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Modeling the synthesis section of an industrial urea plant
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Abstract

Urea is an important petrochemical product which is mainly used as fertilizer. In this study, a model is developed for the synthesis section
of an industrial urea plant. In the proposed model the urea reactor is divided into several continuously stirred tank reactors (CSTRs). It has
been considered in this study that formation of ammonium carbamate occurs through the heterogeneous reaction of carbon monoxide and
ammonia. This reaction was considered to occur only in the liquid phase in the previous works presented in the literature. The formation of
biuret in the reactor is also considered in the model which has not been considered in the previous works. The validity of the proposed model
was demonstrated using industrial data. It has been shown that there is a good agreement between the results of the model and the industrial
data. Dynamic response of the process to some important parameters in the synthesis section was also studied.
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. Introduction

Urea (NH2CONH2) is produced at industrial scale by
he reaction between ammonia and carbon dioxide at high
ressure (13–30 MPa) and high temperature (170–200◦C).
here are different types of processes to produce urea in the
ommercial units. These processes are typically called once
hrough, partial recycle and total recycle[1,2]. In the total
ecycle process, which is employed widely, all the ammonia
eaving the synthesis section is recycled to the reactor and the
verall conversion of ammonia to urea reaches 99%. Stami-
arbon and Snomprogetti processes[3] are the most common
xamples of such process[4]. Since urea has became almost
he most widely used fertilizer and its production is important
n the petrochemical industry, there has been many attempts
o model and simulate the reactor of urea production as the
eart of the process[1–5].

In the present work the entire urea synthesis section based
n the of stamicarbon process (including urea reactor, car-
amate condenser, stripper, and scrubber) is modelled. Urea
roduction consists of two reactions. In the first reaction,

ammonia and carbon dioxide react to form ammonium
bamate which decomposes to urea and water in the nex
In the previous works reported in the literature, the hom
neous reaction between carbon dioxide and ammonia to
ammonium carbamate is considered to take place in th
actor. Since both carbon dioxide and ammonia are in th
phase in the reactor and reaction between these two r
in production of ammonium carbamate which is in the liq
phase, in the present study this reaction is considered
heterogeneous. Moreover, in the studies reported in th
erature, biuret (NH2CONHCONH2) formation, which is th
main undesired by-product in the urea production proc
is neglected. As biuret is toxic to plants, its content in fe
izers has to be kept as low as possible. It has been tri
this work to model and validate the industrial urea synth
section considering the above-mentioned reactions.

1.1. Process description

Synthesis section of stamicarbon process in the indu
urea production plant is shown inFig. 1. As it is seen in thi
∗ Corresponding author. Tel.: +98 21 696 7781; fax: +98 21 695 7784.
E-mail address:mostoufi@ut.ac.ir (N. Mostoufi).

figure, compressed carbon dioxide feed passes through the
stripper along which ammonia and carbon dioxide (due to de-
composition of ammonium carbamate and free dissolved am-

d.
385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserve
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Nomenclature

a moles of water added per mole of ammonium
carbamate

CA0 initial concentration of A (kmol m−3)
CU0 initial concentration of urea (mol l−1)
d density (kg m−3)
E activation energy (kJ kg mol−1)
F molar flow rate (kg mol h−1)
H enthalpy (kJ h−1)
k rate constant of urea production (h−1)
k′ rate constant of biuret production

(l mol−1 h−1)
Kp equilibrium constant of ammonium carbamate

production (atm3)
M average molecular weight (kg kg mol−1)
Ni number of moles of componenti (kg mol)
m initial moles of carbon dioxide (kg mol)
n initial moles of ammonia (kg mol)
nt total number of moles (mol)
N/C nitrogen to carbon mass ratio
P total pressure (atm)
Pc critical pressure (kPa)
PCO2 partial pressure of carbon dioxide (atm)
PNH3 partial pressure of ammonia (atm)
Qac heat produced by ammonium carbamate for-

mation (kJ h−1)
Qb heat consumed by biuret formation (kJ h−1)
Qc heat exchanging duty of condensate in carba-

mate condenser (kJ h−1)
Qcw heat exchanging duty of cooling water in scrub-

ber (kJ h−1)
Qu heat consumed by urea formation (kJ h−1)
Qs heat exchanging duty of steam in stripper

(kJ h−1)
−rA reaction rate of component A

(kg mol m−3 h−1)
t time (h)
T temperature (K)
Tc critical temperature (◦C)
TNBP normal boiling point temperature (◦C)
V volume (m3)
v0 volumetric flow rate of feed (m3 h−1)
x moles of ammonium carbamate (mol)
XA partial conversion of A
X1 partial conversion of ammonium carbamate to

urea
X2 partial conversion of urea to biuret
y moles of urea per volume that reacts att

