI),VFTNCI) ,RATIONCI) ,FC3NCI) ,FC4NCI) ,FCSNCTI),FD22N(T)
6,FN33NCI),FD44N(T),FD55NCI), VCATNCI) ,DBED2NCI),DBED3N(I) ,HLLN(I)

7,UARNCI),UAHNCT) ,FFINCI),OBJLPNCI) ,NOBJLP (L)

7,NM1DLPT(I) ,LEORJINCI) ,NBLPN(T) ,I=1,45),

BCXLHCT),,I=1,NXAXTS), (YLH(TI),I=1,NYAXIS), (NLEV(J),Jd=1,17)

B, ((FATPL(T,J),y=1,NVARI),I=1,12), CCAGXLP(I,J),1I=1,2),J=1,NVARI)
READC2,%)((AQX1(T,3),I=1,NLEV(J)),d=1,17)

KL511=K5L=15KL51=KL 511 K5=K5%

READCL1,*) ((NBPTS(K1,J),(TA(CI,K1,J),NLPD(I,K1,d),1=1,NBPTS(K1,J)

1,K1=51,K5) , AMND (J) ,APDRPL(J) ,J=1,H15)

PRINT 8902

IFTITYPE,NE,2)GQ TC 8903

TYPE 8902

8902 F‘URﬂAT(Ex, ” ((”FPTS(K’-’\]) ’ (TA(IrKj.;\]J'NLPD(I,Kll‘J) ,I=1 pNBpTSC.K‘l'IJ

1,K1=1,K5) ,AMMD (J) ,APDRRL(J) ,J=1,M5)")

8903 PRINT *,((NBPTS(K1,d),(TACI,K1,J),NLPD(I,K1,d),1=1,NBPTSLKL,d))

1,K1=1,K5) JAMMD (J) ,APDRPL (1) ,J=1,M5)

"IF(ITYPE.NE,2)Gg TC 8900

TYPE *, ((NBPTS(K1,J),(TACI,K1,J),NLPDCT,K1,J),I=1 ,NBPTS(K1,J))
1,K1=1,K5),AMND (J) ,APDRPL(J) ,J=1,45)

2900 CONTINDE

PRINT 791
IF(ITYPELNE,2)C0o TC 650
TYPE 791

791 FORMAT(2X, 'DATA REQUIRED:'//2X,'UARLP,IEL2P,10L8P,ITYPLL,

1NOBLPY, ITYRE, ITYPFB,

LWTEN, W11, WIALT  WI4LP , Wil HL
1,PARAL1,PARA2,PARA3,PARA4,I0P26,10P29,10P201,
1CSp11,CSP12,CSpiF,CSP22, 10PLS,
1XINCL,XINCL2,ToL81,I0LE,I0L81, IOLPS, 88,
110L1,T0L2,CSP33,C3,02,C4,C51,0611,C621 ,EFFAH, EFFAL,
1VW,THH1, IHH2,THH3, IHH4,C71,C72,C73,C74,KJ81,



11200
11300
11400
11500
11600
11700
11800
11900
12000
12100
12200
12300
12400
12500
12600
12700
12800
12900
13000
13100
13200
13300
13400
13500
13600
13700
13800
13900
14000
14100
14200
14300
14400
14500
14600
14700
14800

RS
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2M5,M81,M82,1IJ1,1J2,1J3,1J4,J5,
2KSL,M15,M16,M161,M162,K7,K8,FLPF,I0P11,
310P12,ICSIZE,I0PTYy,ICPT2,NDPTS,ND2PL,ND3PL,ND4PL,NDLPS,
3NLPCSD,FACT,I0PT3,NVARI
3,AC2,AIP5,T0L8,I0FT4,FDLIN,
AI0PT5,10PT8,XV,TV,THV,NXAXIS,NYAXIS,SPY1,
15PX1,5PX2,HGT,ANGL ,NUMBP
5,(PFN(T),TFNCI),VFTNCI) ,RATIONCI),FC3NCI),FCANCL) ,FC51(1),FD22N(T)
6,FD33NCI),FD44N(T) ,FD55NCL), VCATNCL) ,DBER2N(CI) ,DBED3N(T) (HLLNCI)
7,UARNCI),UAHNCT) ,FFINCI),0BJLPN(T) ,NORBJLPC(I)
1,N{PLPTCI),LPORBINCI),0BLPN(T),I=1,M5),
BCXLHET),I=1,0XaX1I8), (YLH(I),I=1,NYAXIS)#(NLEV(J),J=1,17)
8, C(FAIPL(T,J),d=1,NVARI),T=1,12), (CRQXLP(I,J),1=1,2),J=1,NVARI)
8, (CAQXA(I,;J),8=1,NLEV(J)) ,J=1,17)
8,PARA1,PARA2,FARA3,PARA4,T0P26, TOP29,:10P201
8,IHHL, THH2,IHH3 , THH4, W11, W11l ,W11H,J5,M81 ,M15,M16,M161,
8K7,K8,C71,C72,¢73,C74,FF,
20V,C2,10PT2,1ICSIZE, I0PT3,10PT8,I0PTL, IOPT4, NUMBP 2/
22X, 'DATA SUPPLIED:'/)
PRINT *,UARLP,IEL2P,IOL8P,ITYP11,NUBLFL,ITYPE,ITYPES,
AWTFN,W1L ,WILLT,
1W11LpP,W11HL,PARAL,PARA2,PARA3,PARA4,1CP26,10P29,10P201
1,CsP11,C5P12,CsP1F,C8P22,10PLS,
1XTNCL,XINCL2,ToN81,10L8,I0L81,IN0LP8, 88,
1InL1,10L2,C8pP33,03,C2,C4,C51,Ch11,Ch21,EFFAH,EFFAL,
A VW, THAL , THH2, THH3,INH4,C74,C72,C73,C74,KJ81,
2M5,M81,M82,1J1,1J2,1IJ3,1J4,05,
. 2K5L,M15,M16,M161,Y162,K7,K8,FLEF,TOP11,
310P12,ICSIZE,I0PT1, ICPT2,NDPTS,ND2PL ,ND3FL,ND4FPL, NDLPS,
3NLPCSD,FACT,ICPT3,NVARI
3,AC2,AIPS,TALE, TOFT4,FDLIN,
4I0PTS5,I0PTA, XV, TV, THV, NXAXIS,NYAXTIS,SFY1,SPX1,5PX2,HGT, ANGL ,NUM
5,(PFN(I),TFNCI),VFTNCI),RATIONCI),FC3NCI),FCANCI) ,FC5NCI),FD22N (1)
6,FD33NCI),FD44N(T),FD55NCI),VCATN(Y) ,DBED2N(T) ,DBED3N(I) ,HLLN(T)
7,UARNCI),UAHNCT),FFINCI),0BJLPNC(I),NOBJLP(I)
7,N1DLPTCY),LPOBJINCI),0BLPN(T),1=51,H5),
B(XLH(I),I=1,NXAXISE),(YLH(I),I=1,NYAXIS),(NLEV(J),J=1,17)



14900
15000
15100
15200
15300
15400
15500
15600
15700
15800
15900
16000
16100
16200
16300
16400
16500
16600
16700
16800
16900
17000
17100
17200
17300
17400
17500
17600
17700
17800
17900
18000
18100
16200
18300
18400
18500
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8, ((FAIPL(I,J),J=1,NVARI),I=1,12),C(RQXLP(I,d),I=1,2),J=1,NVARI)
8, (CAQX1(T,d),I=1,NLEV(J)),J=1,17)
IFCITYPE.NE.2)GOo TC 656
TYPE *,UARLP,IFL2p,ICL8P,ITYP11,NOBLPL,ITYPE,ITYPER,WIFN,Wl1,
1Wi1LI,W11LP,W11HL,PARAL ,PARA2 ,PARA3,PARA4,10P26,1I0P29,10P201
1,C5P11,C8P12,CsP1F,CS5P22,10PLS,
1XINCL,XINCL2,TaLB1,I0LE,I0L81, I0LPE, MRS,
110L1,10L2,CSP33,C3,C2,C4,C51,C611,C621 ,EFFAH,EFFAL,
1Vw,IHH1,IHH2,I¥H3,IHH4,C71,0725C73,C74,KJ0L,
2M5,M81,M8243J1 ,1J02,103,1J4,J5,
2K5L,M15,M16,M161,M162,K7,K8,FLFF,T0P11,
310P42,TICSIZE,INPTY,ICPT2,NDPTS,ND2PL, ND3PL sND4RL, NDLPS,
3NLPCSD,FACT, I0RT3, NVARL
3,AC2,AIP5,P0L8,I0UFT4,FDLIM,
410PTS, 10PT8, XV, TV, THV,NXAXIS, NYAXTS,S5PY1,SPX1,8PX2,HGT, ANGL , NUMI
5,(PFN(I),TFN(I),VETNCI) ,RATINDNCI),FC3NC1),FC4AN(CL) , FC5MCI),FD22N(I)
6,FN33NC(I),FDA4N(T),FD55NCI) ,VCATN(I),DBER2N(I) ,DBED3N(T) ,HLLNLT)
7,UARNCI) , UAHNCI) ,FFINCI),OBJLPNCI) ,NOBJLP (L)
7,MADLPTCI),LPOBJINCI) ,NBLPN(I),I=1,M5),
B(XLH(T) ,I=1,MXAXIS), (YLH(I),I=1,NYAXIS),(NLEV(J),J=1,17)
8,((FAIPL(Y,J),J=1,NVARI),I=1,12), ((AQXLP(I,J),I=1,2),J=1,NVARI)
8, (CAQX1(T,d),I=1,NLEV(J)),J=1,17)
CONTINUE
SEE READ STATEMENT FCR DATA BEFQORE QUTPUT STATEMENTS PROGRAM AFTER
STATEMENT NO.701 TN THE MAIN PROGRAM
PART 2 0OF.THE MAIN PROGRAM FOR SIMULATION OF. AMMONIA SYNTHESIS REAC
t TNTERNAL BREHEATER OUTLET STREAM TEMPERATURES PREDICTION USING T
AND-ERROR TECHNIGUE RY MATCHING CALCULALED FEED. TEMPERATURES WITH |
FEED TEMPERATURE
GO TN _404
MUK1=1sLPS=1XVI=1,0/XV;TVI=1,0/TVsTHVI=1,0/THV
ISIGPL=17ISIPL151;15IPL2=1NDTPL=1
TLPS52=1;MLPK1=0;M1LP=4 ; MBLP=1;NOBLP=0;NVI1LP=0;NV2LP=0
ISM=1 3 MM1=1 ; IM=1 7 IOPTS5=1;M=1;L00=17NVLPI=0;KL51=K5=1
G2=yFTN(1)7GA=RATICN(1);G6=FC3N(1);GB=FCANC1);G10=FC5N (1)
G12=FD22N(1)7G14=FC33NC(1);G16=FD44N(1)3G18=PFN(1);G20=TFN{1)
G22=VCATN(1);G24=pREP2N (1) ;G26=DBEN3N(1)2G28=HLLN(1)§G30=UARN(1)
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18600 G32=UAHNC1);G34=FD55N(1):G35=PARAL1:G36=PARA27G37=PARA3
18700 SSE=0,0;88E1=0,0:58E2=0,0;53F3=0,03:55E4=0,07858E5=0,0
18800 SSE6=0,0358E7=0,0;8SEB=0,0sNDPTS=NLPCSD;ABCD2==100,0
18900 IFC(IOL2.EQ.1)NDpTS=NIDLET(MJKL)
19000 no 872 J=1,4
19100 DO 872 1I=1,310
19200 AZCI, )=0,0;AP(1,J)=0.0;AX(I,J)=0.07ANXCI,J)=0.0
19300 ATCI,J)=0.0;ATH(T,J)=0,07AZP(I,J)=0,0
19400 872 CONTINUE
19500 IF(INL2,NE.1)GO 'T0 205
19600 10PT2=1;ITYP11=}
19700 GO TN-7224
19800 205 CONTINUE
19900 TF(INL2.EQ.4)G0 TO 7224
20000 IF(NOBJLP(MJK1)=1)7210,7224,7227
20100 7227 ITYPES=2;10PT2=2
20200 : IE(MILP,.EQ,1)GO TQ 7224
20300 IF(NOBJLP(MJKL) EQ.11)G0 TO 7212
20400 MILP=M1LEP=1
20500 GO TO 728
20600 7210 CONTINUE
20700 GO TO 7224
20800 17211 NMDPT1S=NIDLPT (MgKi)
20900 IF(MILP,.GE.ND3PLIGC TO 8712
21000 CALL PNEXTC(NViLp,NCBJLP(MJIKL) ,MiLP,AQXS8,ISIPLL)
21100 IFCNV1ITP . GT .NVARTI)GO TO, B755
21200 M3LP=2
21300 CALL PCONV(MILP,M3LP,AQXR)
21400 ITF(MILP ,LE.NDPT15)€C0 T0.147
21500 CALL ACOMPCLPIK,AQXB,MLLP,NVARI)
21600 IF(LPIK,EQS03GC TO 147
21700 DBJF82(MILP)=0PJF82 (LEPIK) ;OBJFS (MLILP)=C0BJFS(LPIK)
21800 NBJF8(MILP)Y=0B)F8 (LPIK) ;LRIK=0
21960 C CALL FUNOBJ(OBJF8,M1LP,LPORJN(MJK1),PATD,S8E,58E1,55E2,88E3,
22000 ¢ 155E4,55E5,55E6,85E7,58E8)

22100 8755 CALL OPTIMA(URJF8,M1LP,AGX8,AQX1,TI0PT8,NVARI,AC2,NLEV,
22200 ANOPTM1,TOLS,NMpAX11,NDPT15,XLPX1,



22300
22400
22500
22600
22700
22800
22900
23000
23100
23200
23300
23400
23500
23600
23700
23800
23900
24000
24100
24200
24300
24400
24500
24600
24700
24800
24900
25000
25100
25200
25300
25400
25500
25600
25700
25800
25906

RS

8712
8711

8714

c8712

694

8621

7212

7226

8422

APPENDIX=B L

1OBLPF1,NLNBY ,ALPCL1,YLEN], IOLSP)
IF(NOPTHML EQ,0)G0 TO 8621

GO TO 8714

NMAX11=H

CONTINVUE
NOPTM1=NMAX11;M{LP=171ISIPL1=1;ND7PL=1
CONTINNE

IF(NOBLP.NE,11)Gg0 TO 701

DO 8712 L=1,NVARI
AQX9(MBLR,L)SAQX8(NOPTML, L)
CONTINDE
NBJFI(MBLEISOBJFS (NOPTML) ;NVILP=0Q
IFCOBJF33.EQ.0,03GC TO 694
OBJE92(MBLP)=0DEJFS5(NOPTM1)*OBJF33
GO TO 7226
OBJF92CM8LP)=0BRgF5(NOPTHL)

GO TO 7226

NPT1S2=NDPTL1S*¥NpLPS
IFC(MILP.GE.ND3P)GE TO 8711
M3LP=2

CALL PCONV(MILF, M3LP,AQGX8)

CALL ACUMP(LPIK,AQX8,MILP,NVART)
IF(LPIKJEQ.0)GO TO 147

OBJFA2C(MILPI=0RJF82 (LPIK) ;OBJFS (MILPY=CBJIFS(LPIK)

NBJFB(MILP)=0BJF8(LPIK) ;LPIK=0
GO TN 8755
CONTINUE

NOBLP=NOBJLPCHJIKL) sMILP=MILP=1 s NOBJLP(MJK1)=10

GQ.T0 7211

NDP1S=3

IFCINLBP.EQ.L)NDP1S=2
ITF(MBLP,.GE.ND4AFLIGO TO 701

CALL PNEXT(NVZ2Lp,NCBLP,MB8LP,AQX9,1ISIPL2)
DO 8422 L=1,NVART

AQX8(1,L)=AQX9(MBLF,L)

CONTINUE

IFC(NV2LP.GT.NVARTI)CO TO B255

7



26000
26100
26200
26300
26400
26500
26600
26700
26800
26900
27000
27100
27200
27300
27400
27500
27600
27700
27800
27900
28000
28100
28200
28300
28400
28500
28600
28700
28800
28900
29000
29100
29200
29300
29400
29500
29600

C
C
8255

8423

1224

575

PAGE: 8
APPENDIX=H

M3Lp=2

CALL PCONV(MBLE,M3LE,AQX9)

CALL ACOMP(LPIK,AQX9,M8LP,NVARI)

IFCLPIK,EQ.0)GO TO 147

NBJF92(MALP)=0RJF92 (LPIK)
OBJFI(MBLPY=0BJFI(LPIK) ;LPIK=0

CALL FUNOBJ(OBJF¢9,MBLP,LPOBJN(MJKL),PATD,3SE,SSEY1,S5E2,55E3,
15SE4,S55E5,55E6,55E7,55E8)
CALL DPTIMACUBJF9,M8LP,AQX9,A0X1310PT8,NVARI,AC2,NLEV,
tNOPTM2,TOLB , NMAXT?2,NDPLS, XLPX2,

10RLPF2,NLNBZ ,ALPC12,YLFN2, IOL8P)
IFCNORPTH2,NEL0)GO 10 701

NPT1S2=NDPYS*¥NDLPS

TF(MBLP sGELND4PLYGEC TO 70}

DO 8423 L=1,NVARI

AQX8 (1L, LY=RQX9(MBLP, L)

CONTINUE

M3LP=2

CALL PCONV(MBLP,M3LP,AQX9)

CALL ACUMP(LPIXK,AQX9,MSLP,NVARI)

IFC(LPIK.EQ.0)GO TO 147

OBJF92(MBLF)=0URJF92 (LPIK)

NBJIF9 (MBLR)=0BJFI(LPIK) ;LPIK=0

GO PN B25%

CONTINVE

TFCORJRPN (M) ,EQ,0,0)6G0 TN 575

PATD=0BJLEN (M) ; APATD(MJK1)=PATID; PATDLI=PATID;IN8=1
MLPK1=MLPK1+12CBJIF (M)=PATD
FC12=100,0"CFC3N(MIKL)AECANCMIKL ) +FCHI (MJIKLID)
LFCIN=10Q0%FC12%RATTION (MJK1) /(1 +RATTON (MIKL))+0,5
FCINC(MIK1)SLFC1*0,01 ;FC2N(MIKL1)=FCE2=FC1N(MJIK1)
GO 10 719

CONTINVE

IFCITYPES ,NE.1)GD TO 890

IF(ICSIZE,EQ,.2)G0 10 170

PRINT 173

TF(ITYPE.NE.2)GO TO 196



29700
29800
29900
30000
30100
30200
30300
30400
30500
30600
30700
30800
30900
31000
31100
31200
31300
31400
31500
31600
31700
31800
31900
32000
32100
32200
32300
32400
32500
32600
32700
32800
32900
33000
33100
33200
33300

173

170

182

196

80

197

B4

83

93

7168

B94

173

167

AGE:
APPENDTIX=B . ?

TYPE 173

FORMAT(2X,'ACTUAL VALUE OF EFFECTIVENESS FACTOR CALCULATED AND I
1LUDED IN REACTINN RATE CALCULATION '/)

GO TO 196

PRINT 182

IFCITYPE.NE.2)Gno TC 196

TYPE 182

FORMAT(2X,'FOR THIS DATA SET CALCULATION IS BASED ON EFFECTIVENE
1 FACTNDR OF UNITY'/)

IF(IOPT34NE.1)GO TC 197

PRINT B0

IF(ITYPE.NE,2)60 TC 83

TYPE 80

FORMAT(2X, '"RUNCE=KUTTA FOURTH ORDER NUMERICAL INTEGRATION TECHNI
1 IS« BEING USERW®/)

GD.TO 83

PRINT 84

IF(ITYPE.NE,2)Go TC 83

TYRE 84

FORMAT (2%, '"MILNE PREDICTOR=CORRECTOR NUMERICAL INTEGRATION TECHN
1UE Ts BEING USED'/)

IFCINPT2,EQ.,1)C0 TC 890

IFCIOPT8=2)893,894,767

PRINT 768

IFCITYPE.NE,2)Gg TC 890

TYRE 768

FORMAT(2X, 'FOR QPTIMISATION SEARCH IS AT ACTUAL .VALUES OF VARIAB
18 THAT ARE 'SLIGHTLY ROUNDED OFFA)

GO.'TD 890

PRENT" 773

IFCITYPE.NEL2)Go TC 890

TYPE 773

FORMAT(Z2X, 'FOR QgPTIMISATION SEARCH IS AT ROUNDED OFF VALUE OF THI
1VARTABLES'/)

GO TO 890

PRINT 776

IF(ITYPE.NE,2)Gg TC 890



33400
33500
33600
33700
33800
33600
34000
34100
34200
34300
34400
34500
34600
34700
34800
34900
35000
35100
35200
35300
35400
35500
35600
35700
35800
35900
36000
36100
36200
36300
36400
36500
36600
36700
36800
36900
37000

RS

176

890

PAGE: 10
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TYPE 776
FORMAT(2X,'FOR QPTIMISATION SEARCH IS AT CERTAIN SPECIFIED VALUE
10F THE VARIABLES'/)
CONTINUE
IF(IOL2.EQ.13G0 TO 143
IF{MILP . NE.1)GO TO 147
IF(MBLP.NE.1)GD TO 147
IF(M,EQ,1) GO Tg 143
IF(IOPT2,EQ,.2) GO, TO 147
IF(M,GT NDRTS) GO 'T0 147

143 F=FFANC(MJIK1)$PARAL=G35/PABAR2=G36PARA3=GITFFF=VFTN(MJK1) /FLPF

147

FC12=100,0=(FCIN(MIKL)+FCAN (MIKL) +FCSN (MJIK1))
LFCIN=100%FPC12*gATION (MJUK]1) /€L+#RATIONCMIKIIN+0,5
FCANCMJIKL)=LFCiN*0,01;FC2N(MIKL)=FEL2~FCIN(MJIKL)
CALL FLOWRCFL1(MJIK1),F22(MJIK1),F33(MIK1),F44(MIKL) ,F55(MJIK1D,
IVFTNCMJIKL) ,FCINCMIKL) ,FC2NCMIKL) ,FC3N(MJIKL) ,FCAN(MIKL),10PT5)
PHY=FCiN(MJIKL) §pNI=FC2N(MJIKL) s PAMSFCIN(MJIKL)
PME=FCANCMIKL) s PARSFCSN(MUKL) ; RHNSRATION (MIKL)
VCAT{=VCATN(MJK1) %1 ,0E6
Z11L(MJK1)=VCAT1/C1+DRED2N (MJK1) +DBED3NTMJIKL))
Z22(MUK1)=Z11 (MUK L) *CBED2N (MJKL)
Z33(MJK1)=VYCAT1=(z211(MJKL)+Z22(MJIKL))
Hi=z11 (MJIKL)/IHH1;H2=222C(MJKL) /IHH27H3=Z233(MJK1)/IHH3
H4=HLLN (MJK1)*1 OE6/IHH4
GO TO 146
VET(M)=GL2RATIQ(M)=G3;FC3(M)=G53FC4(M)=CGT2FCH(M)=G9
FD2RCM)=GL1;FD33(M)=GL3;FD44(M)=G15;PF(M)=G1"7
TE(MY=619; VOAT () =G21; DBED2 (M) =G233DBED 3(M) =625 3HLL (M) =G27
UAR(M)=G235UAHCM) =631, ED55(M)=G33;PARA1=G35%PARA2=G36
PARA3Z=G37;FF1L(M)=FFiN(MJKL)
FC12=100,0%CFC3(M)+FC4(MI+FC5(M))
LFC1=100¥FCL2¥RATIO(M)Z(1+RATIO(M))
FCi(M)=LFC1%0,01;rC2(M)=FC12=FC1 (M)
CALL FLOWR(FL1L(M),F22(M),F33(M),F44(M),FS55(M),VFT(M),FCLILN),
1FC2(M),FC3(M) ,FCA(M),10PTS)
PHY=FCL1(M);PNI=FC2(M);PAM=FC3 (M) sPME=FC4(M)
PAR=FCS5 (M) ;RHN=RATIO(M)



RS
37100
37200
37300
37400
37500
37600
37700 146
37800
37900
38000
38100
38200
38300
38400
38500
38600
38700
36800
38900
29000
39100
39200
39300
39400 21%
39500
39600
39700
39800
39900
40000
40100 584
40200
40300
40400
40500
40600
40700 2780

AGE
APPENDIX =B B s

VCAT1=VCAT(M)*1,0E6
Z11(M)=VCATL/ (L+DBED2 (M) +DBED3(M))
222(M)=Z11(M)*DBED2(M)
Z3Z(M)=VCATLI=(Z11(MI+2Z22(CM))

