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CHALAPZTER=I

INTRODUCTION

The growing nced for fertiliser nitrogen to
neet the denmand of food grains for the rapidly increas~
ing population gave a considerable fillip +to the
developnent of large size amnonia synthesis reactor
to reducc capital and operating costs. The first
ammonia reactor having o capacity of 30 Tons/day went
on strear in Germany in 1913 and since then reactor
sige increased ranidly rcaching upto 900 Tons/day in
1965 and upto 2000 Ton/dey in 1975. 4s a consequence
of the large size of anmonia renctor now in operation,
the use of conputer to control the operation has‘now
become essential, when a computer ig used for control,
it is necessary to develop o mathematical nodel to
realistically describe the performance of the reactor
for feed forward and feed back control as»well as

off~line and on-line optimisation.

Anmmonia is produced by catalytic reaction of
“hydrogen and_nitrogen in the nole ratio of asproxi-
nately 3:1 at elevated pressures (100 to 1000 kg/cmz)
and temperatures (400 to 650 °cy. Single pass con-
version from multited rescctors varies from 12 to 35
percent using doubly promoted iron catolyst. Since

the reaction ig exothermic reversible, it is egsential



to carryout the réaction in various types of auto-
thermic reactors with external heat exchange and
quench type cooling and/or internal heat exéhange
in view of the critical behaviour, of ammonia
synthesis reactor its analysis and simulation is

most important.

Van Heerden and Daddour and co§workers have
presented the stabhility analysis of simplified
single bed models. In a more recent study Shah has
uged o two bed adiabatic reactoér model with cold shot
cooling and external heat exchanger capacity. The
- nonidealities in rate equation and cnergy balance

equation have also been accounted by him..

In this study a nmore general model for ammonia
synthesis reactor is choscn for analysis and simula-
tion. ICI type quench converter with threc catalyst
bed, bottom heat exchange and internal heat exchange
capacity and with provisions for introducing guench
gas at the inlet of each cotalyst bed is chosen asv
the model., <Beaction rate, heat capacity and heat
of reactions relationships used in the present
nodel are the game as used by Shah. The coupled
non-linear mass and energy balance equations are
solved numefically using Milne's prcdictor corrector

nmethod.
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The simulated nodel is solved for a total of
T2 sct of operating conditions fo: adiabatic reactor
operation to study the effect of changes in the
first bed inlet tenperatures TlO of 593, 643 and
693 °K, cold shot fraction distribution at second
and third bed as 0, O; 0-20, O3 O, 0-15 and 0-2,
0-15, space velocities of 9+0x10°, 13-5x10° and
l&-OxlO3 Nm3/(hr)(m3), cold shot tenperaturces of
41% %K and equal to first bed inlet tenperature and
feed composition of H,, Ny, NHy , CH4 and 4 .as 64+5,
21-5, 2.0, 100 and 2:C and alse as 60-75, 20-25,

4.0, 120 and 3-C respectively.

The results of sirulation for amronia synthesis
reactor indicate that the net armnonia production
rate is quite scnsitive to the operating parancters,
such ag, first bed inlet tenperature, space velocity,
cold shot temperaturc and distribution, concentra=-
tion of ammcnia and inerts in synthesis gas feecd
and pressure, and design paroneters, such as, cold
shot location and internal and external heat exchange
capacities. The ammonia production rate can be
inproved substantially by proper control of operat-
ing and design conditions based cn the rcsults on

sinulation nodel.



CHAPTER-II

LITERATURE REVIEW

To study the behaviour of 'Autothermic Processes’.
Van Heerdenl in 1953 considered the ammcnia synthesis
reactéy as an example and presented its simplified ‘
simulated model., His reactor consists of a cylindri-
cal cataiyst vessel with large number of counter- |
current tubes inside. The cold nitrogen~hydrogen
mixture enters the column at the bottom, flows upward
through the heat éxchanger tubes and downward through
the catalyst bed, and leaves at the bottom, To
facilitate‘the formulatioﬁ of the problem, following

assunptions have been made,

1. There is no tempersture difference between the
catalyst grannles and the interstitial gos.

" 2. The temperature in the catalyst bed is constant
in any cross~section of the COnVerter.'

3. Ag o consequence of the second assumption; the
rate of heat exchange between ascending and
descending currents of gans is represented by an
'overall.heat transfer‘ooefficient, U, which is
constant through out the reactor.

4. The heat capacity of gas is independent of
tempgrature and conversion.

5. The reactor is operated adiabatically and the



temperature rise of reacting gas corresponding
to the adiabatic formation of 1% of ammonia is
constant and equals 15°C,

6. The reaction velocity constant satisfies the

2

Temkin and Pyzhev®™ rate equation.

7. The numerical data used are as follows:

Height of converter, L, meter 12

Diameter of converter, meter 0-7
Pressure, atm 300
N2 to H2 ratio 1 t0 3
Indet NH3%_ 1-5
Inlet temperature, °C 50

Linear gns velocity in

empty vessel, meter/scc. 0-16
8. There is no pressure drop

Starting from the above assumptions, he hag
written material and energy balance differential
- equations and suggested a method to solve them by
making uge of stepwise integration., Ag gtated in
the paper results of calculations are also in quantiw-

tative agreement with practice.

Temperature digtribution in the considered
reactor shows that following the path of gas stream,
the temperature rises gradually inside the heat

exchanger tubes., In the upper part of the catalyst



bed where the heat of reaction excecds thé_heat
removed by the cooling tubes, the temperature rises
and passes through a maximum value. In the lower

part of the converter the reaction rate dccréaseé
gradually, so that the bottom section mainly serves

as a heat exchanger. ‘It indicates that a separate
‘heat exchanger may be uscd to heat feed gases from

the sensible heat of product gases and thus length

of recactor may be reduced effectively. ‘This'concépt,'
‘suggested by Van Hécrdonl has later becen utilized

by othor workers.

He’foﬁnd that for steady state operation of
reactor it is esscntial that the rate of reaction
heat gencration must be equal to the rate of heat
removal by'the coolant, if any, and the total sensible
heat gaiﬁ'of reactants and products. On account of
sigmoid shape of the heat generation curvc when only.
one intersection occurs with heat removal rate curve,
the possibility of its occurrence either at low or |
_high dcgrec of conVersion_is'more‘in comparigon to
intermediﬁte value, Howcver, in certain cascs heat
vrembvalicurve intersects the heat
threc points.. Van Heerden concluded that the upper
ahd iOWGr intersection points are stabié but the

intermediate intéréection,point is inherently



uhStablo. He concluded that for stable operation

of an autothermal reactor the slope of heat removal
rate curve must be greater than the heat genération
rate curve at the point of intersection. Thus, on

a positive deviation from the intersection tcmpera~
ture, heat removal rate is more than the heat gene-
ration rate and the reaction temperature will return
to the steady state temperature; similarily, a
negative deviation will cause more heat to be gene~
rated than removed so that the temperature will risé

to the gteady state value.

Van Hocrden™ found that reactor stability de-
creases when hecat transfer coefficient or catalyst

activity decreases or fecd rate increases. .

The effect of operating parameters, such as
feed rate, reactant concentration and coolant temp-
erature and design parameters, such as, heat exchange
capacity on recactor operation and stability is

lO. At certain critical vaiues of

discussed by Saraf
thege variables reaction is said to be 'ignited' and
'quenched‘ and in between ignition and gquenching
conditions reactor operation shows hysterisis. For
exothermic reversible reactions, operation at low

temperature results in low conversion due to the

limitation of reaction rate and operation at high



temperatures also gives low conversion due to the
equilibrium limitations. It is cledr from the above
discussion that there is a definite range of these
paramcters for gtable operation of an autothermic
reactor such as ammoﬁia synthesis resctor at high
conversion conditions. Van Heerdenl and Baddour

et al4’5 indicate that the desirable stable point -
for maximum ammonia conversion is in the vicinity

of quenching or blow-out point-as shown in Fig.2-1,

To investigate the steady state behaviour of
Ammonia synthesis reactor (Haber-Besch type), Like
Van Heerdenl, Annabloz, Bentler and Roberts® have
‘derived one dimensional models allowing for tenpera-
ture and composition variations in one dircction
only. Even though their results approximated expe-~
rimental results, none c¢f them have iﬁvestigated
the effect of operating and design variables on the
préduction, stability and temperature profiles in

the reactor, Kjaer2

has congidered the variations
of temperature in both the longitudal and

radial directions. His mathematical model consists






of three partial differcntial equations which have
been solved by hand computotion uging a double step
integration technique, The agreement of the computed
production rate and average bed temperaturcs with
plant data was found to be very good., However, the
Kjaoer model could not ¢xplain the radial temperature
gradient reported by Slack, Allgood and Maune3
Kjaerzhas given a qualitative explanation Qf this
discrepancy based on the location of the various

thermocouple wells with respect to the cooling tubes

in catolyst bed.

In order to study the effect of operating and
degign variables on the optimun feed temperature,
the gtability of the reactor and the temperature
profiles in the reactor, Baddour et al4 have glso
developed a gimple one~dinensional model of T,v,A,
armonia synthesigs reactor (Tennesse Valley Authority
reaqtor)'which approxinates within 15 to 20 percent
the temperature profiles and the amnonia production

rates of an industrial reactor.

Like Van Heerden® and others, they have also
neglected the temperature and conccentration grad-
ients in radial direction. The temperature of the
gas flowing through the catalycst at each location

hogs been assuned cqual to the tenperature of catalyst

©
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.

2'5 reaction rate

pariicle., Sane Tenkin -nd Pyzhev
expression ig uged. It has also been assunc? that
heat capacity of gas is independent of tenperature
and the effect of pressurc on enthalpy is negligible.
Heat of reaction is assumed to be constant. The
pressure wes kept constant anq the hydrogen to

nitrogen ratioc was equal to 3, Range of paraneters

studied has been given in following toble:

zable

Lower Standard Upper

Limit Linit
Space velccity, 9,000 1%,800 18,000
(nr~ty
Annonia mole frac~ 0:01 0:05 0.1
tion in the feecd.
Inert nmole fraction 00 0-08 0-15
in the feed
Catalyst activity 04 1:0 1:0
Total heat . 30,000 55,000 80,000
conductance, US
Cal/(Sec)(K)

With their above described sinmplified nmodel,

4,5

Baddour et al have studied the cffect of design

and operating paraneters on reactor stability,

armonia y»roduction rate and catalyst bed tenmpernture /.

-
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profile, It has been chown that an incrense in
space velceity increases anmonia production rate but
dcereases reactor stability and requires that the
converter be operated at 2 higher tenperature level,
Any increase in annonia or inert content'of the feed
gas has been found to decrease both production rate
and stability but not to affect the average tempera-
ture of the bed. The use of a legs acti&e catalyst
has been shown to decrease both production rate and
stability and tc necessiate cperation at a higher
tenperature level, The hent transfer coefficieﬁt
per unit volune of catolyst hos been found to have

a small effect on the yroduction rate and the
average bed tenperature but o narked influence on
stability, a high coefficient increasing stobility
and lowering the inlet tenperature of the reactor,
The opfimum tenperature profiles-hnve been found to
be relatively insensitive to operating parancter
variation, the use of a high coefficient of hent

transfer increases lceal overheating of the catalyst,
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profile, It has been shown that an increanse in
space velceity increases ammonia production rate but
dcereases reactor stability and requires that the
converter be operated at @ higher tenperature level,
Any increase in ammonia or inert content of the feed
gas has been found to decreage both production rate
and stability but not to affect the average tempera-
ture of the bed. The use of a lesgs acti#e catalyst
has been shown to deérease both production rate and
stability and to necessiate coperation at a higher
tenperature level. The heat transfer coefficieﬁt
per unit volune of catalyst has been found to have

a snall effect Qn‘the croduction rate and the
average bed -tenperature but o narked influence on
stability, a high coefficient increasing stability
and lowering the inlet tenperature of the reactor,
The optinun tenperature profilesthVe been found to
be relatively insensitive to operating paraneter
variation, the use of a high coefficient of heat

transfer increases lceal overheating of the ocatalyst.

In 1967 Shah2 has nade another attenpt to
sinulate ammonia synthesis reactor, His feaétor
congists of catalyst beds and an extoernal heat
exchanger. The feed is divided in to several parts;
one portion goes to the heat exchanger and the

others are divided in to several 'cold shots' for .

-
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nixing with the gnses tetwoeen consecutive catnlyst
beds., He has also nade certain sinplifying assunp-
tions in the nodel developrnent to obtain the
differential equations in nanageable form, Sone of
the assunptions are sinilar to those used by

1

Van Heerdenl. However, Unlike Van Heerden™ and

4,5

other workers he has considered the non~ideal
behaviour of the gases not only in the xreaction
rate exprecssicns but alsgns in the energy balance
equation, where the specific hent and hent of reac-
tion are functions of temperature and pressure since

these non-idealitics have narke?l influence on per-

fornance of reactor,

If we have a look on Temkin and Pyzherl'rate-
expregsion for amncnia synthesis, used by previous
workers, it have two serious short conings., TFirstly
it has heen found to be less accurate with varying
tenperature and pressure secondly the fate becones
infinite at zero ammonia concentration. Due to
this reason Shah has used nolified Temkin and

2

Pyzhe¥® rate expregsion.

