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ABSTRACT 

 
Ammonia is one of the inorganic chemicals with the highest production rate in the world. This is 

explained by a wide range use of ammonia. Around 80 % of the produced ammonia is used for fer-

tilizing agricultural crops. Aqueous ammonia solution is used in pharmaceuticals. Also, ammonia is 

used as a refrigerant and for the production of explosives. Safety and optimization of the ammonia 

synthesis process is an important industrial question, which was studied before and different ap-

proaches were used. Since most of the research on this topic is focused on a stability analysis of the 

process in the steady state, there was a need to develop a dynamic model. A simple dynamic model 

was developed by Morud and Skogestad and they showed the steady-state van Heerden analysis to 

be inadequate in their work [1]. In the work [2] the importance of the dynamic process simulation 

is shown on the example of the ammonia synthesis process. Going further in this topic, we develop 

the basis for a synthesis reactor monitoring tool that can be used to identify the "distance/margin to 

instability" with respect to current load, pressure and temperature. For this purpose, we develop a 

simple dynamic model of the synthesis process in the reactor using the equation of state for the ide-

al gas. A dynamic model is a convenient way to examine and analyze the process without the need 

for the actual testing in a real plant. In this paper, we discuss the stability of the ammonia synthesis 

process based on developed dynamic model. 
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NOMENCLATURE 

 A Heat-exchanger area [m
2
] 

2HA  Activity of H2 

2NA  Activity of N2 

3NHA  Activity of NH3 

 Ar Argon 

gaspc~  Average molar heat capacity of the gas 

mixture [J/(kmolK)] 

catpC  Total heat capacity of catalyst [J/K] 

 H2 Hydrogen 

 k Arrhenius term 

 Keq Temperature-dependent equilibrium 

parameter in Temkin-Pyzhev equation 

 N2 Nitrogen 

 NH3 Ammonia 

 Nsl Number of elementary reactor volumes 
n  State vector of species amounts [kmol] 

Arn  Amount of Ar [kmol] 

2Hn  Amount of H2 [kmol] 

2Nn  Amount of N2 [kmol] 

3NHn  Amount of NH3 [kmol] 

totN  Sum of elements of n [kmol] 

in  Vector of input molar flows [kmol/s] 
i

Arn  Input molar flow of Ar [kmol/s] 
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i

Hn 2
  Input molar flow of H2 [kmol/s] 

i

Nn 2
  Input molar flow of N2 [kmol/s] 

i

NHn 3
  Input molar flow of NH3 [kmol/s] 

iN  Sum of elements of 
in  [kmol/s] 

gn  Vector of generated molar flows 

[kmol/s] 
g

Arn  Generated molar flow of Ar [kmol/s] 

g

Hn 2
  Generated molar flow of H2 [kmol/s] 

g

Nn 2
  Generated molar flow of N2 [kmol/s] 

g

NHn 3
  Generated molar flow of NH3 [kmol/s] 

gN  Sum of elements of 
gn  [kmol/s] 

on  Vector of output molar flows [kmol/s] 
o

Arn  Output molar flow of Ar [kmol/s] 

o

Hn 2
  Output molar flow of H2 [kmol/s] 

o

Nn 2
  Output molar flow of N2 [kmol/s] 

o

NHn 3
  Output molar flow of NH3 [kmol/s] 

oN  Sum of elements of 
on  [kmol/s] 

 p Pressure in the reactor [Pa] 

Q  Heat flow in the heat-exchanger [J/s] 

0Q  Initial heat flow in the heat-exchanger 

[J/s] 

rQ  Heat flow due to synthesis reaction [J/s] 

 r Rate of the ammonia synthesis reaction 

[kmol/(m
3
s)] 

 R Universal gas constant [J/(kmolK)] 

 s Stoichiometric vector of the ammonia 

synthesis reaction 

 t Time [s] 

 T Outlet temperature of a reactor slice [K] 

 Ti Inlet temperature to a reactor slice [K] 

