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Production of synthetic ammonia is continuosly growing 

throughout the whole world. Within the last; years large ammo. 

nia synthesis plants ranging from 600 to I50O t/day capacity 

have been put into operation leading to considerable capital 
investments. 

The choice of technological systems, apparatuses dealga« 

and pressure of the synthesis process is often governed by 

proceeding experience, market and patent considerations. Mo- 

dem methods of motherfcical modelling provide for objective 

approach towards optimization problems of ammonia synthesis 

plants and minimizing capital investments and running coat. 

Depending on the price level of raw materials,  equipment and 

environment (temperature of cooling mter and air) various 

results can be arrived at. In this connection we have made an 

attempt to create a complex mathematical model of ammonia syn- 

thesis plant covering not only calculations of material stream« 

but all apparatuses for ammonia  synthesis,   their price and 

finally investments per 1 ton of ammonia which is accepted 

aa an optimisation criterion. 

The separate stage of our work was collection, syateaie- 

ing and carrying out special tests to finalité certain data 
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modified by Smirnov    was adopted as a kinetic equation for 

reversible poisoning of catalyst by water vapours. Stefan- 

Maxwell's equations of multicomponent diffusion served as the 

basie for matnematical description of the process using the 

porous grain catalyst and the digital method for solving equa- 

tions obtained^'    has been suggested. 

Mathematical models of the reactor made it possible to 

computerize calculation and optimization process and design 

parameters of ammonia synthesis reactors of the indicated ty- 

pes. When,  calculating the operating conditions of the reactor 

varied over a wide range:  volume velocity  of gas mixture,  con- 

centration of ammonia and in^rts at the income to the reactor, 

reaction initial temperature, 

Double and single tubes reactor in the catalytic zone 

(5» 6,  7) - fig.  1 as well as reactors with a number of adia- 

batic catalyst layers (8,  9, 10) - fig.  2 nave beeu considered. 

At the same time calculations of an  "ideal" reactor with 

the optimal temperature conditions have been carried out.   In 

this case the productivity of zhe catalyst volume unit served 

as an optimization cri torion. 

Quantitative determination of approximation degree to 

the optimum conditions of one of the simp liest designs (double 

adiabatic catalyst layer reactor) presented special interest 

alongside with the study of complicated designs of ammonia 

synthesis reaotors* 



Acquirements of stationary stability conditions for all 

indicated reactors designs have been considered;  optimal  Sua- 

bility conditions nave been analyzed. 

The analysis of the calculation results has proved that 

one can reach rather high productivity under certain condi- 

tions,  including composition of synthesis-^as which  is as a 

rule manufactured at modern large  capacity plants  in the  co- 

luiiin v.lth two adiabatic layers, 

Thus in the column v.lth removal of" reaction heat produc- 

tivity equal Co ?A> - 93 % of the maximum one (fig. 3a) can be 

obtained in between the layers of  the heat-exchanger» 

This value is aomewhat lower - 85.90 % in the  column with 

a cold by-pass  (fig.  3b). Under these conditions  sufficiently 

complete utilization of heat reaction can oe obtained provid- 

ing that operating conditions in the catalytic zone are satis- 

factory. 

Study of the reactor with throe 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 reactora productivity can reach 

93 - 95 # (of the maximum possible). 

Thus, analysis of various versions of reactor designs, 

including the si;npliest,  double tray reactor points  out that 

different designs have no marked difference on their maximum 

capacity. 
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As  stated above,   parametric sensitivity and scaoility 

reserve of tho chosen operating condìtiens were determined 

for all reactor desiarla  studieu on the  basis of specially 

worked out methods.   '" 

Stability reserve on  the inlet  temperature into the ca- 

talyst chamber is understood to oe the difference of values 

of this temperature under chosen and critical operating con- 

ditions. 

^Stability reserve can be aetoriained in a similar way on 

any other processing parameter. 

