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Production of synthetic ammonia ig continuosly growiag
throughout the whole world, Within the last years large ammo-
nia synthesis plants ranging from 600 to 1500 t/day capacity
have been put into operation leading o considerable capital
investnments,

The choice of Cechnological systems, apparatuges designs
and pressure of the synthesis process is often goverrned by
preceeding sxperience, market and patent considerations, Moe
dern methods of motheuatical modelling provide for objective
approach towards optimization proovlems of ammonia synthesig
plante and minimizing capital investments and running cost,
Depending on the price level of raw materials, equipment and
environment (temperature of cooling water and air) various
results can be arrived at, In this connection we have made an
attempt to create a couplex mathematical model of ammonia syn-
thesis plant covering not only calculations of material streanms
but all apparatuses for ammonie synthesis, their price and
finally investments per 1 ton of ammonis which is accepted
&3 an optimization criterion,

The separate stage of our work wag collection, systemig-

ing and carrying out special tests to finalize certain data
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of thermodynamic and Ghermophysica] properties of yzag mixtures,
circulating in the synthesig ¢ycle, process macrokinetics,
Probleug of difrusion. T'eversible ang irreversinle poisoning

of catalysts, etc, These data were processed as equations,
suitable for application in digital computers. Not all the

work in thig field hag been completeq and our programmeg are
Gorrected ag new additional data enter,

Considerable attention was drawn to problems of modelling

dogens of designs of ammonia synthesig columns, sguch as tuby-
lar, tray, radial ang combined Gypes were developed,

Desire 3o tring the temperature conditions of the column
to the optimun one is known to lead to coumplicated angd s0me-
times unreliable designg, Upscaling to large capacity planta
makes very acute the probiem of creating very siuple and re-
liable design alongside with uigh efficiency,

Ve have compared different Jdesigns of Synthegig columnsg

backing bogh between thenselves ang with the S0-called "ideal" ;

with interna] heat exchanysa and adiabatic layers have been
worked out, Mathematica] description of the Teactor took into

&cgount the basic Procesases, ocouring in the reactors heat

transfer, kineticy of ammonia Synthesis, diffusion in catalygt
pPores, Phenomena of heat-transfer haye been described by clag-

sic heat-trangfer equations, Tynukin, Pizhavl equation, later
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modified by Smirnov2 was adcpted as a kinetic equation for
reversible poisoning of catalyst by water vapours, Stefan-
Maxwell's equations of multicomponent dififusion served ag the
basis for uatnematical description of the process using the
porous grain catalyst and the digital method for solving equa-
tions obtainedB’4 has been suyggested,

Mathematical models of the reactor made it possible to
computirize calculation and optimization process and design
parameters of ammonia synthesis reactors of the indicated Cy=-
pes., Vhen, calculatlnyg the operating conditions of Lhe reactor
varied over a wide range: volume velocity of gas mixture, con-
centration of ammonia and inerts at the income to the reactor,
reaction initial temperature,

Double and single tubes reactor in vhe catalytic zone
(5, 6, 7) - £ig, 1 as well as reactors with a number of adia-
batic catalyst layers (8, 9, 10) - fig. 2 nave been considered,

At the same time calculations of an "ideal" reactor with
the optimel temperature conditions have been carried out. In
this case the productivity of the catalyst voluume unit served
as an optimization criterion,

Quantivaiive decermination of approximation degree to
the optimum conditions of one of the simpliest designs (double
adisbatic catalyst layer reactor) presented special interest
alongside with the study of complicated designs of ammonia

synthesis reactors,
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Requirements of stativnary statiilty conditions for all
indicated reactors designs have been consideredj optimal sta-
bility conditions have been analyzed.