H1=Z11 (M) /TIHHL1 ;22222 (M) /THH2; H3=233CM)/THH3

H4=HLL(M)*1 ,0E6/THH4

IF(IUPT3,EQ,1) GO TO 215

HA11=0,5%H1 ; HA21=0.083333%H1 ; HA31=0,5%HA21 ; HA41=4,0%H1
HA51=2,666667%Hl §; HA61=2,0%Hl ;HA74=0,333333%H1 ; HA12=0,5%H2
HA13=0,5%H3 ; HA14=0,5%H4_; HA22=0,0R33333%H?2
HA23=0,0833333%143 § HA24=0,00833333%H4 ; HA32%0,5%HA22
HA33=0,5%HA23; HA34=0,.5%HA24 ?HA42=4,0%H2 #HA43=24,0%H3
HA44=4,Qmuq;nﬁﬁz:g,555667*H2:HAS3=2.666667*H3%HA54=2.666667*H4
Hh62=2,0*H2;Hn63=2.0*HB:HA64=2.0*H4;HA72=0.333333*H2
HAT3=0%333333%H37HAT4=0,333333%H4;HAN21=5,0%HA21
HAA22=5,h*HA22:HAA23=5.0*HA23;HAA2@=S.0*HA24
AHA21=23,0%HA21;AHA22=23,0%HA22; AHA23=23,0%HA23
RHA24=16.0%HA24;HAR21=8 ,0¥HA21; HAB22=8,0*%HA227HAB23=8, 0%HA23
AHA24=23.0*HA24;PHA21=16.0*HA21;BHﬂ22=16.0*HA22:BHA23=16.0*HA23
HAHE4=8,o*HA24:AHA31=9,o*HA31;AHA32=9.0*HA32:AHA33=9.0*HA33
AHR34=Q.0*HA34:HHA31=19.0*HA31;EHA32=19.0*HA32
BHA33=19,0%HA33;P4A34=19,0*HA34;CHA31=5,0%HA31
CHA32=5,0%HA327CHA33=5,0%HA33;CHA34=5,0%HA34

CONTINUE

IF(I0L2,EQ.1)G0 To 2780

IF(MILPLNE.1)GO T0O 584

IF(MBLP NE.1)GC TO 584

IF(M.EQ,1)GO TO 2780

TFCINPT2,ER0.2)CGn TC 584

IF(M LE.NDPTS)EQ TC 2780

CONTINUIE
UV=TF(M)3T=TF(M):21=Z211 (M) 3222222 (M)EXW=SEF (M) sF52F55 (1)
Z3=ZB3(M):HL=HLL(M)*1.0E6:F1=F11(M);F2=F22(H)fF3=F33(M)fF4=F44zM3
RUA=UAR(M)*1,0E=6;HUA=UAH(M)*1,0E=6
AFD2=FD22(M) ;AFD3=FD33(M);AFD4=FD44(M) s AFDO=FD55(M)

GO TO 2483

NV=TFN(MJKL1) s T=TFN(MJK1) ;21211 (MJK1)
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RS APPENDIX=B
40800 722222 CMJIK1) $ XW=FFN (MJK1)
40900 Z3=7Z33(MJK1) s HL=HL LN (MJKL) *1,0E6
41000 F1=F11(MJK1) 2F2=F22(MJK1) ;F3=F33(MJK1)
41100 F4=F44(MJIKL1) sF5=F55 (MJK1) ;RUA=UARN(MJIK1) *1,0E=6
41200 HUA=UAHNC(MJIKL ) ¥] L Q0E=E; AFN2=FD22N(MJK1) AFD3=FD33N(MJK1)
41300 AFD4=FD4AN(MJIKL) s AFDO=FDSSN (MJK1)
41400 2483 FT=F14+F2+F3+F4+F5;:FTV=FT%80,64;J=1
41500 FTT1=100,/FT
41600 FFO1=FF%%*1,87271=2100,/(21422+Z3+HL)
41700 C5=CH1%FFQL;CH1=CH11*FFd1;C62=C621*FFQl
41800 2C1=71%0,000001
41900 ZC3573%0,0000013%2¢2222%0,000001 ; HCL=HL*0,000001
42000 RUAIZRUAX*L,0E+06; QUAT=HUA¥1 [ 0E+06; CTVO=2C1+2C2+ZC3+HCL
42100 AFN1=1,0=AFD2=AFD3~AFD4; AFDOL1=AFD1=AFDOTCTVLP=CTVO/(ZC1+2C2+2C3)
42200 Wi=W113C21=C2;XWCE=CO*¥XURAFDL*%] 8
42300 PHI=SXW=0,75%XWC5; pR11=XW=XWC5;S2=AFD1+AFD43511=52+AFD2
42400 S12=S11+AFD3;PH2=xW=0,25%XUC5
42500 FIF1=2,0%F1/(3,0%FT#52);5112=511/52;5122=512/52
42600 FIt1sF1%823FT121=F%52;FI31=F3%S2;FT41=F4*82;FI51=F5%S2
42700 FI12=F1%S11 }FY22=F2%511:F132=F3%511:FT142=F4*3112F152=F5%511
42800 FI13=F1%512;FI23=F2%812;F133=F3%S12;F143=F4*%S12;F153=F5%512
42900 ZH1=THH1;ZK2=IHH2; ZH3=THH3 $ ZH4=THHA4 ;NZ1=THH1=3
43000 ICT1=C719#1C72=C72;1C732C73;ICT4=CT4
43100 MZ1=THH1/ICT1;NZ2=THH2=33NZ3=IHH3~3
43200 NZ4=TIHH4=3:M22=IHH2/1C723MZ3=1HH3/ICT37MZ4=IHH4/ICT45AR1=F1*AFD1
43300 AR2=F2%AFD1;ARI=F 3*AFD1; AR4=F4*AFD1; ARSSF5*AFD1;011=FI111=AR1
43400 021=FI21~AR2:Q31=FI31=AR3 ¢ 041=FI41-AR4 ; G51=FI51=AKS5
43500 0L2=F1*%AFD2 § Q22=F2%AFD2 ; Q32=F3%AFD2 § Q42=E4%AFD?2
43600 N52=F5%AFD2 7 Q13=F{*AFD3 ; 023=F2%AFD3 ¢ Q33=F3%AFD3
43700 043=F4%AFD3;053=F5*%AFD3
43800 RETI=0,04*%FITL ; AY3=F3%RFTI
43900 FFL=F; RAHNE=RHN ; PHYL=PHY#ENIL=PNT ; PAML=PAM
44000 UV20=yV+CsP11;LPB=1
44100 IF(W11L LT.UV20)W11L=UV20
44200 ) Wi1L20=WitlL+CSP11;W11L2=UV+WI1LI;M106=0;M107=0
44300 ¢ MODIFICATION TO MATIN PROGRAM

44400 ICONV=0 ; MMN=0;F1CCN=F1%0,9792;M7=07;T1117=13IM8=132IM50=231IM83=2
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RS APPENDIX=B
44500 GO TN 407
44600 287 CSP1=CS5P11:CSP2=CS5F22;CSP3=CSP33%2
44700 ITF(INL2.EQ.1)G0 TO 1192
44800 IF(J5,EQ.,0)G0 Tp 1192
44900 TF(MB81,EQ,1)G0 TO 1192
45000 ISIG=1;WilH=WIIHL;WISWL1H
45100 353 TH12=W1;ATH12(J)=W1
45200 IF(J.EN0,1)G0 TC 371
45300 CALL COMPACADELT,ATH12,d,MMN)
45400 TFCMMN NE,0)GO 70 368
45500 371 KS=K5LaKLS51=K5=1
45600 CALL PEEDT(TF1,u1,F,H1,H2,H3,H4,VN,C71,C72,C73,C74,8HA31,BHA32,
45700 1BHA33,BHA34,CHA31 ,CHA32,CHA33,CHA34,J1,K11)
45800 M7=i47 +1
45900 TF(LOQ.EQ,2)G0 TO 362
46000 IFCAT(MQL,K11)=w11L2)362,362,386
46100 386 DELTA=TF1=T;ADELT(J)=DELT1
46200 TPRPD=XW=AP(M12(K5),K5)
46300 M106=M106+1;STLP(M106,M)=ATH(1,1)
46400 SALP(M106,M)=ANX (M12(KL51),KL51)
46500 IF(ITYPEB ,NE.1)g0 T0 291
46600 PRINT 423,M7,W!1,DELT1, (K1,ANX(1,K1)
46700 1,AXENCL1,K1) ,AXRMNC1,K1),AX(1,K1),ATCL,K1) ,ATH(1,K1)
46800 1,EFZI8(1,K1)
46900 1,0R1B(1,K1),ALPS8(K1) ,AXMAX(K1) ,ATHAX (K1) ,ATHMAX (K1)
47000 1,ANX (M2 (K1), K1) ,AXEN(M12(K1) ,K1) ,AXRMN CM12€K1) K1)
47100 1,AX(H12(K1) ,K1),AT(M12(K1),K1)
47200 13ATH(M12(K1),K1) ,EFZIR(M1I2(K1) K1)
47300 1,0R1BC(M12CKY) , K1) ,EFZTACKLY,PDROP (K1)
47400 1,AP(M12(K1),K1),K1=1,KL51)
47500 IF(HL.EQ.0+0)G0 TO 8425
47600 PRINT 707,ATC1,K5) ,ATHCL,K5),AT(MIR2(K5),K5),
47700 VATHCM12CK5) ,K5),PPROPCKS Y, AP(M12(K5),K5),TPRD
47800 8425 CONTINUE
47900 IF(ITYPE.NE,2)Go TO 291
48000 TYPE 423,M7,W1,DELT1,(K1,ANX(1,K1)

48100 1,AXENC1,Ki),AXRMNC(1,K1) ,AXC1,K1),AT(L,K1) ,ATHCL,K1)



48200
48300
48400
48500
48600
48700
48800
48900
49000
49100
49200
49300
49400
49500
49600
49700
49800
49900
50000
50100
50200
50300
50400
50500
50600
50700
50800
50900
51000
51100
51200
51300
51400
51500
51600
51700
51800

RS

291

281

317
398

395

290

296

APPENDIX=3 Ry 24

1,EFZI8(1,K1)

1,0R1B(1,K1) ,ALPS8CK1) ,AXMAXCK1),ATMAXCK1),ATHMAX (K1)
11ANX(M12(K1),H1),AxENcM12(K1),K1),AXRHN(M12(K1),K1)
1,AXCM12CK1),K1),AT(M12(K1),K1)
1,ATH(M12(K1),K1),EFZIB(M12(K1),K1)
1,0R1BC(M12(K1),K1),EFZTIACKL),PDROP(K1)
1,AP(M12(K1),K1),K1=1,KL51)

IF(HL.EQ,0.0)GC TO 291

TYPE 707,AT(1,K5),ATH(1,K5) JAT(M12(K5),K5),
TATH(M12C(K5),K5) ,RBROPCKS) ,AP(M12(K5),K5),TPRD
IFC(ABSCDELTY) ,GT,C4)G0 TN 281

TECITYPES ,NE,1)G0 TO 281

TFCINP11.EG,1)Gn $C 281

PRINT 406, ((AZP(M1,K1),AP(M1,K1),ANX(M1,K1),AT (MY ,K1),
1ATH(M1,K1) ,ACX(M1,K1),ACTCM1,KL1) ,ACTH(ML K1), M1=M15,M12(K11)
1,M16),K1=K7,K5,K8)

IFCITYPE,NE.2)G0o "TC 281

TYPE 406,(CAZP(M1,K1) ,AP(ML,K1) ,ANX(ML,K1) ,AT(M1 K1),
1ATH(M1,K1) ,ACX(M1,K1),ACT(HM1,K1) ,ACTH(M1,KL1),M1=M15,M12(K11)
1,M16),K1=K?7,K5,K8)

CONTINUE

IFCINPLB.EQ,2)Gn TC 516

TFeWl.EQ.W11lH)Gp TC 398

IF(W1.EQ.WiiL)Cp TC 398

IF(J.EQ,1)GU TN 395

TF(M7,6T.M8)G0O TO 398

TFC(ARS(W2=W1),GT,CSP11)YGO TOU 395

WitHB=ATHLI2(J) s M7=0

IFCISIG.NE.1)GC TO-377

TSLGa=1;W11H=WT {HBWL1L=W11LP W 1=W111;CSP3=C8P33%25LP8=1§J=U+1
GO TN 353

IF(LP8. EG.2)G0 7290

CSP3=CSP33%0,57W1=W1+CSP3*ISIG

GO TN 296

CSP3=CSP3%0,5

Wi=W1+CSP3*ISIG

J=d4



51900
52000
52100
52200
52300
52400
52500
52600
52700
52800
52900
53000
53100
53200
53300
53400
53500
53600
53700
53800
53900
54000
54100
54200
54300
54400
54500
54600
54700
54800
54900
55000
55100
55200
55300
55400
55500
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RS APPENDIX=B

362

36n

377

278

120

IF(W1l LT .W11L)Wi=W1iL

GO TO 353
CSP3=CSP3%0,5;W2=y1;Wi=W1=-CSP3¥ISIG;LUG=1;LPR=2
GO TN 353

DELT1=ADELT(MMN):ACELT(J)=DELT1

GO 1O 317
WII1L=W11HBIW11H=W11H*0,2;WL11H=IWL11H¥*5
IW1LL=WI1L¥*0,240,50;W11L=IW11L*5
IFCITYPERB . NEL2)GOD TO 120

PRINT 278,W1iiH,wW11L

IF(ITYRE,NE,2)G0 TC 120

TYPE 278,W11H,W11L

FORMAT(/2X,'FOR “THIS DATA SET THE FEASIBLE REGIUN OF SEARCH FUR
iD TEMPERAEURE(K):',F7.1,2X,'T0',2X,F7.l/)
DWLIML=Wi1H=W11 L Wi1=W11LIMT7=0;C5P3=CSP33
ICSP1=NPW11HL*CSP1FCSP1=ICSP1
IF(CSP1,GT,C8P11)C8P1=CSP11
IF(CSP1,LT.CSP12)CSP1=CSP12
M8=DW11HL/CSP1+MB82sWi=WilLU=J+1
IF(M8 , LT,MB1)MB=MB1

CSP2=CSP1%0,5+1_0
IF(CSP2.GT.CSP22)CEP2=CSP22

WiiL20=W11L

GO TO 305

1192 CONTINUE

305

THI2=WigATH12 (J)=ul
TF(MB1,EQ.1)G0 T0 53
IF(J5.EQ.0)MB=sNg1
IF(M7.GE,MBIGQ TO 1503
TF(J,EQ.1) GO TO 53
CALL COMPACADELT,ATH12,J,MMN)
IF(MMN,NE,.0)GO  TO 272
53 KS5=KS5L:KL51=K5=1
CALL FEEDT(TF1,w1,F,H1,H2,H3,H4,VW,C71,C72,(73,C74,BHA31,BHA32,
1BHA33,BHA34,CHA31,CHA32,CHA33,CHA34,J1,K11)
IF(MB1,EQ,1)G0 TO 62 .
M7=MT7+1



55600
55700
55800
55900
56000
56100
56200
56300
56400
56500
56600
56700
56800
56900
57000
57100
57200
57300
57400
57500
57600
57700
57800
57900
58000
58100
58200
58300
58400
58500
58600
58700
58800
58900
59000
59100
59200

RS
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67

2753
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IF(LOG,EQ,2)G0 TO 67

TFC(AT(MQL ,K11)=y1102)71,71,62
DELT1=TF1=T;ADELT(J)=DELT1
W26=W1;DELT26=DELTI1
M106=M106+1;STILp(M106,M)=ATH(1,1)
SALP(M106,M)=ANX(M12(KL51),KL51)
GO 10O 421

CONTINDE

IF(J5,EQ.0)GO To 299
Wi=W1+CSP1:LOA=1

GO TO 1192

272 DELTA=ADELT (MMN)

260

191
152

341

1152
30%

CONTINVE
TF(M81,EQ,1)60 10 401
IFCU5.EQq.0)G0 Tp 321
IF(ABS(DELT1)=C4)1170,1170,191
CONTINUE
IM=IM+1;U2=W1+CSP17Jd=Jd+1
IFCICONVL,EQ.0)GO TC 1152
IF(W2, LT W11H)GO TC 1152
W2=W11H;IMB=2
CONTINDE
TH12=W2;ATH12(J)=W?2
IF(M7,.GE,MB8)G0D TO 1503
IF(J,EN.2)G0 TO 1155
CALL COMPACADELT,ATH12,Jd,MMN)
IF(MMN,NE,0)GO TC 1272

1155 K5=K5L ?KL51=K5=1

€4

CALL FEEDT(TF2,w2,E,Hl1,H2,H3,H4,VW,C7%,C72,C73,C74,8HA31,BHA32,
1BHA33,BHA34,CHA31 ,CHA32,CHA33,CHA34,a1,K11)

M7=MT+1

IF(LRQ,E0,2)G0 TO 68

IF(AT(MQL,K11)=w11L2)72,72,64

DELT2=TF2=T;ADELT (J)=DELT2

IF(W2.GE.H11H)IMB=2

W26=W2;DELT26=DELT?2

Mi06=M106+1;STLP(M106,M)=ATH(1,1)
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59300 SALPC(M106,M)=ANX(M12(KL51) ,KL51)
59400 GO 10 424
59500 €8 W2=W24CSP17LAG=
59600 IF(IMB,EQ,2)GO 1O 503
59700 TF(W2,LT,Wil1H)Go TC 308
59800 TMB=2;W2=W11H
59900 GO TD 1152
6§0000 1272 DELT2=ADELT(MMN)
60100 IF(W2,G0E,W11H)INB=2

60200 1260 IF(ABS(DELT2)~C4)1170,117¢,153
6£0300 153 DW12=(W1~W2)%*1,5

£0400 IF{PELT171,503,5

60500 1 IE(DELT2)2,Z,7

60600 5: IF(DELT2)7,7,2

£0700 2 TM=1sWIsW2DELT1=DELT2:W2=W1+CSP1;J=0+1
AOR0N IF(IM8,EQ,2)G0 0 S03

60900 IF(W2.GT.WillHIW2=Wi1lH

1000 GO 710 308

61100 7T J=Jd+1

61200 IF(M7.GE.MB)GO TO 1503

61300 116 W3=W2+(W1=W2)*ARS(DELT2)/CABS(DELT2)+ABS(DELT19)
£1400 IW3=W3

61500 TH12=W3;ATH12(J)=y3

61600 CALYL, COMPACADELT,ATH12,J,MMN)

61700 IFCMMN,NE,0) GO Tp 1188

A1R00 KS=KS5L7KL51=K5~1

A1900 CALL FEEDT(TF3,w3,F,H1,H2,H3,H4,VN,C71,C72,C73,C74,BHA31,BHA32,
62000 1BHA33,BHA34,CHA31,CHA32,CHA33,CHA347J1,K11)
62100 M7=uT+1

£2200 IF(LOU,EQ,2)G0 TO €9

62300 IFCAT(MO! ,K14)=w11L2)73,73,66

62400 fb DELT3=TF3=T;ADELT(J)=DELT3

/2500 GO 10 427

62600 &9 W2=W3;LQa=1

£2700 GO Tn 116

£2800 1188 DELT3=ADELT(MMN)
62900 1520 IF(ARS(DELT3)=C4)1170,1170,188
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63000 188 IF(DELT3)11,1170,35
63100 11 IF(DELT2)17,17,26
63200 35 TIF(DELT2)26,26,17
63300 17 W2=W3;DELT2=DELT3

63400 GO TN 7

63500 26 W1=W3;DELT1=DELT3

63600 GO Tn 7

63700 1170 IF(MMN.NE.0)GO TO 953

63800 M107=M107+1;STLP2(M107,M)=ATH(1,1)

63900 SALP2(M107,M)=ANX(M12(KLS1) ,KL51)

64000 MM2=M106;M106=M106+1

A4100 STLP(MIOG,H):STLP(FMZ,M)iSALP(HlOﬁ,M)=SALP(MM2,M)
A4200 STLP(HHZ,M)=ATH(1,1)?SALP(MM?,M)=ANN(M12(KLSl),KLSI)
64300 GO TO 401

64400 321 TCONV=ICNNV+1;M7=p

64500 PATD=AX(M12(K11),KS)*FICUM:APATD(MJKI)=PATD

64600 OBJF2(M)=PATD

64700 IF(ITYPES,NE,1)GO 10 125

A4800 PRINT 1718,PATD

64900 IFCITYPE,NE,2)Gg TC 125

£5000 TYPE 1718,PATD

65100 1718 FORMAT(2X,'PRUDUCTION RATE OF AMMONIACTONS PER DAY)E®* ,F7,1%)
65200 125 CONTINUE

65300 IF(INL2,.EQe1)GC To 1871
65400 IF(M81.EQ,1)G0 70 209

65500 1874 CONTINNE

65600 APATDL(ICQNVI=PATD

£5700 IF(ICONVL.LE,1)CGo TC 2717

65800 IF (APATDL(ICONV) LT«APATDL(ICONYV=1))GO TN 2735
65900 2717 DO 2726 K1=K7,K5,K8

66000 DO 2726 M13M15,M12(K11),M16

66100 AZPL(M1,K1)=A%P (M1,K1)

66200 APL(M1,K1)=AP(M1,K1)

6300 ANXLC(M1,KL1)=ANX(M1,K1)

66400 ATL(M1,K1)=AT(M1,K1)

66500 ATHL(M1,K1)=ATH(M1,K1)

66600 AXENL (M1 ,K1)=AXEN(M1,K1)
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66700 AXRMNL (M1 ,K1)=AXRMN (M1,K1)
66800 AXEL(Ml,K1)=AXE(M1,Kl);ACXL(Ml,Kl):ACX(Ml,Kl)
66900 ACTL(MI.Kl)=ACT(M1.Kl):ACTHL(Ml,K1)=ACTH(M1,Kl)
£7000 2726 CONTINUE
67100 PATD1=APATDLCICONY)
67200 2735 Wi=W11L20;IM8B0=1
67300 TF(ICONV,.GE,J5)Gn TO 503
67400 IF(IM8,EQ,2)G0 TN 503
£7500 GO TO 953 _
67600 853 IN=13W1=W26;DELT1=TELT265H2=W1+CSP1:J=d+1
67700 IF(W2,GT.Wi1H)W2=W11H
67800 GO TN =308

67900 1503 PRINT 1505,M8
68000 1505 _FORMATL2X," NO."CONYERCENCE ACHIEVED IN*,15,2X%," ITERATIUNS, THEREFORE

68100 I1SWITCHENG TO NEXT DATA SEL. "7

68200 503 IFCICONV,.EQ.0)CO TC 299

AB30ND PATD=PATD1;IMg=1

68400 APATND(MJUK1)=PATD

68500 NO 2744 K1=K7,K5,K8

68600 DO 2744 MI=M15,M12(K11),M16

68700 AZP(Ml,K1)=AZPL(M1.K13:AP(MI,Kl)=APL(M1,Kl)

/8800 AHX(Ml,K1)=ANXL(M1,K1);AT(MI,K1)=ATL(M1,K1)

58900 ATH(M1,K1)=ATHL(M1,Kl):AXEN(Ml,K1)=AXENL(H1,K1)
69000 AXRHN(Ml.K1)=AXRMN£(Ml,Kl):AXE(MI,K1)=AXEL(M1,51)
69100 hCX(MI,K1)=ACXL(M1,Kl):ACT(Ml,K1)=ACTL(M1,Kl)
69200 ACTH(Ht,Kl):ACTHL(PI,Kl):ALZP(MI,K1)=CTVLP*AZP(M1,K13
69300 2744 CONTINUE

£9400 MSLP3=03MSLP4=0; NSLP6=0;T=0;J=0;M101=412(K11)=1
69500 DO 673 K1=K7,KL51 ,K8

£9600 J=J4 1l MSLPS5=MSLpPS+1

69700 AZBPL(J,M)=EFZIA(K1J:AZ9PL(J,M)=PDRDP4K1)

£9800 DO 673 M1=M15,M12(K11),M101

69900 I=T4+1;MSLP3=MSLp3+1MSLP4=MSLP4+1 .
70000 AZ2PL(T,M)=AT(M1,K1)3AZ3PLCI,M)=ATH(ML,K1)

70100 AZ4PL(I,H)=ANXCH1,Kl);AZSPL(I,M):AXEN(MI,Kl)
70200 AZGPL(I,M)=AXRMNCM1,Kl);AZ7PL(I,M)=GR1E(H1,Ki)

70300 673 CONTINVE



70400
70500
70600
70700
70800
70900
71000
71100
71200
71300
71400
71500
71600
71700
71800
71900
72000
72100
72200
72300
72400
72500
72600
72700
72800
72900
73000
73100
73200
73300
73400
73500
73600
73700
73800
73900
74000

RS
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DO 674 M1=M15,M12(K11),M101

T=Y+1;MSLP3=MSIp3+1

AZ2PL(TI,M)=AT(M1,K5)

AZ3PL (I ,M)=ATH(M1,K5)

CONTINUE

MSLP6=MSLP5+2;AZ9PL ((J+1),M)=PDROP(KS)