(mol l−1)

Subscript
I inlet
O outlet

Table 1
Properties of components[4]

Component TNBP (◦C) d (kg/m3) Tc (◦C) Pc (kPa)

Urea 191.85 1230 431.85 9050
Ammonium carbamate 600 1100 785.27 1103.92
Biuret 598.3 1068.9 770.52 997.31
CO2 −78.55 825.34 30.95 7370
NH3 −33.45 616.07 132.4 11276.9
H2O 100 997.99 374.15 22120
O2 −182.95 1137.68 −118.38 5080.02
N2 −195.8 806.37 −146.96 3394.37

monia) are stripped off from the liquid phase to the gas phase.
The gas flow from the scrubber which carries the stripped-
off ammonia and carbon dioxide is then introduced into the
top of the carbamate condenser. Ammonia, together with the
carbamate overflow from the scrubber, is also introduced into
the top of the carbamate condenser. The carbamate condenser
is in fact a heat exchanger in which the heat generated during
condensation of ammonia and carbon dioxide to form am-
monium carbamate in the tube side is used to produce low
pressure steam in the shell side.

Only part of ammonia and carbon dioxide condense in the
carbamate condenser and the rest react in the urea reactor in
order to supply the heat required for the urea production re-
action. Liquid and gas phases leave the carbamate condenser
via two separate lines to ensure a stable flow into the reactor.
Ten trays are installed in the reactor in order to improve the
contact between the two phases. The liquid mixture in the
reactor overflows into the stripper. The heat is supplied into
the stripper by the flow of saturated steam through its shell,
resulting in decomposition of the remainder ammonium car-
bamate into urea. The gas phase exiting the reactor contains
free ammonia and carbon dioxide as well as inert gas and is
discharged into the scrubber.

In the scrubber, condensation of ammonia and carbon
dioxide is achieved. The heat of condensation is partly re-
moved in the heat exchanging part of the scrubber by cooling
w bbed
w is a
l rba-
m urea
p

2

ns for
d urea
s com-
p ell as
t

ater. In the scrubbing part, remaining gases are scru
ith the lean carbamate solution. This stream, which

ow concentration aqueous solution of ammonium ca
ate, is a recycle from the low pressure section of the
rocess.

. Model development

In this section the hypothesis and necessary equatio
eveloping the steady state and dynamic models of the
ynthesis section are described. A complete list of the
onents involved in the process of urea synthesis as w

heir physical properties are shown inTable 1.
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Fig. 1. Block flow diagram in the synthesis section of stamicarbon urea plant.

2.1. Hypotheses

Simulation of the synthesis section of urea plant in this
study was done based on the following assumptions:

• Only CO2, H2O, NH3 and inert gases (O2, N2) exist in the
gas phase.

• CO2 is not dissolved in the liquid phase. In fact, it could
only be condensed with ammonia to form ammonium car-
bamate in the liquid phase.

• Formation of urea takes place only in liquid phase.
• Dissolution of inert gases in the liquid phase is neglected.
• Biuret is produced only in the reactor and the stripper.

2.2. Thermodynamics

In this study, the thermodynamic framework is based on
the model developed by Isla et al.[1]. However, Wilson and
ideal gas equations[6] were employed for calculating the
thermodynamic properties of liquid and gas phases, respec-
tively. A virtually identical model was presented by Agarwal
et al. [7] where UNIQUAC was the model of choice. It is
worth mentioning that many pairs of activity models and/or
equations of state were examined to predict the thermody-
namic behavior of the gas and liquid phases in this system.
H ound
w s for
p ses.
I nthe-

sis process occur in the liquid phase (see Section2.3below).
Therefore, the model is less sensitive to the choice of the
equation of state employed for the gas phase.

The Wilson equation was tuned for the urea synthesis
conditions. The tuning was done by changing the interac-
tion parameters such that the model prediction best fit the
actual plant data. The complete list of temperature indepen-
dent interaction parameters of Wilson equation are given in
Table 2.