Analysis of different  designs has also proved that opti- 

mal  conditions are stable for all the types,  unless hot point 

limitation tolls. However,   stability reserve of the optimal 

conditions is not large as a rule.  Stability reserve on the 

inlet  temperature into a catalyst chamber in all reactora under 

consideration ia very  close to each other. 

The value of scaoility reserve ranges between 5° and 6°. 

fly raising  the  inlet temperature compared to the opti- 

mum,   one can increase  ataoility reserve unless limitation on 

hot point  tells.   Pho  Dingest advantages in this regard can be 

related to a double-tube reactor,  But investigation of para- 

metric sensitivity under fixed conditions  (fig.  5)  of "the 

simpliest reactor's design v.lth two adiaba eie layers has 

shown that their parametric sensitivity is not high and in the 

reactor with removal  of reaction heat in a heat-exchanger is 

lower than that cf the reactor with a cold by-pa3S. 



6. 

• t the reaction heat for heating of 

Vernal —- - -P-   2 „ M< «* - 

urease, stability ro.erv*. - 
* „ii:h a heat-exchanger between 

adlaDatic layers ana <ath a ^ reao6or. 

„tahility reserve, dose to «hat of oaaraoberi,ticB 
«•p Wideal" and real reacia 

Corson oi *» ^ „ poaolWe to select 
ta*inS into account the.r .taoil    y ^ 

•i   riooicn oí ammonia  syncaeBxa 
the .est rational O"^ wd r9liabiUty. 

city plants -^ 7 e     ;;of   „onla thesis «~ 
Thuc,  the sliest designs 

H ... the reactor mth  C«o adiauatic layers on 
tor.,   such as the re00„eQàed for lar8e 
. heat-exchanger between them,  can oc 

capacity units. ,    applied before, 
Such reactors could not  be  exten-el     » 

v      .».-Pnce of considerable ammount of cataiyt 
due to  the presence ^ ^ ^ ^ 

sons,   such as v,ater vapours,      GO, a2,. 

ture. .„ ...ant= are particularly hari»- 
« is Known  that po.sonouo  abent- P 

,      a catalyst under lo,  temperatures of ahout 400  . 
•fui  for a caLiftijf»^ "J-*"* *.-..• lui iwi <* T.r»ft-fcion in a tray 

„hen the initial  temperature oí th. .«-«- 

„actor ,as raised up to ^0.   « — — ' cut 

— in the Pr0dUC6ÌVÌt:"douhlc-tray synthesis reactors «a. *?ide application oí  double vr^   y 

a.rioI        > ndered b, aosence o*  thermostable catalyst, ^ 

a eataiyst overheat,  especieUy *oa -rKinE with 
eoald cause .e y ^ ^ conoentraUonB. 

gas aixturo without: mei u 



tmmm**mrm um  -        — •' - » • ' •   »«•' < • -^m^wm^^mmm 

7. 

At present  the system of obtaining and purification of 

processing gas is simplified ana at; the sanie timo modified 

to such an extent  that makes it possible to ¿et gas mixture 

practically without any poisons.  In modern designs the content 

of oxygen containing compounds  does not exceed 20 ppiß, while 

sulphur containing compounds are completely absent. 

Special interest is drawn by  the synthesis process in a 

double tray reactor where  the first layer is in suspension and 

the second one in a fixed state.  Isotherraic conditions of am- 

monia synthesis process in suspension layer provide for avoid- 

ing overheat in the first  catalytic  layer. 

Granulated catalyst developed by our institute provides 

for commercial application  of a fluidizod bed. 

In this reactor design one can use xine-grained catalyst, 

i.e.   to carry out a process under conditions close  to kinetic 

sphere. 

Application of a suspended layer enables   to carry out 

operación with increased volume velocity.  Calculations pro- 

ved that such types reactors are quite promising. 

At present,  a new,  high-temperature alimonia synthesis 

catalyst GA-21^ able to stand up to 60G°G ha3  been developed 

and commercialized. Activity of CA-2 catalyst under  low 

temperature is  somewhat lower than  that of a conventional 

catalyst GA-1,  but under high  temperatures of 550 -  575°C 

is practically the same. 