 TC Heat-exchanger time constant [s] 
hx

inT  Temperature of the fresh feed supplied 

to the heat-exchanger [K] 
hx

outT  Temperature of the gas at the heat-

exchanger outlet (which was used to 

preheat the fresh feed) [K] 
r

inT  Temperature of the preheated feed out of 

the heat-exchanger supplied to the reac-

tor inlet [K] 
r

outT  Temperature of the gas at the reactor 

outlet [K] 

 Vsl Volume of the reactor slice [m
3
] 

 U Heat transfer coefficient of the heat-

exchanger [W/(m
2
K)] 

 xNH3 Mole fraction of ammonia 

 α Parameter in Temkin-Pyzhev equation 

rH
~



 

Heat of the ammonia synthesis reaction 

at 298 K [J/kmol] 

1T  Temperature difference of the cold side 

of the heat-exchanger [K] 

2T  Temperature difference of the hot side 

of the heat-exchanger [K] 

lmT  Replacement for a logarithmic mean [K] 

BACKGROUND 

Ammonia is one of the inorganic chemicals with 

the highest production rate in the world. This is 

explained by the importance of ammonia in the 

production of fertilizers and hence the production 

of food. Around 85 % of the produced ammonia is 

used for fertilizing agricultural crops
2
. The other 

fields of the ammonia usages are: textile industry, 

production of explosives, pharmacy, water purifi-

cation, food industry. Ammonia is produced in 

over 80 countries worldwide. 

An ammonia synthesis reactor is the core of the 

ammonia plant. Ammonia is synthesized from 

hydrogen and nitrogen at high temperature and 

pressure in a catalyzed process.  

The reaction rate of ammonia synthesis depends 

strongly on the temperature of the gas entering the 

reactor. The inlet gas is normally heated by the 

hot exit gas in a heat-exchanger, as illustrated in 

Figure 2.  If the gas is not heated enough, the re-

action rate will drop, leading to a lower exit gas 

temperature, which again lowers the inlet temper-

ature further, eventually stopping the reaction 

completely.  This situation is called a blow-out. 

The optimum operating point of the reactor (opti-

mum inlet temperature of the feed to the ammonia 

synthesis reactor) is typically close to the blow-

out limit for the synthesis loop. 

Feedback control of the synthesis reactors can 

significantly reduce the risk of the reactor blow-

out, but the operators and the plant management 

prefer manual operation [1]. To reduce the risk of 

a reactor blow-out during the manual control, the 

operation of the synthesis reactors is typically 
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conservative (high inlet temperature) without 

knowing exactly the margin resulting in non-

optimal operation and loss of conversion. 

The objective of this paper is to discuss the basis 

for a synthesis reactor monitoring tool that can be 

used to identify the margin to instability/blow-out 

of the ammonia synthesis reactor. The work on 

this paper was carried out in cooperation with 

Department of Process Modeling and Control of 

R&D (Research and Development) and Innova-

tion Centre, Yara International ASA, Porsgrunn. 

 

PREVIOUS WORK 

Stability of the processes in chemical reactors has 

been studied since the 1950s. Before that time, it 

was believed that all chemical reactions tended 

monotonically to equilibrium [3]. Hirsch, Smale 

and Devaney (2004) give some examples of the 

oscillating chemical reactions and a strategy to 

explore the reaction equations in their book [3]. 

The most of the available literature on the topic of  

chemical reaction stability is focused on steady 

state stability analysis. The ideas of the steady 

state analysis of the chemical reactions are well 

described in [4] with some insight to dynamic 

stability. However, a dynamic analysis of an am-

monia synthesis plant proved that the system can 

become unstable even when the control setting of 

the system possesses a steady state solution [5]. 