Snatf has considered the dependency of physical
propertics like heat of recction and heat capacity
etc. of constituent reanction nmixture on tenperature

and pressure, - These relationghips have been described

s

-
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in the later chapters. From the literature availa-
ble, it is c¢lcar that reclationships presented by
Shah?are quite close to reality. Shaﬁzhas taken
the polynomial forn of relationship for variation
of heat capacity with tem;grature ags suggested by
Houghen and Watson6ﬂ. To take into account the
pressure effect on heat capacity, he assumes that
coefficicnts of the polynonial varies linearly with
pressure in the probable operation range (200~-600
atn) of amnonia synthesis reactcr. Shalf has observed
that there is no appreciable effect of pressure on
heat capacities of H2, NZ’ CH4, and 4 While heat
capacity of ammonia changes significantly with
pressure, Expressions for heat of reaction used by
Shah®-, which tokes into account effect of both
tenperature and pressure have also been described,

elgewhere in thigs thesis.

For pressure drop within the reactor following
linear reclationship is used by Shahzsinoe the

values are snall,

p=‘po-—wZ
where w ~—=— coefficient

7 —wee digtance in flow direction within
catalyst bed.

For solving counled differential equations
& £ q.

Shaﬂzhas ugsed Milne Predictor corrector integration

RN
i
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subroutine which chocges its own step size 4 2,
subject to the linitation of absoclute error or re-

lative error specified,

Shah?has found that effect of change in NZ/HZ
ratio is not significant on production of NH3. The
effect of increase in inerts was found t¢ decrease
the gtability of reactor operation significantly
whereas NH3 production decreased slightly. Increase
in NH3 initially present in feed decreasel produetion
and gtability of reactor, The increase in cold shot
fraction resulted in decreasc in stability of

reactor.

Shah found that as the inlet tenperature of
the gas entering first be? increases the yield of
NH3 first shows an increase 2and later o decrease.
Increase'in total pressure of the feed is shown %o
increase the yield, Effcct ¢f space velccity,
catalyst activity, NH3 and inerts content in feed

--onrl\TH3 yield was also fcund to be same ag discussed

by Baddour et al%

PHYSICAL PROPERTIES

Most of the workers including Van Heerden™
4
and Baddour”"shave t~ken the physicnl properties
heat of reaction and heat capacity etc. of consti-

tuents of reaction nixture ns constants.,. But in
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fact these depend on progsure and tenperature,

Shah2 was norce realistic and considered this depen-
dency in order to obtain better sinulated nodel,

Fron the literature available, it is clear that re-
laticnships presented by Shah?are gquite close to
reality., Shaﬁzhas token the polynonial forn of rela~
tionship for variation of heat capacity with tenpera-

év. To take

turc as sugcested by Houghen and Watson
in to account the pressure effect on heat capocity,
he assuned that coefficients of the polynomial

varies linearly with pressure in the probable opera-
tion range (200-600 atn) cof armonia synthesis reactor.
Shahzhas obgserved that there is no apireciable effect

of pressure on heat capacities of H CH4 and A

2 Mps
while heat capacity of ammonia changes significantly

with pressure.

The relationships, used by Shah% arc applicable
in the temperaturc range of 500-900°K and are given

in the Appendix=C,

a
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CHAPTER-TIII

REACTOR MODELLING AND DESIGN RELATIONSHIPS

Formulation of reactor model consists of mass,
energy and momentum balance equations for each of
the reactor section, For simulation purpose only the
steady state behaviour is considered and it is assumed
that the variation in operating pérameters is so slow
that the corresponding change in rceactor operation
can be regarded as succession of pscudo~steady states
and that there are no gross perturbations which would
deliberately push the steady convorsion to another
steady state value, Shahzl has discussed the validity
and utility of such steady state analysis for eoff-line

as well as on-line control and optimization.

Fig3+lshows a simplified flow diagram of a
typical threc bed qucnch type high capacity ammonia .
synthesis reactor with interval and external heat
exchange capacities. The fecd ig divided into four
parts; one fraction goes to bottom heat exchanger and
the remaining feced gases are divided into three cold
shots for mixing with the gases entering different

catalyst beds,
The rigourous model precigely defining the
heterogeneous ammonia synthesis reaction may be

written in the form of momentum, mass and energy
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balance in thrée dimensionél space and time. How-
ever, such a system generating a set of non-linear
and coupled partial differential eguations widl be
very difficult to solve even on the fastest available
new-generation computer, These difficulties inherent
in solution are enhanced for auto~thermal reactor
operation with extornal and/or internal heat exchange
between the reaction mixturce and feed due to the
convergence problem., Therefore,a rigorous approach is
unpractical and recourse must be had to more approxi-
mate 'enginescring' approach so as to predict reactor
exit conditiong and stability ol operation with

- reagonable accuracy for simﬁlgtion purpose. This
necesgitates certain sinplifying assumptions to be

nade for the solution of the differential equations.

ASSUMPTIONS

For obtaining mass, energy and momentunm balance
equations in manageable form, the following sinplify--
ing assunptions are made and their usefulness and

linitations are discussed subsequently:

1. Reactor is operating at steady state.

2., There is no radial velocity, tempersture and
concentration gradients across the bed.

3. Pressure drop varies linearly and the effect of

cold slot is accounfed by assuming that the
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coefficient of prcssure drop varies with 1-8 power
to the fraction of total feed entering in a
bed.

4. Heat exchange capacity, that is the product of
heat transfcr coefficient and heat transfer
area pcr unit catalyst bed volume, does not
vary with axial position in catalyst beds.

5. Intraparticle and gas~solid interphase heat and
nass transfer linitations are absent.

6. Cold shot enters the reactor at temperature iF
and at a pressure equal to the pressure in the

reactor at the point of entry.

VALIDITY OF ASSUMPTIONS:

The reactor is assunmed to operate at steady
state in normngl conditions except during the start-up

and shut-down when the operation is at unsteady stdte,

For shut down and start-up periods, unsteady
state conditions should be taken into account‘for a
realistic analysis of the reactor operation. The
radial velocity, temperature and concentration gradients
across the bed are assumed 10 be insignificant and
. their effect minimal as compared to the axial gradients,
The pressure drop across the bed is very small as
conpared to the pregsure of the gas at any point in

the bed. Therefore, the assunption of linear variation

»
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of pressure drop is justified. In case where cold

shot is added to the feed to a bed, it increases the
pressure drop across the bed, With the assumption of
linear variatidn of pressure drop across the bed, the
effect of cold shot is taken into account by assuming
that the coefficient of pressure drop variés by 1+8 power
of the fraction of total feed entering into & bed. .
Though in ammonia synthesis reactor, the temperature
varics across the bed, and thereby the overall heat
transfer coefficient varies, however, the variation

over the bed length is very small and for all—prac-
tical purposes, it may be assumed to be constant
throughout the bed-length. Since the effecti#eness
fdotor‘for the catalyst pellets used is approximately
1.0, and in any case, this can be determined for the
reactor oatalyét, the assumption of absencevof'intra-
pafticle and interphase heat and mass transfer resis-
tances is justified. In the reactor, cold shot enters
the reactor at feed temperature Tp and Feed pressure

Pp.
assuned that it enters at a pressure equal to the

However, for simplicity in the analysis, it is

pressure in the reactor at the point of entry.

With the above agsumptions and their justifica-
tion, the mass momentum and heat balances equation

can be written for the reaction.
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P o+ AN, - §H

5 2 = 3 eer (301)

over the differential reactor gsection of catalyst

volume dvj in bed J.

MASS_BALANCE

The mass balance for hydrogen (subscript 1)

ig given by,

Fl dle = - I‘l ClVJ v (3’2)

ENERGY BALANCE

The energy balance equation is obtained by
equafing the heat of reaction to the sum of sensible.
heat gain of the reacting gas and the heat transferred
lto the synthesis gas in the internal preheating seotion

to give,

-A — . = i C‘ T : —
HRl( rq) dv _Z Nij Cp.ya Ty + (UA)j (Tj’ng) dvj

J i=1 * (
0..(3’3)
where Fl ig the total mcles of hydrogen fed to the

reactor, N, is moles of component i, T is the gas
tenmperature in the catalyst bed and Ts is the gas
temperature in the internal preheating section (Ud)

is the heat exchange capacity per unit catalyst bed
volume,and can be used without any loss of generality.
Subscript i designates components (1- hydrogen,

2- nitrogen, 3- ammonia, 4- methane and 5- argon)
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Nijo =7%4 <FDH +Jf{. EDD GRS T S B
vco(}'S)
i=1,2% seeey S5and j=1,2,3 and at the exit

( subscript L) con
g = ¥y (Fpg + %1 Fpy) *ag By Xqp

i =AAl'2, IR 5 and j = 1!293 ."' (3..6)

Energy Balance Egquations -
At the Entry of Bed 1 (after mixing of coldshot)

o e 0

/5
5 o-
iZ=_l Ni10 Pi> 10 = Tp ( >TSHE

N+

5
‘1 (E—l 1 Cpi) " e (307)

At the Pntry of Bed 2 and 3 (after mixing of coldshot)

5 |
. > jo = < Ni(3-1)1 P> (a—l)L

Z. F Cp> Tos

where Hij is the flow rate of component i, T
the temperature of the preheated feed gases after
passing through the external and internal preheating
" gections. Subscripts 0 and L designate inlet and
eiit“q@ the bed respectively. Cocfficient a; is

proportional tp gtoichiometric coefficiént for component
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i and have valueg: ai = -1, agé - %, a3 = % and
Ay = 05 = O.

In the external heat exchanger (subécript H) no
-ohemical reaction occurs and it-is simply a counter-—
current heat exchanger to preheat only Frp fraction
of the total cold feed gases by éll the gases leaving |
the last reactor bed. _TheAenergy balance for the

-feéd gas gives

DH( % F CPi) d Tgy = = (UA)y (Tg-Tgy) & VH
e (30)

and for the product gas

< %NlBL p} d Ty = = (UA)H (T —TSH) d Vg
/ (3 10)

where_TSH is the gas tenperature in the preheatlng
side, Ty is the product gases température,v(UA)H is
the heat exchange capacity per unit volume Vy of the
externgl heat exchanger andJEiBL is the moles of
component i leaving third catalyst bed and entering

the external heat exchanger.

Equations 3+2 t03%¢10' constitute the necessary
relationships for the simulation model for the'reactor.
The relationships for heat capacities, heat of reac-
tion and reaction rate necessary for the solution of

the simulation nmodel are given in Append, Table C+1l Eqn.C-l o
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t0C.10, Moles of componcnt i at any point in bed J,

N can be easily obtained fronm Eqn{3-5) by omitting

ij?
"subscript O and total moles,.NTj, are obtained by
: 5 - ‘ | ' :
NTj = Z Nij | ’ ‘ 1'0(3‘11)

i=1
In.the‘redction rate Eqn, C+7 , catalyst activity

factor f and totgl pressure p are also used.
Zayarni?» has reported changes in catalyst activity 

by as much as 20% as the reactibn,miiture passes from
top tb bottom of the catalyst bed, Féctor f can be
_assigned ény numerical value 0 account for catalyst
deactivation and ean also be made to vary with

position in the catalyst bed.

As the synthesis gas flows through the heat
exchonger and catalyst beds the pressure changes and
a suitoble expression to estinante the pfessure drOp
within the reactor is egsential. Precise calcula~
tions can be carried out to obtain the pressure drop
floﬁigf gases through the heat exchanger and the
packed beds, However, for the purpose of simulation
model, since the pressure drop acroés the converter
rarely cexceeds 10 kg/cm2 or aPProximately 5 percent
of the pressure  at reactor inlet, p is expreésed
in}a linear form and pressure drop de for flow of

gas in bed J 1is calculated by
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5 \1'8
£, Mip
= de = (,)N ) 5 an— L. (.Vj ¢ o (3.12)
S F. 4
\l izp MW
y

where subscript N cofre8ponds to a reference (normal)
value, and w is a coefficient forvpressure drop. It
ig further assumed that the pressure drop in bed j
varies as 1+8 power of the total molar flow rate at
the entry of the bed j. PSimilar expressions can be
written for pressure drop in external heat exchanger

and preheating section of the catalyst bed if necessary.

A reasonable value for the total pressure drop
across the reactor is assumed and this is distributed
in a realistic manner.for external and internal pre-
heating sections, catalyst beds and product gas cool-
ing in external heat exchanger. For preheatiﬁg
sections, an average pregsure value, average of inlet
and outlet pressures is used, 8ince the change in
pressure 1is extremely small and its effect on specific
heat values will not be significant. ZFor catalyst
beds linear pressure drop function is agsumed in
~ each bed to account for the effect of pressure change
on reaction rafe, equilibrium constant and specific

heats., A linear pressure drop function is assumed

for product gas cooling in external heat exchanger also.



CEAPTER - IV

—n

COMPUTATION IBCHNIGUE AND CCHMPUTER

PROGRAM FEATURES
4,1 COMPUTATION TECHNIQUE

The differential equatiéns obtained in Chapter III
'by writing materinl and Bnergy balance for reactor

to describe its performance are highly non-linear and
coupled., Since analytical integration is not possible,.
it is better to solve them by numerical methods. In |
nunerical integration a small step size ié chogsen and
calculations are performed gtep by step. Accuracy

of computation depends upon magnitude of step size.