Charging in layers of  the  catalyst CA-2 together with 

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

cial application of double  tray ammonia synthesis reactors. 
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Development of thermostable catalyst creates the same possibi- 

lities for a double-tray reactor  (in  terms of increasing sta- 

bility reserve) as for a roactor with double counter-current 

pipes» 

To calculate optiiaization of an ammonia  synthesis unit 

as a whole it is necessary to have mathenatical description« 

of other apparatuses included in ammonia synthesis cycle.   Dhat 

is why we have developed mathematical models for heat-exchange16 

and condensation ' apparatuses. 

Mathematical description of a heat-exchange apparatus in- 

clude equations of heat-balance and heat-transfer.   Phis des- 

cription was based on the use of heat-content values as func- 

tions of temperature,  pressure and composition of gas-mixture. 

Effective separation of ammonia from gas mixture by a 

condensation method is  of groat importance in production of 

synthetic ammonia. 

Ine right choice of a condenser's design and its sizes 

acquires special importance due to considerable increase of 

capacities in synthesis units. 

While calculating condensation apparatuses one should 

take into account not only heat-exchange but mass-transfer 

prooesoes as well,  and aleo  the presence of considerable am- 

mount (up to 80 %) of inert, non-condensable gasi nitrogen- 

-hydrogen mixture. 

We have considered a number of methods for calculating 

the process of ammonia condensation, which cover phenomena 

of heac-and mass transfer as woll as  the iniLonce of inert 

gas.   Uhe analysis of    nethods available has shown that mechods 
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18 and 19 consider in  the most complete way che physical 

essence  of steaiu and scea;:i-¿¿a;   aixture condensation procees« 

fhey allow ôO determine changes of oasic values,  which charac- 

terize heat and mass transfer when both are present.  That is 

why these  tv/o methods were  taken for granted in developing 

mathematical description of condensation apparatus in ammonia 

synthesis cycle. 

Ac a stream flows condensation process is divided into 

three zones: the cooling zone, the condensation zone at the 

apparatus walls and the condensation zone in the nucleus of 

stream - i.e. fog-generation zone» Mathematical description 

of ammonia condensation process out of &as mixture include 

differential equations of heat-oalance,  drawn for counter- 

-flow case.   Speed of mass exchange was determined by Stefan's 
20 equation      according to differential  equation as the speed of 

vapours diffusion through a  boundary   layer of vapour-¿;as flow. 

Besides,  parameter G of heat-and mass  exchange are  tied up 

by an equation of equilibrium curve indicating dependence of 

equilibrium concentration on she  temperature and by a heat- 

-balance equation per unit of surface. 

Algorithm and pro¿ramiüe of calculating water condensers 

at digital computers,  condensation columns and liquid ammonia 

evaporators of different design were drawn on the baBis of 

this mathematical model. 

Alongside with working over algorithms and programmée 

for calculating separate apparatuses - algorithms of material 
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balances for difieren:; designs of ammonia synthesis with 

Bingle-and double stage condensation,  with continious purging 

by gas and without it have been drawn. 

Parameter determination meeting stationary conditions 

of  the plant operation 3erves 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 consideration big 

variaty of synthesis  systems; algorithms being  specially 

worked out for this system and the calculation programme on 

computer M-220 beine aade out.  This methods with certain cor- 

rections can be used for calculating other systems. 

Initial and variable process parameters,   their digital 

values completely determine 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 

fresh gas,   temperature of fresh ¿a a,  daily capacity of the 

unit. 

The ready product,   liquid ammonia is being continuously 

taken out in the synthesis cycle.  Besides,  to prevent build- 

-up of inorts (argon and methane) which are in fresh gas,  con- 

tinuous purging by gas is carried out.  One 3hould take into 

account  the aramount of gas which is being dissolved in liquid 

ammonia and taken away from the cycle by liquid stream both 

from primary and secondary condensation systems. Ammount of 

fresh gas supplied into unit should make up for all its losses. 
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Observing material balance con be actouted through mul- 

tiple iterations, by consecutive comparison of gao stream at 

the inlet  to  the synthesis column  (preset arie  obuainàd). 