Therefore, the maintenance of the system stability 

is also dependent on the dynamic state of the 

plant. The most recent works on the dynamic 

modelling of the ammonia synthesis process have 

the following content: 

1. Master’s thesis of Jon-Olav Li (1991) [6]. 

Jon-Olav Li performed a study on the optimiza-

tion and control of the ammonia synthesis pro-

cess. For the control and optimization purposes a 

dynamic model was developed based on the pre-

vious work of John Morud. The dynamic model of 

Jon-Olav Li corresponds to a particular reactor at 

the ammonia plant in Brunsbüttel, Germany. The 

model includes: a dynamic model of the synthesis 

process in the reactor with three beds and a model 

of an internal static heat exchange process; a 

model of a heat exchange process in an external 

heat-exchanger; a static compressor model; a 

model of a separator and valves. The developed 

model of the synthesis process has partial differ-

ential equations and is discretized in space, e.g. 

each reactor bed is divided into 10 volume seg-

ments. The model is used to test different control 

structures for the ammonia synthesis process and 

it is concluded that a simple control strategy, such 

as a PI controller, can stabilize the system. Similar 

conclusions are made in [2]. 

2. Article of John Morud and Sigurd Skoges-

tad (1998) [1]. This article emphasizes steady 

state stability analysis of the ammonia synthesis 

reactor being inadequate. Instability of the ammo-

nia synthesis process is reproduced by the simula-

tion of the dynamic model of the process in a syn-

thesis reactor with three beds and a static model of 

a heat exchange process in an internal heat-

exchanger. 30 temperatures along the reactor beds 

are selected as system states. Linear dynamic 

analysis is performed on the model. This analysis 

shows that instability of the ammonia synthesis 

process is caused by a positive heat feedback in 

the heat-exchanger combined with non-minimum 

phase behavior of the reactor temperature re-

sponse. A simple feedback controller is believed 

to stabilize an unstable steady state. 

3. Master’s thesis of  Erik Holter (2010) [7]. 

In this work, the model developed in [1] is fully 

reproduced with attempt to use a feed-forward 

control strategy to stabilize an ammonia synthesis 

process. Simulations are performed in Simulink 

software environment. However, the conclusion 

of this work is that the feed-forward controller 

cannot be used in the case of an ammonia synthe-

sis reactor. The use of a PI controller is stated as 

inadequate for the ammonia synthesis reactor 

which contradicts [6] and [1]. The use of a PID 

controller is suggested. 

The main differences of the work presented in this 

paper from the above mentioned works on dynam-

ic modelling and stability analysis of the ammonia 

synthesis process are as follows: 

1. A dynamic model in this paper includes 

only the process in ammonia synthesis reactor and 

internal heat-exchanger instead of the full synthe-

sis process model [6]. The basis for this is the 

assumption that the possible temperature oscilla-

tions in the ammonia synthesis process are propa-

gated from the reactor-heat-exchanger system, and 

this system requires the main attention. 
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2. The model is kept simple, but still repre-

sents the main dynamic effects of the real process. 

Only one reactor bed is modelled. The states of 

the model are the amounts of the species in the 

reactor segments and the heat flow through the 

heat-exchanger unlike [1], where the system states 

are the temperatures along the reactor beds. Also a 

model of the internal heat-exchanger includes 

simple dynamics unlike the static heat-exchanger 

models [6] and [1]. 

 

MODEL SUMMARY 

The dynamic model of the synthesis process is a 

basis for a synthesis reactor monitoring tool that 

can be used to identify the "distance/margin to 

instability" with respect to current load, pressure 

and temperature. The dynamic model is developed 

for a synthesis process in the ammonia converter 

which includes one reactor bed with internal heat-

exchanger. The model is based on the first princi-

ple laws of conservation of mass and energy. The 

simulations are performed in MATLAB. 

 

Heat-exchanger model 

 

The internal heat-exchanger is used for utilization 

of the heat produced during the ammonia synthe-

sis reaction. The model of the heat-exchanger is 

sketched in Figure 1. The gas which comes out of 

the reactor passes the heat-exchanger and preheats 

the feed which is then supplied to the reactor inlet. 