The analysis of the calculation results has proved that
one can reach rather high productivity under certain condi-
tions, including compousition of synthesis-gas which is as a
rule manufactured at modern large capacity plaunts in the co=-
luun vwith two adiabavic layers,

fhus in the column with removal of reaction heat produce
tivity equal to 90U - 95 % of the waximuw one (fig., 3a) can be
obtained in between the layers of the heat-exchanger,

This value is somewhai lower - £5,90 7 in the column with
a cold by-pass (fig. 3b). Under these conditions sufficiently
complete utilization of heat reaction can oc obtained provid-
ing that operating conditions in the catalytic zone are satise
factory,

Study of the reactor with thrce adiabatic layers has
shown that the increase of the trays number does not lead to
considerable productivity growth compared with a double-tray
reactor (fig., 4).

In internal heat-exchange reactors productivity can reach
9% - 95 ;5 (of the maximum possible).

Thus, analysis of varicus versions of reactor designs,
including the simpliest, double tray reactor points out that

differeni designs nave no marked difference on their waxinum

capacity,
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As stated above, parametric sensitivity and scaoility
reserve of the chosen operuating conditions were detornined
for all reactor designs studieu on the basis of specially
worked out metnods,l2~1%

Stabllity reserve on the inlet Lemperature intc the ca-
calySt chamber is understood to be the difference of values
of this temperature under cuosen and critical cperating con=
ditions.

oStablility reserve can be determined in a similer way on
any ofther processing paraaeier,

Analysis of different desiguns has algso proved that opti-
mal conditions are stavle tor all the types, unless hot point
limitation tells.'However, stapility reserve of the optimal
conditions is not large as a rule., 5tability reserve on the
inlet temxverature intc a catalyst chamber in all reactors uuder
consideration is very close to eaca other.

The value of ssaoility reserve ranges bebween 3° and 6°,

By raising the inlet tewperature cciuipared to the opti=-
mam, one can increase staovility reserve unless limitation on
hot point tells, l'he oiggest advantazes in this regard can be
related to a double-~tube reactor, But investigation of para=-
metric geansitivity under fixed conditicns (fig. 5) of the
simpliest reucltor's design vith two adiavacic layers has
shown that their paremetric sensitivity is not high and in the
reactor With removal of reaction heal in a neat-exchanger is

lower than that c¢f the reactor with a ccld by-pass.
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At present GLhe system of obtaining end purification of
processing gas is simplified ana at the same (ime modified
to such an extent that makes 1t possible to gebt gas mixbture
practically without any polsons. In odern designs the conteat
of oxygen containing compounds does not exceed 20 ppu, while
sulphur containing coupounds are cumpletely absent,

Special interegt is drawn by the syathesis process in a
double tray reactor where the first layer is in suspension and
the second one in a fixed state. Isothermic cconditions of am=
monia synthesis process in suspension layer provide for avoide
ing overheat in the first catalytic layer.,

Granulated cabalyst developed by our institute provides
for comumercial application of a fluidiz~d bed,

In this reactor design one can use .ine~-grained catalyst,
i.e., to carry out a process under conditions cluse to kinetic
sphere,

Applicacion ¢f a suspendead layer emnables Go carry oub
operacion with increased volume velocity. Calculations pro-
ved that such types reactors are quite proaising.

AL present, & new, high-Gearerature ammonia synthesis
catalyscé CA-215 able to stand up to 60C°C has been developed
and commercialized, Activity of CA-2 cotalyst under low
temperature is somewhat lower than Lhat of a conventional
catalyst CA-l, but under high temperatures of 550 - 575°C
is practically the sane,

Charging in layers of the catalyst CA-2 together with

CA-1 into ammonia synthesis columns will provide for commer-

cial application of double Uray ammonia mynthesis reactors.
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Development of thermostable catalyst creates the same possibi-
lities for a double~tray reactor (in Germs of increasing sta=
bility reserve) as for a reaccor with double counter-current
pipes,

To calculate optimization of an ammonia synthesis unit
a8 a8 whole it ig necessary to have mathenatical descriptions
of other apparatuses included in smmonia synthesis cycle. That
is why we have developed machematical wodels for hea't:-exc:ha.n@;J‘6
and condensat:ionw apparacsuses,

Mathematical description of a heat-exchange apparatus in-
clude equations of heat-bulance and heat-transfer, This desg-
cription was based on Ghe use of heat-content values as func- i
tions of temperature, pressure and composition of gas-mixture. u

Iffective geparalion of ammonia trom £a8 mixture by a
condensation method is Of zreat importance in production of
synthetic ammonia.