AZIPL((J+2) ,M)=TPRD

I=03;MSLP=0

IF(I0P201,NE.1)G0 10 677

DO 675 Ki=K7,KL54,K8

DO 675 M1=5;M101,416

T=T+1; MSLPSMSLP+1

AZAAPLIY, MISAT (K1Y FAZ12PLOT, M) =ANXCML , K1)
CONTINVE

M167=2%H16:I=0; MSLF1=20

PO 676 K1=K7,K5,K8

DO=676 M1=7,M1041,M167

T=T+1;M5LP1=MSLp1+1

AZI4PLCI,M)=ATH(M1,K1)

CONTINUE

I=0;MSLP2=0

PO 677 M1=7,M101,M167

T=T41;MSLP2=MSLP2+1

AZISPL(I,M)=AT(M1,K5)

CONTINIE

Ji=Mrdtl=1

IF(IPP201,EQ.1)G0 T0 7048
WRITF(12,7049),(1,TPRD,FFNCI), TENCT), VETNCI) ,RATION(T)
1,FE3N(I),FCAN(TY,ECSN(L),FDA4N (T),FD22N (I) , ED3I3NCT)
2,VCATN(I),0BJF2(1),
anEnzch),DEED3N(I),HLLN(I).UARN(IJpUAHN(I)
2,FFINCI) jTI=MJK1,M3K1)

PRINT 7049,(I,TPRD,PENCI),TENCI),VFINCI),RATIONCT)
I,FCBN(I),FC4N(I),FC5N(1),FD44N(I),FD22N(I),FUBBN(I)
2,VCATN(I),0RJF2(I),
2DBED2N(I),DBED3N(I),HLLN(I),UARNCT), UAHN(I)
2,FFINCI),I=MJK] ,MJK1)
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74100 WRITE(3,7058),M106,M107, ((STLP2(J,I),S5ALP2(J,1),J=1,M107),
74200 8(STLP(J,I),SALP(J,I),J=1,M106),I=M,M)

74300 ¢ PRINT 7058,M106,M107,((STLP2(J,1),SALP2(J,1),d=1,H107),
74400 ¢ B(STLP(J,I),SALP(J,I),J=1,M106),T=M,M)

74500 7058 FORMAT(213,(6(F6,1,F7.3)/))

74600 WRITE(12,7050), ((M1,ALZP(M1 K1) ,AT(ML,K1),ANXCML,K1),
74700 2AXRMNCML,K1) , AXEN(N1,K1),Mi=1,M12CK11)) ,K1=1,KL51)
74800 7050 FORMAT(2(14,2F6,1,3F7,3)/)

74900 C PRINT 7050, CCM1,AZE(M1,KL) , AT (M14#K1) ,ANXCHM1,K1),
75000 ¢ 2AXRMN (M1,K1) ,AXEN (M1 ,K3) ,M1=1,M12(K11D) ,K1=1,KL51)
75100 IF(I0P201 ,NE,1)60 T0 7037

75200 7048 CONTINVE

75300 IF(IOPT2.,NE.1)Go TC 7037

75400 WRITE(3,7049),(1,TFRD,PFN(I),TENCIY,;YFTNCIY,RATIONCI)
75500 1,FC3M(I))FC4NCI),FCSN(I),FD44N(I),Fnzzucz),Fnsamglg
75600 2,VCATN(I),0BJF2(I),

75700 2DBED2N(I) ,DRER3IN(CI),HLLNCI),UARNCT), URHNCI)

75800 2,FFANCI) ,I=M,M)

75900 ¢ PRINT 7014, (C(STLP(J,I),8ALP(J,T),d=1,M106),

76000 ¢ 1(STLP2(J,1),5ALP2(J,1),0=1,M107),1=M,M)

76100 7014 FORMAT (41X ,10(F6,1,F7.3))

76200 7051 FORMAT(6(F6,1,F7.3)/)

76300 WRITE (377081), C¢STLP(J,I),8ALP(J,I),d=1,M106),

76400 1(sTLP2(J,1),SALP2(J,1),J=1,M107),1=M,M)

76500 IFCITYPE.NE,.2)Go TC 7030

76600 TYPE 704, ((STLP(J,1),SALP(J,I),J=1,M106),

76700 1(STLR2(J,1),8ALP2(J,1),J=1,M107),1=M,M)

76800 7030 . CONTINUE

76900 C - PRINT 7016,{CAZ11PL(J,T)yJd=1,MSLP), (AZ14PL(J,1),J=1,MSLPL)
77000 ¢ 1,CAZ15PL(J,T),J=1,MSLP2) ,I=M,M)

77100 7016 FORMATCIX ,21¢F6.1))
77200 7052 FORMAT(2X ,12(F6,1))

77300 WRITE(3,7052), C(AZ11IPL(J,TY,J=1,MSLP),(AZ14PL(J,1),J=1,MSLP1)
77400 1,C(AZ15PL(J,T),J=1,M8LP2),1=M M)

77500 IF(ITYPE,NE,2)Go TC 7031

77600 TYPE 7016,((AZ11PL(J,I),J=1,MSLP), (AZ14PL(J,I),J=1,MSLP1)

77700 1,(AZL5PL(J,T),J=1,MSLP2),I=M,M)



RS
77800 7031
77900 €
78000 7018
18100 7053
78200
78300
78400
18500 1032
78600 C
78700 7020
78800 7054
78900
79000
79100
79200 7033
19300 ¢
19400 ¢
79500 7022
79600 7055
79700
79800
79900
80000
80100
80200 7034
80300 €
20400 7024
0500 7056
ga0R00
80700
20800
a090n 7035
81000 C
1100
91200
81300
81400 7037
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CONTINUE

PRINT 1018.t(AZ129L(J,I).d=1,MSLP),I=M,M)
FURMAT(ZX,iG(F7.3))

FURMAT(2X,11(F7.3))
WRITE(3,7053).((AZIZPL(J.I),J:l,MSLP),I=M,M)
IF¢ITYPE.NE.2)G0 TC 7032

TYPE 7018,((AlePLCJ,I),J:l,MSLP);I=M,M)

CONTINVE

PRINT 702u,((AZ2PL(J,I),AZBPM(J,I).J=1,MSLP3),I=M,M)
FORMAT(2X,21CF6,1))

FORMAT(2X,12CF6.4))
WRITE(3,7054).((AZ?PL(J,I).AZBPh(J,I),J=1,MSLPS),I=M,M)
IFC(ITYPE NEJ2)GQ.TC 7033

TYRE 7020,((AZ2PL(J,I),AZBPh(J,I),J=1,NSL93),I=M,M)
CONTTNVE

PRINT 7022,((AZ4PL(J,I),AZSPL(J,I),AZéFL(J,I),AZ?PLLJ,I).
1d=1,M5LP4),I=M M)

FORMAT(2X,4(3F7.3,E11,3))

FORMAT (2X,2(3F7,3,E11.3))
WRITE(3,7055),((Az4PL(J,IJ,A25PL(d,I),AZ&PL(J,I),AZ?PL(d,I),
1J=1,M5LP4) ,T=M M)

IFC(ITYPEL.NEL.2)CGO TC 7034

TYPE 7022,((AZ4PL(J,I),AZSPL(J,I),AZGPL(J,I),AZ?PLCJ,I),
1J=1,MSLPGJ,I=M,M)

CONTINNE

PRINT 7024,((AZQPL(J.I).d=1,MSLP5),I=M,H)
FORMAT(1X,18(F7,3))

FORMATC2X,11CF7,.3))
WRITE(B,?OS&),((AZ&PL(J,I),J:l,MSLPS):1=M,H)
IF(ITYPE.NE.2)GD 1C 7035

TYPE 7024, CCAZSPL(J,1),J=1,MSLP5) E=M, M)

CONTINUE

PRINT 7026'((A29PL(JJI) pd=1 rMSLPF)) II=MoM)
WRITE(3,7057),((AZQPL(J,I),J=1,MSLP6),I=M,M)
TF(ITYPE,.NE,2)GQ TC 7037

TYPE 7026,((AZQPL(J,T),d=1,MSLP6),I=M,M)

CONTINUE
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81500 7026 FORMAT(1X,18(F7,.2))
81600 TF(INL2.NE.1)GN TO 8256
81700 7057 FORMAT (2X,11(F7,2))
g1800 J1=MJK1;J11=MJK1
81900 8256 CONTTNUE
82000 ANH3L (J1)=ANX(M12(K11),K5)711=0
f2100 APDRLP(J1)=AP(M12(K11) ,K5)
82200 nOo 8744 Ki=K7,K5,KJ81
82300 NO 8744 T=1,NBETS(K1,J11)
82400 T1=11+1
82500 IF (NBPTS(K1,J11).E0,1)G0; TO 8745
R2600 MNB1=M{5+yLPDCI,K1,J11)
82700 GO TN 8746
92800 R745 CONTINVE
82900 MNBL=M12(K11)
83000 8746 ATPL2(X1,J1)=AT(MNE1,K1)
83100 FRRT=TA(I,K1,J11)=ATPL2(11,J1) #SET=ERRT*¥ERRTFSSEL3S5E1+5ET
83200 ERRTl:ATPLZ[Il,di)-ATPL2(Il,1);SET1=ERRT1*ERRT1:SSEZ=SSE2+SET1
83300 8744 CONT INUE
83400 ERAMZAMMD (J11)=ANH3L(J1) FERAMI=ANH3L(J1) =ANHBL (1)
83500 APDL=APDRPL (J11)=AFDRLP (J1); SEPD=APDL*APDL
83600 APNL1=APDRLP (J1)=AFDRLP(1):5EPD1=APDL1*APDLL
83700 SSE3=SSE3+SEPDSSE4=SSEA+SEPD1
83800 SEA=ERAM¥ERAMXWTFN; SSES=SSE5+SEA7 SSE1=SSEL#SEA
R3900 SEA1=ERHM1*HRA”1:SSE5=SSE6+5EA1;SSE7=SSE?+SSE1+SSE3+SSE5
84000 SS5FR=55ER+55F2+438SE4+5SES
84100 SSR=SSE+SSE1+SSES
#4200 C PRINT “1039,SSE,S5SE1,SSE2,5SE3, SSE4, SSES ,85E6,55E7,S5E8
84300 C HRTTE(?,?O&l),SsE;SSEl,SSE2,SSEB,SSE4{SSE5,SSES,SSE7,SSEB
R4400 70639 FORMATC(9E11,.3)
84500 70A1 FORMATCTEL1S3)
84600 TF(ITYPE,NEJ2)Gp TC 7041
84700 TYPE 7039, 85K ,S9E1,S8E2,88R3,55E4,55E5, 55E6 ,85E7, 55E8
a4800 7041 CONTINNE
R4900 IF(INL2.EQ.1)GC TO 209
R5000 N2LEP=LPOBJN(MJIKL)

85100 IF(ITYP11,NE.1)N2LEP=1
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85200 IF(M.NE.1)GO TC 7081
85300 SES:SSE;SESi=SSE1;SE82=SSE2#SES3=SSE3%SES4=SSE4#SE$5=SSE5
35400 SE56=SSE6;SE57=SSE7;SESB=SSE8
85500 7081 CONTINTE
85600 CALL FUNGBJ(UBJF,M,NZLEP,PATD,DBLPN(ILPSZJ
g5700 1,8sF,S8SE1,55E2,88E3,
85800 15554,5555.55E6,ssE?,ssaﬂ,sas,ses1,5552,5553,5554
85900 1,SESS,5ES&,SES7,SESH,HBJF32)
26000 CALL FUNﬂnJ(ObdFB,M,LPUEJN(HJ%I),PATD.CBLPN(ILPszj
86100 1,SSE,SSE1,5SE2,SEE3'
R6200 15SE4,58F5,585E6 ,88E7,SSE8, SES,SES1, SES2,SES3, SES4
86300 1,SESS,SEBG,SES?,SESH,HHJFBIJ
6400 CALL FUNOBJCOBIE4,»,NOBLPL,PATD, OBLPN(TLPS2)
a6500 1,SSE,55£1.56E2,SSE3,
R6A00 1SSE4,SSE5,$SE6,55E7,SSEB,SES,SESl,SE&2,SE53,SE54
86700 1,5555,SES$,5E57,sEsa,nBJFBB)
86800 GO. TN 209
R6900 299 APATD(MJKI):0,0:PATDl:G.O;PATD=0.0:IHB=1:MLPK1=MLPK1+1
R7000 W107=ﬂ107+1;5ALP2(F107,H)=0.0;STLP2(M107,H)=0.0
87100 H107=H197+1;SALPQ(HIOT,H)=0,0:5TLP2(M107,M)=0.0
27200 IF (LPOBJN (MJK1) [NE,1)GO TGO 4441
A7300 NBJF(M)=0,0
87400 GO TN 4442

87500 4441 OBJFC(M)=ABCD2
R7600 4442 CONTINUE

87700 TF(L0L2.EQ.1)G0 TO 764
87800 1F(a5,.EQ,0)G0 To 764

87900 GO TN 4703

REN0OD 719 CUNTINUE

88100 IFCQBJR(M) .EQ,ABCD2)G0O 10 761
88200 761 CONTINNE

R8300 IF (OBJLPN (M) NE_ 0 ,0)I0PT2=3
28400 IF(INPT2,E0,3) GO TO 92

g8500 IF(M,GT,1) GO TO 785

a8A0N TF(MILP.CT.1)GN TO 4440
R8700 IF(MBLP,GT.1)G0 TO 4440
38800 92 VFT(M)=VFTN(MJIK1)



#8900
83000
891010
89200
89300
89400
B9500
89600
R9700
89800
89900
0000
90100
Q0201

RS
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RATIACM)SRATION(MJKL)
FCI(H)=FC1N(HJK1):FCECHJSFCZN(MJKi)

FC3(M)=FC3N(MJIKL)

FCA(M)=FCAN(MJIKL)

FC5(M)=FCSN(MJIKL)

FD22CH)=FD22N (MJK1) ;FD33(M)=FD33N(MIKL)
FD44(MY=FD44N (MIK1) 3 PF(M)=PFN(MJIKL)

TFC(M)=TFN(MJK1) ; VCAT(M)=VCATN(MJKL)

DBED?2 (M)=DBED2N (MJK1);DPBED3(M)ZDBER3N(MJIKL)

25

HbL(MJ=HhLN(HJK1):UNF(H)=UARN(MGK1}:UAHQM)=UﬂHN(MJK1)

FF1(M)=FFEN (MJK1) pFDSS(MI=FD55N (MUK L)

G1=VFT(M);GB=RATIU(N)rG5=FC3(M)fGTéFC4(MﬁiG9qEC5{M):Gll=FD22ﬁMJ
Gl?sF033(M33G15=F044(H);Gl7=PF(M);GiQ=TF(M)3521=VCAT(M)
GZB:DBEDQ(M1=625=DEED3(M):GZ7=HLLCH):G29=UARCH3:G31=UAH(MJ



00100
00200
n0300
noago
n0500
n0600
00700
00800
nnann
ni0o0o0
01100
01200
n1300
01400
01500
01600
01700
01800
01900
02000
02100
N2200
02300
nN2400
02500
N2600
02700
02800
02900
n3000
03100
03200
03300
03409
03500
N300
03700

RS

4440
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G33=FD55(M)

CONTINUE

I26=M

M3LP=1

CALL PCONV(I26,M3LE,AQX)
CONTINUE
IF(M.LT.ND2PL)GD TC 98
NOPTM=M

GO TO 1709

98 TIFCINPT2,EQ.3) GO TO 602

1709

8701

c8761

NCALD=12

IF(INL2,.EQ.1)HCOLD=1

CALL PNEXTC(NVLPI,NCOLD,M,AQX,ISIGPL)
TF(NVLPILZGT,NVARI)CO TO 755
5SE=0-0;S8E1=0,0;SSE2=0,0388E3=0,0755E4=0,0#8SE5=0,0
SSE6=0,0;85E7=0 ,05;55FE8=0,.0
IF(INPTE=2)1844,1808,1817

CONTINVE

TSTGPL=1;ND7PL=1

TF(INL2.EQ.1)G0 TO 7704

pa 8701 I=1,M

OBJF2 (1)=0BJF (1)*0BJF32

CONTINVE

IF (NOBJLP (MUK1) ,LT.2)G0 TO 8761

PO 8761 L=1,NVART

AAXS (HILP,L)SAGX(NCRTM,L)

CONTINUE

PRINT 866,0BJ0F31,0BJF33,(1,PF(I),TF(I),VET(1),RATIO(T)
1,FC3(1),FCACI),FCS5(1),ED44(T),FD22(1),FD33(T)

2, WCATCL) ,0BJF2(T),0BJF3(1),0BJIF4CT),

2DREN2CT) ,PBED3 (T) ,HLL (1) ,UAR(I) ,UAH(I)
2,FD55(1),AQX (1, 18),AQX(L,19),A0X(1,20),1=1,M)
WRTTE(3,7049),C1, TERD,PF (L), TF(I),VFT(I),RATIO(CI)
1,FC3(1),FCACI),FC5(1),FD44(1),FD22(1),FD33(1)
2,VCATCL),CBJF2(I),
2DBED2CI),DBED3(I),HLL(I) ,UARCI) ,UAH(I)
2,FF1(1),I=1,M)



RS
03800 7049
03900
n4000
04100
04200
n4300
N4400
N4500
04600
04700
n4800 7015
04900
n5000
n5100
05200
n5300
n5400
05500
05600 7047
05700
05800
n5900
06000
06100 7019
06200
n6300
06400
06500
06600 7021
n6700
06800
06900
07000
07100
07200
n7300
07400 7023

PA H
ARPPENDTX=8 i s

FORMAT(I3,F5.2,2F6.1,F9.1,F4,1,F5,2,F6,2,F5,2,3F6,3,F5,1
1,F7.,1/2F5,2,F6,2,F6,1,F7,1,F5,2)

IF(I0P201,.NE.1)gn 10 7027

PRINT 7014,((STLP(J,I1),8ALP(J,1),d=1,H106),
1(STLP2(J,1),8ALP2(J,1),J=1,M107),1=1,M)
WRITE(3,7054),(¢STLP(J,I),SALP(J,I),J=1,M106),
1(STLP2(J,1),8ALP2(J,1),J=1,M107),1=1,M)

IF(ITYPE.NE,.2)Go TC 7015

TYPE 7014, C(STLR(J,I),SALP(J,1)sd=1,1106),
1(STLP2(J,1),8ALR2(J,1),J=1,M107) ,1=1,M)

CONTINUE

PRINT 7016, COAZ11PL(J,1),0=1,MSLP), (AZ14PL(JI]) ,Jd=1,MSLP1)
1,(AZ15PL(J,1),J=1,MSLP2),1=1,M)

WRITE(3,7052), ((AZ11PL(J,1),J0=1,MST:R) , (AZ14PLT(I, 1), =1,MSLPL)
1,CA%15PLC],T),0=1,MSLP2),I=1,M)

IFCITYPE,NE,2)CGa TC 7017

TYPE 7016, ((AZI1PL(J,1), =1 ,M5LP) ,(AZ14PLCJ,T) ,J=1,NSLP1)
1,CAZ45PL(,1),9=1,M5LP2),1=1,M)

CONTTNDE

PRINT 7018, ((AZ12PL(J,T),d=1,MSLP),I=4,M)
WRITE(3,7053),((AZ12PL(J,1),J=1,M8LP),I=1,M)
IF(ITYPE,NE.,2)Gp TO 7019

TYPE 7048, ((AZ12PL(J,1),J=1,M8LP),1=1,M)

CONTINUE

PRINT 7020, CCAZ2PL(J,I),AZ3PL(J,1),J=1,MSLP3),T=1,M)
YRITE (357054), ((AZ?2PL(J,1),AZ3PL(J,1),d=1 ,MSLP3),1=1,M)
TF(ITYPE.NE,.2)Go TC 7021

TYPE 7020, ((AZ2pL(J,Y),AZ3PL(J,1)yd=1,MSLP3) ,A=1,HM)
CONTINUE

PRINT 7022, (CAZ4PLAJs1),AZ5PL(I, 1) ,AZ6PLTS, 1) ,AZTPL(J,T),
1J=1,M8LP4) ,I=1,M)
WRITE(3,7055),((AZ4PL(J,1),AZ5PL(J,1),R26PL(J,1),AZT7PLLI,I),
1J=1,MSLP4),I=1,M)

IF(ITYPE,NE,.2)Go TC 7023

TYPE 7022, ((AZ4pL(J,1),AZ5PLCI, 1) ,AZ6PL(J,T) ,AZTPLLY,1),
1J=1,M5LP4) ,I=1,M)

CONTINVE



07500
n7600
07700
07800
07900
08000
08100
ng200
08300
ng4aon
08500
ne6a00
08700
N8B0
nB8900
n9000
n9100
n9200
N9300
09400
n9500
09600
09700
09800
n9900
10000
10100
10200
10300
10400
10500
10600
10700
10800
10900
11000
11100

RS

7025

7027

Boh

884

1712
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PRINT 7024, C(CAZ8PL(J,I),J=1,MSLP5),I=1,M)

WRITE(3,7056), ((AZ8PL(J,T),J=1,MSLP5),I=1,M)

IF(ITYPE,NE,2)Go TC 7025

TYPE 7024,((AZ8PL(J,T),J=1,MSLP5),TI=1,M)

CONTINUE

PRTNT 7026, (CAZ9PL(J,I),J=1,M5LP6),1=1,M)

WRTTE(3,7057), (¢(AZSPL(J,I),J=1,MSLP6),I=1,M)

TF(ITYPE,NE,2)Go TC 7027

TYPE 7026, ((AZ9pL(J,T),J=1,M5LP6),T=1,M)

CONTINVE

IF(ITYPE.NE.2)Gg TC B84

TYPE 866,0BJF31,08JF33,(T,PF(L),TFCI), VFL(I),RATIO(D)
1,FC3(¢1),FC4CI) ,FCS(I),FN44(T),FD22(T),FDP33(T)

2,VCAT(I) ,0BJF2(T),0BJF3(I),0BJF4(T),
2DREN2(I),DBED3(I),HLL(I) ,UAR(T) ,UAHCTL)
2,FD55C1),AQX(T,18),AQX(T,19),AQX(T1,20),I=1,M)
FORMAT(/2X,'OPTIMISATION RESULTS:'/2X

1,'S.',29%,'DATA SET',29X,'MAXIMUM AMMONIA®/
12%,'NN, ', 65X, 'PRODPUCTICN RATE'/70X,'(TIONS PER DAY)Y/
12X,F12.4,2X,F12,4/
1(1X,13,2X,2F6.1,F%.1,F4,1,F5,2,F6,2,F5,2,3F6,3,F5,1
1,6X,F7.1,11X,F12.4,2X,F12,4/6X,2F5,2,F6,2,F6,1,F7,1,F6,3,F11,8,
1F11.8,F8,.4)/)

TSM=1;M=NOPTH

PRINT 1712,0BJF2(M),PFCM), TE(M) ,FFL1(M),VET(M) ,FC1(M)
1,FC2(M),FC3CM) ,FCA(M) ,FCS5(M),FDS5C(M) ,FD44LM),FD22C(H),FD33(M)
2,VeATC(M) ;DBED2 (M) ,DBED3 (M) ,HLL (M), UAR(M) , UAH (M)
IF(ITYPE.NE,2)G0o TC 704

TYPE 1712,0BAF2 (M) 7RF (M), TFEM) ,FEL(M) AVFT (M), FCLCM)
1,RC2(M),FC3CM),FCA(M),FC5(M),FDS5CM) ,FDA4(M) ,FD22(M),FD33(M)
2,VCATCM) ,PBED2 (M) ,DBED3I (M) , HLL (M), BAR(M) ,UAH(M)

FORMATC/2X, "OPTIMUM PROBUCTION RATE OF AMMONIA(TONS PER DAY)=!
1,F10,2/2X,'0PTIMUM PARAMETERS:'/2X, 'PRESSURE(ATM) ="
2,F8,.,2,8X,',FEED TEMPERATURE(K)=',F8,2

3,',CATALYST ACTIVITY FACTOR=!',F5.2/2X,

4'FEED FLOW RATECNCRMAL CURIC METER/HQUR)=',F10,272X,

S'FEED COMPOSITION(MOLE %) :HYDROGEN=',



11200
11300
11400
11500
11600
11700
11800
11900
12000
12100
12200
12300
12400
12500
12600
12700
12800
12900
13000
13100
13200
13300
13400
13500
13600
13700
13800
13900
14000
14100
14200
14300
14400
14500
14600
14700
14800