"'hen the  latter do not conoid-  one :;hould turn t >  the 

purging point,  as initially approximating value of dissolved 

gases animount in the system of secondary condensation was ac- 

cepted as  the basis for determination of purging and fresh gaa 

consumption. 

Flow-diagram of calculating ammonia synthesis is presen- 

ted at fig.  7. 

The programme provides for preparation and computation 

of information from magnetic tape  before each block. Printing 

of calculated technological and design parameters  is carried 

out after each block. 

It stands to reason  oo begin calculation  from the cata- 

lyst chamber of an ammonia synthesis column.   Inspite of mul- 

tiple interations in this case  the catalyst chamber of an 

ammonia synthesis column is  taken  into account only once. 

In calculating ammonia synthesis column  the following 

parameters are considered to be variable:  content  of ammonia 

and inerts at the inlet  to che synthesis column,  volume velo- 

city and pressure.  In  the result  of calculating the synthesis 

column one can obtain data,  initial for consequent diagram 

calculation:   composition of ¿as mixture at the outcome of 

the synthesis column, volume of  the catalyst,   temperature at 

the outcome of the catalytic zone and also at the  inlet to 

heat-exchango pipes of the catalyst chamber. 
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After calculating the catalyst  chamber one passes over 

to  calculating material balance.   Aß distribution of   material 

streams in the synthesis system depend« on the  temperature 

of primary condensation,  she latter ie also a variable para- 

meter. 

As a result,   one obtains total amount of gas mixture and 

its  composition at the inlet to different apparatuses of the 

synthesis system,   as well as temperatures in  the mixing zone 

of  the  separation section of the condensation column and at 

une  outcome of the evaporator.  After it one proceeds to cal- 

culating apparatuses  of the condensation-separation system. 

In calculatin¿ heat-exchance  section of a condensation 

column,  ammount  of ga3 mixture in pipe and interpipe spaces, 

aa well as temperature of cooling gas-mixture at the inlet 

into  the apparatus and inlet and outlet tempera cure of heated 

gas mixture are known.  Ac a result,   surface of heat-exchange 

section of a condensavion coiumn and  temperature  of cooled 

mixture at the outlet  of  che condensation column,   i,e, at 

the  inlet to evaporator become avaixabie. 

After calculation of evaporator,  ammount of boiling li- 

quid ammonia and the  surface of heat-exchange were determined. 

The next apparatus submitted tc calculation,  is outside 

hoat-exchanger. Ammount of ^as mixture,  its composition in 

pipe and interpipe  spaces are determined on the basis of ma- 

terial balance.  The  temperature at  the inlet to interpipe 

space of a heat-exchanger is known from calculation of the 
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synthesis column,  as-according Co the algori cha; of  the cata- 

lyst chamber,   decree  of ¿as mixture  heating during the cata- 

lyst chamber shell can be determined.   The  temperature cf ¿as 

mixture at  the outlet of water-heater,   i.e.  at  the inlet to 

che outside heat-exchanger is preset.   Besides,   the   tempera- 

ture at the outlet of  the heat-exchanger pipe space is also 

preset.  As the  surface of the latter  consideraDly depends on 

the  temperature at  the outlet; of  the  heac-exchanger (at the 

inlet  to the con^3nser),   heat-exchange surface is  cafculated 

with different variations of ¡¿he  indicated temperatu.ro.  The 

temperature at  the  outlet of an inüerpipe spaco in  the out- 

side heat-exchanger is  beinè; aleo determined and consequently 

the   temperature at  the inlet tc  intorpipe space of  ;he inner 

heat-exchanjer.   Temperatures at  the outlet of incerpipo space 

and at the inlet  co pipes of the  inner he:io-exchanger are 

determined due  to calculation of a catalyst chamber.  'Thus, 

Che only unknown values are the  surface of heat-exchange and 

the temperature at  the outlet of pipe  ijpace in the  inner aeat- 

-exchanger.   These values are determined accordine  to the al- 

gorithm of  the heat-exchanger calculation.  After  it one can 

carry out calculations of a water-heater.  Since all four 

temperature values in a water-heater are known,  surface of 

heat-exchange and ainmount of circulating water can be auter- 

mined in the result  of calculation. 