Ihe right choice of a conienser’s design and its gizes
acquires gpecial importance due to considerable increage of

oapaéities in synthesis unitg,

While calculating condensation apparutuses one should
take into account aot only heat-exchange but mass-traaster
processes as vell, and also the presence of considerable am-
mount (up to 80 %) of inert, non-condensable gas: nitrogen-
-hydrogen mixture,

Wie have considered a nuwmber of methods fop calculating
the process of aumonie condensation, which cover phenomena

of heav-and muss transfer as well as the inflience of inert

gas., Toe anelysis of methods availuble kas snown that mechods
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18 and 19 consider in ithe most complete way the physical
essence of sbteam and sveas-ga: uixbture condensatbion process,
They allow vo determine changes of vasic values, which charac-
terize heat und mass transfer when both are present., That is
why these two methods were Gaken for granted in developing
mathemacical descriptior of condensation apparatus in ammonia
synthesis cycle.

As a stream flows condensation process is divided into
thiree zones: the cooling zone, the condensation zone at the
apparatus walils and the condensalion zone in the nucleus of
strean - i,c¢. fog-generation zone, lathematical description
of ammonia condensaticn process out of gas mixture include
differential equations of heat-valance, drawn for counter-
~flow case., Speed of mass excunaznge was determined by Stefan's

equationeo

according to differential equation as the speed of
vapours diffusion through a boundar; layer of vapour=-;as flow,
Besides, parameters of heat-and mass exchunge are tied up
by an equution of ecguilibrius curve indicating dependence of
equilitrium cencentration on the tuoumperacure and by & heab-
~balance equation per unit of surface.

Algorithu snd programme of casiculating water condensers
at digital computers, condensation columns and liquid ammonia
evaporators of different design were drawn ocn the basis of

this mathematical model.

Alongside with working over algorithms and programmes

for calculating separate apparatuses - algorithms of material
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balances for differens designs of ammonia synthesis with
single-and double stage condensation, with continiocus purging
by gas and without it nave been drawn.

Parsmeter determinaticn meeting stabionary conditions
of the plant operation serves as the basis of these algorithms,

One of the modern unit systems shown in fig., 6 served as
the basis for further study taking into ccansideration big
variaty of synthesis systemsj algorithms being specially
worked out for this system and the calculation prograumme on
computer M-220 beinj; made out, This wmethods with certain cor-
rections can be used for calculating other systems,

Initial and variable prccess parameters, their digital
values completely devermine operating conditions of ammonia
synthesis unit are the following: pressure, volume velocity,
content ammonia and inerts at the inlet tc the column, gas
temperature after primary condensation, content of inerts in
freeh gas, temperature of fresh gas, daily capacity of the
unit,

The ready product, liquid ammonia is being continuously
taken out in the synthesis cycle, Besides, to prevent builde
-up of inerte (argon and methane) vhich are in fresh gas, con-
tinuous purging by gas is cerried out., One should take into
account the anuwount of gas which is being dissolved in liquid
ammonia and taken away frcm the cycle by liquid stream both

from primuary and seccndary condensatioa systems., Ammount of

fresh gus supplied into unit should make up for all its lossges,
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Observing material balance can be ectusted through mul-
tiple iterations, by consecutive comparison of zms stream at
the inlet to the synthesis column (presek anc obuainad),

"hen the latter do not ccncid-~ oae sheuld turn & the
purging point, as initially approxiwmatiag value of dissolved
gases ammount in the system of secondary condensation was ac=-
cepted as the basis for determination of purping and fresh gas
consumption,

Plow~diagram of caliculating ammonia synthesis is presen=-
ted at fig., 7.