RS

7704

7705

1706

7707
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6F8,2,',NITROGEN=",FB,2,' ,ANMONIA=",F8,2," ,METHANE=Y,F8,2,
7',ARGAN="',FB8,2/2X,'COLD SHOT DISTRIRUTICH:',
7'HEAT EXCHANGER EXIT(SHELL SIDE)=',F8,3,',FIRST BED=!
R,F8,3,',sECOND BED=',F8,3,',THIRD BED=',F8,3/2%,
9'CATALYST VOLUME(CUBIC METER)=',FB8.2,2X,
A',CATALYST DISTRIBUTION:BED1:BED2:BEDP3=1,003%!
B,F5,2,':s"',F5.,2/2X, '"EXTERNAL PREHEATER VOLUME(CUBIC METER)=}
C/TB 272X, 1
D'HEAT EXCHANGE CAPACITIES IN CAL/(SEC)(K)(CUBIC METER)2INTERNAL=
E',F8,2,"' ,EXTERNAL=",F8,2/) . 3
GO TO 764
CONTTNWE
PRINT 7705, CAQX(NOFTM,J),J=18,20) ,080F2(NOPTM)
PRINT 7706,0T,(AQX(X,J),J=18,20),0RdF2(1),1I=1,M)
PRINT 7707,(TI,FENCI),TFNCI),FFINCI),VFINCI),FCINCI),
1FC2N(XI),FC3N(I),FC4N(T),FCS5N(I),VCATNCI) ,HLLNC(CI),
fUARNCT) ,UAHNCI),FD55NCI) ,FD44N(T),FD22N(1) ,FD33N(CI),DBED2N(T)
1DBRED3N(I),I=1,M5) E '
TF(ITYPE.NE,2)Gn TC 5204
TYPE 7707%(I,PFNCI),TFN(I),FFiIN(I),VFENCI), FCINCI),
1FC2N(I) ,FC3N(T),FCAN(Y),FC5N(T),VCATNCI) ,HLLNCI),
LUARN(CI) ,UAHNCTI),FD55NCI) ,FD44NCI),FDP22N(1),FD33N(I),DBED2N(I)
LDREN3N(T) ,I1=1,M5) . ’
TYPE 7706,CI,CAgX(I,J),Jd=18,20),0BJF2(T),1=1,M)
TYPE 7705, CAQX(NOPIM,d),J=18,20) ,0BJF2(NOPTH)
FORMAT (2X,'DATA VALIDATION RESULTS:OPTIMUM.PARAMEIERS OF REACTIO!
1RATE:'/2X, 'PARAL=" ,F8,4,"',PARA2="',F11,8," ,PARA3=",F8,4,18%
141X,'8UM OF SQUARESC(AVG,)="',F12,47) it
FORMAT(2X,' 3%’ ,17X,"DATA SET*,41X,"SUK OF SQUARES OF ERROR IN BEI
1/2%X;'N0, ' ,65X, ' TEMP+ AND AMMOMIA EXIT MOLE(®) BETWEEN?/70X
1'COMPUTED "RESULTS AND PLANT DATACAVG,.,)%/(1X,I3, ’
12X,FB,4,2X,F11,8,2X,F8.4,40X,F12,4/))
FORMAT (2X,'PLANT DATA- SETst/(2X,
1'DATA SET NO.=',I13/2X,'FEED PRESS,(ATM)=!',F8,2,2X%,
1',FEED TEMP,(K)=',F8,2,',CATALYST ACTIVITY FACTOR=",F5,2
12X,',FEED FLOW RATE(NM3/HR)=',F10,2/2X, T
{'FEED COMPOSITION(MOLER):H2=',F8,2,',N2="',F8,2,* ,NH3=",F8,2,
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14900 1!',CH4=" ,FB,2," ,A=",F8,2/2X, 'CATALYST VOL(M3)="*,F7,2,2X,
15000 1' ,EXT,.PREHEATER YCL(M3)=',F7,2,2X,"',HEAT EXCHANGE CAPACITIES,CAIl
15100 1 K M32INTERNAL=',F8.1,',EXTERNAL=",F8,1/2X,
15200 1'cuLD SHOT DISTRIEBUTION:',
15300 7YHEAT EXCHANGER EXIT(SHELL SIDE)=',F8,3,*,FIRST BED='
15400 1,F8,3,',SECOND BED=',F8,3,',THIRD BED=*,F8,3/2X,
15500 1'CATALYST DISTRIBUTION:BED1:BED2:RED321,002" ,F5,2,%21,F5.2))
15600 GO TN 5204
15700 704 CONTINUE
15800 IF(NOBJLPC(MJKL) ,GES12)G0 TO 701
15900 ¢ IF(M,GT,1)G0 TC 8761
16000 IF(MILP,.GT,.1)G0 TO 8761
16100 IF(MBLP,GT,1)GC T0 8761
16200 nA 8761 L=1,MNVART
16300 AQXB8C1,L)=AQX(1,L)sAQX9(1,L)=A0X(1,L)
16400 8761 CONTINVE
16500 OBIFB(MLILP)=0BJF3 (NOPTHM)
16600 ORJES(MILPY=0BJF4 (NOPTM)
16700 IF(ORJF31,EQ,0,0)G0 TO 697
16800 OBJFB2(MAILP)=0RJF3(NOPTMI*¥DBJF 31
16900 GO TN 698
17000 €97 OBJFB2(MILP)=0RJF3(NOPTM)
17100 AUR CONTINVE
17200 MILP=MILP+1;M=1;NQFTM=0;NVLPI=0
17300 IF(NOBJILP (MUKL) ,GE,2)GO TO 205
17400 701 . IF (MJK1,GE,MB)G0D TQ 204
17500 MM1=MM1+1:IM=IM+1 ;MJK1=MIKI 4+ ;MILP=1 NVILP=0ENOPTHM1=0
17600 ISTPL281:NDTRL=1: MBLP=1
17700 IF(I0L2.EQe 1)GO TO=205
17800 IFCuABILP (MJUKL1) ,GE.22G0. T4 205
179060 IFC(INP201 ,NEL.1)GO TO 601
18000 READ(8,*)PARAL, PARA2 ,PARA3, PARA4,10P26,1CP29,
18100 1IHH1,THH2,IHH3, THH4, W11 ,WalL ,W1lH,J5,M81,M15,M16,M161,
18200 1K7,K8,C71,C72,c73,C74,
18300 ZUV,C?,TDPTZ,ICSI?E,ICPTB,IUPTS,IDPTI,IUPT4,NUMBP
18400 PRINT 758

18500 IF(ITYPE,NE.2)GD TC 794



18600
18700
18800
18900
19000
19100
19200
19300
19400
19500
19600
19700
19800
19900
20000
20100
20200
20300
20400
20500
20600
20700
20800
20900
21000
21100
21200
21300
21400
21500
21600
21700
21800
21900
22000

RS

758
794

£01

602

1835

26090

209
764
7128
204
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TYPE 758
FORMAT(2X,'ADDITTONAL DATA FOR SUBSEQUENT SET:'/)
PRINT *,PARAL1,PARA2,PARA3,PARA4,INP26,10P29,
1IHH1,IHH2,IHH3,IHH4,N11,w11L;W11H,JS,ve1,M15,M16,M161
1K7,K8,C71,C72,¢c73,C74,FF, '
20V,C2,T0PT2,ICSI%E,1CPT3,10PTE, 10PTL,I0PT4,NUMBP
IF(ITYPE.NE,2)Go TC 601
TYPE %,PARA1,PARA2,PARA3,PARA4,IDP26,I0P29,
1IHH1 ,IHH2,IHH3 JTIHH4 , W11 , W11k, WetH, 5,81 ,M15,M16,M161
1K7,K8,C71,C72,c73,C74,FF, ' iz
2UV,C2,10PT2,1CS1ZE,I0PT3,10PT8,10PT1, I0PT4,NUNBP
TECIOPT2,E8,1)G0 TC 205
TF(M.GT,.1)I0PT2=3
GO TO 205
IF(M+EQ0 NDPTS)CQ TC 755
M=M+1
IF(OBJLPN(M).EG,0,0)G0 TN 701
PATRD=0BJLPN (M) s MJK1=MIK1+1; APATD (MJK1)=PATDFPATD1=PATD
TM8=1;MLPK1=MLPK1+1;0BJF (M)=PATD
GO TN 719
M3LP=1:126=0
126=126+1
CALL PCONV(I26,M3LF,AQX)
TF(126,LT,M)GO T 1835
CONTINUE
GO TN 785
GO 70 800
IF(MJIKL=M5)206,728,204
TF(INPT2-23204,1907,719
IFCINL2.NE.1)GO TO! 5204
IF(MLPKL .E@.M5)Gn T0O 5214
OBJF2(M)=5SEZ (M5=MLPK1)sMIK1=1
IF(OBJF2(1),EQ.0,0)G0-TO 692
DBJF (M) ==0BJF2(M) /CBJF2(1)
GO T0 693
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00100 €92 OBJF (H)==0BJF2 (M)
00200 693 CONTINUE
00300 ML1KP=M5=MLPK1
nQ4ann SSE=SSE/ML1KP;SSE1=5SE1/ML1KP;SSE2=5SE2/ML1KP;SSE3=5SE3/ML1KP
00500 55F4=5SE4/ML1KFP;SSE5=58E5/ML1KP; SSE6=SSE6/MLLKP;SSE7=SSET/ML1KP
n0600 SSEB=8SER8/ML1KF
00700 IF(M.NE,1)GO TC 92
60800 SES=SSE;SES1=SSE1;SES2=SSE2;SES3=5SE378ES4=5SE4;SES5=5SES
noann SES6=8SEA;SES7=8SE7; SES8=55EB
01000 GO T0 92
01100 5214 MJK1=170BJF2(M)=100%0B.JF2(1);0BJF(M)==100,0
nN1200 GO T 92
01300 1907 GO 0 719
01400 710 CONTINUE
01500 IFCIBL2,.EQ.1)G0 TQ 701
01600 ‘M=4
al700 G4 T 701
01800 206 TF(I0pT2=2)710,1907,719
n1900 800 TFQINPT4.,EQ.2)6G0 TC 1703
02000 MiKis1
02100 IFCIOPT2,NE.L) GO TO 605
02200 GO TN 614
02300 605 CONTINUE
02400 614 IF(IDOPT2.NE,L1)Gp TC 620
02500 G TO 1703
02600 €20 CONT INUE
02700 1703 TF(ISH.EN.1)G0 10 764
N2800 IF(INL2.EQ.1)GC TO 764
N2900 755 CONTINUE
03000 854 CONTINUE
n3tan N2LEP=LPORINCMIKL)
03200 ITFC(ITYP11 ,NELLIN2LEP=1
n3300 ‘ CALL FUNOQBJ(OBJF,M,N2LEP ,PATD,0BLPN(ILFS?2)
N3400 1,85E,55E1,58E2,85E3,
03500 158E4,S58K5,58E6,85E7,55E8,8ES,SES1,5E52 ,5E53,5E54
03600 1,5E85,5E86,5ES87,5E88,0BJF32)

03700 CALL FUNOBJ(OBJF3,M,LPOBJN(MJK1),PATD,0BLPN(ILPS2)



PAGE: 33

RS APPENDIX=B
03800 1,85E,S8E1,55E2,58E3,
03900 15SEA, SSF5,5SE6, S5FE7,5SE8, SES, SES1,SES2,SES3, SES4
04000 1,SE85,8E56,5E87,5E58,0BJF31)
04100 CALL FUNOBJ(OBJF4,M,NORLP1,PATD,0BLEN(ILES2)
04200 1,SSE,SSE1,55E2,85E3,
04300 1SSEA,SSES5,5SE6,SSE7,55E8, SES, SES1,5ES2,SES3,SES4
04400 1,5£55,5E56,SES7,5E58,0BJF33) |
04500 857 CALL OPTIMA(OBJF,M,AGX,AQX1,TOPT8,NVARI,AC2,NLEV,
04600 LNOPTM,TOLS ,NMAX1 ,NDPTS , XLPX}
04700 10BLPF, NLNS ,ALPct,YLEN, IOL8P)
04800 SSFE=0,0;585E1=20,0;85E2=0.,0;S5E3=0,0:5SE4=0,07SSE520,0
04900 SSE6=040;SSE7=0, 0 #SSE8=0,0
05000 TF(NOPTH.NE<0)Ga. 7€ 1709
05100 NOPTS2=RNDPTS*¥NDLPS
05200 TF (M+CE,ND2PL)CQ TC 881
05300 TSM=IsM+1 : IM=1
05400 IFFINPTE=2)1844,1808,1817
n5500 881 NOPTM=NMAX1;Mz=Ms1
05600 GO T0 1709
05700 1808 CALL INTEGR(AQX,NyARI,M)
05800 GO T0O 862
05900 1817 CALL MLEVEL(CAGX,NyARI,AGX1,M,NLEV)
06000 GO TO BRe2
06100 1844 CONTINIE
06200 862 CONTTNUE
06300 126=M
06400 M3LP=2
06500 CALL PCONV(I26,M3LE,AQX)
06600 TF (M, LE.NDPBS) GO T6-7224
06700 CALL -ACOMP (LPIK,AQX,M,NVARL)
N6800 IF(LPIK.EQMIGO TO 7224
06900 OBJF3 (M) =0BJF3 (LPTK) ; OBJF 4 () =0BJF4 (LPIK)
07000 NBJF(M)=0BJF (LPIK)FPAID=0BJF(LPIK)XOBLENCILPS2) ;LPIK=0
07100 IF{(ISM.EQ,1)G0 TO 704
n7200 GU T0 857
n7300 C OUTPUT STATEMENTS PRCGRAM

07400 404 PRINT 403,1IJ1,1J2,133,1J4



n7500
07600
07700
n7800
n7900
ngooon
n8100
ng200
n8300
ngann
ngs500
N86A0OO
ng700
ngaono
ngaoo
n9000
N91040
n9200
09300
09400
N9500
N9600
n9700
n9800
N9900
10000
10100
10200
10300
10400
10500
10600
107006
10800
10900
11000
11100

RS APPENDIX=-B <

IF(ITYPE,NE,2)Go TC 405
TYPE 403,1J1,1J2,1J3,1J04
403 FORMATC/1X,57X,6HSTART // 44X,6HDATE: ,13,2H,,,I3,2H,,,15,9Hi R
1UN NO, ,I3  //  2X, 62HNAME OF THE STUDENT(PART TIME)&SUDHINDRA
2NATH SINHA,LECTURER //  2X,81HDEPARTMENT OF CHEMICAL ENGINEERI
3NG,UNIVERSITY OF ROORKEE,ROORKEE(U.P,),PIN 247667 /72X, PHD THE
4SIS PROBLEM ¢ *STAMILITY ANALYSIS AND OUPTIMIZATION OF A MULTIBED
8QUENCH REACTOR FQR AMMONIA SYNTHESIS®'/
5 /2%, 'PHD.THESIS SUPERVISOR:.DK.SHANT KUMAR SARAF,S5C.D.{M,I
6¢Te,1e5.A.),PROFESSOR,DEPTT ,NF CHEM.ENGG4,UNIVERSITY OF ROORKEE'
1/7)
GO TO 405
407 CONTINVE
IF(ITYPES NE.1)GD T80 287
IF(MJEQ, L) GO T, 632
IF(INPT2=2)632,638,647
647 IF(M,GT.NDPTS) GO TQ 638
632 PRINT 408,XW,UV,VFTH(MJIKL) ,FCIN(MJKL) ,FC2N (MJIK1) ,FC3INTMIKL),
1FCAN(MJKL) ,FC5N(MJK1),AFD4,AFD2,AFD3,AFD01,%2CY,2C2,4C3 ,/HCL ,RUAT
IFCITYPE.,NE,.2)Gn TC 806
TYPE 408,XW,UV,VPTH(MJIKL) ,FCIN(MJKL) ,FC2N(MJIKL1) ,FCIN(MIKLD,
1FCANCHMIKL) ,2FCSN(MJIK1) ,AFD4,AFD2,AFD3,AFDO01,2C1,2%C2,4C3,HCL,RUAT
GO TN 806
638 PRINT408,XW,UV,VFT(M),FC1(M),FC2(H),FC3(M),FC4(M)
1,FC5¢M),AFD4,AFD2,AFD3,AFDOY,2%C1,2C2,2C3,
2HCL, RUAT
IF(ITYPE.NE,2)Go TC 806
TYPE. 4085 XW,0V,VET(M),FCL(M),FC2(MYsFC3(M) ,FC4ALM)
1,FC5(M),AFD4,AFD2,AFD34-AFDO1,Z2C1,2C2,%2C3,
2HCL, RUAT
408 FORMAT( = 2X,YFEED : FRESSURE(ATMI=' FT,1, ¥ :TEMP,(K)=",F7,1
1//2%, ' VOLUMETRIC FLOW RATE OF TOTAL FEED(NORMAL CUBIC METER/HOUR)=
2',F10.1//2X,'FEED COMPOSITIONCMOULES):"/2X,'HYDROGEN®,
35X,F8,2/2X,'NITROGEN' ,5X,F8,2/2X,' AMMONIA' ,6X,F8,2/2X ,*HETHANE" ,
46X,F8,2/2X,ARGON" ,8X ,F8,2//2X,'COLD SHOT DISTRIBUTIONZFIRST BED=!
5,F6,3,',S5ECOND BEp=',F6,.,3,',THIRD BED=',F6.3,"2EXTERNAL PREHEATER
6FEED="',Fh.3// 2X,



11200
11300
11400
11500
11600
11700
11800
11900
12000
12100
12200
12300
12400
12500
12600
12700
12800
12900
13000
13100
13200
13300
13400
13500
13600
13700
13800
13900
14000
14100
14200
14300
14400
14500
14600
14700
14800
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7'CATALYST SPLIT Iy CUBIC METER: FIRST BED="',
8F7.1,12H,SECOND BED=,F7.1,11H,THIRD BED=,F7.1 / 2X,40HHEAT EXCH
9ANGER TUBE SIDE VQLUME(CU,MR,)=,F7,1/2%X,52HRATE OF HEAT TRANSFER/(
ATEMP,DTIFFERENCE)FQR REACTOR= , F7.1 )
806 PRINTS07,HUAT ,F
IF(ITYPE.NE,2)GD TC 287
TYPE 807,HUAI ,F
807 FURMAT(2X,42HHEAT TRANSFER CAPACITY FOR HEAT EXCHANGER=,
1F8,1,42H CAL./(SEQ)(K)(CU,MR,OF TUBE SIDE VOLUME) 72X,
225HCATALYST ACTIVITY"FACTOR= ,F5,2/)
GO TN 287
401 TEC10L2,EQ,1)G0 TO 1874
IF(MB81,EQ0,49G0 10 875
1874 CONTINUE
TF(INP12.,E0.,1)GQ TC 566
JJi=012157JJ2=0d1<2
PRYNT 560,((I,0Rr4AV(I,K1),WRXNCI,K1),WRXNSCI, K19, RINTLLI K1),
1SINTLCI,KY),I=1,JJ2,M162),JJ1,0R1AV(JI1,KL),WRXN(JUL , K1),
1TWRXNSCJJL K1) ,RINTL(JJL K1) ,SINTLCJIL, K1) ,K1=1,3)
IF(ITYPE HE,.2)GD 10 566
TYPE 560, CCI,QR1AVC(L,K1),WRXNCI,K1),WRXNS(I,K1),RINTLLT, K1),
1SINTLCI,KL1),I=1,J92,M162),JJ1,0R1AVCII1,K1), WRENCIUL K1),
1WRXNSC(JJIL K1) ,RINTLCJJIL K1) ,SINTLC(JJIL, K1) ,K1=1,3)
560 FORMAT(3X,*I',3%x,'RATEAV',5X,'DRT!,2X, 'SUM DRT®,1X, S INTEGRALH,
11X, 'stm INTGL'/(€15,5E9,2,14,5E9,2))
566 IP¢INPY,.EG.1)G0 TO 321
IF(ETYPEB,NE.1)GN TO 321
IF (INPT3,EQ,1)°G0 TO 452
875  PRINT 406, C(AZP(M1,K1) ,AP(ML, K1), ANXCML K1) ,ATCMI K1) ,ATH(ML,K1),
L1ACX (M4 ,K1) ,ACTCHML ,K1) ,ACTHCML, K1) , MI=M15
2,M12(K11) /M16) ,K1=K7,K5,K8)
IF(ITYPE.NE.2)CQ TO 416
TYPE 406, (CAZP(MT,K1),ARCM1,K1) ,ANX(ML,K1),AT(M1,K1),ATH(HL, K1),
LACX(M1,K1),ACT (M1 ,K1) ,ACTH(ML K1) ,M1=M15
2,M12(K11),M16),K1=K7,K5,KB)
406 FORMAT( 1X,24X,44HRFACTOR CONVERSION AND TEMPERATURE PROFILES //
1 11X, 'REACTOR ',5X,8HPRESSURE, 4X," AMMONIA 15X,
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14900 29HBED TEMP,,2X,9HPREHEATER,3X,42HDIFF.IN VALUE OBTAINED AND LAST I
15000 3TERATINN / 3X,'BED VOLUME(PERCENT)',3X,5HCATH) ,5%," LMOL
15100 4EL)' ,5%X,10H(DEGREE K),2X,BHTEMP,(K),3X,10HCONVERSION,5X,9HBED TEM
15200 5P. ,5X,15HPREHEATER TEMP, //(4X%X,F10,2,10X,F8,2,3X,F10,.3,5X,
15300 6F8,1,3X,F8,.1,4X,F10,6,4X,F10,6,8X,F10,6 ¥ 0B
15400 416 IF(INOPT1,EQ,2)GO TC 321
15500 PRINT 1701, (CAZP(nM1,K1) ,AXE(M1,K1),AXENCML,K1) ,AXRM(M1,K1),AXRMN
15600 1(M1,K1),M1=M15,M12(K11),M16) ,K1=K7,KLS51,K8)
15700 IF(INLPH.EQ.236@ TC 587
15800 ¢ PRINT 593, C(CAXE2(FLPK,M1,K1Y,AXRM2 (MI4PK,M1,K1) ,MLPK=1,4),
15900 C 1H1=M15,M12(K;1},H16),K1=K7,KL51,KR)
16000 €593 FORMATDC2X , IX /A XEL T, 7X, ' XRML ' , 72X, "DXEL" , T%, " DXRM1",
16100 ¢ 16X, 'XE2"' , 8%, ' XpgM2* ,6X, 'DXE2",7X, 'DXRM2#/ (2X,8F11.4))
16200 587 IF¢ITYPE,. NES2)Go TC 321
16300 TYPE 1701,C(AZP(ML,K1),AXE(M1 K1) ,AXENCHL, K1) ,AXRM(ML,KL1) ,AXRMN
16400 1CML, K1) Mi=M15,M12CK11),M16),K1=K7 ,KL51,K8)
16500 IF(I0LPB.EG,2)Gg TO 321
16600 C TYPE 593, CC(AXE2 (MLPK,M1,K1),AXRM2(HMLPK, M1 K1) ,MLPK=1,4),
16700 C 1M1=M15,M12(K11),M416) ,K1=K7,KL51,K8)
16800 GO TO 321
16900 452 PRINT 458, (C(AZP(M1,K1),AP(M1,K1),ANX(ML,K1),AT(M1,K1),ATHEM], K1),
17000 1 M1=M15,M12(K11),m161), CAZP(M1,K1) ,AP(ML1,K1) ,ANX (M1 ,K1),AT(ME, K1),
17100 2 ATH(M1,¥1) ,M1=M12(K11),M12(K11)),K1=K7,K5,K8B)
17200 IF(ITYPE.NE.2)GO TC 461
17300 TYPE 458, C(AZP(M1,K1),AP(ML,K1),ANX(ML, K1) ,ATCML, K], ATHEME K1),
17400 1-M1=M15,M12(K11) ,4161), (AZP(ML,K1) ,AP(ML , K1) ANX (ML, K1) ,ATCML, K1),
17500 2-ATH(M1,K1),M1=M12(K11) ,M12(K11)),K1=K?,K5,K8)
17600 458 FORMAT(1%X,24X, "REACTOR CONVERSION AND TEMPERATBRE PROFILESE®
17700 1//3X, 'REACTUR "GATALYST! ;5% ' PRESSURE Y, 4X, ! AMMONIAY,5X,
17800 2'BED TENPL',2X, 'PREHEATER'Z3X,'BED VOLUME(PERCENT) !, 3X
17900 3,'(ATM) 95X 4 (MOLE® )" ,5X, ' (DEGREE "K)',2X,"'TEMP,(K)¥//
18000 4(4%,F10,2,10X,F8.2,3X,F10,3,5X,F8,1,3X,F8,1/))
18100 461 IF(INPT1.EN,.2)Go TO 321
18200 1727 PRINT 1701 ,C((AZP(M1,K1),AXE(ML,K1),AXENCML,KL) ,AXRMOHML, K1),
18300 TAXRMMNCML , K1) ,M1=M15,M12(K11),M161),K1=K7,KLE1,K8)
18400 IF(INLP8,.EA.2)Cn TC 596
18500 C PRINT 593, ((C(AXE2(MLPK,M1,K1),AXRM2(MLEK,M1,KL1),MLPK=4,4),



18600
18700
18800
18900
19000
19100
19200
19300
19400
19500
19600
19700
19800
19900
20000
20100
20200
20300
20400
20500
20600
20700
20800
20900
21000
21100
21200
21300
21400
21500
21600
21700
21800
21900
22000
22100
22200

RS

596

C

1701

138

505

139
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1M1=M15,M12(K11),M16) ,K1=K7,KL51,K8)
IF(ITYPE.NE.2)Gg TC 321
% ;

TYPE 1701 ,(CAgP(Mi,K1),AXE(ML,K1),AXENCMT,KL1),AXRM (ML, K1),
1AxRHN(M1,KiJ,M1=M15,M12cx11),M161).K1=K7,KL51,xa)
IFC(INLPB.EQ.2)GY TC 321
m :