Computation technique followed has been shown
in block diagram4-1l.. Step wige procedure is as

follows:

Step 1: Assume any arbitrary temperature Tgp. of the feed
gas coming from the internal preheater(i,e.
tube gide of catalyst bed) at the inlet of
—~first bed for starting othewise follow
convergence policy given at the end of
this algorithm, If cold shot is added then

go to step 2 otherwige go to step 3.

st

Step 2: Dotermine the temperature of resultant

stream by trial and error since heat
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Step 3:
Step 43
Step 5:
Step 6:
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capacity of the mixture is not known.
Molal flow rate is obtained by simple

material balance.

Carry out the numerical integration step
by step in forward direction upto the
end of first bed. ©So the conditions

there are known.

If cold shot is added t0 second bed also

then go to step 4 otherwise go to step

Determine the temperature and molal flow
rate of resultant stream ag discussed in

step 2.

Carry out the numerical integration for

second bed up to its exit.

If cold ghot is added to the inlet of
third bed also then go to step 6 otherwise
to step 7.

Determine the molar flow rate and tempera-

ture of resultant strean.

Carry out numerical integration for the

’

third bed up to ite exit.

Carry out numerical integration for
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External heat exchanger upto its exit.

Step 9: The temperature of feed gases is known
for a assumed temperature at first bed
inlet. If thus obtained feed gas tempera-
ture matches within a certain tolerance
with its original value then assumed

temperature is the correct temperature and

print results otherwise go to step 10

Step 10: Decide 'nuw Tqyp and go to step 2.

4,1,1 CONVERGENCE POLICY

Let us explain it by taking an example.
Suppose for an assuméd value (= 7OOOK) of tempera-
ture (T) of inlet gases to first bed, £§TF(; +200K) is the
difference of calculated temperature. of feed gases

to external preheater and cold shot.(feed fr.) temp,

Again an arbitrary value of T ig assumed de=~
pending upon magnitude of step size, supplied by the
inpﬁﬁ data say 680°K. JCorresponding to this T new
value of ATy, M T ig obtained. Now there may be

three possgibilities.

»

(i) fbié is less thanéA?F. Again there may be

two possible cases.

(a) NI =+ 100K, It indicates that T
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may be further reduced. Lect for a new

T, 660, instead of decreasing, 4Ty starts
increasing again, ®Oay + 150, This
indicates the parabolic nature of the
function 2 Tp in this region. Results

of our computations show that ATy is a
mutiprabolic function of T, In such a
gituation, » two searches are made in
order to check whether there exists zero
value or not., Otherwise a Jjump is made

from this region towards lower £>$F.

ﬂnTé = -100°K., It means solution should
exist in between 680 and 700°K. A4 new
value of T, say 690 is assumed and com=

putation is made in the similar fashion,

(i1) & T is more than 4 T, Say 200°K. Tt indi-

cates that with decrease in T, ZLTF ig in-

creasing, So higher value of T i,e. 720

‘should be selected for further computation.

(iii) A T5 may be very close to & Ty, It indicates

that solution does not exist here and a jump

from this point is necessary. Direction of

jump is decided whether LﬁT? is less than

ATy or more than A Ty, Magnitude of jump

has been taken as eight ftimes the step size.
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This magnitude may be changed, if desired,

based on . nature of the problen.

During computation it has been observed in

some iterations that temperature of the bed at some

This creates problem in computation due to presence
of logarithmic terms in rate expression, In such a.
situation a fresh value of T is assumed to proceed

further.

4.1.2 NUMERICAL INTEGRATION METHOD

For integration of non-lincar and coupled
" Qifferential equation, Milne-Prodictor fd correcioe -
method7is used., This method has also been used by
Shah“y He has found it to be stable and convergenée
is fast at each step. Error in compu.ation is less
as compared to Fourth order. Bunge Kutta method?

This method involves in generating first four

— __points by following predictor and corrector steps?

First Point:  This point is the inlet to first
bed where by assuming the temperature, TsHEgﬂJ,informan‘
tione are available go that derivative values may

he calculated by making use of moterial and energy

balance eguations.



32

Second Point:

Predictor step: Predictor step involves making first
guess of second point values with the help of deriva-
tive values {Slope) calcutted at first point.

Since in'our problem thére are three differential
equations to be solved gimulitsneously with three vari=
~ables viz. conversion, bed temperature ond preheater
side temperature, so above principle is extended to

all the three, ' .
y2=yl+hy1! yizf(yl'xl)
Corrector step:

Once a guess of second point is available from
predictor step then derivative values at this second
point may be determined from material and energy

balance equations . These values are utilised further

to get more refined values of gecond point variables,
1 ' 'y
yz = yl + T h (y2 + yl)

In presont problem following form of differential

equations exists.

ax

X' = “g;“ =1 (x, T, P)

T %« = £ (%, T, P)
dTe

T‘ - —— f I(T, Tc)

At first point in inlst to reactor X(1), T(l),Ts(l)
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and P(1) are known because we have already assumed
inlet bed temperature and pressure drop on preheater
side. Thus from predictor step, the second point

values are given by

X(2) = X(1) + H-X'(1) i where H ig a suitable small
: : : step size chosen for
T(2) = T(1) + H-T'(1) } differential volume
! of catalyst which will
TS(2) = Ts(l) + H-Té(l) ! be occupied between

point 2 and 1 of
the reactor.

From these values at second point derivative
values at gecond point are calculated and corrector
step is applied again to generate new values of X,

T, T, at point 2 which are more accurate.

Corrector Steps
X(2) = X(1) +
T™2) = T(1) =+

' _
ngz) = Ts(l) +

(x'(2) + X'(1))
@ (2) + (1)
(x(2) + (1)

These new values of variables are now compared

m'm N'm mim

again with previous values, obtained by predictor step,
If these are wiﬁﬁin a required tolerance limit, then
the new values are taken as correct otherwise the :
procedure of correétor step with the new values is
repeated until new and old values are found to be
within the required tolerance limit. The new values

are stored for the calculation of third point,
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Third Point:

For third point as discussed earlisr, similar
predictor and corrector steps are applied as stated

below:

Predictor Step:

V5 = ¥y +(1/2)h (3 v, - yi)v_

Corrector Step:

¥5 = ¥, +(1/12)h (5 y§ + 8 y5 - ¥7)
These are stable methodé and expected to give variable

values within rcasonable tolerance even if*the corrcctor

step is applied oncé;or at the maximum twice only.

Fourth Point:

ggedicmog_Ste :
y, = vy +(1/12)n (23 - y5 - 16 y5 + 5 ¥;)

Corrector Step:

v, =95 (/200 (9 ¥ + 19 y3 = 5 35 + ¥1)
After generating above four pointg, the Milne pre-
diotor~corrector7step iz applied to genecrate femain»
ing points as it is more stable and.gives fast con-
vergence., It ig 21850 expected to give accurate value

in only single application of corrected step.
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Predictor Step:
y5 = ¥y +(4/3)h (2 y, = y3 + 2 7))

Corrector Step:

y5 = 5 +(0/3) (y3 + 4 v} + ¥3)
As described earlier the corrector step is repeated
until the new values reach within a specified tole-

rance limitd,

In our programme we have ugsed for generation
of sixth point onwards a modifier step in between
predictox. corrector making uge of the magnitude of
error at previous point between vaelues from predictor
and corrector steps. Thus this error is added in the
value obtained ffom predictor gtep to guess in advance
values which are utilised for finding derivative
values to be used in correchtor step. For example if
for fifth point the value of conversion at predictor
step is O-OOlvand corfector step is 0:001005., Thus
the error is 0:000005 and if tolerance is 0-00001 then
corrector step vélue ig within tolerance. Baged on
this value if Predictor step for sixth point gives
0-0015, Then for finding derivative values at sixth
point for use in corrector step instead of 0+00l5
varigable value the modifier gstep is utilised making

use of error at fifth point i.e., -0-000005. Thus
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derivative value is found at 0-001505 instead of
0-0015 which has been found to give fast COn§ergenoe
at corrector step. |

In our calcdlations tolerance limits for con-
versibn and temperature are 5 x lO“S and 5 x :l.O"'3
respectively. Provision has aiso been made in the

computer program to change these tolerance limits,

if so desired.

4.2 COWPUTER PROGR!M FEATURES

A computoer progron to sinulate ammonia synthe—
sig reactor hag been writton in FORTRAN-IV and
exccuted on IBM360/Model 44 gystem of Delhi University
computer centre. A4As usunl it consists of 2 main pro-

: 7
gram foliowed by various subroutines. Main program
corsists of three sections viz. READ DATA, conver-
gence policy and PRINT RESULTS., Numerous comment
cards have been inserted in main program and sub-

routines to make them more understandable. Computer

programn ig given in apvendix A,

4.2.1 DBTAILS OF INPUT DATA
Following variables should be supplied to the
computer program as dato in the required format.
1) Wlleewwe Initicl guess for first bed inlet

temp. in °K (say 700) for first iteration
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Step size for second iteration in
OK, say 20

Step size for next junp to searech
for another possible solution;
say 80 then the next trial will
besin at 620 for searching next
golution, in K

Tolerance allowed in calculated
values of feed temp.and nixture
tenperature, gay 0+1, in X
Froctional pressure dron in shell
gide and internai prreheater tube

side for fecd gas, say 0:03 of

~total feed pressure based on sone

reference feed rate

" Pressure drop per unit volunme of

catalyst, say 157based on a given
reactor goopetry, catalyst pack~
ing and fér sone reference gas
rate, in atm/omBQ

Pressure drop per unit volume of
tube side in heat exchanger, say
107 based on a given tube size
and roughness and for somevrefer-
ence gas rate, in afn/cmB.

Tolerance allowed in calculated



38

values of variables at each point

in numerical integration by pre-
dictor corrector step. Say in cur
case tolerances in fx, convorsion and
tenp are 5 X 1072 and 5 x 107°%
respecti#ely.

H1,H2,H3, and H4 =---—  Step sizes of volunes
for catalyst beds 1, 2, 3 and hent
exchanger resjpectively for nune~
rical integration. These arc to
be chosen such that the bed is

; divided in o number of points
( - 100 or 200), say 9 x 104,
18 x 10%, 36 x 10% ana 20 x 10%
respectively. Where catalyst bed
volumes and heat exchanger volune

6 6 6

are 9 x 107, 18 x 107, 36 x 10

and 20 x 106 respectively, all in
cm3.
€71,672,C73, ana C74 —— Various values for control
of storage for only such points which
are desired to be printed e.g., if
these have values equal to 10 for
hed divided in 100 points then rrints
will be aveilable for 11°R, 21et,

31lst ete. points with o spacing of
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Cesired beds , say 2. This means first
bed results will not be rrinted and print
will start from 2nd bed onwards,
K8 ~-~ Bed gpacing in print output, say 1
FF ~-- Ratio of tobtal feeld rate to the feed rate
at its normal (reference) value.
PF(I),TF(I) —~w=  feed vpressure (atnosphere) and
feed tenperature (°K) for run No.I,
» — say 160 and 413 respectively.
F11(1),F22(1),F33(1),F44(I) and F55(I) === Total
rnolar flow rategs of hydrogen, nitrogen,
ammonia, nithone and drgon in feed gas
for run No.I, say 4540, 1510, 141, 705
and 141 respectively, in gn noles/sec.
FD22(I),FD33(I) and FD44(I) =~-- fraction of total
feed entering as coldshot to second, third
and first catalyst bed inlets for run No,I,
say 0:20, 0+15 and 0:10 regpeatively,
dimensiohless.
211(1),222(1),233(1)' and HIL(I) =--- The wolume
ST of catalyst in first, second and third

beds and total volume of heat exchanger

for run No.I, say 9 x 106, 18 x 105,
36 x 106 and 20 x 106 respectively, in cm3,

UAR(I) AND UAH(I) ~--- Heat transfer capagities

per unit volumc of total catalyst 4nc heat

exchanger total volume for run No.Y, sa)

3)(].0"4 and 25x10"4 respectively, if ek

(;ec)(K)(cm3)
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10 and in ad’ition for first four points.
If they are set at 1 then at all the 100
points prints will cone,

F ee= Catalyst activity decay factor say 0.7 i.e.
70% of the activity of a new catalyst for
which rate equation coefficient is ap;licable

M5 ~=- No. of gsets of runs (operating ana ﬂesign
conditions) to be computed on computer,
say 3

M8 -~- ‘No. of iterations after which the search
in one regicn for a solﬁtion is terninagted,
say 10

1J1,1J2,1J% and 1J4 =--—-- Date, nonth, year and

| run No, respectively e,g. say 15, 10, 1977
and 51 respectively.

J5 =—-- DNo, of solutions fto be searéheﬂ for any
sets of conditione or run, say 2(maximum'3),

M12 —-—=- ©Nc, of points to be printed in output for
any bed, say 14.

K5 =-- TNo. of béls for which prints ére desired,
say 4

M15 == The first point fron which print is to be
started, say 1 |

M16 --— Spacing to be maintained in printout by
skipping the »oint not degired, soy 1

K7 === This ig control to obtain the print for



CHAPTER -~V

RESULTS AND DISCUSSION

With the help of simulated model, the effect of
changes in the first bed inlet temperature coldshot frac~
tion added to second and third bed, space velocity,
temperature of coldshot and fractional content of inerts
in the synthesis gas on the performance of ammonia syn-
thesis reactor are analyzed. ZEventhough, the simulated
model is general encugh to study the effect of internal
and external heat exchange capacities on the reactor pere
formance, but due to the convergence problem these effects
could not be analyzed in detail and only the results of
adiabatic reactor bperation are presented. The operating
and design variables and theilr ranges are given in
Table 5-1 and the summary of computed results is presented
in Tables 5:2 to 5¢7. The details of temperature and
conversion profiles in +the reactor for some of the impor-
tant situations are given in Table DB.1 to B.25, Appendix B,
and are presemted in ¥igures 5+1 to 5-7. The operation
and design parameter values given in Table 5-1 are based
on the values normally used in ammonia synthesis plant
having a quench convertor of approximately 80C tons/day

of ammonia capacityz’ll.