The model of the heat exchange process is kept 

simple and is described by the equation (1): 

 

 ,1
QTUA

Tdt

Qd
lm

C




  (1) 

 

where Q  is the state of the heat-exchanger (heat 

flow). The initial state at the time instant t = 0 is 

assumed to be 00 Q  J/s. CT , U  and A  are 

model parameters which are described in Table 1. 

lmT  is an approximate logarithmic difference [8] 

of the heat-exchanger expressed by the system of 

equations (2). 

 













,;

,
3

2

2

1

21

2121

r

in

r

out

hx

in

hx

out

lm

TTTTTT

TTTTT
 (2) 

where 
hx

inT  is a temperature of the fresh feed 

which comes into the heat-exchanger. 
hx

inT  corre-

sponds to the cold side of the heat-exchanger. 
hx

outT  

is a temperature of the gas which comes out of the 

heat-exchanger and was used to preheat the fresh 

feed. 
hx

outT  corresponds to the cold side of the heat-

exchanger. 
r

inT  is a temperature of the preheated 

feed which comes out of the heat-exchanger and 

is supplied to the reactor inlet. 
r

inT  corresponds to 

the hot side of the heat-exchanger. 
r

outT  – tem-

perature of the gas which comes out of the reac-

tor. This temperature corresponds to the hot side 

of the heat-exchanger. See Figure 1 for the over-

view of the heat-exchanger temperatures. 

 

Figure 1: Sketch of the heat-exchanger model. 

 

In expressions (2) temperature 
hx

inT  is known and 

listed in the Table 1. Temperature 
r

outT  is calculat-

ed using the ideal gas law and is described in the 

next subsection. 

Temperatures 
r

inT  and 
hx

outT  are obtained from the 

expressions (3) and (4) respectively: 

 

 ,~ hx

in

r

ingasp

i TTcNQ    (3) 

 

where gaspc~  is known parameter listed in Table 2. 

iN   is a sum of the inlet molar flows of ammonia, 
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hydrogen, nitrogen and argon, listed in Table 3. It 

should be also mentioned that 
iN  is a scalar 

number corresponding to the sum of the elements 

of the vector 
in  (described in the next subsec-

tion). 

Table 1: Parameters and known quantities for the 

heat-exchanger model. 

Parameters 

and known 

quantities 

Value Unit Comments 

CT  6 s time constant  

U  536 

K2m

W 

 

heat transfer 

coefficient of 

the heat-

exchanger [1] 

A  283 m
2 

heat-exchanger 

area [1] 

)(tT hx

in  623.15 K temperature of 

the fresh feed 

to the heat-

exchanger 

 

The equation, from which 
hx

outT  is found, is the 

following: 

 

 ,~ hx

out

r

outgasp

o TTcNQ    (4) 

 

where 
oN  is the sum of the outlet molar flows of 

ammonia, hydrogen, nitrogen and argon from the 

reactor. It should be also mentioned that 
oN  is a 

scalar number corresponding to the sum of the 

elements of the vector 
on  (described in the next 

subsection). 

 

Reactor model 

 

The reactor system is assumed to be distributed 

(see Figure 2). Instead of partial differential equa-

tions a number of ODEs is developed assuming a 

discretized system with number of elementary 

volumes equal to Nsl = 200. A set of ODEs is ob-

tained for each of 200 volume elements (slices). 

The number of volume elements was selected 

based on simulation experiments, when the further 

increasing of the number of elementary volumes 

was not effecting simulation result. The output 

molar flow of each volume element is assumed to 

be an input to the next volume element. It is as-

sumed to be no mixing between volume elements. 

Each elementary volume is assumed to be a con-

tinuous stirred-tank reactor. Modelling of a single 

slice of ammonia synthesis reactor was started 

with the following list of simplifying assump-

tions: 1. The volume element to be modelled is 

lumped. 2. All the feed to the reactor is assumed 

to be preheated by the heat-exchanger. No bypass 

is included. 3. Changes in potential energy and 

kinetic energy can be neglected, because they are 

small in comparison with changes in internal en-

ergy. 4. The net rate of work can be neglected, 

because it is small in comparison to the rates of 

heat transfer and convection. 5. Ideal gas, which 

also implies ideal solution. 6. Assumed average 

molar heat capacity of the gas mixture in the reac-

tor gaspc~ . The temperature and concentration 

dependency of gaspc~  is neglected. 7. The temper-

ature and concentration dependency of the heat of 

the reaction is neglected. 8. Constant volume. 