YPE 593, (C((AXE2(MLPK,M1,K1),AXRM2(MLPK,M1,K1),MLPK=1,4),
1M1=M15,M12(K11),M16),K1=K7,KL51,K8)

3&0RM&T(4X,'HEH VaL.', 16X, 'EQUILTIBRIUNM', 2UX,'CONVERSIUN’V
5 ' xl - hl
13X, ' (PERCENT) ', _ 46X, 'CONVERSION"y _21X,"AT MAXIMUM RATE®/ 23X
' &
2'HYDROGEN' ,. 3X,'MOLE"% AMMONIA™, 9X,'HYCROGEN! 4X,"MOLE % A;MU
NIA! 3 . : ' ’
INIA'//(2X;F1002, g88+F1Q033, S5%;FE10,3, 6X%,F10,3 5X,F10,3/
GU TO 321 & ' : -
CONTTINVE
IFCI0P12,ECs1)GO TC 565
JJ1=di=13dd25J1=2
PRINT 5 C
15:” 560, (CI,GRIAV(T,K1) ,WRXNCI,K1),WRXNSCI,K1),RINTLCI,K1)

ll I-' - - . '
TWRXNSC(JJ1,K1) ,RINTLCJJIL, K1) ,SINTL(JJIL,K1),K1=1,3)
IFCQITYPE,NE,.2)Y60 TO 585 '

TYPE § b )
1SIE 560,(CI,0R1AVCI,KL),WRXN(T,K1),WRXNS(I,K1),RINTL(TI, K1)

i . [ T + - ’

“&.IJ(IphlJ'I“l ,sz;“té?) pl.]m.”.pQRlAV(JJl,Ki)'NRXNfd 11,K1)

' ‘ ~ L r ;
1HRhNb(JJ1.K1),RINIL(ddl,Kl),SINTL(JJI,KI),K1=1 3) :
IF(INP11.EQ.1)Gn TC 209 '

IFCITYPERB NE.1)GN TO 209

IF(I0PT3.E0,1)G0 TC 139
PRINT 406, (CAZP(M1,K1),AP(M1,K1),ANX(ML,K1),
1AT (] ]

(M1 ;K1) ,ATH(M1,K1),ACX(ML,KL1),ACT (ML ,K1) /ACTH(ML K1), M1=M15

2M12CK11),ML6) ,K1=K7,K5,K8) - ; '
IF(ITYPE.NES2)G) TO 209
TYPE- 406; ((AZP(M1,K1) sAP(M1,K1),ANX(M1,K1),
1AT (M1 ,K
: (M1,K1),ATHC(M1,K1),ACX(MY, K1) ,ACTCMY, K1),ACTH(M1 ,KL1), M1=M15
2M12(K11),M18) ,K1=K7,K5,K8) ’ i
GO TN 209
PRIN '
s MT5458,((AZP(MI,BI),AP(MI,Kl),ANX(Ml,Kl),AT(Ml,Kl),ATH(HI,Kl)

- . . ’

e 15,M12C¢K11),m161),(AZP(ML,KL),AP(ML,K1),ANX (ML, K1) ,ATC(ML,KD)
THCM1,K1) ,M1=4M12(K11),M12(K11)),K1=K7,K5,KR) '
IFCITYPE,NE,.2)GOo TC 209



PAGE: 238

RS APPENDIX=B
22300 TYPE 458, ((AZP(M1,K1),AP(M1,K1),ANX(ML,K1),AT(ML,K1),ATHC(HL,K1),
22400 1 M1=M15,M12(K11),u161),CAZP(M1,K1) ,AP(ML,K1) ,ANX (ML, K1) ,ATLML,KL),
22500 2 ATHCM1,K1),M1=M12¢K11),M12(K11)),K1=K7,K5,K8)
22600 GO TN 209
22700 421 TPRD=XW=AP(M12(K5),K5)
22800 IFC(ITYPES,NE.1)GO TU 260
22900 PRINT 423,M7,u1,DELT1,(K1,ANX(1,K1)
23000 1,AXENC1,K1) ,AXRMN(1,K1) ,AX(1,K1),ATC1,K1),ATH(1,K1)
23100 1,EFZIBC(1,K1) ;
23200 1,0R1BCL,K1) ,ALPSBTKL) ,AXMAXCKL) ,ATMARCKL) ,ATHMAX (K1)
23300 1,ANX(M12(K1) K1), AXENCML2(K1) ,K1) ,AXRMN(M12(K1) ,K1)
23400 1,AX(M12(KI) /K1, AT (M12(K1),K1)
23500 1,ATH(M12(K1) K39 ,EFZIR(M12(K1)4, K1)
23600 1,0R4B(M12(K1),K1) ,EFZIACKL) ,PDROPCKL)
23700 1,APEM12(K1),K1),K1=1,KL51)
23800 IF¢HL EQ.0.0)G0 ITo 8427
23900 PRINT 707,ATCL,K5),ATH(1,KS),AT(ML12(K5),K5),
24000 1ATHC(M12CKS) ,KS) ,PCROP(KS) ,AP(M12(K5),K5), TPRD
24100 8427 CONTINUDE
24200 IF(ITYPEJNE,2)Gg TC 260
24300 TYPE 423,M7,%1,DELT1, (K1,ANX(1,K1)
24400 1,AXENCL K1), AXRMNCL, K1), AX(C1,K1),ATCL,K1),ATH(L,K1)
24500 1,EF2I8¢1,K1)
24600 1,0R1BC1,K1) ,ALPSB(K1),AXMAXCKL) ,ATMAX (K1) ,ATHMAX (K1)
24700 1,ANX(M12CK1),K1) ,AXENCML2ZCKL) K1), AXRMN(M12(K1) ,K1)
24800 1, AR (MTRCKL)»K1),AT(M12CK1) K1)
24900 1,ATH(M12CK1),K1) ,EFZIB(ML2(K1),K1)
25000 1,0R1BCHL2C(KY) K1) ,EFZTACKL) ,PDROPCK1)
25100 1,AP(M12CKL) ;K1) , KT=1 ;KL5L)
25200 IFCHL.EQ.0.0)YGE T 260
25300 TYPE 797,AT(L,K5),ATH(1,K5) ,AT(M124K5) ,K5),
25400 TATHCML2CKS ), K5) , PDPROPCKS) ,AP(M12(K5) ,K5) ,TPRD
25500 423 FORMATC1X,14HITERATIONNGO,=4T12,52H,ASSUNED INTERNAL PREHEATER QUTL
25600 1ET STREAM TEMP,(K)= ,F6.1,1%X,',CAL.AND GIVEN FEED TEMP,DIFF,(K)=!
25700 2,F7.1/16X,"'NH3 MOLER',7X,'H2 FR,',1X,*BED",
25800 25X, 'SHELL',3X,'EFF.!,8X, 'RATE!,8X, '"MAXIMA IN BED' /

25900 211X, 'ACTUAL EGU, MAX,RATE',1X,'CONV,'



26000
26100
26200
26300
26400
26500
26600
26700
26800
26900
27000
27100
27200
27300
27400
27500
27600
27700
27800
27900
28000
28100
28200
28300
28400
28500
28600
28700
28800
28900
29000
29100
29200
29300
29400
29500
29600

707

424

8429

PAGE: 39
APPENDIX=B

2,2X,'TEMP,K',2X,'TEMP,K',2X, 'FACTOR"

2,12X,'BV0L," ,2x,'H2 FR,CONV,!,2X,'"BED T(K)*

2,2X,'SHELL T(K)'/(

22X,'BED NO,=',13 /2X,'INLET',3X,F6,3
2,1X,F6,3,1X,F6,3,1X,F6,3,1X,F7.1,1X,F7.1
2,1X,F7.3,1%X,E10,3,1X,F6,2,3X,F8,3,5X,F7.,1,2X,F7,1/72X,"EXIT}
2,4X,F6,3,1X,F6,3,1X,F6,3,1X,F6,3

2,8 X P11, 4R,B7 1,88, 33,8X,E10:3

2/2%,'AVERAGE _ERFECTIVENESS FACTOR=',F8,3

2,2X,',BED PRESSURF DROP(ATHMY=',F8,2,2X,
2',EXIT.PRESSURE(ATM)=",F8,2))

FORMATC2X ,"HEAT EXCHANGER:'/2X%,

2VINLET' ,31X,F7,4,1X,F7,1/2X,"EXIT" /32X,F7.1,1X,F7.1/
22X,!TUBE SIDE PRESSURE DROP(ATM)=%,F8,2,2X,',EXTIT PRESSURE{ATM):
2,F842,',TOTAL PRESSURE NROP(ATHM)=',F842)

GO TO 260

TPRD=XW=AP (M12C(KS5) ,K5)

IF(ITYPES.NE,1)GN TO 1260

PRINT 423,M7,4W2,DELT2,(K1,ARX(1,K1)
1,AXENCL,K1),AXRMNC1,K1) ,A%(C1,KL) ,ATCL, K1) ,ATH(L,K1)
1,BFZI8(L,K1)
1,0R1BC1,K1),ALPS8(K1) ,AXMAXCKL) ,ATMAX (K1) ,ATHMAX (K1)
1, ANX(M22CK1),K1) ,AXENCML2CKL) K1), AXRMNCMI2(K1) , K1)
1, AXCMI2CK1) K1), AT (M12(K1) ,K1)

1,ATH(M12C(K1),K1) ,EF2IR(M12(K1),K1)
1,0R1BCH12CK1), K1) ,EFZIACKL),PDRAP (K1)
1,ARPCHL2CKL) K1) ,K1=1,KL51)

IF(HL.EQ.0,0)60 TO 8429

PRINT 707,ATC1,K5) vATHLL K5)7 AT (M12CK5) ,K5),
LATHCM12(K5) ,K5), PCROPCK5) ,AP(ML2C(K5) ,K5) , TPRD
CONTINUE

IF(ITYPE.NE.2)GQ TO 1260

TYPE 423,M7,W2,DELT24(K1  ANX(1,K1)
1,AXENCL,KL1),AXRMNCL,K1) ,AXC1,K1),ATCL,K1),ATHCL,KL)
1,EFZI8C1,K1)

1,0R1BC1,K1),ALPSBCKL) ,AXMAXCKL),ATHAX (K1) ,ATHMAX (K1)
1,ANX(M12CK1),K1),AXENCM12CK1),K1),AXRMN(M12(K1) ,K1)



29700
29800
29900
30000
30100
30200
30300
30400
30500
30600
30700
30800
30900
31000
31100
31200
31300
31400
31500
31600
31700
31800
31900
22000
32100
32200
32300
32400
32500
32600
32700
32800
32900
33000
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1,AXC(ML12CK1) ,K1),AT(M12(K1),K1)

1,ATH(M12(K1),K1) ,EFZIB(M12(K1),K1)
1,0R1BCM12CK1) ,K1) ,EFZTIACK1),PDROPC(KL)
1,AP(M12(K1),K1),Ki1=1,KL51)

IF(HL,EQ.0.0)GN TQ 1260
TYPE 707,AT(1,K5),ATH(1,K5),AT(M12C(K5),K5),
LATHC(M12C(KS) ,K5),PCROP(K5) ,AP(M12(K5) ,K5),TPRD

TN 1260
TPRD=XW=AP (N12(K5) ,K5)

TF(ITYPES,NEJ1)GD TO 1520

PRINT 423,M7,w3,DELT3, (K1, ANX(1,K1)

1 AXERCT, K1), AXRMNCL , K1) ,AXCL, K1), ARCY, K8, ATH (L, K1)
1,BFZI8(1,K1)

1,QRIBC1, K1), ALPSBCKL) ,AXMAX (K1), ATMAX (K1) ,ATHMAXCKL)
1, ANX(ML12CK1) , K1) ,AXENCNM1I2CKL) ,K1) ,AXRMN CML2CK1),KL)
1,AXCN12(K1),K1),AT(M12(K1) K1)

1, ATH(M12(K1) ,K1) ,EFZIB(ML12(K1),K1)
1,0R1B(M12C(KL),K1),EFZTA(K1),PDRAP(KY)
1,AP(M12CK1),K1),K1=1,KL51)

TF(HL.EQe0,0)G0 TO 8430
PRINT 707,AT(1,K5),ATHC(1,KS),AT(M12(K5),K5),
LATH(M12(K5),K5),PDROP(K5) ,AP(M12(K5),K5), TFRD
CONTINDE

IF(ITYPE.NE.2)Gp TC 1520
TYPE 423,M7,W3,DELT3, (K1,ANXC(L,KL1)

1, AXEN €L, K1) ,AXRMNC1,K1) , AXC1,K1),ATC1,K1),ATH(1 K1)
1,EFZI8(1,K1)
1,0R18€1,K1)7ALPS8 (K1), AXMAXCKL) ;ATMAX(KL), ATHMAX (K1)
1,ANX(M12 (KLY, K1), PXENCML2CKY) , K1) (AXRMNCMI2ICKL) K1)
1, A5 (H12(K1), K1) ,AT(M12(K1),K1)

1,ATH(M12 (K1) ,K1),EFZI8(M12(K1) KL
1,0R1BCMTI2CKL) ,K1) ,EFZTACKL),PDROPCKL)
1,APCH12(K1),K1),K1=1,KL51)

TF(HL.EQ.0,0)G0 TO 1520
TYPE 707,AT(1,K5),ATH(1,K5),AT(M12(K5),K5),
1ATHC(M12C(K5) ,K5),PCROPCK5) ,AP(M12(K5) ,K5),TPRD

TG 1520
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RS APPENDIX=B SR

71 PRINT 74,M7,K11,J1,AT(MQ1,K11),AX(MQ1,KL1),ATHC(MOL,K11)
TF(ITYPE.NE.2)Gn TC 67
TYPE 74,M7,K11,J1 AT(MO1,K11),AX(MOL1,KL1),ATH(MQA]L,K11)
74 FURMnT(1x,14HITERATIqN NO,= ,I13,2LH,CATALYST BED NUMBER= ,13,
2',BED TEMP.AT THIS POINT IS BELOW MINIMUM DESIRED(K)=% ,
3F8,1//2X,'AT THIS PT.FR, CONVERSION NF HYDROGEN= ', Fg,3,
4'SHELL SIDE TEMP.(K}=' ,F8,1/2X,'THEREFQRE SWITCHING 10 NEXT ITERA
5TION BY ASSUMING. ANOTHER TEMPERATURE'/)
GO TN A7
72 PRINT 74,H7,K11,J4,FT(MQLKL11),AXC(MQ1,K11),ATH(MOL,KL1L)
IFCITYPE. . NE.2)GO TC 68
TYPE 74,M7,K11,J1,AT(MQL,K11),BXCMQL,K12),ATHEMAL ;K1)
GO TO 68
73 PRINT %4,M7,K11,J1,AT(MQ1,;K11),AX(MQ1,KI1),ATH(MAL,KL11)
IFCITYPE.NEL2)GO 10 69
TYPE 74,M7,K11,J1 ,AT(MO1,K11),AX(MQL,K11),ATH(MOY ,K11)
GU TN 69
231 FURMAT( 1X,56X,7HTHE END )

5204 PRINT 231

TYPE 231
STOP
END
SUBROUTINE FEEDT(TF,Wl1,F,H1,H2,H3,H4,VW,C71,C72,€73,C74,RHA3L,
1BHA32,BHA33,PHA34,CHA31,CHA32,CHA33,CHA34,0,KL )
SUBROUTINE NO, 1 FOR CALCULATION OF FEED TEMPERATURE TO AMMONIA SY!
REACTOR
DIMENSION AZ(210,4),APC210,4),AX(210,4),AT(210,4),ATH(210,4),
1ACX(210,4),ACTC210,4)
1,ACTH(210,4),5F218(210,4) ,EFZIAC(S) ,0R1B(210,4)
1,0R1AV(210%4) ,yRXN(210,4) ,URXNS(240%4) ,RINTL(210,4),SINTL(210,4)
2,ANX(210,4),AZRP(210,4) ,AXMAX(8) ,ATMAX(8),ATHMAX(8) ,ALPSB(8)
3,AXE(210,4),AXRM(210,4),AXENL210,4) ,AXRMN(210,4),M12(20),PDROPLSR)
2,AXE2(4,310,4) ,AXRM2(4,310,4)
COMMDN/CBL/F1,F2,F3,F4,F5,L00,ITYPE,PARAl ,PARA2 ,PARA3
1,PARA4,I0P26,10P29,FLPF
1/CB2/AZ,AP,AX,AT,ATH,AXMAX
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RO
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23
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1,ATMAX ,ATHMAX ,ALPS8,W11L,QR1AV,AXE2, AXRM2
1,WRXH,WRXNS,RINTL,SINTL,EFZI8,QR1B,EFZ1IA,PDROP,I0L1/CB3/
1AFD1,AFD2,AFD3,AFD4,21,%22,%23,HL,XW,UV,C4,RUA,HUA,C5,CH1,C62,M15,K7
2,FI11,F112,F113,F121,F122,F123,F131,F132,F133,F141,F142,F143,M1,
3F151,F152,F153,PH1,PH2,PR11,52,511,512,FTF1,S112,5122,AR1,AR2,
4AR3,AR4,AR5,011,021,631,041,Q51,Q012,022,032,042,052,
5IEL2P,UARLP,K5,KL51,10PT3,AFDO,
5013,023,033,043,053,HA11,HA21,HA31,HA41,HASL,HA61,HATL,HAL2,M16,
6HA22,HA32,HA42,HA52 ,HAG2 ,HAT2 ,HA13,HA23 ,HA33,HA43 ,HA53,HA63,K8,
7HA73,HA14,HA24,1iA34,¥A44,HA54 ,HA64,HA74,NZ1 ,N2Z2,NE3,N24,M21,M22,
8MZ3,MZ4,HAA21 ,HAR22 ,HAA23 ,HAN24, AHA217AHA22 ,AHA23 ,AHA24 ,BHA21,
9BHA22,PHA23 ,BHA24 ,HAR21,HAB22 ,HAB23 ,HAB24 ;AHA 31 ,AHA32 ,AHA33 ,AHA34
A/CRB4/ANX,ZTI,PAM,AZP/CR5/LK,AN3TL,ZCTV/CR20/ACX ,ACT ,ACTH
B/CR6/AXE ,AXRM sAXEN , AXRMN,M12/CB7/ICSTLZE, IOPT] ,EFFAR,EFFAL
1/CP9/FFL,RHNL , XINCL »XINCL2,TOL81,PHYEy PNIL,PAML, DELE
1,DELM,INL8,M88,I0P11,I0LS1
Mi=1
Ki=1
K3=1
LK=4
CALCULATIUN OF FIRST REACIOR BED CONVERSION AND TEMPRATURE PROFILES
ZOTVSED .
JA1=RUA
AX(M1,K1)=0,0
ATH(M1,K1)=W1
TB1=ATH{M1,K1)
CALCUBATION FOR MIXTURE TEMPERATURE ENTERING FIRST BED
XB12=0,0
IF (AFD4)21,22,21
TB=ATH(M1,K1)
GO TN 23
CALL MTEMPCTB,W1,§1,AR1,AR2,AR3,AR4,ARS,611,G21,G31,041,051,
1XB12,PB11,UVv,C4,I0P26)
AP(M1,K1)=PB11
CH6=Ch1*¥(AFNL1+AFD4)%*1,8
CALCULATION FOR REACTIOR PROFILES BY MILNE PREDICTOR CORRECTOR METH
NUMERICAL INTEGRATION
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40800 IF(IOPT3.,NE.1) GO TO 110
40900 110  CALL RNUMI(M!i,K1,K3,1B,AFD1,NZ1,M21,HALl,HA21,HAA21,AHA21,BHA2Y,
41000 1HA31,HA41,HAS1,HA61,HA71,FTI11,F121,FT31,F141,F151,21,HL,H1,C6,
41100 2VW,C71,UA1,F,PH1,HAB21,AHA31 ,BHA31,CHA3L,J, TR )
41200 107 IF(LOQ,EQ,2)G0 TO 800
41300 IFCAT(M1,K1)=W11L)11,11,12
41400 C CALCULATION FOR SECOND BED PROFILES
41500 12 IF(K5,LE.1)G0 TO 800
41600 440 IF(Z2.NE.0.0)GOTO 431
41700 K5=KS5=1;KL51SKL51=1
41800 GO TD 14
41900 431 IFCIEL2P . NEL1)GD TC 452
42000 LK=2:UAL1=RUAXUARLP
42100 452 TH12=AT(M1,K1)
42200 PE1=AP¢M1,X1)
42300 XB12=AX (M1,K1)
42400 IFCAFD2)24,25,24
42500 25 TB=AT(M1,K1)
42600 GO TN 26 ,
42700 24 CALL MTEMP(EB,TH12,F1,FI11,FI21,FI31,F141,FI51,012,022,832,
42800 1042,052,XB12,PB1,uv,C4,I0P26)
42900 26 CH6=((S112=-FTF1*XPR12)*(AFD1+AFD4))%*] ,8%C61
43000 ZCTV=Z1;TB1=ATH(ML,K1)
43100 IFCINPT3,NE.1) GO TO 119
43200 119 CALL RNUMI(Mi,K1,K3,TR,AFDL,NZ2,MZ2,HA12,HAR22,HAA22,AHA22,
43300 1BHA22,HA32,HA42,HA52,HA62,HA72,FI12,F122,F132,F142,F152,%2,
43400 2HL,H2 ;C6,VW,C72,UAL,F ,PH1 ,HAB22,AHA32,BHA32,CHA32,J,T51 )
43500 116 TFE(LOQsE0,2)66 TO 800
43600 TFCAT (ML, K1 y=W111)11,14,14
43700 ¢ CALCULATTON COF THIRD BED REACTOR PROFILES
43800 14 TF(K5~2)800,464,462
43900 461 IF(Z2.NE.0,0)GN ,TO 800
44000 462 CONTINVE
44100 IF(Z3,NE.0.,0)G0 TO 404
44200 K5=K5=1;KL51=KLS51 =1
44300 GO TN 15

44400 404 XB12=AX(M1,K1)
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RS APPENDIX=4d A

PE1=AP(M1,K1)
TH12=AT(M1,K1)
IF(AFD3)27,28,27
28 TB=AT(M1,K1)
GO TD 29
27 CALL MTEMP(TB,TH12,F1,FI12,F122,F132,F142,F152,013,0823,033,043,
1Q53,XB12,PB1,UV,C4,ICP26)
29 C6=((3122=FTF1*XB12)*(AFD1+AFD4))**]1,8*Cé61
ZCTV=22+Z1:TR1=ATH(MI K1)
IF(IOPT3,NE.1)G0 TO 128
128  CALL RNUMI(M!,X1,K3,TB,AFD1,NZ3,MZ3,HA13,HA23,HAR23,AHA23,BHA23,
1HA33,HA43,HAS3 ,HA63 ,HA73,FT13,F123,F133,FI43,F153,%23,HL,H3,C6,
2VW,C73,UA1,F,PHL,HAB23,AHA33,BHA33,CHA33,0,TBL )
125 IFCLAG,EG,2)6C0 TO £00
IFCAT(M1,K1)=W1g1.)11,11,15
C CALCULATION OF HEAT EXHANGER PROFILES
15 TF(K5=-2)9800,470,471
470 TF(Z2.NE.0,0)G0 TO 800
IF(Z3,NE,0,0)G0 TO 800
GO TN 468
467 IF(z3.EQ.0.,0)G0 TO 468
TF(Z2.EQ,040)G0 TO 468
GO TN /00
471 IF(KB.LE,3)G60 TO 467
168 IF(HL NE.0,0)G0 TO 425
KS=K5=-1
GO §0 800
425 TA11=HUA
FI1O0=FL*AFDYFI20=F2%AFL1;FI30=F3*AFD12FI40=F4%AFD1
FIS)=FS*#AFD1:0Q101==F1%AFDU;Q201==-F2%AFLQTQ301==F3%AFDO
N401==FA4XAPDO;0501==FS5%AFD0;PB12=PH2s AFD11=AFD1=AFDO
XB12=0,0fTH12=ATH (M1 ,K1)
IFCAFDN)200,201,200
201 TB1=ATH(M1,K1)
GO TO 202
200 CALL MTEMP(TB1,TH12,F1,FI10,FI20,FI30,FI40,FI50,
10101,0201,0301,0401,Q501,
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48200 1XB12,pB12,0V,C4,10F26)
A8300 202 CONTINUE
48400 TB=AT(ML,K1)
48500 C6=ChH2
48600 LK=2
48700 ZCTV=721+72+23
48800 IF(IOPT3,NE.1) GO TO 137
48900 137 CALL RNUMI(M1,K1,K3,TB,AFD11,NZ4,MZ4,HA14,HA24,HAA24,AHA24,BHA24,
49000 1HA34,HA44,HA54,1A64 ,HA74,FX13,F128,E133,F143,F153,HL,HL,H4,C6,
49100 2VW,C74,UALL,F ,PH2 , WAR24 ,AHA34,RHA34 ,CHA34,J,TB1 )
49200 11 TF=ATH(M1,K1)
49300 ¢ PRINT %, IQPT3,Lu0,UAL,UALL
49400 RON RETURN
49500 END
49600 SUBRAUTINE RNUMI (M4i,K1,K3,TB,Fp1,NL,M2,HA1,BA2,HAR2 ,AHA2,BHAZ,
49700 1HA3 ,HA4 ,HAS ,HA6 ,HA7,F11,F12,FI3,FI4,F15,21,HL,H,C6,VH,C7,UAL,F,
49800 2PH,HAB2,AHA3,BHA3 ,CHA3,J,TR1 )
49900 C SUBROYTINE NO,.2 FpR NUMERICAL INTEGRATION OF AMMONIA SYNTHESIS REAC
50000 ¢ DIFFERENTIAL EQUATIONS BY MILNE PREDICTOR AND CURRECT@R METHOD
50100 DIMENSTON WX(310),WT(310),WTH(310),P(310),T(310),TH(310),
50200 1AZ(€210,4),AP(210,4),2X(210,4),AT(210,4),ATH(210,4),ACX(210,4),
50300 2ACT(210,4) ,ACTH(210,4),XN(310),TN(310),THN(310),2(310),X(310),
50400 3CX(310),CE€310),CTH(310) ,AXMAX(8) ,ATMAX(8),ATHMAX (8)
50500 4,ANX€210,4) ,AZP(210,4),ALPS8(8),SINTL(210,4) ,RINTL(210,4)
50600 : 4,QR1AV(210,4),WRXN(210,4),PDROP(8),AELP2(4,2),
50700 4WRXNS(210,4),EF218(210,4),QR1B(210,4) ,EFZIACS) ,EFFEI(310)
50800 5,XE(310),XRM{310),AXF (210,4),AXRM(210,4) ,AXEN(210,4)
50900 6,AXRMN(210,4),M12(20) ,0R1(310) ,QHR3(310),0AK(310) ,0AKF(310),
51000 TQAKR(310),QAN1 (3107 ,Q0AN2(310) ,0AN3(310),uAN4(310),uAN5(310)
51100 ¢ 4AXE2(4,310,4) ,AXRNM2(4,310,4)
51200 COMMNN/CBL/FY,F2,F3,F4,F5,L00,ITYPE ,PARAL,PARA2,PARA3
51300 1,PARA4,T0OP26,1I0P29,FLPF
51400 1/CB2/AZ,AP,AX, AT, ATH;AXMAX
51500 1,ATMAX,ATHMAX , ALPS8,W11L,QR1AV,AXE2,AXRM2
51600 1,WRXN,WRXNS,RINTL,SINTL,EFZI8,QR1B,EF?IA,PDROP,I0OLY
51700 1/CB4/ANX,ZTI,PAM,AZP/CB5/LK,AN3T,ZCTV