5.1 Effect of First Ded Inlet Temperature TlO

At & space velocity of 9-Ox103 Nms/(hr)(m3 catalyst)
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with synthesis gés compqsition (mole percent):
Hé=64-5,N2=21‘S,NH332-O,CH4=10' and A=2.0 and for
-catalyst activity factor of 0-7, the use of first
bed inlet temperature, TlO’ as 598 %K gives extremely
low conversion because of the very low catalyst’bed
feﬁbérature throughout the reactor. Increase in

TlO to 648 °K increases the conversion and tempera-
ture rapidly but further increase in Tlo to 698 °K
may or-may not be advantageous depending upon whether
or noé the reaction becomes eguilibrium inhibited.
Tt may bo recalled that higher equilibrium ammoaia
;onvéfsion can be achieved 2t lower temperatures.
At:Tlé-valué‘of 6483 OK, ammonia percent in gases at
the exit of catalyst section is 9-00 as compared to
8+33 when T, ic 698 °K because of the equilibrium
inhibitioﬁ after about 40 percent of the catalyst
bed volume (Fig. 5-1 and Tables B-4 and B-7) without
coldshot cooling.v Shah® has also reported the

. existence of equilibriﬁm conditions aftei about 30
parcént of the catalyst bed volume for first bed
inlet temperature of about 72C °K without coldshot
cooling. The use of coidshot cooling at the inlet

of second and third catalyét beds ﬁith coldshot
temperature 6fW213 °x virtually quenéhes the reac-
tion wheh first bed inlet temééiature TlO is 648

°% but for TlO Yalvue of 698 o incregses ammonia
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concentration in exit gases in the range of 9:46 to
10-05 percent depending upon the distribution of
coldshot and no equilibrium inhibition is observed
(Fig. 5+2. and Tables B+4 and B+7). However, if
the coldshot temperature is kept equal to first bed
inlet temperature TlO' higher'ammonia concentration
in exit gases without any equilibrium inhibition

is obtained for TlO value of 648 °K asg compared to
T,, value of 698 °k (Fig. 5:5 ani Tables B:19 and
D19 and B-16).

It ig, thercfore, clear from the above
discussion and summary of results given in Table'5~2
that the use of first bed inlut tenperature TlO of
598 °K or less rosults in low catalyst bed tempera-
ture and ammonia production rate is always less than
100 metric tons per day. When Tlo is raised to
648 OK, the catalyst bed temperaturcs and ammonig
production rate increascs rapidly. Further increase
“in TlO to 698 %K results in equilibrium linmitations
in some cases specially when coldshot couling is
not used or coldshot temperature is high or space

velocity is low.

5.2 Bffect of Space Velocity

The effect of feed rate can be explained in

terms of space velocity, For the convenience of
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discussion, the space velocity is defined as.cubic
meter of total synthesis gas fed to reactor per
hour per cubic meter of catalyst in the reactor
obviously, actual velocity of synthesis gas at dif-
ferent pointé in catalyst bed will depend upon the
distribution of coldshots, temperature, pressure

and conversion and can be estimated from the results
presented in Appendix 3B.

5 to

Increase in space velocity from 9-0x10
18-0x10° NmB/(hr)(mB) always decreases the ammonia
concentration in the exit gas but the armonia pro-
duction rate may increasec or dccrease depending
upon the first bed inlet temperature, coldshot
distribution and the feed composition., For first
bed inlet temperature of 598 and 648 °F increase
in space velocity decrease the ammonia production
rate because of lower temperature rige in catalyst
bed tenperature as a result of lower percent conver-
sion at higher space velocity. (Tables 52, 5-3,

5«5 and 5+6). However, for TlO value of 698 °x
‘the armnonia production rate increases with increase
in space velocity if coldshot temperature is also
698 %K because of the equilibrium limitations at
low space velocities. For TlO value of 698 %X and
coldshot temperature of 413 OK, anmonia production

rate nay either increanse with spoce velocity
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provided equilibrium limitations exists at low space
velccity or decreasc if catalyst bed 'tempersture
decreascs rapidly duve to excessive quenching effect

(Tables 5+4 and 5+7 and Figs. 5-3, 5°6 and 5-7).

5.3 Effect of Cold Shot Digtribution and
Temperature

‘The advantage of the addition of cold ghot
cooling is to lower the temperature of reaction mix~-
ture as it passes through the catalyst bed so as to
have more favourable equilibrium conditions. This

t enables the designer to kecp high reaction tempera-
ture when the degrec of conversion ig still low and
to drop the temperature as the conversion proceeds
to achieve high production capacity and a high degree

of conversion.

At low first bed inlct tcemperaturcs TlO of
598 and 648 °K thc introduction of cold shot at 413
Ok is 2lways harmful duc %o excessive guenching
effect but at cold shot temperaturces equal to Tl@
‘mébme improvement in ammonin production capacity is
possible in some cascs. It may be observed that for
TiO values of 598 and 648 °K the ammonia concentra-
tion in exit gas from the reactor igs much below the
equilibrium value., For I,o value of 698 °k, the

beneficial effect of cold shot cooling is quite
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clear from the resulfs presented in Table 5.4 and
Figs, 5'1 to 5+4. The introduction of the cold
shot at 698 °K is not of much advantage because
temperature of the reaction rixtures after the
addition of cold shot is still quite high for the
reaction mixture to attain eqﬁilibrium composition

°x

quickly. - The introduction of cold shot of 413
with proper distribution can improve the ammonia con-
‘centration in exit gas and the ammonia production
rate quite significantly because the addition of cold
shot lowers the temperafure sufficiently for the
reaction not to be inhibited by equilibrium 1imita—
tions as the reaction mixture passes through catalyst
bed (Fig. 5+5). Results in Table 5-4 indicate that
at a spéce velocity of 9-0x103 m3/(hr)(m3) ammonia
production rate can be increased from 6037 to 756-0
tons/day by adding 20% of the total feed as cold shot
at a temperature of 413 °K 2t the inlet of gecond
catalyst bed, Similarily, at space velocity of
lB-leQ?_Nm3/(hr)(m3) ammonia production rate is in-
creased from 878-5 to 1037.0 tons/day by adding 15%
~of the total feed as cold shot at a temperature of
41% °R at the inlet of the third bed. However, the
use of cold sﬁot cooling at a highef space velocity
of 18°Oxlo3 Nms/(hr)(mS) has resulted in either

inapprecinble improvement in production rate or a
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significant decline from 111%-5 toc 391:0 ﬁons/day
due to quenching effect by the addition of cold

shot at 413 °K.

When feed contains higher ammonia and inerts
concentration even for Tlo value of 698 °K the
addition of cold shot also at 698 °K does not im-
prove the production rate appreéiably and when colder
cold shot at 413 °K is added, the ammonia production
rate decreages significantly in most of the cages

(Table 5-7).

5.4 Effect of Ammonia And Inerts in the Feed

Ammonia synthesis reaction is reversible and
increaser ammonia concentration in feed ig bound to
glow down the rate of ammohia formation-and the
anmonia production will be adversely effected, The
- presence of inert gases will alsc reduce the ammonia
synthesis reaction and production rates due to the
diluent action. Further, the presence of inerts
can algo moderate the temperature rige in catalyst
bed by acting as heat carriers and this may or may
not be beneficial depending upon whether reaction
does or does not become equilibrium inhibited at

low ammonia and inerts concentration in feed.

For the first bed inlet temperature TlO values
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of 598 and 648 °K the increase in ammonia conoentra~
tion from 2-0 to 4-C mole percent and that of methane
and argon from 10:C and 20 to 12:0 and 3.0 mole
percent respectively decreases the ammonia production
rate to about 35 to 45 percent of the value at‘low
ammonia and inerts concentration in feed depending

upon the cecld shot temperature and distribution.

10
peraturc equal to TlO the increncse in ammonia and

However, at T. . value of 698 °K and cold shot tem—
inerts concentration as mentioned above is not as
deterimental for ammonia vnroduction rate due to more
favourable equilibrium conditions due to alower rise
in reaction temperature gince the production rate
decrcases only to about 65 to 85 percent of the value
at low ammonia and inerts concentration in feed.

But when the cold shot temperature is 413 °K, the
reluction in ammonia production rate is as signifi-
cant as that for T, values of 598 and 648 °K.

(Fig 5¢7 and Tables 5+4 and 5-7).

5.5 Effect of Prgssure

Effect of pfessure is not in#estigated in the
present study and synthesis feed gas presence is
taken at 160 ATM. DBut the sensitivity of the reac-
tion system on operating presence can be understood

from the results presented in Tables B+7 and B8
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and Fig. 5+3. For first bed inlet temperature TlO
of 698 °K and for feed rante of 5-675z105 and
3-513%10° Nm°/hr when equilibrium composition
recaches at gome position in the bed, as this equili-'
brium mixture. passes further down the bed pressure
decreases due to frictional.losses and resuits in
the reverse resction depending upon the extent of
pressure drop. In such a situation, conversionand
temperagture at the exit of the bed is somewhat
lower than the maximum conversinn aﬁd temperature
position in the bed where equilibrium ig first
achieved. _The position in the bed where the maxima
ig achieved is indicated in the lost two columns of
the table giving sunmary of the computed'results

(Table 5-4).,
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CONCLUSIONS AND RECOMMENDATICONS

6.1 CONCLUSIONS:

Résults of simulation for ammonia synthesis

reactor leads to following conclusions:

1. The net ammonia production rate is quite
sensitive to the operating parameters, such as,
first bed inlet tempefature, space velocity, cold
shot temperature and distribution, concentration

of ammonia and inerts in synthesis gas feed and

' pressure, and design paranmeters, such as, cold shot
location and int.ornal and external heat exchange

capacities,

2. For opermation at 160 ATH and catalyst activity
factor of 0-70 and with normal synthesis gas compo-
sitions and space velceity, the usc of first bed
inlet temperature less than 643 °k results in poor
conversion. The use of first bed inlet temperature
of 693 °K at space velocity much less than lB-OxlO3
Nmz/(hr)(mj) without cold shot cooling is also un-
desirable because of the attainment of esquilibrium
before the end of the catalyst bed. The use of
cold shot cooling improves the reactor performance
provided that an exceszive cocling of the reaction

nixture and catalyst is avoided. The highest
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ammonia production rate of over 19 Tons/(day)(m3 of
catalyst) is obtained at o space velocity of
15.0%10° Nmo/(hr)(m’) first bed inlet temperature of
692 °K end with 15 percent of total feed added at
413 °K as cold shot at the inlet of the third bed

for a feed composition of H,=64-5, N,=21-5, NH;=2-0,

3
CH,=10-0 and 4=2-0 (mole percent).

5. Uge of higher gpace velocity improves the
ammonia production rate provided equilibrium limita-

tions arc observed before exit end of the bed.

4. Use of proper amoﬁnt of cold shot at proper

,‘ position and temperature with higher first bed inlet
temperature is desirsble to improve the conversion
and anmonig production rate., However, indiscrinminate

~use of cold shot at low temperaturelis_disasterous

for ammonia convergion and production rate,

5. For higher conversion and ammonia production
rate, it is desirable to ensuce that the synthesis

gas feed contains minimum of ammonia end inerts,

6.2 RECOMMENDATIONS

1. The present study is restricted to adiabatic
operation of multibed reactor with or without cold
shot cooling. The sinulation model, even though

gquite general to take care of internal and.external
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heat exchénge, could not be uged for autothefmal
cperation due to convargence difficulties. If is
recommended that suitable convergence techniques be
developed so ags to gtudy the reactor performance

under stable operating conditions.

2. The optimal distribution of catalyst and cold
shot in different beds will definitely improve the
conversion and ammonia production rate and needs the

developnent of suitable strategies.

3. The use of onc-dimensional ideal plug Tlow
model without inter-and intra-particle transport
limitatigns is a gross gimplification of modern
reactors., It 1g desirable to analyze the signifi-

cance of the above non-ideal reactor bhehaviour.