The programme provides {or preparation and computation
of information from magnetic tape before each block. Printing
of calculated technologicul and design parameters is carried
out after each block,

It stands to reason ¢o begln calculation frowm the cata=-
lyst chamber of an aswmonia syachesis colum, Inspite of mul=
tiple interations in tihis case the cnsalyst chamber of an
aamonis syathesis column is taken into account only once,

In calculating ammonia synthesis column the following
parameters are considered tc be varieple: coantent of ammonia
and inerts at the inlet to che syathesis column, volume velo-
city and pressure, In the result of calculating the synthesis
column one can obtain data, initial for ccusequent alagran
calculations composition of gas wixbture ut the outcone of
the synthesis column, volume of the catalyst, tcmperature uat
the outcome of the catalytic zone and also at the inlet to

heat-exchange pipés of the catalysi chamber.




Afier culculating the catalyct chawber one passes over
to calculating material balance. As distribution of macterial
streams in the synthegis system depends on the teaperature
of primary condensation, the labttcr le also a variable rara-
meter,

As a result, one obtains total awount of gas mixture and
its composition at the inlct to ditferent apparatuses of the
synthesis system, as well as temperatures in Ghe mixing zone
of the separation section of the coniensation column and at
vne outcoae of the evagorator, after it une proceeds to cal=-
culating apparatuses of the conuensaticu-separuatcion system.

In calculating heat-exchange section of & condensaticn
column, smmount of gas mixture in plpe and interpipc spaces,
a3 well as teuperature of cucling gas-mixtare at the inlet
into the apparaius and inist and oublet tenveracure of heated
gas mixbLure are knovm. Ac a result, suriface of heutG-exchange
section of a condensavion coiumn and btearerature of cooled
ulixture at the outley of che condensatlon column, i,e, atb
the inlel btou evaporator become available,

After calculation of evaporator, ammount ¢f boiling li-
quid ammoniu and the surface of heac-exchanie were debermined.

The next avparatus submitted Ge calculation, is outside
hea G-exchanger, Amwount of ;jas mixture, its cowmposition in
pipe and interpipe spaces are determined on the basis of ma=-

torial bulance. The TCeuperature at the inlet to interpipe

space of a heat-exchanger is known from calculacion of the
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synthesis column, as-according to the algorichs of Lhe cata-

lyst chamber, degree of gus mixture heabting Jduring the caba-

1yst chamber shelli can be determined. The temperature cf gas
mixture at the outlet of waber-hieater, i.e, at the inlet to

% che outside heat-excharnpger is preset, Besides, the teupera-

ture al the outlet of the heat-exchanger pipe space is also
preset. As tae surface of the latter considaraoly depends on
the Leuperacure at the oulles of the heat-exchanger (at the
inlet to the conu2nser), heat-erxchanyge surface is cakulated
3 with different variatiocns of che indicated temperaturce, The

teuperacure at the outlet of an inserpipe space in the out-

drmns

gide heat-exchanger ic being alsc Jdeteruined and consequently

the teuwperature at tne inlet t¢ intergipe space of she inner

heut-exchan_ er., lemperatures at the cutlet of incerpipe space

B e K ain

and at the inlet vo plpes ol the inner heau-cxchan;er are

; determined due Gu calculation ot a catalyst chawber, Thus,

, ghe only unknown valucs sre the surface of heat-exchanie and
the temperaturc at the outlet of pipe space in uhie inner heat-

-exchanger, (‘hese values are¢ determined according to tue al-

gorithm of Lhe heat-exchanger calculatlon. after it one can
carry out calculations of a water-iueater, Since all four
temperature values in a water-neater are known, suriace of
heat-exchange and axmount of circulating water cun be auter-
mined in the sresult of calculation,

The last apparacus in the sysvem is a condenscr, Ilus

calculating results in deteruination the aummount of circula-




ting water and condenzetion surface. Thus, material streams

in all critical points of the cycle as well ag the wain para=-
meters (dimensions) of all appzratuses are jetermined accord-
ing to the described algorithm.