51800 2/CB20/ACX,ACT,ACTH
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RS APPENDIX=B
51900 2/CB9/FFL,RHNL,XINCL,XINCL2,TOL81,PHYL,PNIL,PAML,DELE,DELM
52000 3,10L8,M88,T0P11,10L81/CB7/1CSIZE,IOPTL,EFFAH,EFFAL
52100 3/CBB/AKR,AK,AKF,AELP8,ITYP,ZIF/CB6/AXE ,AXRM,AXEN , AXRMN ,M12
52200 4/CB35/GR1,QHR3,QAK,OAKF,QAKR,QAN1,QAN2,QAN3,QAN4,QANS ,EFF2I
52300 AB11=0.66666T%FI1 ; FIT=FI1+FI2+FI3+FI4+FI5
52400 AZ1=713WRXS=0,0;SINT=0,03SEFZI=0,0
52500 I1=1;LP17=1;ITYP=ITYPE
52600 7(1)=0,0
52700 P(I)=AP(M1,K1)
52800 XCT)=AX(M1,K1) SAPLEBSFI2=F1%0,3333333*%AX(M1,K1)
52900 T(1)=TR
53000 TH(IL)=TB4
53100 IF(K3=1)302,301,302

53200 302 Ki=K1i+1
53300 101 Mi=t

53400 J=T

53500 AZCHMYE ,K1)Y=Z(1)

53600 AZP(M1,KL)=(Z(I)+7CTV)*ZTI

53700 AP(M1L,K1)=P(TI)

53800 AXCHML,K1)=X(T)

53900 ATC(HME,Ki)=T(I)

54000 ACX(Mi,K1)=0,0

54100 ACT(ML,K1)=0.0

54200 ACTH (M4 ,K1)=0,0

54300 ANX(M1,K1)=PAHN

54400 IF(TCI)~W31L)304,304,303

54500 303 ATH(ME,K1)=STH(T)

54600 CALL DEV(I,WX,WT,wTH,P.T,TH,X,FD1,
54700 iFI\,FI2,F13,F34,F15,BAZ1 (HL UAT, PH)
54800 IF(LAN.JER,2)G0 . TO 800

54900 TF(LK.BQ.2)60 To 206

55000 IF(INPT1.NEL1)60 TO 206

55100 CALL CONV(X,XE,XRM,P,T,d,AELP2)
55200 AXE(ML,K1)=XE(J)

55300 AXRM(M1 ,K1)=XRM(J)

55400 CALL AMMCCAN3E,AN3MR,AB11,FI3,FIT,XE,XRM,J)

55500 AXEN(M1,K1)=AN3E
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AXRMN (M1 ,K1)=AN3MR

o no 704 LA2P=1,4
5] AXE2 (LAQ2F ,M1,K1y=pELP2(LA2P,1)

C AXRM2(LQ2P,M1,K1)=AELP2(LQ2P,2)
704 CONTINUE
206 ANX(M1,K1)=AN3T
HCH=Ch*H
Z(I+1)=H
P(I+1)=p(I)=HCH
X(I+1)=XC(L)+H*UWX (1)
T(I+1)=TCD)+HXUT (D)
THCI+1)=THC(I)+H¥UTH(I)
4 J=I+1
IF(T(J)=W11L)304,304,305
305 CALL DRV(J,WX,WT,WIH,B,T,IH,X,FD1,
1FILl , P32 ,F13,FI4,F15,F ,AZ1,HL; UALl+PH )
IF(X(J) LT.U,0)L00=2
TF(L0Q.EC,2)G0 10 80O
TNCI+A)=T(I)+HAL¥X(WT(J)+WT(I))
XNCI+10=XC(I)+HAL* (WX (JI+WXCI))
THNC(I4+1)=THCI)+HAL ¥ (WTH(JI)+WTH(1))
CX(X+1 )= (XNLI+1)=x(I41))
CTCI+1)=(TN(I+1)=T(1I+1))
CTHCT+1)=(THN(T+1)=TH(T+1))
X(T+1)=XN(T+1)
TCT+1)=TN(T+1)
THCI+P)YSTHN(I+1)
IFCABS (CXCI+1))=ywx0,01)1,1,4
1 IF(ABS(CT(I+1))=Vy)5,5,4
5 IF(ARSCCTH(I+1))=yw)3,3,4
3 Mi=M1+1
IF(LK.EQ,2)G0 Tg 8
IF(LP17,EQ.2)G0 TO 422
TF(X(J).GT.X(J=1))CO TO 431
AXMAX(K1)=X{J=1)ATMAX(K1)=T(J=1);ATHMAX(K1)=TH(J=~1)
ALPSB(K1)=(Z(J=1)+2CTVI*ZTI;LP17=2
GO TN 431
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ITF(AXMAX(K1).GE ,X(J))GO TO 431
AXMAX(K1)=X(J)sATMAXC(K1)=T(J);ATHMAX(K1)=TH(J)
ALPS8(K1)=(Z2CJ)+ZCTV)*21T
IF(IOPT1 . NE,1)GO T0 8

IFCIOP11,EQ.1)Gp TC 8

CALL CONV(X,XE,XRM,P,T,J,AELP2)

AXE(M1,K1)=XE(J)

AXRM(M1,K1)=XRM(J)

CALL AMMCCAN3E,AN3MR,AR11,FI3,FIT,XE,XRM,J)

AXENC(M1,K1)=AN3E

AXRMN (M1 ,K1)=AN3MR
na 710 L02P=1,4
AXE2(LA2P,ML,K1)=AELP2(LO2P,1)
AXRM2(LOG2P, M1 ,K1)=RELP2(LQ2P,2)
CONTINYIE

CUNTINUE

AXCME,K1)=X(I+1)

AT(M1,K1)=T(T+1)

ATH(M1 ,K1)=TH(I+1)

ACT(M1,K1)=CT(I+1)

ACX(M1,K1)=CX(I+1)

ACTHC(M1,K1)=CTH(T+1)

AZ(ML,K1)=Z(I+1)%p_, 000001

AZP(M1,K1)=CZ(T+1)+ZCTV) *ZTI

ANX(M1,K1)=AN3T

AP(ML,K1)sP(I+1)

XCT+2)=XCTI+2)+HAL % (3, 0¥WX(J)=WX(I))

T(I+2)=TLI+L)+HAL % (3, 0*¥WT(J)=WT(I))

THCI+2)=THC(I+ L) +HAT*(3,0*WTH(JI=WTH(T))
Z(I429=Z(I+1)+H

P(I+2)=P(I+1)Y=HC6

WXTLI=HAB2%WX(I#1)

WXTI2=HA2%WX(TI)

WIT1=HAB2%WT(I+1)

WITI2=HA2*WT(TI)

WIHI1=HAB2*UTH{I+1)

WIHI2=HA2*WTH(I)
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63000 12 J=1I+2
63100 IF(T(J)=W11L)304,304,306
63200 306 CALL DEV(J,WX,WT,wTH,P,T,TH,X,FD1,
63300 iFIt,FI12,F13,FI4,F15,F,AZ1,HL,UAL,PH )
63400 IF(X(J)LT.0,0)L0Q=2
63500 IF(LAQ,EQ.2)GD TN BOO
63600 XNCI+2)=X(T+1)+HAR2%WX(J)+WXT1=-WXI2
£3700 TNCI+2)=T(I+1)+HAA2AWT (J)+WTI1=WTI2
63800 THN(T+2)=TH(I+1)4HAA2XWTH(J)+WTHIL=WTHT2
63200 CXCI+2)=CXNCI+2)=XCT42))
64000 CT(I+2)=CTIN(T+2)=T(I+2))
£4100 X(I+2)=XN(T1+2)
64200 CIH(I4#2)=(THN(I+2)=TH(I+2))
64300 T(I+2)=TN(T+2)
64400 THC(I+2)Y=THN(I+2)
64500 IF(ABS(CX(I+2))=Vy*0.01)11,11,12

64600 1T IFCABSCCT(I+2))=Vy)14,14,12
64700 14 TF(ABSCCTH(I+2))=yW)15,15,12

64800 15 Mi=M1%1

64900 IF(LK.,EQ.2)GO Tp 17

65000 IF(LP17.EQ,2)G0 TO 425

£5100 TF(X(J).GT.X(J=1))CO TO 434

£5200 AXMAX (K1)=X(J=1);ATMAX(K1)=T(J=1) ATHMAX(K1)=TH(J=1)
65300 ALPSB (K1)=(Z2(JU=1)+ZCTV)*ZTI;LP17=2

65400 GO TN 434

65500 425 TFCAXMAXC(KL) «GE X (J))GO TO 434

65600 AXMAX (K1) =X (J) s ATHAX CK1)=T(J) 3 ATHMAX CK1)=TH(J)
65700 ALPSB(K1)=(ZCJ)+ZCTVI*ZTI

A5800 434 IFCIOPTILNENL)GO TO 47

65900 IF(I0P11.E0,1)G0 TC 17

6000 CALL CONV(X,XE,XRM,P,T,J,AELP2)

66100 AXE(M1,K1)=XE(J)

66200 AXRM(HM1,K1)=XRM(J)

66300 CALL AMMC(AN3E,AN3MR,AB11,FI3,FIT,XE,XRM,J)
£6400 AXEN(M1,K1)=AN3E

66500 AXRMN(M1,K1)=AN3MR

66600 C PO 713 LO2P=1,4



RS

66700 C
66800 C
66900 713
£7000 17
67100
67200
67300
67400
67500
67600
£7700
67800
67900
68000
68100
68200
68300
68400
68500
68600
68700
£8800
68900
69000
69100
69200
69300
£9400
69500

22
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AXE2(LO2P,M1,K1)=AELP2(LA2P,1)
AXRM2(LO2P,M1,K1)=AELP2(LQ2P,2)
CONTINUE
AXC(M1,K1)=X(J)
AT(M1,K11=T(J)
ATH(M1,K1)=TH(J)
ACT(M1,K1)=CT(J)
ACTH(M1,K1)=CTH(J)
ACX(M1,K1)=CX(J)
AZ(M1,K1)=2(J)*0,000001
AZP(M1,K1)=(Z(I)+Z2CTVI*ZTL
ANX (M1, K$)=ANST
AP(M1,K1)=P(J)
X(I+3)=XCI42) +AHA2¥UX (I42)=BHA2*WX (I+1) +EAA2*WX(])
T(If3):T(I+2)+AMA2*uT(I+2J~HHA2*WT(I+1)#HAAZ*HT(I)
THCI+3)=THCI+2) +AHA2*¥WTHCI+2) =BHA2XUTHC( L+ 1) +HAA2XWTH( L)
Z(I43)=ZC1+2) +H ;
P(TI+3)=P(I+2)=HCE
WXN1=BHAIXWX(I+2)
WXN2=CHA3%WX(I+1)
WXN3=HA3*WX(T)
WIN1=BHA3I¥WT(I+2)
WIN2=CHA3XNT(I+1)
WTHN1=BHA3Z*WTH(I+2)
WIN3=HAZXWT(T)
WTHNR2=CHAZ*WTH(I+1)
WIHN3sHA3KXWIH(I)
J=T+43
IF(T(I)=W11L)304,304,307

£9600 307 CALL DEVCJ, WX, WT,yTH,P,T,TH,X,FDL,

£9700
69800
£9900
70000
70100
70200
70300

{FI{,FI2,FI13,F14,F15,F,AZ1,HL,UAL,FPH)
IF(XCJ) . IT. 00020052
IF(LAQ.EQ,.2)G0 TC 800
KNCI+3)=X(T+2)+AHAI*WX(I+3)+WANLI=WXN2+WXAN3
TNCI+3)=T(I+2)+AHA3IFWTCI+3)+WINLI=WTN2+WIN3
THN(TI+3)=TH(I+2)}+AHAI*¥WIH(I+3)+WTHN1=WTHN2+WTHN3
CXCI+3)=(XN(I+3)=X(I1+3))



70400
70500
70600
70700
70800
70900
71000
71100
71200
71300
71400
71500
71600
71700
71800
71900
72000
72100
72200
72300
72400
72500
72600
72700
72800
72900
73000
73100
73200
73300
73400
73500
73600
73700
73800
73900
74000

RS

416

4140

139

21
23
24

26
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CTCI+3)=(TN(I+3)=T(I+3))

CTH(T+3)=(THN(T+3)=TH(I+3))

X(I+3)=XN(I+3)

TC(I+3)=TN(I+3)

THC(I+3)=THN(T+3)

IFCABSC(CX(I+3))=Vy*0,01)21,21,22

TF(ABS(CT(I+3))=-Vy)23,23,22

TF(ARSCCTHCI+3))=yW)24,24,22

Mi=M1+1
IF(LK.EQs2)GO To 26
IF(LP17,EQ,2)GC TO 416
IFCX(J)Y,GT.X(J=1))CO0 TO 440
AXMAX (K1)=XC(J=1)3ATMAX(K1)=T(J=1) ; ATHMAX (K1)=THGJI=1)
ALRPS8 (K1) =(Z(J=1)+2CTV)I*ZTT;LP17=2
GO T 440
IFCAXMAX (K1) GE X (J))GO TU 440
AXMAXC(K1)=X(J) JATMAX(K1)=T(J) ; ATHMAXC(K1)=TH(J)
ALPS8 (K1)=(Z(J)+72CTV)*2Z11

IF(TOPTL NE,1)G0 10 26

IF(IOP11.EQ.1)Gp TC 26

CALL CONV(X,XE,XRmM,P,T,J,AELP2)

AXE(M1,K1)=XE(J)

AXRM (M1, K1)=XRM(.])

CALL AMMC(AN3E,AN3MR,AR11,FI3,FIT,XE,XRM,J)

AXENCM1,K1)=AN3E

AXRMNCM1,K1)=AN3MR
N0 719 LG2F=1,4
AXE2(LA2P,M1,K1)=AELP2(LQ2P,1)
AXRM2(LQ2P, M1, K1 )=AELP2(LG2P, 2)
CONTINDE

CONTINDE

AXCM1,K1)=X(J)

AT(M1,K1)=T(J)

ATH(ML ,K1)=TH(J)

ACT(M1,K1)=CT(J)

ACTH(M1,K1)= CTH(MD

ACX(M1,K1)=CX(J)
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74100 AZ(M1,K1)=Z(J)*0,000001
74200 AZP(M1,K1)=(Z(J)+2CTV)*ZTI
74300 ANX(ML,K1)=AN3T
74400 AP(M1,K1)=P(J)
74500 Lit=1
74600 K=1
74700 101 X(K+4)=X(K)+HAA¥WX (K+2) +HAS* (WX (K+3) =2, 0%yX (K+2)+WX (K+1))
74800 T(K+4)=TCK)+HAA¥WT (K+2) +HASR(WT (K+3) =2, 0% YT (K+2)+WT (K+1))
74900 THCK+4)=THCK) +HA4%WTHCK+2) +HASK (WTH (K+3) =2, 0%WTH (K+2) +WTH{K+1))
75000 Z(K+4)=Z(K+3)+H
75100 P(K+A4)=P(K+3)~H(C6
75200 TF(Li1~1) 25,89,25
75300 25 X (K+4)=X(K+4)+CX (K+3)
75400 T(K$4)=T(K+4) LT (K+3)
75500 TH(K+4)=TH(K+4)+CTH(K+3)
75600 89 L11=2
75700 WAKI=HAG*WX (K+3)
75800 WTK1=HAGXWT (K+3)
75900 WIHK1=HABRXWTH (K+3)
76000 WXK2=WXK1/3,0
76100 WXK3SHAT*WX (K+2)
76200 WTK2=WTK1/3,0
76300 WIK3=HAT*HT (K+2)
76400 WTHK2=WTHK1/3,0
76500 WTHK3=HAT*WDH (K+2)
76600 29 J=K+4
76700 TP(T(J)=W11L) 304,304,308
76800 308 'CALL DEV(J,WX,WI,wTH,P,T,IH,X,FD1,
76900 1FI1,FI2,F13,FT4,F15,E,A21,HL,UAYL, PH)
77000 TFCX CTY,LT.0,0)L0QF2
77100 IF(LOQJEO.2)G0 70 800
77200 XNCK+4)=X (K¥2) #WXKIFHATRHALK+4) *WXK2+WXK3
77300 THCK+4)=T(K+2)+WTK1+EATHWT (K+4) =WTK24WTK3
77400 THN(K+4)=TH(K+2)+WTHK1+HAT*WTH (K+4) =WTHK2+WTHK3
77500 CX(K+4)=(XN(K+4)=xX(K+4))
77600 CT(K+4)=(TN(K+4)=T(K+4))

77700 X(K+4)=XN( K+4)



77800
77900
78000
78100
78200
78300
78400
78500
78600
78700
78800
78900
79000
79100
79200
79300
79400
79500
79600
79700
79800
79900
80000
80100
80200
20300
20400
80500
80600
80700
0800
80900
81000
21100
81200
81300
81400

RS

33

407

542

o TR o S

722

31
32

38

35
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CTH(K+4)=(THN(K+4)=TH(K+4))
T(K+4)=TN(K+4)
TH(K+4)=THN (K+4)
IF(ARS(CX(K+4))=Vy*0,01)31,31,29
IF(ARS (CT(K+4))=yw)32,32,29
IF(ARSC(CTH(K+4))=yw)33,33,29
IF(LK.EQ.2)GO Tp 38
TF(LP17.EQ,2)G0 TO 407
TFC(XCK+4) ,GT  XLK+3))G0O TO 542
AXMAX (KL)=X (K+3)pATHAX (K1) =T(K+3) JATHMAL (K1)=TH(K+3)
ALPSB (K3)=(Z(K+3)+Z2CTVIRZTI;LP17=2
GQr TN 542
IF (AXMAX (K1) .GE X (J))GO TO 542
AXMAX (K1)=XCI) s ATMAXCK1)=T(J) ; ATHMAXCKL)=TH(J)
ALPSA(K1)=(ZCJ)+ZCTV)*Z1II
IFCINpT1,NE,1)Go TO 38
IF(INP11,EG,1)Gp TO 38
CALL CONV(X,XE,XRm,P,T,J,AELP2)
AXEC(M1+1),K1)=XE ()
AXRMC(M1+1) ,K1)=XRM(J)
CALL AMMC(AN3E,AN3MR,AB11,FI3,FIT,XE,XRM,d)
AXENC(M1+1),K1)=AN3E
AXRMN(C(M1+1),K1)=AN3MR
DO 722 LG2P=1,4
AXE2(LA2P, (M1#1),K1)=AELP2(LO2P,1)
AXRM2 (LG2P, (M1+41),K1)=AELP2(LQ2P,2)
CONTINIE
M3=K+4
MA=M2%(M1=3)
TF(M3=M4)34,34,35
Mi=M1+1
AZ(M1,K1)=2(M3) *0,000001
AP(M1,K1)=P(M3)
AX(M1,K1)=X(M3)
AT(M1,K1)=T(M3)
ATH(M1 ,K1)=TH(M3)
ACX(M1,K1)=CX(M3)



81500
R1600
81700
81840
#1900
82000
g2100
82200
82300
R2400
82500
R2600
82700
82800
R2900
R3000
83100
23200
83300
83400
R3500
23600
23700

RS

34
191

¢

304
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ACT(M1,K1)=CT(M3)
ACTHCM1,K1)=CTH(M3)
AZP(M1,K1)=(Z(J)+2CTV)*ZTI
ANX(M1,K1)=AN3T
IF(K=NL)191,192,192
K=K+1
GO TN 101

2 K3=K3+1

TF(LK,EQ.2)G0 Tg 309
TF(LP17,EQ.2)G0 T0~=309
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ALPS8 (K1)=C(ZCK+4)+ZCTVI*ZTT; AXMAX (KE)=X (K+4)
ATHMAX(KL)=T(K+4) s ATHMAX (K1) =TH(K+4) ;LP17=1
PRINT *,10PTY,LaQ, CCAZP(T, ) AT(T,J)9ATHCT,d),131,M1) ,J=1,K1)

GL O 309
Mi=M1i+1

CAT (ML, K1)RT ()

AXCME, K1)=X(J)
ATH(M1,K1)=TH(J)
IF(I0LY,.NE,2)GO TO 309

PRINT 935,F1'F2,F3,F4,F5'(N,X(N)pT(N),TH(N),F(N),UAﬂliNJaOANZCN).
1QEN3(N),OﬁNd(N).GRNECN),uRl(N),0HR3(N},GAK(N),0AKF(N)pGAKRCNB,

2UWXCN) ,WTCN) ,WTHCN) ,N=q ,40)

IFCITYPE.NE.2)Go TO 309



RS

00100
n0200
00300
n0400 S35
00500 309
n060N
00700
00800
00900
01000
01100
01200
n1300
01400 C
01500 C
01600 C
01700 728
01800 701
n194gn
n2000
02100
02200
02300
n2400
02500
n2600
02700
n2800 557
02900 5b6
n3000 830
03100
03200 800
03300
03400
03500
03600 €
03700 €
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TYPE 935,F1,F2,F3,F4,F5,(N,X(N),T(N),TH(N),P(N),QANLLN),8AN2C(N),
1QAN3(N) ,QAN4(N),QANS(N),QR1(N) ,QHR3(N),QAK(N) ,QAKF(N),QAKR(N),
2WX(N),WT(N) ,WTH(N) ,N=1,d)
FORMAT(2X,5F10.,1/(2X,15,F10,3,8F10,1/2%X,8E10,3/))
M12(K1)=M1sJJdl=g=~1:LP17=1
PDROP(K1)=P(1)=p(J)
IF(INP11.NE.1)Gp TC 701
CALL CONV(X,XE,XRM,P,T,J,AELP2)
AXE(M1,K1)=XE(J)
AXRM(M1,K1)=XRM(J)
CALL AMMCCAN3E,AN3MR,AB11,FI3,FIT,XE,XRM,d)
AXENCM1 ,K1)=AN3E
AXRMN(M1 ,K1)=AN3Mp
DA 728 162P=1,4
AXE2 (LO2P,M1,K1)=AELP2(LA2P,1)
AXRM2 (LU2P,M1,K1)=AELP2(LQ2P,2)
CONTIMNUE
IFCLK.3.2)G0 Tp 800
P g30 1=1,J44d1
EFZIACT ,K1)=EFFZI (1)
QR1B(I,K1)=QR1(1);SEFZI=EFFZI(I)+SEFZI
WRXNCI,K1)=(OR1(I+1)=AR1I(I))I*2,016/(T(I+1)=T(I))
WRXNS(T,K1)=WRXNCI,K1)+WRXS;WRXS=WRANSC(I,K1)
QR1AV(T,K1)=(QR1(I+1)+QR1(T))*1,008
IF(QRIAV(I,K1).NE.0,0)GO TO 557
RINTL(I3K1)=1,0E8
GO T 566
RINTL(T,KL)=WRXNCI,K1)*(X(TI+1)=X(I))/(GRIAV(I;K1)*QR1AV(I,K1))
SINTL(I,K1)=RINTL(T,K1)4SINTFSTINT=SINTL (I,K1)
CONTIANE
EFZIB(J,K1)SEFFZI(J)EFZIACKL )=(SEFZI+EFFZI(J)) /4
RETURN
END
SUBROUTINE DEVCI,WX,WT,WTH,P,T,TH,X,FD1,
{FI11,F12,FI3,FI4,F15,F,AZ1,HL,UAL,PH)
SUBRNUTINE NO.3 FQR CALCULATION OF DERIVATIVE VALUES FROM AMMONIA
SYNTHESIS REACTOR