4. The work should be extended td analyze the
dynamnic behaviour of anmuonia reacfor so as to have
better understanding of the parameteric sensitivity
and the region of safe stable operation at high

conversion conditions.
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DH

Dj

NOMBECLALT

=S

e

Heat capacity of component i, calf{m nole}(K)

Fraction of total feed entering
through preheating section

Fraction of total feed entering
as cold shot in bed j

Total moles of component i fed
to the reactor, gin moles/sec

Total moles of hycdrogen fed to

the reactor, g moles/sec

Heat of exothermic reaction, Cal/(gm mole of ‘
Hydrogen reacted)

Flow rate of component i, gm moles/sec

Total flow rate of gos in

bed J, gn moles/sec.
Pressure at any point in bed J,ATM

Rote of reaction of hylrogen, gm moles of hydrogen
r@acted/(sec)(cm3 of

catalyst volume)
First bed inleb tempercture, K
Ded number J inlet temperature,X
Feed temperature, K

Gag tempernture in heat exchan-

- ger in rcaction product side, K

Gns temperature, K

Gag temperature on internal
prehenting section of
catalyst bed, K
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SHE

SHI

UAH

U;A.L

[ >

N
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Gos temperature in external hent

exchanger on cold feed gide, K

Tempernture of prechented feed
gas after passing through external
and internal preheating sections,K

Temperature of feed gns ot the
inlet of external preheating
section, K

Heat exchange capacity per unit Cal/(sec)(X)
of external heat exchanger vol.,(cmB)

Heat exchonge capacity per unit Cal/(sec)(X)
of catalyst bed volume, (cm3)
| 3

Volume of heat exchanger, cm

Volume of cotalyst in bed

\N

number j, - cnm

Fraction conversion of hydrogen

in bed number j

Coefficient proportional to
stoichiometric coefiicient for
component i (al=l,a2= —1/3,
a5=2/3,a,=a;=0)

Coefficient of pressur-~ drop, ATM/cm3

-Pegisnates component (l-hydrogen,2-nitrogen,
3—ammonia,4-methane and S5~argon)

Designaotes number of cotalyst bed (1,2,3)
Designates entry of a bed

Degignates exit of n bed

Designotes normal oxr reference value

'
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PART 1 OF ThE MAIN PKOGRAM FOR SIMULATICH OF AMMONIA SYNTHESIS REACTOR
ICI QUENCH TYPE HIGH CAPACITY REACTOR .
INPUT STATEMINT PROGRLM
DIMENSION PF(50)sTF(50)9F11(50)sF22(5Q)sF33(50 }YsF44(5Q),
F55(50)9FD22(50)9FD33(50)9FD44(50)9211(50 )+ Z222{(50)+233(50)>
’HLL(5O)9UAR(5C)9UAH(5Q)9 AZ(110+4)9AP(110s4) 9sAX(1120s4) sAT(110s4)
'ATH(IIO’A)sACX(11094)9ACT(11094)9ACTH111U94)9ATH12(10)
L’ATEM(IDD),ADEL(lOO)QATEP(IOQ)vATEMP(loo)QADET(IOO)

Se ANX(11094)sAZP(110s4)

COMMON/CBI/Flsz’F3,F4’F5/C52/AZ9AP9A\9AT9HTH’ACX9ACT9ACTH/CB3/
LAFD1 s AFD2sAFD3 s AFDGsZ1 922923 sHL o XW-UV ChsRUAsHUASCS5 54 014C625M159K7
9F1119FI129F1139F1219FIZZaFI239F1319-I329FIBBQFI419FI4Z§FI43;
3FI519FI529FI539PH19PH29PDllySZ;Slls&lZsFTFls 112581229 AR19AR2
+tAR3 s AR4 s AR5+011,Q0215sQ031sQ415Q51 Q1l2+Q22sQ325042sQ529 M129K5»
5013902350339Q435Q539sHAL1sHA2 1 sHAZ1sHALLsHAS LI s HABL1sHATL 9HAL2 sM16s
>HA229HA32;HA449HA529HA629HA729HA139HA2)9W 37 HALSB s HAD3 s HAG3 s K8
THAT3 ., HAIQgHA2+gHA54,HA449HA“49HF649HA749NZL;NZZ$NZ39NZQ9 MZ1sMZ29
IMZ39MZ 4 s HAAZIoHAAZ2 s HAAR3 s HAA2L sAHAZ 13 AHAZ2 s AHAZ3 94 ‘4249 BHAZLl

95HA229BHA2393HA249HAB¢19hAb2Z9HA“£39HABZ49HHQJ19AHA,¢9AHA33 s AHA34

A/CBA/ANXSZTI sPAM s ALZP
REAL 51 Wll9C3,C29L49CD¢9(ollsCGZl’VN9H19H29H,9J49C71 C729C732Ct49

LFE oM5 MBI Jls 12, IJ3s 1 bsUBsMI2sKD sMi5emIGeKTsKBeFF
FORWAT(SEIOod/b'lUcZ/ElUOZ97110/C1139F1J4d)

READ 52 (PF(I)YsTF(I)sF11(I) 9F¢2(I)9FJ3(I)9F44(I)9Fu5(1)9F022(I)9
1F033(1)9FD44(1L9Z1'(1)9& 2201015233 (1) sHLL(I)s UAR(CINsZAH(I)oIs1eM5)

FORhAT(BElO 2)

SEF READ STATEMENT FOR DATA BEFORE QUTPUT STATEPtnTS PROGRAM AFTER
STATEMENT MNC203 IN THE MAIN FROGRAM '

GO TO 4C4

PART 2 OF THE MAIN PROGRAM FOR SIMULATION OF AMMONIA SYNTHESIS REACTOR
FROM INTERMAL PREHEATER  GUTLET STREAM TEMPERATURES PREDICTION BY TRiAt
AND ERROR TECHNJQUE BY MATCHING CALCULATED FEED TEMPERATURE WITH KNOWN
;E%D TEMPERATURES

HA11=0,5%H1

HA21=0,083333%H]

HA31=0o5%HAZ1

HAG1=4o0%H1

HAS1=24666667%H1

HAG1=200%H1

HAT1=04333333%H1

HAl2=0,5%H2

HA13=0,5%H3

HA14=0, 5%H4

HA22=000833333%K2

U e o QIVERSHY OF Do



HA23=0,08% 333%H3
HA24=0,083%333%H4
HA32=0,5%HAZ22
HA33=0,5%HAZ23
HA34=0.5%¥HA24
HA42=4 , O%H2
HA43=4 o, O%H3
HA44=4 , I%H4
HAS52=2,666667%F.2
HAS53=2,666667%H3
HAS4=2 o 66666 T*Hy4
HA62=2,J%H2
HAG6342 , 0%H3

HA6 42 , 0¥%HY
HAT7220,333333 #H2
HA73=0s333333%H3
HAT4H0 . 333333%Hs
HAAZL=5 . urHALL
HAAZ22=5.0%HAZ?2
HAAZ3=E8.U¥HA23
HAAZ4=5, U%HAZ 4
AHAZ21=23,0%HAZ21
AHAZ2=23,0%HAi22
AHAZ23=23,0%HA23
AHAZ %=23,0%HA24
BHAZ21=16.0%H/21
BHAZ22=16,0%MA22
BHAZ23=166.0%HA2?2
BHAZ24=16.0%HA24
HAB21=8,0%HA21
HAB22=8 0% 122
HAB23=8.0%HA23
HAB24=¢ . 0%HADG
AHAZ1=6 O*HA% T
AHA32=9.0%HA32
AHA33=G, G*HAZ 3
AHA34=09, U*¥HAZ 4
BHA31=19.0%HA31
BHA32=19.,0%HA32
BHA33=19.,0%HA33
BHA34=19,0%HAS3 G4 -
CHA31=5.0%HA21
CHA32=5,0%HA32
CHA33=5,(0%HA33
CHA34=5,0*HA34
XW=PF (M)

UV=TF (M)

J=1

T=TF (M)
21=211(M)
£22=722(M)

APPENDIX~A2
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73=233 (M)

HL=HLL ()

F1=F11(M)

F2=F22 (M)

F3=F33(M)

Fa=Fh44 ()

FS=F55(M)
FTT=F14F2+F3+F44F5
FTV=FTT#80.64
FTT1=10900/FTT
PHY=F1#FTT1
PNI=M2%FTT1
PAM=1#3%FTT1
PME=F&4%*FTT1
PAR=F5%FTT1
RHN=F1/F2
2T1=100./(Z21%22+23+1L)
CB=SCH1%FF*%]1,8
Co61=CO11*FF**x1,8
Ce2=Lb21%FF*xl.,38

UAMH IM*=40.0¢E=04
RUA=UAR (#)

HUA=UAH (M)
ZC1=71%3.000u01
ZC3=a3%),000001
2C2=22%2,000L01
HCL=HL%9,000001
RUAI=RUA*1.0E+0g
HUAT=HUA*1.0F+0g
CTVO=2C1+2C2+ZCa+HCL
AFD2=FC22 (M
AFD3=FLC33 (M,
AFD4=FD&44 (M) .
AFD1=1,0=AFD2=ACcD3=AFu4
Wl=W1l

C2=20.0

C21=32 )
XWCH=CH¥*XW *¥AFD71 *%1.8
PH1=XW~0.75%XWCsg
PEll=XW=XWC5
S2=AFD1+AFD4
S11=S2+AFD?2
S12=811+AFD3

PH2 =XW=0,25%XWC5
FT=F 1+F2+F3+F4+F5
FTF1=2.0%F1/(3,0%FT*52)
$112=511/82
$122=812/S2
FI11l=F1%S2

FI21l= F2%S52

73



FI31=F3%52
Flal=F4%52
FIS1=F5%*52
FI12=F1%S5i1
Fl22nF2%511
FI32uF3%511]
FI42aF4%S11]
FI52=aF5%511
FI13=F1%512
FI23=F2%512
FI33uF3%#512
FI434F4%S512
FIS53=F6%512
ZH1=Z71/H1
2H2=22 /12
ZH3=73 /H3
ZH4=L /H4
NZ1l=wuH1=3,0
MZ1l=ZH1/C71
NZZ2=ZH2=3,0
NZ3=72H3-3,0
NZ&4=2H4=3,0
MZ22=2Hz/C72
MZ3=ZH3/C73
MZ4=ZH4/CT4
AR1=F1*AFD1
ARZ2=F2+*AFD1
AR3=F3%AFD1
AR4=F4*AFD1
AR5 =F 5% AFD1
Qll=FI11~AR1]
Q2Ll=FI21~-AR
Q31=FI31-AR3
Q4l=FI41=~AR4
Q51=FI51=ARS
QlZ2=F1*AFD2
W22=F2%AFD2
W32=F3%xAFD2
Qu2=Fu*AFD2
U52=FB*AFD2
Q13=F1*AFD3
Gz3=F2%AFD3
U33=F3*AFD3
Q43=F4*AFD3
Wh3=F5%AFD3
KAA =)
KAAIaMB* 10
NJl=1

NJM=1

KNN=1

APPENDIA~4G
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KNA1=2
KNA=2,
NIN=
KAB=14
ATEMP (KAB)=W1
KAD=1,