The last apparatus in the system is a condenser.   Its 

calculating results in determination the a amount  of circula- 
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ting water and condensation  surface. Thus,   ma eorlai  streams 

in all critical points, of che  cyclo as well aa the main para- 

meters  (dimensions)  of all apparatuses are determined accord- 

ing to the described algorithm. 

To calculate   Che cost of apparatuses - we  take  for 

granted any project being carried out at  the present,  for 

which, estimated costs of" ail apparatuses are known. 

On the oasis of information obtained from literature 

and investigations which have been carried out by us,  we have 

adopted equations by means of which one can pass over from 

the cost of known apparatuses of a certain design  to the saine 

design but with other op or at inj;, parameters in the range of 

changing the initiai para faut ere under study. 

In some cases,  for  example,   when pressure of synthesis 

i3 compared,  it is worthwhile   to consider  together  sections 

of compression and ammonia refviaerati on unit besides section 

of ammonia  synthesis. 

Having available  the given mathematical description of 

ammonia synthesis unit,  one can  solve the optimization prob- 

lem at  the design stage of  the whole unit. 

Eacpenditures comprising  the product  operation cost and 

investment share tailing account of rated efficiency factor 

have bjen adopted as an optimum criterion 

5 - C • 3§ 

where*    3 - expenditures, roubles/t 

C - running cost, roubles/t 

k - capital investments,   roubles 
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n - output oí an ammonia unit,   c/a 

E - rated •Efficiency factor 

Year" (usually adopted in the chemical industry 
0,12 - 0.15) 

On the basis of the algori tuia gives, above we have written 

the programme for calculating at the M-220 computer expenses 

of the synthesis cycle on preset initial data for the flov- 

-sheet of the unit, described in fig. 6. 

The programme 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, 

oosts of power material expenses, capital investments and in 

the long run expenses per 1 ton of ammonia. 
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Fig«   1.  Reactors with internal beat-exchange 

1»  Reactor with, single counter flow pipes 

II.  Reactor with cinglo straight through pipes 

HL.  Reactor with double counterflow pipes 

IV.  Reactor with double straight-through pipes 

T - teaperature in internal pipes 

Q -  temperature in external pipeo 

t - teaperature in catalytic zone 

II - length of uoactor,  m 

X - relative reactor length 

Fig.  2.  iieactors with adiaba tic labors 

I. Reactor with two adiubatic layers with removal of 
reaction heat in  the hoac-exchan^cr between layers 

II. Keactor with, two adiaba tic layers and with feeding 
cold ¿as between layers 

H.  Reactor with  three adiaba tic layers and with cold 
gas feeding between layers. 

t - temperature in the catalytic  aone 

£ tv- reducing  température in heat-exchanger betwoen 
layéis 

«^    - share of cold by pass 
i.r.t - initial reaction temperature 

7* - volume velocity at  the inlet to the column 

i ,ZB- content of inerts and arómenla at the inlet to 
the column 

-  total ¿share of cold by-pass 

.A".   - share of by-pa.ss in the second layer of the to- 
tal share of cold - by-pa3S 
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Pi«. 3.   Dependence oí degree oí bringing capacity to the op- 

timum one on reducing temperature or gas mixture bet- 

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

share of  cold by-pass between too first and the second 

layers (b) with different ratio of the catalyst vo- 

lume on  trays (Ï7  =: 20000 h""1, i.r.t=400°C,  i.o.« 

» 10 %9   Z0 = 2 #) 

Pig. 4.  Dependence of the  maximum capacity and the degree of 

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

the ratio of tho  catalyst volume in the first layer 

to the catalyst volume in the first and the second 

layers (y ^ •) under different ratios  (V, • V0) to the 

total catalyst volume, 

Pig.  5.   Dependence of ammonia content at the outlet of the 

column on chan&in¿ operating conditions. 

a. - changing i.r.t, content of inerte at the inlet to 

the column i0, reducing  temperature between layers 

t^,  share of cold by-paao    ) 

b    - changing volume velocity W,  content of ammonia 

at the inlet  to the column Z0, ratio of catalyst 

volume    1 

r 
Pig. 7. 