RS

03800 C

03900
04000
n4100
04200
04300
04400
04500
04600
04700
04800
04900
05000
n5100
05200
05300
n5400
05500
05600
05700
n5800
05900
06000
06100
06200
06300
06400
06500
06600
06700
06800
06900
07000
07100
07200
07300
07400

107

305
114

APPENDIX=B
EQUATIONS FOR NUMERICAL INTEGRATION
DIMENSTON WX(310),WT(310),WTH(310),P(310),T(310),TH(310),X(310)
1,0R1(310),0HR3¢310),Q0AK(310),0AKF(310),0AKR(310),0AN1(310),
20AN2(310),QAN3(310),0AN4(310),QANSC310),EFFZ2I(310)
COMMON/CBL/F1,F2,F3,F4,F5,LQ0,ITYPE,PARAL,PARA2,PARA3
1,PARA4,T0OP26,10P29,FLPF
1/CB5/LK,AN3T,ZCTV
2/CB7/1CS1ZE,T0PT1 ,EFFAH,EFFAL/CB8/AKR,AK,AKF,ABLP8,ITYP,EFFAC
1/Cﬁ35/uR1,QHRB,0AK,GAKF,GAKR,OAN1,UAN?,QAN3,UAN4,QAN5,EFF11
PP=P(1); ITYP=ITYPE
TI=T(I)
THH=TH (L)
AB=F1%X(X)
ANl=FI1=AB
ABi=0,33333%AL
AN2=FI2«AB1
AN3=FPI3+0,66h667%AR
EFFECTIVENESS FACTOR EFFECT
IF(LK.EQ,.,2)G0 To 314
IFCICSIZE.EQ.2)G0 TO 305
ETA=AN3/(AN3+2,.0*aAN2)
CALL ZIFACEFFAC,Pp,T1,ETA,BLPLl,BLP2,RLP3,BLP4,BLP5,BLE6)
EFFZI(TI)=EFFAC
IF(EFFAC.GE EFFAH)CO TO 107
IFC(EFFAC.LE ,EFFAL)EFFAC=SEFFAL
GA-TO 344
EFFAC=EFFAH
GO TO 314
EFFAC&1,0
CONTTWUE
AN4=F14
ANS=FIS
ANT=AN1+AN2+AN3+AN4+ANS
ANTI=1/ANT;Y1=AN1%ANTI;Y2=AN2¥ANTLI; Y3=ANIKANTLIY13=¥1/Y3
Y135=Y13*Y13;ALPHA=SPARA3*(,57Y13P=V1%*Y13S*PP2Y13PA=Y13PXRKALPHA
AN3T=100,%Y3
IF(LK,EQ,2) GO TC 202
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07500 TT11=TT=273,0
n7600 201 IF(1I0P29=2)404,407,408
n7700 407 HR3=-10906.0~(5.293-(3.429E-3-2.01E-6*TT11J*TTil)*TTll
07800 GO TO 422
n7900 408 HR3=-(0.54525+(840.609+459.734E6/(TT*TI))/TT?*PP—
ngoon 1(5,34685+(.2525E-3-1.69167E~6*TT)*TTJ*TT*9157.09
08100 G0 TN 422
08200 404  HR3==15564,51+(7,0646=(14,8399E=03=(3,3563E=07=1,1625E~10%TT)%
N8300 1TT)*TT)*TT-PP*(3,01975-(4.4552E-03-1,928E-06*TT)*TT)
08400 AK=EXP  (0,50327%(9184,0/1T=7,2949%A1,06 CTT)+(3,.4966E=03+
NB500 1(1.6781E-U7-3.RT?E-Ii*TT)*TT)*TT+23,05))
08600 GO- TN "4146
08700 422 AK197=(22504322/7%=0,.8534=0,656%AL0G(TT)~(2.58987E=4~
nBgaonon 11.48961E=T7%TT)%TT)
08900 AK=1Dx%AK17
09000 416 CONTINUE
09100 AKF=(1,7343=8,143p=04%PP+
N9200 1(5.714E-07*PP'2.6714E-03+2.0E-OG*TT)*TT)*PARA4
09300 AKKE=AK/AKF ; AKSQ=AKKFXAKKF
09400 PANT=PPxY1
nN9500 IFEC(PP)11,11,15
09600 15 IF(PANT)11,11,12
09700 {1 PRINT 14,PANT,PP
N980N IFCIT™WPE.NE,2)Co TC 35
09900 TYPE 14,PANT,PP
10000 14 EORMAT(1X,5HPANT= ,E15,6,10H,PRESSURE= ,F10.4". /)
10100 35 LOO=2
10200 GO..TO 8O0
10300 12 SPANT=SQRT (PANT) a
10400 AKR=((300,0/PP)%%0,63)%EXP (-24092.2*(PAPA2/TT1+(33.5b6b/PhRA1))
10500 R11=29,4204*(AK&G#PP*Y2-1/Y13?)*Y13PA*F*AKH*1.GE-UG
10600 R1=R11*EFFAC
10700 B7==0,666667%HR3%p1
10800 GO TN 203
10900 202 R1=0,0
11000 B7=0,0

11100 203 WX(I)=R1/F1;UALP1zUAL*¥FLPF*%0 8
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11200 B4==UALPL1*(TT=THH)

11300 B1=R7+R4

11400 CALL HEATC (CPi,Cp2,CP3,CP4,CP5,PP,TT,I0P26 )
11500 B2=AN1*¥CP1+AN2%¥CP2+AN3¥CP3+AN4XCP4+ANDS*CES

11600 WICI)=R1/B2

11700 CALL HEATC (CP1,Cp2,CP3,CP4,CP5,PH,THH,ICP26)

11800 B3=FDi*(F1¥CP1+F2%CP2+F3¥CP3+F4%CP4+F5%CP5 )

11900 WIH(Y)=B4/B3

12000 AR1(T)=R1;0HR3ICI)=HR3;QAK(T)YZAK;QAKF (I)=AKF7QAKR(1)=AKR
12100 AAN1 (T)=ANL; QAN CIYSANZFOAN3CL)=ANI;0AN4(T)=AN4FOANSCI)=ANS
12200 800  RETURN

12300 END

12400 ¢ SUBRAUTINE NO 4 FOR CALCULATTION OF MIXTURE STREAM TEMPERATURE BY TR
12500 C AND “ERROR TECHNIQUE

12600 SUBRAUTINE MTEMP(TR21,TBt2,F1,R11,R22,R33,R44,R55,081,02,03,04,85,
12700 1XB12,pPB1,UV,C4,10p26)

12800 I=1;C41=0,5

12900 RT=R11+4R22+R33+R44+R55~0,666667*F1%XB12

13000 OT=01+02+03+04+05

13100 Wi=(RT*TB124+0T*UV)/ (RT+AT)

13200 192 TB2L:=w1

13300 CALL TEMP(ATL,Fi,R11,R22,R33,R44,R55,01,62,03,04,085,X812,PB1,
13400 1TB12,TR21,U0V,I0P26)

13500 NELT1=AT1=W1

13600 IF(ABS(DELT1)=C41y 151,151,191

13700 191 IF(I=11153,152,153

13800 152 W2=AT%

13900 134 TR21=W2

14000 CALL TENMP (AT2,F1,R11+R22,R33,R44,R55,01;62,03,04,05,X812,PB1,
14100 1TB12,TR21,;0UV,10P26)

14200 DELT2=AT2=W2

14300 TF(ARS(DELT2)~C41)154,154,153

14400 153 DWi2=(W1=W2)

14500 I=1+1

14600 IF(DELT1)1,151,5

14700 1 IF(DELT2)2,154,7

14800 5 IF(DELT2)7,154,2
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_ RS APPENDTX=5
14900 2 IFCABS(DELT1)=ABS(DELT2))161,161,162
15000 161 W2=W14DW12
15100 GO TN 134
15200 162 W1=W2=DH12
15300 GO T0 192
15400 7 W3=W2+(W1=W2)*ABS (DELT2)/ (ABS(DELT2) +ABS(DELT1))
15500 TH3=W3%100.040,5;W3=IW3%0,01
15600 TB21=W3
15700 CALL TEMP(AT3,Fi,R11,R22,R33,R44,R85,01,02,03,04,05,XB12,PB1,
15800 1TB12,TR21,0V,I0P26)
15900 DELT3=AT3=W3
16000 TF(ABS(DELT3)=C41)170,170,188
16100 170 TB21=AT3
16200 60 TN 155

16300 188 IFCDELD3Y11,170,35
16400 {1 TF(DELT2)17,154,26
16500 35 IF(DELT2)26,154,17

16600 £7 wW2=uW3

16700 DELT28DELT3
16800 GO TO 7
16900 26 Wi=uW3

17000 DELT1=DELT3
17100 GO TN 7
17200 154 TB21=AT2
17300 GO TN 155

17400 151 ~TB21=AT]
17500 155 RETURN

17600 END

17700 SUBROUTINE TEWP(T,F1,R11,R822,R33,R44,R55,01,02,03,04,05,XB12,

17800 iPB1,TE12,TR21,0V,I0P26)

17900 C SUBROUTINE NO..5 fFnR CALCULATION OF MIXTURE TEMPERATURE FROM ENTHAL
18000 ¢ BALANCE

18100 XBF1=F1%XB12

18200 R1=R11=-XBF1

18300 R2=R22=~0,33333*%XFF1

18400 R3=R33+40,6666T*XRF1

18500 R4=R44



18600
18700
18800
18900
19000
19100
19200
19300
19400
19500
19600
19700
19800
19900
20000
20100
20200
20300
20400
20500
20600
20700
20800
20900
21000
21100
21200
21300
21400
21500
21600
21700
21800
219400
22000
22100
22200

2

o}

3.

(e ]

DM

ik S o |

RS
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R5=R55
CALL HEATCC(CP1,CF2,CF3,CP4,CP5,PB1,TRB12,T0P26 )
C1=TR12% (RL*CP1+R2¥CP2+R3I¥CPI+R4XCP4A+R5*¥CP5 )
CALL HEATC(CPi,CF2,CP3,CP4,CP5,PR1,UV,T0R26 )
C2=UV*(QL*¥CP1+02*%CP2+Q3%CP34+Q4%CP4+Q5%CP5 )
CALL HEATC(CP1,CP2,CP3,CP4,CP5,PB1,TB21,10P26 )
C3=(R1+Q1)*CP1+(R2+02)¥CP2+ (R3+Q3)*¥CP3+(R4+Q4)*CP4+ (R5+Q5) *¥CP5
T=(C1+C2)/C3
RETURN
END
SUBRAUTINE HEATC(g¢Pt,CP2,CP3,CP4,CP5,P,T,ICP)
SURRDUTINE NO. 6 FOR CALCULATION OF HEAT CAPACLIY AT GIVEN TEMPERAIT
AND PRESSIURE

T{1=T=273.0

TF(I0P=2)2,3,8

CP3=8,497+(B,001E~3~1,764E=06%T11)%T11

Ga TN 17

CP3=102.7524=(21,63767E=02=(13,12707E=05=1,5981E~09%1)*T) *T=
1P*(6,7571E=02=(1,6847E=04r1,009514E-07%T) *T)

CP1=6,952=(4,576E=04=(9,563E~07=2,079E=10%T)* T)x*T
CP2=6,903~(3,753F=04~(1,93E=06=6,861F"10%T)*T)*I
CPA=4,_ 750401 2F=024(3.03E=06=2,63E~09%T)*T)*T

GO TN 1t

CP3=8,497+(8,001F=3=1,764E~6%T11)%T11

CPNH2=8,62+(0,002+7,2E=9%TT11)*TT11

CP2=26,822+(1.631E=3=0,345E=6*%T11)*T11

CPN2=6,815+(317E=445,3E=B*TT11)*TT11

CRPi=6.9194(0.218F=340,279E=6*T11) %711

CPH2=6,5+0,0009%TT41

CP4=3,00+(0,0228=4,8E=6%T)*T

CP5=4,9675
RETURN
END
SUBROUTINE NO, 21
RUNGE KUTTA FOURTH ORDER NUMERICAL INTEGRATION
METHND, ERROR 1S APPROXIMATELY FIFTH POWER OF H,
SURRNUTINE NO,7 FOR CALCULATION OF EFFECTIVE



22300 ¢
22400 ¢
22500

RS

PAGE 3
APPENDIX=B

NESS FACTOR OF LARGER SIZE CATALYST
PARTICLES OF 6MM AND 10 MM
SUBROUTINE ZIFA(ZIF,F,T,ETA,B1,B2,B3,B84,R5,B6)

61



00100
no200
n0300
00400
00500
00600
00700
n0R00
00900
01000
01100
01200
n1300
01400
ni1500
01600
n1700
01800
n1900
02000
02100
n2200
02300
Nn2400
02500
N2600
n2700
02800
02900
03000
N3100
03200
n3300
03400 C
N3500 C
N300 C
03700 C

RS

35
47
26

44

56

BO

20

71

200

PAGE: 62
APPENDIX=B

IF(P=150,0)20,26,35

IF(P=225,0)20,26,47

IF(P=300,0)71,26,71

CBO=1 ; CBi=1 ; Cg2=1 ; CB3=1 ; CB4=1 ; CBS5=1 7 CBé=1
TF(P=225)44,56,80

BO==17,539096%CB0 ; P1=0,07697849%CB1

B2=6,900548%CB2 ; B3==1,08279E~4%CR3

R4==26,42469%CB4 ; B5=4,92764BE=8%CB5

R6=38,93727%CB6

GO TO 200

RO==8,21725534¥CB0 ; RI=0,03774149%CB1

R2=6.190412%CA2 ;i B3=-0,5354571E~4%CB3

R4==20,86963%CR4; B5=2,379142E=8%CRS

P6=27,88403%Ch6

GO TA 200

BO==4,6757259%C80 ; P1=0,02354872%CB1

R2=4.6R7353%CB2 ; B3I=~0,3463308E=4%CR3

R4==11,28031%CB4 ; B5=1,5408B1E=8%CBE5

R6=10,46627%CB6

GO TO 200

CB0=2,06351463-0.007090097%P ; CB1=2,019427635=0,006796184%p
CB2=1,205907125=0_001372744%P ;CB3=2,010967778=0,006739785%pP
CB4=1,420444667-0,002802064%P ; CB5=2,03437015=0,0068958%p
CBA=1,567746018=0_003784973%P

GO-"TO 44
CB0=4,025692759=0_010085642%P;CB1=3,410792604=0,008035975%P
CB2=72,282394563=0_004274648%P;C33=3,184342831~0,007281142%P
CB4s4,400374635=0_011334582%P;CB5=3,176056425=0,007253521%P
CB6=7.656721067=0, 02218907 %P

GO TO. 80

ZIF=RO+ (B1+ (B34B5%T)XT)*T4+ (B2+(BA+B6XETA) ¥ETA ) ¥ETA

RETIURN

END

SUBROUTINE NO, 8 FOR CALCULATION OF

CONMVERSINN AT EQUILIBRIUM AND MAXIMUM

REACTINN RATE AT CONYVERGED VALUES IN THE

CATALYST BED
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RS APPENDIX=B
03800 SUBRNUTINE CONV(XACT,XE,XRM,P,T,I,AELP2)
03900 DIMENSTION XACT(310),XE(310),XRM(310),XY(310),P(310),
04000 17T(310),ADELP(4),AELP2(4,2) ,RATE(800)
04100 COMMON/CBB/AKR,AK ,AKF ,ABLP8, ITYPE,ZIF
04200 1/CB9/FF,RATIC,XINCL,XINCL2,TOLS,FCL,FC2,FC3,DELE, DELH
04300 1,T0L8,M88,I0P11,ICLAL
04400 1/CB26/CONSL7,CONSL8,SCONLS, TWTH, PP, TT, DAKR,DAK,DAKF , RAKKF
04500 REAL KC1,KC2,KC3
04600 J=1;PP=p(I) ; TI=T(I)
04700 RAKKF=AK/AKE ; |SRAR=RAKKFARAKKP
04800 CONP=1,29904%PP ; Me=1 ; KCi=CONP*RAKKF
04900 CONSL7=29,4204%pKR*FF/PP*%0,5;CONST, 6=PP ¥*RAKKE
05000 SCONLS=CONSLB*COoNSLE; TWTH=2/3
n5100 Y3F=1,5%(100%FC3)/FC1;Y1F=225%FC3/CFC1¥FC1)
05200 278 IF(MCLED.1)°GO.TO 287
05300 KC1=KC3
05400 787 AKCI=KC1+1
05500 BKC1=2%KC1+Y3F
05600 CKC1=KC1=Y1F
05700 AKCK=4*AKC1%CKC1
05800 BKSQ=BK(C1*BKC1
05900 IF (AKCK.GT,BKSQ) GO TO 305
06000 ROOT=(BKSQ=AKCK) *%0,5
06100 AKC2=2%AKC1 3 ROBT2=R0O0T/AKC?
06200 BKC2=BKC1/AKC2;BKRCOT=BKC2+R0O0OT2
06300 ¢ IF¢BKROQT ,LT.1,0)G0 TO 35
06400 IF(BKC2,LE,RO0T2)G0 TO 35
06500 LAY=(BKC2=ROBT2)%1C000+0,5:XY(I)=LXY*0,0001
06600 TF(IOLBL NE4)GOo 161109
06700 PRINT 1301,X¥(I)
N6R0O0 TYPE 1101, X%(I)
06900 1109 CONTINUE
07000 1101 FORMATC(F7,3)
07100 GO TO 26
07200 35 LXY=(BKC2+RDOT2)%1C000+0,5: XY(I)=LXY¥*0,0001
07300 IF(IOL81.NE,1)Go TC 1118

07400 PRINT 1101,XY(I)



PAGE: 64

RS APPENDIX=B
n7500 TYPE 1101,XY(I)
N7600 1118 CONTINUE
07700 TF(XY(T).GT.1.0)G0 TO 305
n7800 26 IF(MC.EQ.2)G0 Tp 350
n7900 XECI)=XY(I)
ngoon GO TD 332
08100 350 XRM(I)=XY(I)
ng200 IFC(RATIOLNE,.3,0)G0 TO 443
08300 C TF(ZIF,NE,1.0)6Q T0 443
ngann GO TO 377
0B500 443 CONTTINITE
ngAONO GO TN 458
ng700 305 PRINT 308,FPP,TT
08800 IFCITYPELNES2)Go TC 207
ngapo TYPE 308,PP,TT
n9000 308 FORMAT(2X,'PRESSURE(ATM)=',F10,3,8X,"', TEMPERATURE (K)="%,F10,3%)
n9100 107 IF (MC,EQ.2) GO TO 800
n9200 PRINT 809
n9300 IF(ITYPE,NE,2)GD TC 116
N9400 TYPE 809
nN9500 R09 FORMAT(2X,'CONVERSTON AT EQUILIBRIUM IS COMING COMPLEX/NEGATIVE OR
09600 1ZERO L' /)
09700 116 XE(I)=040
09800 GO TN 332
09900 800" PRINT 818
10000 ITF(ITYPE.NE.2)GO TC 125
10100 TYPE 8148

10200 R18 FORMAT(2X,"'CONVERSION AT MAXIMUM RATE IS COMING COMPLEX/NEGATIVE O
10300 1R ZERQ.'/)

10400 125 XRMCII=0,0

10500 G0 TN 377

10600 332 CONTINUE

10700 IF(RATIO.EQ.3.0)G0 TG 431
10800 458 ABC=1;XLPE=XY(T)

10900 TF(MC.EQ.2)G0 Tg 1100
11000 C XLPE=XACT(I)sABC==1

11100 1100 XEL=(1=ABC*XINCL2)*XLFE



11200
11300
11400
11500
11600
11700
11800
11900
12000
12100
12200

12300

12400
12500
12600
12700
12800
12900
13000
13100
13200
13300
13400
13500
13600
13700
13800
13900
14000
14100
14200
14300
14400
14500
14600
14700
14800

RS
C

440

533

431

3N

1106
1105

APPENDIX=B PAGE: 65

XINCL2=C(XEC(I)=XgM(1))%0,2
CALL LMINPCXEL,MC,RDELP,RATE,LMP)
TF(MC.EQ,2)GO0 To 440
XE(I)=XEL
PO 530 LP=1,4
AELP2 (LP,1)=ADELP (LP)
GO TN 431
XRM (1) =XEL
DO 533 LP=1,4
AELP2(LP,2)=ADELB(LP)
Go 0 377
NC=2
TINY=1/TT
DAKR=24092, 2*AKR*TTINV*TINV
DAK=AK%0,50327%(3 ,4966E=3=TINVX (9184, 0¥PINV+T.2949)
UTT#(3,3562E=7=1T*11,625E=11)) e
DAKF=5,714E=7%PP+4, 0E~6%TT=2,6714E=3
KC2=2 , 0% AKR*¥RAKKF % CDAK=RAKKF*DAKE) / CAKF*DAKR )4 SRAF
KC3=CONPXKC2*¥%0 5 |
GO TN 278
CONTINVE
TF(I0L81,NE.1)GO 70 1108
PRINT 1106, (CAFLP2(LP,LP1),LP=1,4),LP1=1,2)
2(RATECLP)yLP=1,,MF) ~
TYPE 1106, C(AELR2(LP,LP1),LP=1,4),LP1=1,2)
2(RATE(LP),LP=1,LHP) f
FORMAT(8F7,3,6E11,3/)
CANTTNDE
RETURN
END

C SUBROUTINE nNO,9

L

26

SUBRNUTINE N@, 10
SUBRAOUTINE COMPACDELT,I,J,J1)
DIMENSTON DELT(800),T(800)
I=1;J1=0
IF(ABS(T(J)=T(TI)) . EQ.0,0)GD TQ 35
I=T+1



14900
15000
15100
115200
15300
15400
15500
15600
15700
15800
15900
16000
16100
16200
16300
16400
16500
16600
16700
16800
16900
17000
17100
17200
17300
17400
17500
17600
17700
17800
17900
18000
18100
18200
18300
18400
18500

RS

32
260

17

116
125

35

44
53

APPENDIX=B BresATns

IFC(ILEAQ.J) GO TO 44

GO TO 26

T(J)=TC(I)

DELT (J)=DELT(I)

Jisr

GO TN 53

DELT(J)=8.0

RETURN

END

SUBROUTINE -GPTIMA (OBJIF,M, X, X1,TOP,NY,
1AC2,NLEV,BOPTH, T8, NHAX1 ,NDPTS, X8,

2080, N8, ACL, YN, TLE)

SUBROUTINE NO.11 FOR COMPLEX SEARCH TECHNIGUE
DIMENSION 0BJP(50),X(50,20),%X1¢20,20),
1089 (20),X8.£20,20) ,NLEV(20) ,X81(20)

CALL MAXMIL(OBJF,M,UBMAXL,
1TO0BMAX2,0BMIN,NMAX1 ,NMAX2,NMIN,NDPTS, ILP)

IF(M,GT ,NDPTS) GC TO 251
IN=03rK=0;NNB=1;AC1=AC2;LF=Q;NDPT1=NDPTS~1

PO 17 L=13NDPTS
IF(L.EQ.NMIN)GO TO 17
LP=LP+1
NBJ(LP)=0BJF (L)

DO 17 K=1i,NV
X8CLP,K)=X(L,K)
CONTINVE
OBJENRPTS)=0BJF (NMIN)
D& _116=K=1,NV
X8ENDPTS , KI=X (NMINTK)
CONTINUE

278 CALL NPOINT(IN3OBRMIN,ORJ,X8,NV,NN8,ACT

440

1,N0PTM,TOLS, OFMAXY, OBMAX2, NMAX1 , NMIN,NDPTS)
IFCNNSB.NE,1)GO TO 440

YN=0BJ(NDPTS)