100 $01224%77
KzA=1
K2A=n2A0 1
7=1
IF(KADoLE-1)CO TO 119
KAC=0
114 KAC=AC+1
"IFCATEMP(KACY0EQeW1)GO TO 112
IF(KAC. LToKABIGO TO 114
KAB=KAB+1
ATEMP(KAB)=W1
19 KAD=2
CALL FEEDT( TF1,WloFsHLsH2sH3sH4,VIWsCT15CT725C735C74 5BHA31,BHA32,
1BHA33 s EHA34 s CHAZ15CHAB2 s CHA33 s CHAZ L 191" 0)
KAA=KAA+1
ATEM(KAA)=W1
IFCAT(JL9K11))€E71961562
62 DELT1=TF1-T
ADEL(KAB)=DELT1
ADET (KAA)=ADEL (KAB)
GO TO 421
61 GO TO 71
67 DELT1=0,3%W1
ADEL(KAB)=DELT1
ADET(KAA)=ADEL (KAB)
GO TO 422
1.2 DELT1=ADEL(KAC)
IF(NJ1.LE.1)GO TO 422
IF(ADET (KAA) LT ,0:00AND, ADtL(KAC)oLT 0000cORADET (KAA) ¢ GE0Q o0
1oAND o ADEL (KAC) «GEc0sUIGO TO 312
KeA=KAA+1
ADET(KAA)=ADEL (KAC)
ATEM(KAA)=W1
422 IF(ABS(DELT1)=C4)10151C 15102
102 W2=w%i=-C21
152 TH12%wwy
KZA:KZAO]-
KAC=Y
115 KAC=KAC+1
IFCATEMP (KAC)0EQoW2)GO TO 116
IF(KaCoLToKAE)GO TO 115
KAB={AB+1
ATEMP (KAB)=W2
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S M7=MT7+1 .
CALL FEEDT( TF2oW2sFsH1oH2sH3 sH4sVWsCT1sCT729C735C74 $BHA315BHA32
1BHA33 5 EHAZ4 9C4A319CHA32 s CHAS39CHABL4sJ1sK11)
KAA=KAA+1
ATEM(KAA)=W2
IF(AT(J15K11))€3963964
64 DELT2=TF2-T
ADEL(KAB)=DELT2
ADET(KAA)=ADEL(KAB)
GO TO 424
63 GO TO 72 .
68 DELT2=002%W2
ADEL(KAB)=DELT2
ADET(KAA)=ADEL(KAB)
GO TO 426
116 DELT2=ADEL({KAC)
IFINJ1IoLE.1)GO TO 426
IF(ADET(KAA) oL T, 0000AND o ADEL{KAC) uLTo0o0cORGADET(KAA) uGE6000
1-ANDoADEL(KAC) ¢ GE00.,0)C(C TO 312
KaA="AA+1
ADET({KAA)=ADEL(KAC)
ATEM(KAA)=W2
426 IF(AdS(DELTZ)-C4)10391b39104
103 Wil=W?2
GO TO 121
104 IF(M7=M8)5044504,312
504 W12={W1+W2)*%0.5
IFIK2A0GEoKALL* GO TO 312
DW12=W1l=W2
IF(AsS(ATEM(FAA)-ATEM(KAA-l))oGToZpO)GO T0 42
IFCADET(KAA) ¢GT,0c00AND ADET(KAA=1) oL T0040.0R, ADET(KAA)OLTOOOO
1oAND,ADET{KAA=L1) oGT 000U ORuABS(ADET(KAA) ) oL To500.AND,
2ABS((ADET(KAZ )~ADET(KAA=1)))eGE0,1)GO TO 42
41 DW12=(Wl=W2)%8.0
GO TO 48
42 IF(KAA:LT.3)GO TO 48
IFIADET(KAA=2) oGT 00000 ANDADET{KAA~116GTo0400 ANDOADET{KAA)QGTOO 0
1:0R6 ADET(KAA=2) o LTo000oANDADET{KAA=1) oL To0,0,AND, A, T (KAA)
20LT60,0)GO TO 27
GO TO 48
27 IF)ABS)ADET)}AA 2%%oGTo ABS)ADET)KAA%¥%,AND.ABS)ADET) AA=1%%,GT,
lABS(ADET‘KAA))cORoABS(ADET(KAA“Z)’oGTaABS(ADET(KAA“l’)oANDo
2ABS (ADET(KAA=1))oLToABS(ADET( KAA)))GO TO 38
GO TO 48
38 DW12=2pW12%0,5
IF(KNNcGT-1)GO TO 39
ATEP(KNA)=ATEM(KAA=2)
ATEP (KNA+1)=ATEM(KAA=1)
ATEP(KNA+2)=ATEM(KAA)
39 KNA3=KNA+2
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KAA3=KAA=~KNN~1
DO 37 LM=k ¢AsKNA3
DO 37 LM1=KAA3sKAA
IFCABS(ATEM(LM1)) «EG.ATEP(LM))GO TO 32
37 CONTINUE
KNN=1
ATEP(KNA)=ATEM(KAA=2)
ATEP(KNA+1)=ATEM(KAA=1)
ATEP(KNA+2)=ATEM (KAA)
GO TO 34
32 IF(KNNoLToKNAL)GO TO 34
DW12=DW12%8,y
KNN=0
34 KNN=KNN+1
48 DELT.L2=DELT1+DELT?2
IF(KAAoGEcKAAL)GO TO 312
107 IF{DELT1)1ls1ulss
1 IF(DFLT2)2:10353
5 IF(DELT2)751C352
2 IFCARS(DELT1 )=ARS(DELT2))16151619162
161 W2=sW1,DW1l2 .
GO Tu 152
162 Wi=W2-DW12
163 TH12=W1
K2A=K2Ao1
KAC="
117 KAC=AC+1
IFCATEMP (KAC)oEQoW1)GO TO 118
IF(KAC.LToKAB)CO TO 117
KAB=KAB+1
ATEMP(KAB)=W1
M7=M7+1 ’
CALL FEEDT( TF1oWlsFsHLsH2oH3sMH4sVWsCT1sCT725CT735CT74 $sBHA31sBHA32s
1BHA335BHA345CHA31 sCHAB25CHA33 s CHAB 4 J1 9K 1)
KAA=zKAA+1
ATEM(KAA)Y=W1
[FOAT(J19K11))65+65+66
66 DELT1=TF1~=T
ADEL({KA3)=DELT1
ADET(KAA)=ADEL(KAB)
GO TO 427
65 GO TO 73
69 DELT1=002%W1
ADEL(KA3)=DELT1
ADET(KAA)=ADEL(KAB)
GO TO 429
118 DELT1=ADEL(KAC)
IFINJ1okEo1)GO TO 429
IFCADET(KAA) cLT 0,00 AND o ADEL (KAC) sLTo00cORADET(KAA) s GE 060
1oANDoADEL(KAC)«GE.0.0)GO TO 312
KAA=KAA+1] .
ADET(KAA)Y=ADEL (KAC)
ATEM(KAA)Y=W1
429 TF(ARS(DELT1)=C4)10151015104
3 IF(DELT12)18151815184
7 IF(DELT12)18451845181



184
181

101

321

312

139

319

315

314

316
318

311
201

207

W2=W12

GO TH 152

Wi=Wy2

GO T 163

ATH12(J)=W1

NIM=1,
PATD=F1%#0,97¢2%AX{M125K5)
NJIN=[lJN+1

GO TO 431

CONT LNUE

IF(JoEQeJ5)GL TO 202

GO Tu 316

NJ1=NJ1+1
PATD®F1%#009792%AX(M12sK5)

"GO Tu 138

CCNTINUE
IF{J=J5)3199319,4202
IF(NINoGTo1)GO 7O 316
IFINJMoEQo1%GO 7O 315
IF)NJMcZQo2% GO TO 314
GO TG 316

Wl=W11+C3%3,

NIN=NJINo1

NIM=NJIM+1

GO TO 13U

Wil=W11-C3%*3,
NIN=[{JN+1

GO TO 130
IFINJNcGT.2)GO TO 311
IFINJMoLES1)GO TO 207
IFINJMyEQo2)G0 TCO 315
GO TO 314

J=Jd+1 :
IF(JoLE-2)GO TO 2¢C
IF)JoGToJ5*GO To 202
GO TO 238

Wl=W1l-C3

J=J+1

NIM=NJM+1

GO TO 1J¢

W1i=TF (M)

GO TN 100
IF(MME)2035204,204
M=M+_k

APTENDIX~AD



APPENDIX-A9 79

READ 911sHlst2sH3sHa4sFsW1]l 3J5sMBsM159MIEKT79K8sCT712CT725C735CT74
911 FORMAT(6E100252110/7411C94E1062)

READ 8219sFFslUVsC2
821 FORMAT (3F1Voz)

GO TO 235

QUTPUT STATEMENTS PROGRAM

404 PRINT 493510191 9291J35104

403 FORMAT( 1X957XegHSTART // 42X956HDATEco09I392Ho091332He091539HRU
IN NOo 516 // 12Xs 94HNAME OF THE STUDENTo0oSUDHINDRA NATH SIN
2HAsCLASSo0oMASTER OF ENGINEERING(CHEM.ENGGo)}FINAL YE R /7 20X
3981HDEPARTMENT OF CHEMICAL ENGINEERINGoUNIVERSITY OF ROORKEE sROORK
LEE(UoP,o ) oPIN 247672 //5Xs 109HMoE.THESIS PROBLEM ON SIMULATION
5 AND OPTIMISATION OF AMMONIA SYNTHESIS REACTOR(ICI =~ ENCH TYPE HIG
6M CAPACITY) // 1X9119HM EoTHESIS SUPERVISOReooD SHANT KUMAR S
TARAF9SCoDo(MIcTosUoSoAs) sPROFESSORSDEPTT.OF CHEMoE 354sUNIVERSITY
8 OF ROORKEE // )

, GO TO 4935 '

407 PRINT4089UV9)NsFl9F29F39F49F59AFD49AF029AFO39AFD192C192C29ZC39
LHCL s RUAI

408 FORMAT( 1X914Xs 14HFEED TEMPo(K)=sFT702921HsFEED PRES WURE(ATMo )=
1F762931HsHYDROGEN IN FEED( GMOLES/SEC)=s F10.3 // Xs 30HNITROGE
2N IN FEED( GMOLES/SEC)=s F9,2530HsAMMONIA IN FEED( G JLES/SEC)=»
3F902930HsMETHANE IN FEED( GMOLES/SEC)=3F9s2 //1Xs27H RGON IN FEED(
4 GMOLES/SEC)=9FQ9o3921HsFIRST BED COLD SHOT=3F603522Hs SECOND BED COQ
5LD SHOT= sF663921HsTHIRD BED COLD SHOT=3F6e3 // " 4X920HHEAT E
6XCHANGER FEED=9F703942HsCATALYST SPLIT IN CUBIC METER.FIRST BED=»
7F7e3912HsSECOND BED=9F703s11HsTHIRD BED=sF 7.3 /7 6X940HHEAT EXC
8HANGER TUBE SIDE VOLUME(CUoMR.)=sF7.3552HsRATE OF HE { TRANSFER/(T
9EMP .DIFFERENCE)FOR REACTOR=35F9.3 /)

806 PRINTB07sHUAL sF

1T EXCHANGER=FS 494 1HCAL o/ {SEC)I (K} (CUoMR.OF TUBE SIDM VOLUME) //
22Xs 25HCATALYST ACTIVITY FACTQOR= sF10%.7//)
GO 71 1090

401 PRINT4C69((AZ(N19K1)9AP(M19K1)9AX(M19K1)9AT(M19K1)9ATH(M19K1)9
TACX (11 9K1) sACT(M19K1) sACTH(ML oK) sM1=ML55M125M16) sK1=KT79K59K8)

406 FORMAT( 1X938X,44HREACTOR CONVERSION AND TEMPERATUR™ PROFILES //
1 3X 9 16HREACTOR CATALYSTs5X98HPRESSURE 92Xs14HFR é VWERSION3X>s
29HBED TEMPos; XsoHPREHEATER +3Xs42HDIFFoIN VALUE OBTAI zZD AND LAST 1
3TERATION / 3Xs18HBED VOLUME(CUoMR o) 93Xs6H(ATNM ) 95Xs11HOF HY
4DROGEN 95X s 10H(DEGREE K) 92X 9s8HTEMP o (K) 93X s 10HCONVERS: Ns5Xs9HBED TE
5MPo y5X s 15HPFEHEATER TEMP, /7 (4XsF1lUo39510X3sF80353XsF100695Xs
6F80393X9FB803s4XsF1l0ob9s4XsF100698R3F10066 /))

GO Tu 321

138 PRINT 4)69((AZ(M19K1)9AZP(M19K1)9AP(M19K1)9ANX(M19K1)9AX(M19K1)9
JIAT(MLsK1) sATH(MT oK1 ) s ACX(M1sK1) s ACT(M1sK1)sACTH(MISK ) s MI=M15s
2M125:116) sK1=¥Tsk59K8)

GC TO 139
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421 PRINT 423sMTsW14DELTLIsAX{MI2sKo) o AT(M1IZ9KS)
423 FORMAT (1Xs14HITERATION NOo=,13551HsASSUMED INTERNAL PREHEATER QUT
ILET STREAM TEMP,(K)=9F7,2935HsCAL.AND GIVEN FEED TEMR.DIFFo(K)=

29F8.3//2Xv49HFRACTIONAL CONVERSION AT THE EXIT OF Tk 'REACTQR= ?

- 424 PRINT425sMTeW250ELT2

3F15,10 9 40Hs TEMP, CF BEU AT HEAT EXCHANGER EXIT(K)= .
GO TO 422 :
s A X(MLI2sKB) s AT(M129K5)

80

1F10.2/)

425 FORMAT (1Xs14HITERATION NOo=s13951HsASSUMED INTERNAL PREHEATER OUT
: ILET STREAM TEMP, (K)®=sF7,2335HsCALoAND GIVEN FEED TEMRODIFFo(K)=
25F8,3//2X9s49HFRACTIONAL CONVERSION AT THE EXIT OF -THE REACTOR=

3F15,10540Hs TEMP, OF BED AT HEAT EXCHANGER EXIT(K)=
GO TO 426

427 PRINT 428sMTaW1ly4DELTLsAX(MLI29KD) sAT(M124K5)
428 FORMAT(1Xs14FITERATION NOe=513s351HsASSUMED INTERNAL

71

74 FORMAT (1Xs14HITERATION NC.=

1LET STREAM TEMP,(K)=sF7.2s35HsCAL.AND GIVEN FEED TEM

sF10027)

REHEATER OUT

,DIFF(K)=

23F8o3//2Xs49FFRACTIONAL CONVERSICN AT THE EXIT OF THE REACTOR=

3F15010540Hs TEMP, OF BED AT HEAT EXCHANGER EXIT(K)=
GO TU 429 |
PRINT749M7oK11s JIoAT(JLsK11) s AX(JLIsKI1) sATH(I1sK11)

115HsSED POINT Nou= 915936HeBEL TEMPAT THIS FOINT IU
2F862//2X538HAT THIS PToFRe CONVERSICN OF HYDROGEN=
332Hs AT THIS PTogHELL SIDE TEMP. (K)= 9F1004//1X9115H;
4HING TC NEXT TEMPERATURE BY aSSUMING A FICTITIOUS Vi
5TURE DIFFERENCE FOR NEXT ITERATIGN /)

GO TO 67

72 PRINT759M79K119JloAT(JLsK11) s AX(JL9K11)sATH(JLsK11)

75

73
16

204
231

FORMAT { 1Xs 14HITERATION NQo=

115HyBED POINT NOo= sIB936Hs[ED TEMP.AT THIS POINT IO

2FBe24/2Xs38HAT THIS PToFR, CONYZRSION OF HYDRCOEN= o

332Hs AT THIS PTesHELL SICE TEMP s F10e4//1Xs L1OHT
4HING TO NEXT TEMPERATUKRE BY ASSUMING A FICTITIOCUS VA
5TURE DIFFERENCE FOR NEXT ITERATION /)