Constant pressure. 9. Axial flow. 10. Gas tem-

perature is equal to catalyst temperature. 

11. Cross-sectional gas velocity is constant. 

12. There is no variation in temperature, pressure, 

composition across the section. 

The listed above assumptions are coarse assump-

tions and thus, the developed model is not intend-

ed to reproduce the accurate numerical values of 

the reactor parameters, but to reproduce the dy-

namics similar to the real system. Ideal gas law is 

used to simplify the simulation and one should 

use a more accurate thermodynamic model in 

order to get more accurate numerical values of the 

reactor parameters and variables. 

The model of a single reactor slice is as follows: 

 

,goi nnn
dt

dn
   (5) 

 

where  ArNHNH nnnnn 223  – state vec-

tor of amounts of ammonia, hydrogen, nitrogen 

and argon respectively. 

 i

Ar

i

N

i

H

i

NH

i nnnnn 
223  – vector of input 

molar flows of ammonia, hydrogen, nitrogen and 
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argon respectively. Values of n(t = 0) and 
in  are 

listed in Table 3.  o

Ar

o

N

o

H

o

NH

o nnnnn 
223  

– vector of output molar flows of ammonia, hy-

drogen, nitrogen and argon respectively. Output 

molar flows are calculated according to 

equation (6) based on energy balance and ideal 

gas law.  g

Ar

g

N

g

H

g

NH

g nnnnn 
223  – vector 

of generated molar flows of ammonia, hydrogen, 

nitrogen and argon respectively. Generated molar 

flows are calculated according to equation (9). 

The expression for the output molar flow of the 

volume element follows below. 

 

 

 


  






























slrr

gi

tot

catp

i
gasp

ri

i
gasp

tot

o
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NNN

CNcT

QTTNc

N

n
n

~

~

~










 
(6) 

 

 

where gaspc~ , catpC , rH
~

  and slV  are known 

model parameters described in Table 2. iT  – inlet 

temperature of the gas mixture and is equal to 
r

inT  

mentioned in the previous subsection. T  – tem-

perature of the gas mixture inside the reactor vol-

ume element and is calculated using ideal gas 

law (8). The temperature of the last volume ele-

ment corresponds to 
r

outT . totN  – sum of elements 

of the state vector n . r – the reaction rate of the 

synthesis process. The expression for the reaction 

rate was provided by Yara International ASA and 

is confidential. The rate expression is based on the 

Temkin-Pyzhev equation [9]:  

 

 (7) 

 

where k is an Arrhenius term and Ai is the activity 

of species i. Keq is a temperature-dependent equi-

librium parameter. α is normally between 0.5 

and 1.  The effect of the Arrhenius term is that the 

reaction rate increases exponentially with temper-

ature, while the second term shows that the pro-

duction rate of NH3 decreases as the NH3 concen-

tration approaches equilibrium [9]. 

 

Figure 2: Sketch of the synthesis reactor with an 

internal heat-exchanger 

 

To reproduce the result, the reaction rate expres-

sion for ammonia synthesis can be used from 

available literature [9], [1].  

The temperature inside the volume element is 

found based on the ideal gas law: 

 

RN

Vp
T

tot

sl




 , (8) 

 

where p – the pressure of the gas mixture inside 

the volume element and is listed in Table 3. R  is 

the universal gas constant listed in Table 2.  

The amount of generated quantity due to the syn-

thesis reaction is given as (9). 

 

,sl

g Vrsn   (9) 
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where  0132 s  is a stoichiometric 

vector of the reaction. The values in Table 2 and 

Table 3 can be changed using the data from a 

particular ammonia synthesis reactor (reactor 

bed). The developed model was verified based on 

theoretical knowledge about ammonia synthesis 

converters at Yara R&D and Innovation Centre. 