CONTINVUE

IF(NDPTM.NE.O0)Go TC 71

M=M+1



18600
18700
18800
18900
19000
19100

19200 -

19300
19400
19500
19600
19700
19800
19900
20000
20100
20200
20300
20400
20500
20600
20700
20800
20900
21000
21100
21200
21300
21400
21500
21600
21700
21800
21900
22000
22100
22200

R

b
5 APPENDIX=B ke

DO 74 K=i,NV
74 X(M,K)=X8(NDPTS,K)
GO TN R8Q

251 CONTINUE

2

2

143

134

227

06 OBJ(NDPTS)=0BJF (M)
DO 233 K=i,NV
33 XB(NDPTS,K)=X(M,K)
IFCOBJC(NDPTS) ,LE.YN)GO TO 125
NN8=1;AC1=AC2;Lp=0sNDPT13NDPTS=4
CALL MINCORJ,NDPTS70UBMIN,NMIN)
DO 143 'K=1,8V
X8N(K)=XB (NMIN,K)
DD 134 L=14NDPTS
TF(L,EQ.NMINYGO TO 134
LP=LE+1
IF(L.EQ.LP)GD Tg 134
QB (LP)=0BJ(L)
DO 134 K=1yNV
X8(LP,K)=X8(L,K)
CONTINVE
OBJ(NDPIS)=0BMIy
DO 890 K=1,NV
X8(NDPTS,K)=X8N(K)
GO TO 125
80 NBJF(MY=0,0
71 RETURN
END
SUBRNUTINE NPOINT(TIN,YN,Y,X,N,N1,AC
1,NOPTM, TOL 8y YMAXT »YMAX2 , NMAX1, NMIN,NDPTS)
DIMENSION . Y(20),%¢20,20)
SUBRNUTINE NOw12 pOR NEXT OPTIMISATION POINT
I=0; NOPTM=0%NDPT1zNDPTS=14XMEANZD, 0
CONTINUE
IF(N1=-2)38,47,56
38 CONTINVE
65 I=T+1;XMEAN=0,0
PO 332 L=1,NDPT}

67



22300
22400
22500
22600
22700
22800
22900
23000
23100
23200
23300
23400
23500
23600
23700
23800
23900
24000
24100
24200
24300
24400
24500
24600
24700
24800
24900
25000
25100
25200
25300
25400
25500
25600
25700
25800
25900

RS
332

47

56

BO

433

m 2 O .0

26

APPENDIX=B i e

XMEAN=X(L,I)+XMEAN
XMEAN=XMEAN/NDPT1
X(NDPTS,T)=XMEAN+ (XMEAN=X(NDPTS,T))*AC
IF(I,LT.N) GO TO 65
Ni=N1+1
TN=3
GU TD BO
AC==0,5%AC
GO TN 38
AC=0,5%AC
GO TO 38
CONTTNHE
TF(CYMAX1=YMAX2)%5GT,TULB)GO TD=233
NOPTM=NMAX1
CONTINUE
RETURWN
END
SUBROYTINE INTEGR(¢X,N,M)
DIMENSTON X(50,20),1X(20)
SUBROUTINE NC.13 FOR MAKING REAL VARTABLES
TO ITs NEAREST ROyUNDED OFF VALUE
DOSB K=1a1"
TXCK)Y=X(M,K)*10040,57X (M, K)=TXCK)#0,01
CONTINUE
RETURY
END
SUBRDUTINE MLEVEL(X,N,X1,M,N1)
DIMENSION X(50,20),X1€20,20),N1(20)
SUBRABUTINE NO,J/14 FOR MAKING VARIABLES TG
THEIR NEAREST SPECIFIED LEVEL
FEED DATA THROUWGH DATA FILE*DA17.DAT®
IN DESCEMDING ORPHER,SAY 20,15,10,50 D,
J=1;K=1;LPi=1
IF(X(M,J)=X1(K,1))26,29,29
IF(K.,GE,N1(J))Go TC 11
K=K+1;LP1=2
GO TO #¢Q



26000 29
26100
26200
26300
26400
26500
26600 11
26700 74
26800
26900
27000 53
27100
27200 C
27300
27400
27500
27600
27700
27800
27900
28000
28100
28200
28300
28400
28500
28600
28700
28800
28900
29000
29100
29200
29300
29400
29500
29600

RS

35
17

71

80
89

26

APPENDIX=B
IF(LP1,.,EQ,1)G0 1O 11
LP1=1

IF(ABS(X(M,J)=X1((K=1),J)).GE,
1ABS(X(M,J)=X1(K,J)))C0 10 11
X(M,d)=X1((K=1),3)
GO TN 74
X(M,J)=X1(K,J)
IF(J.,GE,N)GO TO 53
J=Jd+1;K=1:LP1=1
GO TO 80
RETURN
END
SUBROUTINE-NO, 15
SUBRNUTINE- ACUMP(IK,X,M,N)
DIMENSTUN X(50,20)
J=1
I=1
IFCX(M,I).EQ.X(J,1)) GO TU 8
J=J+1
IFCJ.GE.M) G0 T0 71
G4 TO 35
I=T+1
IFCI.GT . N) GO TO ‘80
GQ T 17
IK=0
GO TH 89
1K=J
RETURN
END
SUBROYTINE NO, 16

SUBROUTINE MINMAX (X,N,XMAX,XMIN,NDIM)

DIMENSION XTNDIM)

J=1 ; A=X(1)

DO 26 J=2,N
IF(A,GE.X(J)) GO TO 26
A=X(J)

CONTINDE

PAGE:
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29700
29800
29900
30000
30100
30200
30300
30400
30500
30600
30700
30800
30900
31000
31100
31200
31300
31400
31500
31600
31700
31800
31900
32000
32100
32200
32300
32400
32500
32600
32700
32800
32900
33000
33100
33200
33300

™

RS

B0

A |

26

17

APPENDIX=B bl TR

XMAX=A
I=1
Al=Xc1)

- DO 80 J=2,N

IF(AL . LE.X(J))GU 1O 80

Al=X(J)

CUNTINUE

XMIN=A1

RETURN

END

SUBRNUTINE NO, 17

SUBROUTINE AMMC(CAN3E,AN3MR,AB1,FI3,FIT,XE,%RM,T1)

DIMENSION XEC310) ,XR¥M(310)
COMMON/CBS/PF ,RATIC,XINCL,XINCL2,TOLS,FC1,EC2,FC3,PDELE,DELM
1,X0%W8,1488,I0P11

J=1 ¢ X=XEC(I)

AB2=2%FC1%X/3

AN3T1=100%(FC34AR2)/(100=AB2)

IF(JGE,2)G0 TO 26

AN3E=AN3T1

X=XRM(I)

J=2

GO TO 17

AN3MR=AN3T1

RETURN

END

SUBROOTINE NO.18

SUBRQUTINE FLOWR(F1,F2,F3,F4,F5,VFT+FC1,EC2,FC3,FC4,1)

C1=1,1355E~4

C2=1.,1135E~4

C3=1,1349E~4

Cd=1,1351E~=4

C5=1,136FE=4

IF(I.EQ,2)G0 TN 26

CONTINUE

FC5=100,0=(FCLl+FC2+4FC3+FC4)
FCLP=FCL1/C1+F(C2/C24FC3/C3+FC4/CA+FCH/CH



RS APPENDIX=P
33400 FTIC=100%VFT/FCLpP
33500 IF1=FTC¥FC140,5
33600° Fi=IF1
33700 IF2=FTC%FC2+0,5
33800 F2=1IF2
33900 IF3=FTC*FC3+0,5
34000 F3=1IF3
34100 IFA=FTC¥FC4+0,5
34200 F4=1F4
34300 IFS=FTC*FC5+40,5
24400 F5=1F5
34500 GO TN 80

34600 26 IVFT=0,01*%C((F1/C1)4(F2/C2)+(F3/C3)+(F4/C4)+(F5/C5))+0,5
34700 VFT=TIVFT

34800 FTC=0,01%(F1+F24F3+F4+F5)

34900 35 TFC1=100%F1/FTC+0 .5

35000 FCL=TFC1/100

35100 IFC2=100%F2/FTC+0_5

35200 FC2=TIFC2/100

35300 IFC3=100%F3/FTC+0,5 ; FC3=IFC3/100
35400 IFC4=100%F4/FTC+0_ 5 ; FCA4=1IFC4/100
35500 FC5=100,0=(FC1+4FC2+FC3+FC4)

35600 80 RETURN

35700 END

35800 ¢ SUBROUTINE NO, 19

35900

36000 ¢ SUBROUTINE NO, .20

36100 SUBROUTINE FUNCBJ(X,M,NL,P,P1,5,51,52,83,54,585,56,57,58
36200 1,520,521,822,52%,824,525,526,527,528,€)
36300 DIMENSTON X(50)

36400 TF(N1=2)2,3%7

36500 7 ITF(N1=4)8%511,12

36600 12 IF(N1=6)17,80,21 .

36700 21 IF(N1=8)26,29,30

36800 30 IF(N1=10)35,38,38

36900 2 G=p1

37000 IF(P1.EQ,0,0)GC TO 44



37100
37200
37300
37400
37500
37600
37700
37800
37900
38000
38100
38200
38300
38400
38500
38600
36700
38800
38900
39000
39100
39200
39300
39400
39500
39600
39700
39800
39900
40000
40100
40200
40300
40400
40500
40600
40700

44

45

16

11

47

17

48

80

26

RS

APPENDIX =

X(M)y=p/pP1

GO TO 20

X(M)=p

GO TO 20

G=521
IF(S21,EQ,0,0)G0
X(M)==81/521

GO TO 20
X(M)==51

GO TN 20

G=522
TELS5225EQ,0,03Gp
X(M)==52/522

GO _TD 20
X(M)==S2

GO T0 20

G=523
IF(823,EQ0,0,0)GQ
X(M)==53/523

Gad T0 20
X(M)==53

GO T0 20

G=524
IF(s24,EQ0,0,0)GQ
X{M)=254/524

GO rn 29
X(My==S4

GO TN 20

G=525
IF(825,80.0.0)G60
X(M)==55/52%

GO 10 20
X(M)==55

GO TO 20

G=526
IF(526,EQ0,0,0)Gpo
X(M)==56/526

B

TC

TO

TC

TG

p !

45

46

47

48

50

51

PAGE:
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40800
40900
41000
41100
41200
41300
41400
41500
41600
41700
41800
41900
42000
42100
42200
42300
42400
42500
42600
42700
42R00
42900
43000
43100
43200
43300
43400
43500
43600
43700
43800
43900
44000
44100
44200
44300
44400

51

29

53

35

52

8

56
20

RS

80

APPENDIX=B ARy

GO TO 20
X(M)==854
GO TN 20
G=527
IF(s27,EQ,0,0)Go TC 53
X(M)==S57/527
GO TN 20
X(M)==S7
GO TO 20
G=528
IF(528,E0.0,0)Gg #0 52
X(M)==58/528
GO 70 20
X(M)==38
GO TR 20
G=820
IFets20.,EQ,0,0)GQ TC 56
X(M)==S5/520
GO T0 20
X(M)==S
RETURN
END
SUBROUTINE NO, 21
SUBROUTINE MINCX,N,XMIN,NMIN)
DIMENSION X(20)
I=17NMIN=]
Al=X(1)
PO 80 J=2,N
TF(ALLLE.X(J))GO TO 80
Al=X(J)
NHIN=J
CONTINDE
XMIN=A1
RETURN
END
SUBROUTINE NO, 22
SUBRDUTINE MAXMIL (X,N,XMAX1,XMAX2,

73



44500
44600
44700
44800
44900
45000
45100
45200
45300
45400
45500
45600
45700
45800
45900
46000
46100
46200
46300
46400
46500
46600
46700
46800
46900
47000
47100
47200
47300
47400
47500
47600
47700
47800
47900
48000
48100

RS APPENDIX=8 e

1XMIN,NMAX1,NMAX2,NMIN,NDPTS,ILP)
DIMENSION X(50)
NMAX=13LP=1;NMAX1=1;NDLP=NDPTS+2
53 I=1
TF(LP,.EQ,1)G0 TQ 56
TFCNMAX . EQa1)I=T+1
56 ASX(I)ZXIII=I+1

DO 26 J=IIi,N
IF(J.EN . NMAX1)GQ TC 26
IF(A,GE,X(J4)) GO 10 26
A=X(J) s NMAX=
26 CONTINVE
TF(LP.NE.1)G0 TQ- 35
XMAX1=A;NMAX1=NAX s LP=2
GO TO 53
35 XMAX2=N; NMAX2=N AKX
I=43TMIN=1
IF(ILP,EQ,1)GU 1O 101
IF(N,LE.NDLP)I=T+1
101 CONTINUE
Al=X(X);TI1=T+1;NMTIN=T
DO 80 J=TIi,N
IF(AL LE.X(J))GU TO 80
AL=XCJ) ;NMINSd
80 CONTINUE
XMTN=A1
RETURN
END
¢ SUBROUTINE NO,23

SURRDUTINE LMINp(TE21,MC,DELP2,R11,LMP)
DIMENSION ADELT(¢80C),ATH12(800),DELP2(4)Y,R11(800)
co R |
COMMON/CR9/FE ,RATIC,XINCE,XINCL2,C4,FC1,FC2,FC3,DELE,DELM
1,IoL8,M88,I0P11,I0LB1 s
1/CB8/AKR,AK,AKF ,ARLP8,1TYPE,ZIF/CR26/CONSL7,CONSLS
1,8C0ONLB,TWTH,F,T,CAKR,DAK,DAKF ,RAKKF
LMP=1;1=0;ATLP=1,07C41=0,0008

W1i=TR21
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RS APPENDIX=H
48200 192 I=T+1
48300 ITF(W1.GT.ATLP)WI=2,0%ATLP=W1
48400 IF(WA, LT.0.0)W1z=y1
48500 - ATHI2(I)=W1
48600 IF(I.EG.1)G0 TC 224
48700 CALL CODMPACADELT,ATH12,I,LP)
48800 IFCLP,.NE.D)GO Tg 227
48900 224 CALL DELTAPC(DELT1,Wi,MC,R11(LMP),LMP)
49000 GO TO 233
49100 227 DELT1=ADELT (LP)
49200 233 ADELT(X)=DELT1
49300 ¢ TECINLA1.NE,1)Go TC 323
49400 IF(I.GE.M889)G0 Tp 151
49500 323 IF(ABSCDELET)=c41) 151,151,191

49600 191 IF(I~11153,152,153
49700 152 W2=W1xXINCL

49800 134 IB21=W2

49900 T=T+1

50000 TF(W2 . GT ATLPIW2=2*ATLP=W2

50100 IFCW2 . LT.0,0)W2==K2

50200 ATH12(I)=W2

50300 CALL COMPACADELT,ATH12,I,LP)

50400 IF(LP,NEL,0)GO To 236

50500 2040 CALL DELTAPCDELTZ2,W2,MC,R11CLMP),LMP)
50600 GaO 10 242

50700 236 DELT2=ADELT (LP)

50B00 2492 ADELT(I)=DELT2

509800 ¢ IFCINLBL.NE,%)Gn TC 314

51000 IF(I.GE.,MB8)GU TN 154

51100 314 IF(ABS(DELT2)=Cc41)154,154,153
51200 153 DW12=(W1ekW2)%2,0

51300 209 IF(DELT1)1,151 .58

51400 1 IF(DELT2)2,154,7

51500 5 IF(DELT2)7,154,2

51600 2 IF(ABS(DELT1)=ABS(DELT2))161,161,162

51700 161 W2=W1+DW12
51800 GO TD 134



51900
52000

52100.

52200
52300
52400
52500
52600
52700
52800
52900
53000
53100
53200
53300
53400
53500
53600
53700
53800
53900
54000
54100
54200
54300
54400
54500
54600
54700
54800
54900
55000
55100
55200
55300
55400
55500

RS
162

245
251

206

170

138
1
33
17

26

305

154

151

155

C

APPENDTX=B PAGE: 76

Wi=W2=DW12
GO TN 192
W3=W2+(W1=W2)*ABS(DELT2)/ (ABS(DELT2)+ABS(DELT1))
TBE21=u3
T=T+1;ATH12(I)=u3
CALL COMPACADELT,ATH12,I,LP)
IFCLP . NE,0)GO T 245
CALL DELTAP(DELT3,W3,MC,R11(LMP),LMP)
GO T0 251
PELT3=ADELT (LP)
ADELT(T)=DFLT3
TECINLB.NE,1)G0 TO 206
TF(I.GE.M88YG0 70 305
IF (ABS(DEL®3)=c41)170G,170,188
TB21=u3
GO T@. 155
IF(DELT3)11,170,35
TF(DELT2)17,154,26
IF(DELT2)26,154,17
W2=W3
DELT2=DELT3
GO TA 7
Wi=W3
DELT1=DELT3
GO'T0_ 7
TH21=W3
GO 'B0 155
TB21=u?2
GO TQ 155
TB2 1=y}
CONTINUE
DELP2(1)=ATH12(1);DELP2(2)=ADELT(I);DELP2(3)=ATH12(1~-1)
NELP2(4)=ADELT(T=1)
RETURN
END

SUBROUTINE NO,24

SUBRDUTINE DELTAP(CELTA,XEL,MC,R1,LNP)



55600
55700
55800
55900
56000
56100
56200
56300
56400
56500
56600
56700
56800
56900
57000
57100
57200
57300
57400
57500
57600
57700
57800
57900
58000
568100
58200
58300
58400
58500
58600
58700
58R00
58900
59000
59100
59200

R

&7

260

44

47
26

cii

C

AGE 3
9 APPENDIX=B i % i

COMMON/CB9/FF ,RATIC ,XINCL,XINCL2,T0L8,FC1,FC2,FC3,DELE,DELM
1,IUL8,H&8110911.IEL§1
1/CB8/AKR,AK,AKF ,ARLP8, ITYPE,ZIF/CB26/CONSL7,CONSLS
1,SCDNLB,TWTH,P,T,EAKR,DAK,DAKF,RAKKF
FC1XE=FC1*XEL;FLRC=100=THTH*FCLXE;FLPCI=1/FLPC
FCILP:PCl*FLFCI*FLFCI;Y1=FLPCI*(FC1-FC1XE)
Y2=FLPCI*(FC2=FC1XE/3):Y3L=FC3+TWTH*FC1XE
Y3=Y3L*¥FLPCI;Y15P=Y1%%1,5;Y1RY3=Y15pP/Y3
IF(MC,EQ,2)G0 T 17
DELTA=1=1/(CONSLB¥Y1BY3I*(Y2%%0,5))
DELE=DELTA
GO TN.260
CONTINUE
GO 1O 44
ETA=X3/(¥3+2%Y2)
CALL ZIFA(ZIF,F,T,ETA,B1,B2,B3,B4,B5,86)
DLYT=B1+(2¥53+3%R5%T)%T
SCHMLP=SCDML8*Y1BY3*Y2:Hi:CUNSL?*(SCUNLP*l/YlﬁYB)*ZIF
LMP=LMP+1
IF(MC .NE.2)G0 Tg 26
DRT:Rl*DAKR/AKH+2*CDNSL7*SCUNLP*CDAK-RAKKF*UAKF)/AK
GO TO 47
DELTA=14+R1*¥DZIT/(ZIF*DRT) ;PELM=DELTA
GO TO 26
DELTA=DRT ;DELM=DFLTA
CONTPINDE
TYPE 11,XEL,DELTA
PRINT 11, XEL/DELTA
FORMAT(2F843)
RETURN
END

SUBRUUTINE NO,25
SUBROUTINE PCONV(I2640,A0%)
DIMENSTION AuX(SU,ZGJ,LPAOX(SO),AOXLP(Z,SO),A(ZQJ,AILQO)
COMMON/CB74/RQXLP,A2,A22,A3,A23,R4,A24,A5,R25,A6,A26,A7,A27,
1AB,A28,A9,A29.A10,A30,A11,A31,A12,A32,A13,A33,A14,A34,A15,
1A35.A16,A36.A17,A37.A18,ABB,Alg,Azo,A21,FDLIM



PAGE: 78

RS APPENDIX =5
59300 A(1)=A2;5(2)=A3:n(3)=A4:A(4)=A5:A(5)=A6:A(6)=AT;A(7J=AB
59400 A(3)=A9;A(9}=n10:A(10)=A11:A(11)=A12:A(123:A133A(13J=A14
59500 AC14)=A15;A(15)=A16FA(16)=A17;A(17)=A18?A(lB)=A193A(19)=A20
59600 A(20)=A21:h1(1)=A22;51(2)=A23;A1(3)=A24;A1(4)=ﬁ25'A1£53=A26
59700 A1(6)=A27;A1(7)=A28;A1(B):A?Q:Al(9)=A30;A1(10)=A31;A1(11)=A32
59800 A1(12)=A333A1(13)=A34;A1(14)=A35:A1(15)=A36
59900 Al(16)=A37;A1(17)=A38
£0000 H:Izﬁ;hi(lﬂ)=1.0:A1(19)=1.”:A1(20)=1.0
£0100 IF(N,NE,1)GO TO 200
60200 DO 53 1=1,20
60300 TF(A1(I).EG.0.0)GU 10 152
A0400 AUX(T26,I)=ACI)}AICI)
60500 GO 10O 53
60600 152 AOX(TI26,L)=ACT)
AOT700 53 CONTINUE
AOROD GO TO 80
60900 200 CONTINUE
ALO000 B62 U0 S18 L=19
A1100 LPAHX(LJ=AOX(M,L)*1000+O.5:AOX(M,L)=LPAOX(L)*O.unl
61200 IF[AQX(H,UJ.hT.nGXLP(l,L))GU TO 521
A1300 AOX(M,L)=AGXLP(1,L)
£1400 GO TD 515
61500 521 TF(AQX(H,L).GT.AGXLP(Z,L))GU 0 515
1600 AQX(M,L)=AGXLP(2,L)
61700 515 CONTINTE
61800 LP&GX(lH):AuX(M,183*10000+ﬂ,5;A@X(M,18)=LPAuX(18)#0,ﬁ001
A1900 LPnuX(19)=AuX(N,19)*1000000+0.5;ﬁ0xtm,19)=LPAUX(19@*0.000001
62000 LPAUX(?OJ:AUK(M,20)*10000+0.5;AQX(M,2OJ=LPAQX(20)*0.0001
£2100 DO 62 1I=1,20
A2200 IF(AL(TY.EN.0,0360 T0 155
62300 ﬂ(I)=AOX(I?b,I)$k1(I)
62400 GO T0 62
62500 155 ACT)=A0X(I26,1)
2600 €2 CONTINUE
62700 FD24=AC6)+A(T)+A(8)+A(17)
6200 IF(FD24.LE.FDLIM)GU T0 92

£2900 FD24T=100,0%FDLIM/FD24



PAGE: 79

RS APPENDIX=B
63000 IFN11=A(17)*¥FD24T;AC17)=TIFD11%0,01
63100 IFCA1(¢17),EQ,0,0)G0 TO 161
63200 AQX(TI26,17)=AC17)/01C17)
£3300 GO TO 164
£3400 161 AGQX(T26,17)=ACLT)
£3500 164 CONTINDE
£3600 TFD22=A(6)*FD2471
63700 A(6)=IFD22%0,01
63800 TFD33=A(7)*Fh24g
63900 AC7)=IFD33%,01
A4000 A(B)=FDLIM=ACO)=A¢T)I=A(17)
64100 ng 179" I=6,8
64200
64300 TF(AL(Y).EQ20,0)60 TO 165
64400 AQX(H, T)=ACL) /AL CT)
4500 GQ .T0 170
64600 165 AQX (M,I)=A(1)
64700 170 CONDINUE
64800 92 CONTTNUE
£4900 A2=AC1);A3=A(2) ; A4=A(3) 7AS=AL4) ; A6=AC5) ;AT=A(6) FAS=AET)
£5000 A9=A(8);A10=A(9);A11=5AC10)3412=AC11)
65100 A13=A(12);A14=A(13);A15=A(14)
65200 Al6=A(15);AL7=A(16);M18=A(17);AL19=AC18) FA20=A(19)2A21=A(20)
£5300 80 RETURN
£5400 END
65500 ¢ SUBROUTINE Ng.26
65600 SUBROUTINE. PNEXT(N1,N3,N4,X,TSIG)
65700 NIMENSTION F(%7,20),X(50,20)
5800 COMMON/CBT4/N2,F , MY, ILP
£5900 TFCISIG,NE,.1)M132
6000
66100 2 Ni=n1+1
66200 TF(N1,GT.N2)GOD T0 8
66300 IFC(F(N3,N1),EQ.0,0)G0 TCQ 2
6400 Nd=n4+1
6500 DO 3 L=1,N2

ARBEA00 IF(L.NE,N1)GO Tp 7



A6700
£6800
£6900
67000
£7100
67200
67300
67400
67500
67600
£7700

RS APPENDIX=B
X(N4,L)=X(1,L)+F(N3,N1)*ISIG
IF(ILPNEL1)TISIG==151G
GO 10 3

T X(N4,LY=X(1,L)

3 CONTINUE
IF(ILP.EQ,1)G0 TO 8
TF(ML . NE,2)N1=Ni=1]
Mi=1

f RETURN
END

¢ THE END QM
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