GO TO 68
PRINT76oMTsK11sJloAT(JLsKI1) s AX(JL19KLIL)sATH(JLsK1L)
FORMAT (1Xs14HITERATION NOo= 9I13921HsCATALYST BED NUI
115HsBED POINT NQo= sI5936HsBED TEMP.AT THIS POINT IX
2FBo2//2%9s38HAT THIS PTuFR. CONVERSION CF HYDROGEN=
332Hs AT THIS PToSHELL SIDE TEMPo(K)= sF10e4//1Xs115H:
4HING TO NEXT TEMPERATURE BY ASSUMING A FICTITIOUS V{

f0 Y —
N =

STURE DIFFERENCE FOR NEXT ITERATION /)
GO TO 63

PRINT 231

FORMAT( 1X556X, 7THTHE END )

STOP

END

9139 21HCATALYST BED NUI

s13521HsCATALYST BED NUM

9F10.2/)

IR= 413,
IEGATIVE= »
59109

REFORE SWITC
£ OF TEMPERA

ER= 23
VEGATIVE= »
50109
IREFORE SWITC
JE OF TEMPERA

R= 5135
EGATIVE= >
50109

REFORE SWITC
= OF TEMPERA
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SUBROUTINE FEEDT(T3sWloFsHisHI H3 oo VWeCTLsC, 29CT735CT49BHA3 L
1BHAZ2 s BHA33sBHAR 4+ JHAB L sCHAZ2 s CHAB3 s CHAB4 9 J oK1 )

SUBROUTINE NGCol FUR CALCULATION CF FEED TENPERATURE TO AMMONIA SYNTHES

REACTOR

DIMENSION AZ(11094)9AP(11094)9AX(L1034)9HT(11094)9AT%(110;4)9‘
JACX(11094) 9ACT(11054) sACTH(11094)

29ANX(11094) o AZP (11094

COMMON/CBI/Fl?FZ9F39F49F5/C82/A29APsAXaAT9ATH9ACX9AC s ACTH/CB3/
IAFD1 sAFD2sAFD3 s AFD4s 21522 543 sHL o XW UV aChsRUASHUASCSs 615C62 sM15sK7
ZsFlllaFI129F1139F1219F1229F1239FI319F1329FI339F1419F1429F1439
BFI519FI1529FI53spH1sPH2sPBL11s529511sS512sFTF195112951229AR19AR2
4AR3 3 AR45AR55Q11,Q2150315Q415Q051s Q1290225Q0325Q0425U529 M125K5s
50135Q239Q0339043,Q539HAL1sHA2I sHAZ L sHALLsHABLoHAGL sHATLI sHALZ29M16
6HA22 s HA32 s HAL2 sHAB2 s HAG2 s HAT 2 sHAL 3 sHAZ23 9 HA32 s HALB s HADB3 s HAE3 s KB
THAT3s HAl4oHAR24, HABL o HALL sHASGs HAS 4o HATL sNZLsNZ29NZ3sNZ4s MZ1sML2s
BMZ39MZ4s HAA219HAA229sHAAZ3 sHAAZL s AHAZ 1 s ARA22 9 AHA23 9AHAZ4s BHAZ21
9BHA22 9BHA23 sBHA24 sHAB21 o HABP 2 s HAB 23 s HAB24 s AHA3 1 s AHA32 s AHA3 3 s AHA34
A/CB4/ANXsZTIsPAMSAZP/CRB/LY sAN3TL 20TV

CALCULATION OF FIRST REACTCR BED CONVERSION AND TEMPERATURE PROFILES

Ml=1 ‘

Ki=1

K3=1

LK=

ZCTV=C)°

UAl=RUA

AX{M1sK1)=0c0

ATH{M1sK1)=W1
. CALCULATION FOR MIXTURE TEMPERATURE ENTERING FIRST BED

XB1l2=0,0 ' .

IF(AFD4) 21522527

22 TB=ATH(ML-<1)

GO TO 23

21 CALL MTEMP(TB>W19F1sARLSAR29AR3,ARLSAREs 2115Q215G31504%14Q51

1XB12sPB1lheUVsCh )
23 AP{M1l,sK1l)=PBI1
Co=Co1% (AFDI+AFDL ) ##1 68 o
CALCULATION FCR REACTOR PROFILES BY MILNE PHEDI&TCQ ORRECTOR METHOD OF
NUMERICAL INTEGRATION
CALL RNUMI(M1sK19K3sTBsAFDLsNZ1sMZ1sHALL sHAZLsHAAZLsAHAZL sBHAZL
1HA31 sHAL 1 oHAST sHAE 1o HATLsFI1LsFI121sFI31oFI141sFI51sZ19HLsHL»COy
2VWsCT13UALoFsPH]sH ABZ19AHALS19BHA31CHABL 9 J )
[FCAT(JsKL) 11191112 .
CALCULATION FOR SEZOND BED FROFILES
12 TH12=AT(M1sK1)
PB1=AP (M1,K1)
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- XBLZ2=AX(M1sK1}
IF(AFD2) 24925524
25 TB=AT(M1,K1)
GC TO 26
24 CAmL MTEMP(TBoTH12y F1lsFILileFIZ21oFI31sFI41sFI515Q12:022:Q32
1Q424Q525XB125PB1sUVsC4 )
26 C6=((S112~FTF1*xXB12)*¥ (AFDL+AFD4) ) *¥*1.8%C61
LCTV=21
CALL RNUMI(M1sK19K3sTBsAFDLIsNZ2sMZ2 sHAL29HAZ2 sHAAZZ2 sAHAZ2 s
1BHA22 5 HA32 s HAG2 s HAS 2 s HAG2 s HAT29F112sF1229F1224F142sF 152, L2
2HL 9sH29CH9VWsCT2,UAL o F sPHL sHAB22sAHAZZ s BHA323CHA325J )
IFCAT(JsK1) )11911s14
CALCULATION OF THIRD BED REACTOR PROFILES
14 XB1l2=AX(M1sK1)
PB1=AP (M1,K1)
TH12=AT{M1,sK1)
IF(AFD3) 27428527

- 28 TB=AT(M1sK1)

GO TO 29
27 CALL MTEMP(TBsTH12sFLleFI125F122sF132sF142sF1525G1350235033+Q043,
1053 4XB12+sPB1sUV,C4 )
29 C6=((5122=FTF1*xB12)* (AFDL+AFD4 ) ) *%]1,8%C61
ZCTV=22 +2721
CALL RNUMI(M1sK1¢K3sTBeAFDIINZ3sMZ2sHAL3 sHAZ3 sHAAZSZ s HAZ3,BHAZ23 s
IHA33 s HA43 9 HAS3 sHAGS s HAT3sF I 139F [123sF1323sFI1435FI53923sHLyH39CH
2VWsCT3sUALsFsPH1 s HABZ23 s AHA3Z 9 BHAZ3,CHAB3 o J )
IFCAT{JsKL) ) 11s11615
CALCULATION OF HEAT EXCHANGTR PROFILES
15 UAL=HUA
TB=AT(M1sK1)
C6=C62
LK=2
LCTV=Z1+22+23
CALL RNUMI(M19K15K39TB9AFDlsNé49M149»ﬂl#;HAé49HAA449HHH4498’A249
IHABG o HAL 4 o HAB L o Hub4 s HAT Lo FLI 13 sFIZ3sFI33sF143sFI53sHLsHLsH4 (6
2VWsCT45UAL 9 F o PHD s HADBZ24 s AHAS L4 9 BHAB 4 s CHAB L 5 J )
11 TF=ATH{(M1sK1)
" RETURN
END
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SUBROUTINE RNUMT (M19K1sK3e78Be D1loMeM2oHALsHAL s HAAZ sAHAZ sBHAZ
IHA3 o HAG s HAL sHAG s HATsFILoF128F 1oy A49FID9leHL9H9L69VW9(7 UALlsF
2PH» HABZsAHABsRHA39 HA3sJ )

SUBROUTINE NOo2 FOR NUMERICAL INTECRATICN OF AMMONIA SYNTHESIS REACTOR

DIFFERENTIAL EQU/TIONS BY MiLNE PREVDICTOR AND CORRECTCR METHOD

DIMENSTION WX(110}sWT(210)sWTH(110)sP(110)sT(11C)sTH(110)s
IAZ(11054) sAP(L20s4) sAX{L104) s AT(11064) s ATH(LI1094)sACX(11094)
ZACT(11064) s ACTH(L1004) 9XN(110)9TN(110)9THN(113)92(110)9X(110)9
3CX(110)sCT(110),CTH(110)
4sANX(11054) sAZP(110s4)

COMMON/CBL/F1sF28F3sF4sF5/CB2/AZsAP sAXIATsATHSACX sACK s ACTH
1/CB4G/ANXsZTI sPAMBAZP/CBE/LKsAN3T 52CTV

AZ1=71

I=1

Z({I1)=0,0

P(I)=AP(M1sK1)
X{I)=AX(MLlsK1)

T(I)=TB

TH(I) =ATH(MLK1)
IF(K3=1)3025301,302
Kl=K1+1

Mil=1

J=1

AZ{MLsK1)=Z(1)
AZR(MLsK1)=(Z(Iy+ZCTV)*ZT]
AP(ML1sK1)=P (1) '
AX(MLsK1)=X(1)
ATIMLsKII=T(I)

ACX({M1,K1l)=
ACT (M1 Kl)~U00

ACTH{M1»K1)=0,0

ANX({M1sK1)=PAM

IF(T(J))304:304,303

ATH (M1 sK1)=TH(I)

CALL DEV(IsWXsWTsWTHsFsTsTHaXsFDLo
IFILsFI29FI39sF1bsFI5sFsAZLl sHLsUALIPH )
HC6=Co¥%H

ANX (M1 o K1)=AN3T

Z(I+1)=H

P(I+1)=P(1)~HC6

X(I+l)-X(I)+H*Wx(I)

TUI+L)=TUI Y +H%WT D)

TH(I+1)~TH(I)+H%WTH(I)

J=i+1 ‘

IF(T(JY)304 93044305

C>
O

305 CALL DEV(JoWXoWTHWTHsPsToTHeXsFD1 s

1FI1sFI2sFI39F T4yl I155FsAZLsHLSUALSPH )
XNCT+1) =X (1) +HAT® (WX () +WX (1))
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TNCI+1)=TCL)+HAT* (WTCJ)+WT (1))

THNAT+ 1) =TH(I ) +H A 16 (WTH(I ) +WTHOL) )
CXOT+1) = (XN(T+1)=X(I+1))
CTOI+1)=(TN(I+1)~T(I+1))
CTH{I+1)=(THN(I+1)=TH(I+1))
X(I+1)=XN(I+1)

TUI+1)y=TN(I+1)

THOI+1)=THN(I+1)

IFCABS (CX(I+1))=VW*0oGl)lsls4
IFCABS(CT(I+1))myw) 55554
IFCABS(CTHII+1))=VW)3s34

Ml=M1+1
AXIMLsK1)=X(I+1)
AT(ML1sKL)=T(I+1)

ATH(MLsK1)=TH(I4+1)

CACT (ML K1)= CT(1+1)

ACK(MLsK1)=CX{I+1)
ACTH(ML oK1 )=CTH(I+1)

AZIMLsK1)=Z(1+1) *0.000301

AZP ML s K1) =(Z(I+1)+ZCTV) *ZT]
ANX (M1 sK1)=AN3T

AP({MLIsK1)=P(I+1)

XOT4+2) =X (I+1) +HATR (305X (J)~wX (1)) .
TOI+2) =T (I+1)+HAL# (3. 0WT (S)ymwT (1))
THOTH2 ) = THOI 1) +HALT ¥ (3o 0%WTH ) =W TH{I))
Z(1+2)=7Z(141)+H

PUI+2)=P(1+1)=Hc6

WXT1=HAB2¥WX(I+71)

CWXIZ2=HAZ*WX(I)

WTIl=HALZ¥WT (T+1)

CWTI2=HA2¥WT (1)

12

306

11
14
15

WTHI1=HAB2*WTH(1+1)
WTHIZ2=HAZ¥WTH(I)

J=1+2

IFCT(J))3045304,506

CALL DEV(JoWXoWT yWTHoPsTs THsXoFD1s

LFI19FI29FI39F144FISsF sAZL oHLoUALsPH

XNCI+2) =X (T41) 10 A2¥WXA ) +WXT 1mWX T2
TN(I+Z)=T(I+l)+HﬂA2%WT(J)*WTII—WTIZ
THN(I+2) =TH(I+1)%HAAZ¥WTH(J) +WTHI 1=WTHI 2
CXEI+2) = (XN (I+2)~X(1+2))
CTUI+2)=(TN(I+2)=T(142))
CTH(I+2) = (THN(I4z)=TH(142))

X{I+2) =XN(142)

T(I+2)=TN(I+2)

THOI4+2) =THN (1+2)

IFLABS (CX{I+42) ) mVii#io 01)ikslls12

IF(ABS (CT(I42) )mVii) 1b 1ty 12

IF(ABS (CTH(I+2) ) =VW) 15515512

M1=M1+1 |

AX{MLsKLY=X(4)

AT (M1eX1)=T(J)