To calculete Gthe cosb of apparatuses - we tuake for
granted any project being carried out at the present, for
which estimated costs of all apparatuses are Known.

On the oasis oi information cobiained fronm literaturééyaau
and investigations which have been carried oub Dy us, we have
adcpted eguaticne vy means ol which one can pauss over fron
the cost of xnown apparatuscs of a cersain design to the sawe
design but with olher cperating parwaeters in the range of
changing the initial parsucterc under ctuay.

I sowe cases, tor example, when pressure of synthesis
is comparod, it is worthwhile bo consider together sections
of compression and ammonia refigeration unit begides section
of ammonis synthesis.

Having available Ghe piven mathemamtical deseription of
ammonia synthesis unit, one can solve the optimization prob=-
lem at the design stage of the whole unit,

Expendd tures couprising the product operatica cost and
investment share taiing account of rated efliciency factor
have b.en adopted as an optimuin criterion

5=2C+ B2
wheres 3 - expenditures, roubles/t
C - ruaning cost, roubles/t

k -~ capital iavestmencts, rcubles
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n - output oi an ammonie unit, t/a

E - rated efficiency factor

Year'l(usually advpted in the chemical industry
0012 - 0015)

On the basis of the algorithm givenx above we have written
the programme for calculating at the =220 computer expenses
of the synthesis cycls on preset initial deta for the flow=
-sheet of the unit, described in fig, 6.

The prograame makes it possible to calculate in several
minutes heat and material balance of the synthesis cycle, ope=
rating and design parameters of separate apparatuses and units,
cogts of power nmaterial expences, capital investuents and ia

the long run expenses per 1 ton of aumonia,
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Fig. 1. Reactors with internal heat-exchange
1. Reactor witn single counter flow pipes
II. Reactor with single straight through pires
I, Reactor with double counterflow pipes
IV, Reactor with double straight-through pipes
T - teaperature in internal pipes
Q - teaperzbure in external pipes
t - temperature in catalytic zone
I - length of mpcactor, n

L - relative reactor length

FPig., 2. leactors with adiabatic layers

I. Reactor with Lwo adiuoatic layers with removal of
reaction heat in the hecatv-exchanzer between layers

II., Reactor witr two adisbatic layers and with feeding
cold gas bebween layers

II, Reactor with suree adiambvatic layers and with cold
gas feeding betweasn layers,

t - temperature in the cabtalytic aone
b ty~ reducing Ueupersture in heat-exchanger betwoen
laye*s
JL - share of cold by pass
i.r.t - initial reaction temperature

W = volume velocity al the inlet to the column

1 ,Z~ content of inerts and ammcnia at the inlet to
the colunn

- total suarc of cold by=-pass

JLz - ghare of by-pass in the second layer  the to-
tal share of cold - by-pass
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Fig., 3.

Pig, 4.

Mg, '5.

rig, 7.

NH

1.

Dependence of degree of bringing capacity to the up-

tiwum one on reducing temperature ol gas mixture bete

ween the first and the second layer (a) and on the

share of cold by~pass between the first and the second

layers (b) with different ratic of the catalyst vo=

lume on trays (W = 20000 h"l. 1.,r.t=400°C, i.0.=

2 10%, 2o = 2 %)

Dependence of the maximum capacity and the degree of

bringing to the optimal caracity (C max./C opt) on

the ratio of the catalyst volume in the first layer

to the catalyst volume in the first and the second

layers (VI_XVZ,) under different ratios (Vl + Ve) to the

total catslyst volune,

Dependence of ammonia ¢ccntent at the outlet of the

column on changing operating conditions.