P - pressure before the synthesis ammonia column 
NH 

3J - content of ammonia before the synthesis column 

- content of inerts before the synthesis column 

W - volume velocity 

tg- gas temperature after a condenser 

ty- gas üemperature before a condenser 
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ïig. 6. Schematic diasram of an-onia synthesis unit. 

1. Synthesis column 

2, Water-heater 

j. Outer heat-exchanger 

4. Condenser 

5. Separator 

6. Condensation column 

7. Evaporator 

8. Circulating compressor 

!  Loadins of P». «". J•'. '*  iat° °VerMnS "XU 

2. Calculation of the catalyst chaabar of the syntha.1. co»« 

}. Loading of 6=* mto operating cell 

* Calculation of heat-aateria! balance of th. -yntha.i. oycl. 

,', calculation of heat-exchango saction of the condanaatio» 

column 

6. Calculation of evaporator 

7. Loading of t« into operating cell 

8 Calculation of outer heat-exchanger 

¿  Ovulation of internal heat-exchanger of the synth..i. 

column 

10.Calculation of water-heater 

11.Calculation of condenser 

12.0*loul*tion of expenditures 

U.Check up of cycle termination on t? complet. 

14.0h.clc up of cycle termination on tß complete 

15.Ch.clc up of cycle termination on P. I. J«*. * co^l.t. 
fermination 

Kg. 7. Ilo-diagr.» of calculation aionia synthesi. unit 

^±k 
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rti lizcrs 

Mathematical modeln   have-   Ven  constructed  for   mnüicr.ia fiiynth...i:.in   i-. actors of 

different  types:     -,-ith  internal  '••.   t evoking  and   adii! ttio  layer».     Th(,  I;lCfif;1, takc 

inte  account  the  h-aoio process nrnurrin- in the   rea>Her:    heat   tr-im^er,   HuM.^ 

of ammonia synthesis,   diffusion  in the triti lys t  poros. 

The   calculation ami optimi^ lioa of technological  r.n(1  contraction -1   parameter* 

for  ammonia r-ynthesis  reactor*  of the typos  ncntiom.d  «r,   -rricd  out   with the aid of 

.1 di-ital   computer,    uuostion*   relating to stability   md par-metric  sensitivity vere 

studied  for the came types  of reactor az/Tnethodii   of estimating rany^s  and  rocervos 

of stability vie re obtained. 

At  the name time,   calculations were made   for   an    "ideal" reactor yith an optimum 

temperature regime. 

By  comparing the  data  for the  "ideai" and  real   reactora,   and  taking stability 

into acoouat,   it ir possible   to  choose the beet  a, .noni-a qyntfcevi« reactor design 

The  viev.-s and opinions  u:cprcla:cd in this*V-per are those of  the   author and do not 
noccBOîirily reflect  the  views of the secretariat of UIILO.     This  document ton boon 
reproduced without  fornai  editing. 
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for lar^.-capicity plants,   combining a hißh rate,  or operiti on  with reliability. 

A ,.nat hematic:!  description and protrarrne   were  worked out   for the calculation of 

consumption of materiale   md he it   and for the  he it exchanfje   and   condensation apparatus 

of tÌK! ammonia sy.it henir  oyilc. 

A compie: model  and calculation programme   were  prepared  for the   ammonia synthetic 

plant.    'lith this  prorranme,   the main   technological,   construction,!  and economic 

Parametern  of a lar^c-cpaeity plant  cm be   determined. 

Thie model serven en the barde for optimization of the »Aiolo ammonia aynthesin 

plant.    The   optimization criterion adopted criterion adopted   is  tinimum cost per 

tonne of ammonia. 
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