Co
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ATH(ML +K1)=TH(J)
ACTIM1K1)=CT ()
ACTH(MLsKL)=CTH()
ACX (M1 oK1)=CX(J)
AZ(M1sK1)=Z(J)*0e00CUT1
AZP (ML sK1)=(Z2(JYy+ICTVI*ZT]
ANX (M1 sK1)=AN3T .
' AP(M1saKL)=P(J) .
XCI4+3) =X (142 )+AH/ 2¥WX (142 ) =BHAZ*WX (I+1 )} +HAA2%¥WX (1)
TOI+3) =T (I42)+AH/ 2¥WT (142 ) =BHA2¥WT (1+1)+HAA2¥WT (1)
THOI43) = THIT+2) +AHAZ¥WTH( T+2 ) wBHAZ¥WTH(I+1 ) +HAAZ¥WTH( )
P Z(I+3)=2(1+2)+H
PII+3)=P(1+42)=Hcb
WXNI=BHA3*WX(I+2)
WXN2=CHA3*WX (I+1
WXN3= HA3*WX(I) -
WTIN1=BHA3*¥WT (1+2)
WTNZ2=CHA3*WT (1+1)
WTAN3=HA3X¥WT(])
WTHN1=BHA3*WTH(1+2)
WTHNZ=CHA3*WTH(I1+1)
WTHN3=HA3®WTH(T)
22 J=1+3 ]
IF(T(J))3045304,207
307 CALL DEV(JsWXosWT sWTHsEsToTHy XsFD1s
IFIYsFI2FI3eFTILgFI5sFsAZLaHL s UALWPH )
ANCI+3) =X UT+2)+AHATHWX (145 )+ XN L= XN2 +WXN3
TNCI+3)=TOI42)+AHAZFWT (I +3 ) +W TN L= TN2+WTNS
COTHNA(I+3) =TH(I+2 ) +AHASFWTH (T +3 ) +WTHNI=WTHN2+WTHN3
CXCI+3)= (XN(I+2y=X(I1+3))
CTOI+3)=(TN(I+3)~T(I+3))
CTHCI+3) = (THN(I43)=TH(I+3))
S XUI+3)=XN{1+3)
TCI+3)=TN(I+3)
THOI+3)=THN (1+3)
IFCARS(CX(I+3) jmViW#03,01)2162122
21 IFCABS (CT(I43))=VW)23923+22
23 IF(ABS (CTH(I+3))~VW) 24924522
24 M1=M1+1
AXIMLsKL)=X(J) " o—
AT(MLK1)=T(J)
ATHIML K1) =TH(J)
ACT (M1s1)=CT(J)
ACTHIMIL K1) =CTH ()
ACX (ML sKL1)y=CX(Jy
AZIMLsK1)=Z2(J)#0.0000061
AZP (ML sK1)=(Z(Jy+2CTVi*2T1
ANX (ML sK1)=ANZT
AP(MLIsK1)=P(J)
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Lll=1
K=1 -

101 X(K+4)=X(K)+ HA4*WX(K+2)+HA5*(WX(K+3)“ZoO*WX(K+2)+WX(K+l))
T(K+4)=T(K)+HA4*WT(K+2)+HA5*(WT(K+3)‘2oO*WT(K+2)+WT(K+1)) '
TH(K+4)§TH(K)+HA4*WTH(K+2)+HA5*(WTH(K+3)“ZoO*WTH(K+Z)+WTH(K+l))
Z(K+4)=Z (K+3)+H
P(K+4) =P (K+3)®Hc6

- IF(LL11~-1) 25+89,25
25 X{K+4)=X{(K+4)+CX(K+3)
TIK+4)=T(K+4)+CT(K+3)
TH(K+4)#TH(K+4) +CTH(K+3)
89 L1ll=2
WXK1=HAG6XWX (K+3)
WTK1=HAS*WT (K+3)
WTHK1=HAG¥WTH(K+T)
WXK2=WXK1/3,0 '
WXK3=HAT*WX (K+2
WTK2=WTK1/3,0
WTK3=HAT*WT(K+2)
WTHK2=WTHK1/3.0
WTHK3=HAT*WTH(K+%)
29 J=K+4

IF(T(J))304+304,308 .

308 CALL DEV(JsWXsWT sWTHsPsTs THsXsFD1 s

IFI1sFI2sFI39FI4,FI5,F sAZ1 yHL sUALsPH )

XNAK+4) =X (K+2) HWXKI+HATH#WX {K+4 ) =W XK2+WXK3
TNCK+4) 2T (K+2 ) +W K IwHAT*WT (K+4 ) “WTK2+WTK3
THN(K+4) =TH(K+2 ) +WTHKL+HAT*WTH (K+4 ) »WTHK 2+WTHK 3
CXIRK+4) = (XN(K+4)=X(K+4) )
CTIK+4)={TN(K+4)=T(K+4))
CTHK+4)=(THN(K+4)®=TH(K+4) )
XK{K+4)=XN{ K+4)
T(K+4)=TN(K+4)
THIK+4)=THN (K+4)



3]
32
33

35

34
191

192

304

309

APPENDIX~A17

IF(ABS{CX(K+4) )mVW*0,01)31931529
IF(ABS {(CT{X+4))=VW)32332+29
IF(ABS (CTH(K+4))=VW)33933529
M3=K+4 :

My=M2#% (M1=3)

IF{M3-M4) 34934935

Mi=M1+1

AZ(M1yK1)=2(M3) ¥0,000001
AP(M1sK1)=P(M3)

AX{M1,K1)=X(M3)

AT(M1sK1)=T(M3)
ATH(ML sK1)=TH(M3}
ACX{M1 +sK1)=CX({M3)
ACT (M1 ,K1)=CT(M3)
ACTH{M1oK1)=CTH (! 3)
AZP (M1 9K1)=(Z(J)%Z2CTVI*2T1
ANX (M1 sK1)=AN3T
IF(K=N)19151929192
K=K+1

GO 7O 101

K3=K3+1

GO TO 309
AT(JsK1) =T (J)
AX(JeK1)=X(J)
ATHIJsK1)=TH(J)
RETURN

END

a7



APPENDIX-A13 39

SUBROUTINE DEV(TsWXsWToWTHsPsTsTH>XsFD1 s
1FI11sFI129F139F144F153FsAZ1sHLsUAL sPH )
SUBROUTINE NOUo3 FOR CALCULATICN OF DERIVATIVE VALUES FROM AMMONIA
SYNTHESIS REACTOR
EQUATIONS FOR NYUMERICAL INTEGRATION ’
DIMENSION WX(110YsWT(110) yWTH(210)sP(110)sT(110 ) sTH(110)sX(110)
COMMON/CBLl/F1sF235F39F4sF5 '
1/C35/LKsAN3T sZ2CTV
PP=P( 1)
TT=7(1)
THH=TH(I)
AB=F 1% X (1)
ANi=F11-AB
AN2=F12=U0333333 *AB
AN3=F13+0,66667%AB
AN4=F14
ANS=F15
ANT=AN1+AN2+AN3+AN4+ANS
AN3T=100.#AN3/ANT
' IF{LKo,EQs2)GO To 202
201 HR3=“15564051+(700646-(1438399E‘03“(303563E507“1oléZSE'lO*TT)*
ITT)#TT )% TT-PP*#(3,01975% (4 4552F=™03=1,928E~06*TT)*TT)
AK=EXP (0050327%#(918460G/TT=702949%ALOG (TT)+(3.4966E~03+
1(106781E~07%3,875E=11#TT)*TT)*TT+23605))
AKF=167343-80143E~04%PP+(5,714E~07#PP=2,6714E~03+2.0E~06*TT)*TT
PANT=PP*AN1/ANT
IF(PP)Y11s11515
15 IF(PANT) 11411912
11 PRINT 143PANT PP
14 FORMAT(1Xs5HPANT= sE15065 10HsPRESSURE= sF10c4 /)
12 SPANT=SORT(PANT) '
PANTS=AIN3/5PANT
AKR=(300,0/PP)#%0,63%EXP {<24092,2/TT+3365566)
R1=2904204% ( (AK/AKF ) ##2¥PANT*AN2/PANTS~PANTS/ANL ) #F#AKR*1,0E=06
B7=~0,666667%HR34R1
GO TO 203
202 R1=000
B7=0,0
203 WX(I)y=R1/F1
B4==UA1* (TT=THH)
B1=B7+B4
CALL HEATC (CPls(P2sCP3sCP4sCP5sPPoTT )
B2=AN1*CP1+AN2¥CP2+AN3*CP3+AN4*CP4+ANS*CP5
WT(1)=B1/B2
CALL HEATC (CP14CP25sCP35CP4,CP54PH,sTHH )
B3=FD1# (F1*¥CP1+F2%CP2+4F3%CP3+F4*CP4+F5%(CP5 ' )
WTH(I)=B4/B83
RETURN
END
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SUBROQUTINE MTEMP(TB21:TB12sF1sR113R229R33sR4435R555Q019Q25Q35Q4sQ5
1XB12.PB1,UVsC4h )
SUBROUTINE NOo4 FOR CALCULATION OF MIXTURE STREAM TEMPERATURE BY TRIAL
AND ERROR TECHNICUE
I=1
TBUV=0,33333%(Tpl2=UV)
W1=TB12~TBUV
W2=Uv+TBUV
192 TB21=W1
CALL TEMP(AT1sF1sR115R225R331R44sR555Q19Q025Q39Q49Q5+9XBL12sPB1>
1TBl2,7TB21sUV )
DELTI=AT1=W1
IFCABS(DELT1)=Csq4) 15191514191
191 IF(I=1)15341529153
152 TB21=W2 o
CALL TEMP(AT25F13R115R225R33sR449R555Q19Q2+Q35Q049Q5:XB12sPB1>
1TB12sTB21sUV ‘ )
DELT2=AT2-W2
IF(ABS(DELT2)=C4)15451545153
153 DW12={W1™W2) %05
DELT12=DELTL1+DELT2
W12=(W1+W2)%Co5
I=1+]
IF(DELT1)1515185
1 IF(DELT2)2515443
5 IF(DELT2)79154s2
2 IFCABS(DELT1)~ARSIDELT2))16151615162
1 W2=W1+DW12
GO TO 152
162 Wi=w2-DW12
30 TO 192
3 IF(DELT12)18151815184
7 IF(DELT12)18451845181
184 W2=w12
GO TO 152
181 Wl=W12
GO TO 192
154 TB21=AT2
GO TO 155
151 TB21=AT1
155 RETURN
END
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7
SUBROQUTINE TEMP(TsF1sR115R22sR33sR445R55sQ15029Q3sQ49sQ5sXB12s
1PB1,TB12sTB21s5Uy )
SUBROUTINE NOo 5 FOR Cf«CULATION OF MIXTURE TEMPERATURE FROM ENTHALAPY
BALANCE
XBF1l=F1#XB12
R1=R11=XBF1
R2=R22=0,33333%xBF1
R3=R33+0,66667*xEBF1
R4=Ra4
R5=R55
CALL HEATC(CP19eCP2sCP39sCP4s(CP54PB1,TB12 )
Cl=TBl2*%(R1%CP14+R2#CP2+R3*CP3+R4*CP4+R5*CPS )
CALL HEATC(CP1sCP2sCP33sCP4sCP5sPB1sUV )
C2=UVH*(Q1I*#CP1+Q2*CP2+Q3*CP3+Q04*CP4+Q5%CP5 )
CALL HEATC(CP1scP2sCP35CP4sCP54sPB1,TB21 )
C3=(RL+QL)*¥CPI+(R24Q2) ¥ CP2+ (R3+Q3 1 *(P3+ (R4+Q4 ) *¥CP 4+ (R5+Q5) *CP5
T=(C1+C2)/C3 .
RETURN
END
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SUBROUTINE HEATC( CP1lsCPZsCP3sCP4sCP5,P,T )

SUBROUTINE NOo ¢ FOR CALCULATION OF HEAT CAPACITY AT GIVtN TEMPERATURE
AND PRESSURE

CP1=60952(4,5T76E=04~(9,563F=0T™2,079E=10%T )% T)*T
(P2265903=(3,753E*04~(1,93Em0626,861E=10%T)*T)*T
CP3=10267524~(21663767E=02~(13,12707E~05=1,5981E=~09%T) *T)*Tm™
IP¥(6o7571E=02%(1o6847TE=04=1,009514E=07%T)*T)

CP4=4,T7504 (1, 2Em02+(3,03E=06=2,63FE=00*T ) *T)*T

CP5=4,9675

RETURN
END
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and subscript j deonteg the catalyst bed number.

The energy balance equation for the gas in

internal preheating section is

FDHCZl E Cpi> @ Bgy= - (U8 (Ty-Tgg) aVy

o N cee (304)
where Frog is the froction of fotal feed entering
through preheating section and negative sign on right
hand side takes into sccount that the flow direction
of'gases‘in‘internal‘preheating section ig opposite
to that in the reaction scction. Bquations %+2,%+3
am@.B;Agare applicéble to each of the catalyét bed
when proper values to variables for bed ] are assigned,

 It may be noted that X fractional conversibn'based

1
on total moles of hydrogen fed to reactor including
all the coldshots, incrcaces monotonically as reaction

mixture passes through the catalyét beds,

| Bventhough Egn, 342, 3:3 and 3-4 are’ applicable
to each of thé‘catalyst bed but since the coldshots:
of feed gases are added at the entry of each of
the catalyst bed, additional mass and energy balance
equations are necegssary to obtain the boundary

conditions for the solution of above equations .

Mags Balance Equations for Catalyst Bed i
At the entry (subscript 0)
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The simulation quél thus consicts of Eqns,3f2~to 5.12'
tndC41-C+10, ZEgns. 3°2,3+3 .and 3.4 are repeated
for consecutive catalyst bede; however, the initial
temperature, pressure and composition for each bed

(the initial boundary values for the solution of

differential equations) will be different for each bed .
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