Table 2: Model parameters. 

Parameter Value Unit Comments 

catpC  6.9210
5 J/K total heat 

capacity of 

the catalyst 

gaspc~  3.5510
4
 J/(kmolK) average 

molar heat 

capacity of  

gas mixture 

rH
~

  9.210
7
 J/kmol heat of reac-

tion 

slV  57.2/Nsl m
3
 elementary 

volume 

R  8.3110
3
 J/(kmolK) gas constant 

Table 3: Operating conditions. 

Quantity Value Unit Comments 

)0(3 tnNH

 

0.0199 kmol initial amount 

of NH3 

)0(2 tnH

 

0.6545 kmol initial amount 

of H2  

)0(2 tnN

 

0.2254 kmol initial amount 

of N2   

)0( tnAr  0.0391 kmol initial amount 

of Ar 

)(3 tn i

NH
  0.141 kmol/s inlet molar 

flow of NH3 

)(2 tn i

H
  4.641 kmol/s inlet molar 

flow of H2 

)(2 tn i

N
  1.598 kmol/s inlet molar 

flow of N2 

)(tn i

Ar
  0.277 kmol/s inlet molar 

flow of Ar 

p 1.7810
7
 Pa pressure of gas 

in the reactor  

 

SIMULATION RESULTS 

Developed ODEs for 200 reactor volume ele-

ments were put together with the dynamic model 

of the internal heat exchange process (1) and sim-

ulated in MATLAB. Simulation results showed 

good performance with respect to system dynam-

ics. Step tests were performed by changing the 

feed temperature to the heat-exchanger. Oscilla-

tions of temperature and concentration were ob-

tained after the step was done in the feed tempera-

ture to the heat-exchanger from 250 to 200 C. 

The following changes (compared to steady state) 

took place in the reactor according to Figure 3: 

1. The outlet reactor temperature oscillates 

with approximate amplitude of 340 K: maximum 

level is 845 K, minimum is 505 K. The period of 

sustained oscillations is 700 s (around 12 

minutes). 2. The inlet reactor temperature oscil-

lates with approximate amplitude of 130 K: max-

imum level is 615 K, minimum is 485 K. The 

period of sustained oscillations is 700 s. 3. The 

yield of the produced ammonia oscillates with 

different amplitude for different reactor slices. In 

the middle of the reactor (81st slice) the oscilla-

tions have the largest amplitude: ammonia yield 

oscillates in the range from 0.2 to 14.4 %. At the 

reactor outlet (the last reactor slice) the yield of 

ammonia oscillates from 8.4 % to 15.7 %. The 

period of sustained oscillations is 700 seconds. 

Obtained oscillations show that the model is able 

to reproduce the dynamics of the real system. 

 

CONCLUSION 

As a result of the work a simple dynamic model 

of the ammonia synthesis process was developed. 

This model is combined with a simple dynamic 

model of the heat-exchanger for utilization of the 

heat of the reaction. It is shown by the simulation 

results that such a model can reproduce tempera-

ture oscillations which can be experienced in a 

real system. The temperature of the fresh feed to 

the heat exchanger has a significant effect on the 

oscillations. The dynamic model can be used as a 

basis for a synthesis reactor monitoring tool (sta-

bility map) in the following way:  

 - check stability of the model when step test is 

made for different model parameters; 

- evaluate stability of the simulated process based 

on the step response of temperature and concen-

tration of ammonia in the reactor bed.  

However, the developed model has features to be 

improved in order to be used for synthesis reactor 
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stability monitoring, i.e. more realistic thermody-

namic model should be used and the reactor 

should be extended to the number of beds corre-

sponding to the real ammonia converter at the 

plant. 

 

 

Figure 3: Step response of ammonia fraction and reactor inlet and outlet temperatures when changing tem-

perature of the fresh feed to heat-exchanger from 250 to 200 C. 
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