2.3. Reactions

The overall reaction of urea production is as follows:

2NH3 + CO2 ⇔ NH2CONH2 + H2O (1)

The process of urea synthesis consists of two sequential steps.
In the first step, ammonium carbamate is formed by the re-
action between ammonia and carbon dioxide:

2NH3 + CO2 ⇔ NH2CO2NH4(l) (2)

This reaction is very exothermic and fast in both directions
so that it could be considered at equilibrium at the conditions
found in industrial reactors where the residence time is rather
h ted to
f

N

owever, the closest results to the real plant data were f
hen employing the above-mentioned pair of equation
redicting the thermodynamic properties of the two pha

t should be noted that the main reactions in the urea sy
igh. In the next step, ammonium carbamate is dehydra
orm urea:

H2CO2NH4(l) ⇔ NH2CONH2(l) + H2O(l) (3)
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Table 2
Temperature independent interaction parameters of Wilson equation (cal/mol)

Component CO2 NH3 H2O N2 H2 O2 Biuret Ammonium carbamate Urea

CO2 – −3534.00 676.20 0.00 0.00 0.00 −3782.60 −3842.70 −2100.70
NH3 69.68 – 0.00 64.23 60.23 −12.16 311.58 1272.09 234.06
H2O −183.70 0.00 – 30.16 −6.51 −80.37 11640.70 1182.00 1862.86
N2 0.00 −31.64 7.05 – 0 0.00 −656.39 −659.98 3127.62
H2 0.00 −20.49 8.02 0.00 – 0.00 201.98 217.74 2871.87
O2 0.00 2051.30 29.19 0.00 0 – 1077.91 1082.71 3614.11
Biuret 69.68 448.00 4096.00 20.03 11.56 −12.16 – 597.00 239.00
Ammonium carbamate 69.68 1595.00 1135.00 25.00 11.56 28.00 741.00 – 171.08
Urea 69.68 650.00 1050.00 −3.00 11.56 −12.16 −55.00 197.94 –

This reaction is endothermic and slow as compared to the
preceding reaction. Therefore, it needs a long residence time
to reach the equilibrium[5].

Although the researchers have considered the presence of
gas and liquid phases in their model, all of them have con-
sidered that ammonia and carbon dioxide react in the liquid
phase in the ammonium carbamate formation step (homoge-
neous reaction) (e.g.,[1,2,5]). However, since these two re-
actants are in gas phase throughout the process, the following
heterogeneous reaction has been considered to take place:

2NH3(g) + CO2(g) ⇔ NH2CO2NH4(l) (4)

It has been assumed in the present study that ammonia
and carbon dioxide react in the gas phase to form liquid
ammonium carbamate.

Formation of biuret is also considered to take place in this
work. The corresponding reaction is as follows:

2NH2CONH2 ⇔ NH2CONHCONH2 + NH3 (5)

This reaction is slow and endothermic. Biuret formation takes
place when there is a high urea concentration, low ammonia
concentration and high temperature[8,9].

Three main reactions considered in the process are forma-
tion of ammonium carbamate(4), formation of urea(3) and
formation of biuret(5). The residence time in the urea reactor
i mate
f the
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t
p an et
a wide
r ance
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e

l

T ta
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Fig. 2. Equilibrium constantKP as a function of temperature.

The formation of urea and biuret are considered as slow
reactions and far from the equilibrium in the urea reactor. For
the urea formation reaction (reaction(3)), the rate equation of
Claudel et al.[13] in the presence of initial water have been
employed:

dX1

dt
= k(1 − X1)(a + X1) (7)

In the case of biuret formation reaction, the rate equation
proposed by Shen[14] was employed:

dy

dt
= k′(CU0 − y)2 (8)

The kinetic parameters of Eqs.(7) and (8)are given inTable 3.

2.4. Process equipments

2.4.1. Carbamate condenser
The equations related to the dynamic behavior of the car-

bamate condenser are summarized inTable 4. Carbamate

Table 3
Kinetic parameters

k0 E (kJ/kg mol)

k [13] 1.9× 105 4.2× 104

k′ [14] 2.1× 107 8.5× 104
s high enough in order the reaction of ammonium carba
ormation to be practically considered at equilibrium in
ffluent[10]. Therefore, in order to calculate the convers
f carbon dioxide in the urea reactor the equilibrium cons
f reaction(4) should be known. The equilibrium constan

his reaction has been already investigated[10–12]. In the
resent study, the temperature dependent formula of Eg
l. [11] has been adopted due to the fact that it covers a
ange of temperature. Moreover, in order to further enh
he accuracy of the model, in addition to the data repo
y Egan et al.[11], existing equilibrium data at the indu
rial urea reactor outlet was also taken into account an
quilibrium constant was improved as follows:

ogKp = −7.6569× 103

T
+ 22.161 (6)

he data reported by Egan et al.[11] as well as the plant da
nd are shown inFig. 2.
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Table 4
Model equations