8., - changing i.r,t, content of inerts at the inlet to
the column i,, reducin, temperature between layers

t, » share of cold by-pass )

b = changing volume velocity W, content of ammonia

at chne inlet to the column Z,, ratio of catalyst

voluue V1

P - pressure before the synthesls ammonia coluumn
3 = content of ammonia before the synthesis column

content of inerts before the synthe#is column

W - volume velocity

t:a- gas Cemperature after a condenser

7= gas ieuperature before a ccndenser




Fig. 6. Sehematic diagram of ammonia synthesis unit.
1, Synthesis column
2, Water-heater
3, Outer heat-exchanger
4, Condenser
5., Separator
6. Condensation column
7. BEvaporator

8. Circulating compressor

1. Loading of % wt, JNH3 3" into operating cells

2, Calculation of the catalyst chamber of the synthesis oduma
3, Loading of tg® into cperating cell

4, Calculation of neat-material balance of the synthesis cycle

5 Calculation of heat-exchange section of the condensation
column

6, Calculation of evsporator
7, Loading of t; into operating cell
8. Calculation of outer heat-exchanger

9. nalculation of internal heat-exchanger of the synthesis
column

10.0aloulation of water-heater

11.Caloulation of condenger

12,Calculation of expenditures

13,Check up of cycle termination on t7 complete
14.Check up of cycle termination on tg complete

15.Check up of cycle teruination on P, W, JNHB, J“ complete
Permination

rig. 7. Flow-diagran of calculation amsonia synthesis unit
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SUIMLARY

LiRGE-CAPACITY ANIORTS SYUUHES T RE.LCTORS (AT PLANTS:

CONSTRUCTICH Of MOTRLS I CPTIMI L/“TIO,I.ET/

-

MB. iizmondad

State Imstitute for N vitrosenous vrtilizers
Minietes for Cherical Industry S &1

Mathematienl models have beon constricted for armonin synthondia veactors of
diffcerert types: +ith intermal oot cxchuere =nd adintatic Inyers,  The medels take
inte accouvnt the hsic procossen ocenrring in the ronecter:s  lent trane for, inctios

of ~mmorin synthesis, diffasion in le otnlyst pores,

The calenlntion and optitaizatica of webrologient nnd coretrietion i parancters
for wmmonin synthevic reactors of tle trpes mentioned wers cirricd out with the aid of
divsital computer.  wnestions relatine to stoabilidts nd piremetrie sensitivity were

studied for the same Lypes of raictor nad victhods of cstimting ronsres and rescerves

of 8t bilitvy were ohtaincd.

4t the samc time, ealeulations were made for o Midenl® reactor with an optimum

temperature regime.

By comparing the &' t1 for the "idenl" .nd rcnl rcactors, and taking stability

into nccoumt, it ir possible 1o choose the bent = wionis synthegis rcictor design

_l/ The views nnd opinions cxpretmed in th c"mpor ~re those of the wuthor and do not
nccessarily reflcet the vicws of the scerctariat of WIUW. This document han been
reproduced without form-1 cditing.
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for large-cnpicity plants, combining » high rate ol opernation uith rclinbility.,

A anathematicnl deseription snd progsrimme were worked out for the erlculation of
consumptioin of matcrials wd heat nd for the hent cxchange ~nd condensation apparatus
of the nmmonia s;wmthesic cyrle.

A comples model and cnleulartion programme were preprred for the wmmonin gynthesis

plant. 'lith this programme, the main technologicnl, coustruction.l -md cconomic

paruncters of a larme—copacity plant onn be detcermincd.

Thic model scrwves ~o the basic for optimization of the wholc ammonin synthesic

plant. The optimization eriterion adopted criterion ~dophod is minimum cost per

tonne of ammonic.