Section Equation Description

Carbamate
condenser

d(VCarbamate−Condenserd)
dt

= FIMI − FOMO Overall mass balance

FI,CO2 − FO,CO2 − rCO2VCarbamate−Condenser= VCarbamate−Condenser
d
dt

(
d
M

FO,CO2
FO

)
Mole balance for carbon dioxide

FI,Carbamate− FO,Carbamate+ rCO2VCarbamate−Condenser= VCarbamate−Condenser
d
dt

(
d
M

FO,Carbamate
FO

)
Mole balance for ammonium carbamate

FI,NH3 − FO,NH3 − 2rCO2VCarbamate−Condenser= VCarbamate−Condenser
d
dt

(
d
M

FO,NH3
FO

)
Mole balance for ammonia[∑

i FiCPi(T − T0)
]
I − [∑

i FiCPi(T − T0)
]
O + rCO2VCarbamate−Condenser�HCO2 − QC = ∑

i NiCPi
dT
dt

Energy balance

Urea reactor
(each CSTR)

d(VReactord)
dt

= FIMI − FOMO Overall mass balance

FI,CO2 − FO,CO2 − rCO2VReactor= VReactor
d
dt

(
d
M

FO,CO2
FO

)
Mole balance for carbon dioxide

FI,NH3 − FO,NH3 − 2rCO2VReactor+ 0.5rUreaVReactor= VReactor
d
dt

(
d
M

FO,NH3
FO

)
Mole balance for ammonia

FI,Carbamate− FO,Carbamate+ rCO2VReactor− rCarbamateVReactor= VReactor
d
dt

(
d
M

FO,Carbamate
FO

)
Mole balance for ammonium carbamate

FI,Urea− FO,Urea+ rCarbamateVReactor− rUreaVReactor= VReactor
d
dt

(
d
M

FO,Urea
FO

)
Mole balance for urea

FI,H2O − FO,H2O + rCarbamateVReactor= VReactor
d
dt

(
d
M

FO,H2O
FO

)
Mole balance for water

FI,Biuret − FO,Biuret + 0.5rUreaVReactor= VReactor
d
dt

(
d
M

FO,Biuret
FO

)
Mole balance for biuret[∑

i FiCPi(T − T0)
]
I
− [∑

i FiCPi(T − T0)
]
O

+ rCO2VReactor�HCO2 − rCarbamateVReactor�HCarbamate− 0.5rUreaVReactor�HUrea = ∑
i NiCPi

dT
dt

Energy balance

Stripper
d(VStripperd)

dt
= FIMI − FOMO Overall mass balance

FI,Carbamate− FO,Carbamate− rCarbamateVStripper= VStripper
d
dt

(
d
M

FO,Carbamate
FO

)
Mole balance for ammonium carbamate

FI,CO2 − FO,CO2 + rCarbamateVStripper= VStripper
d
dt

(
d
M

FO,CO2
FO

)
Mole balance for carbon dioxide

Stripper= VStripper
d
dt

(
d
M

FO,NH3
F

)
Mole balance for ammonia
FI,NH3 − FO,NH3 + 2rCarbamateVStripper+ 0.5rUreaV
 0

5
)
2
4
9
–
2
6
0

253

O

FI,Urea− FO,Urea− rUreaVStripper= VStripper
d
dt

(
d
M

FO,Urea
FO

)
Mole balance for urea

FI,Biuret − FO,Biuret + 0.5rUreaVStripper= VStripper
d
dt

(
d
M

FO,Biuret
FO

)
Mole balance for biuret[∑

i FiCPi(T − T0)
]
I − [∑

i FiCPi(T − T0)
]
O − rCarbamateVStripper�HCarbamate− 0.5rUreaVStripper�HUrea+ QS = ∑

i NiCPi
dT
dt

Energy balance

Scrubber d(VScrubberd)
dt

= FIMI − FOMO Overall mass balance

FI,CO2 − FO,CO2 − rCO2VScrubber= VScrubber
d
dt

(
d
M

FO,CO2
FO

)
Mole balance for carbon dioxide

FI,Carbamate− FO,Carbamate+ rCO2VScrubber= VScrubber
d
dt

(
d
M

FO,Carbamate
FO

)
Mole balance for ammonium carbamate

FI,NH3 − FO,NH3 − 2rCO2VScrubber= VScrubber
d
dt

(
d
M

FO,NH3
FO

)
Mole balance for ammonia[∑

i FiCPi(T − T0)
]
I − [∑

i FiCPi(T − T0)
]
O + rCO2VScrubber�HCO2 − QCW = ∑

i NiCPi
dT
dt

Energy balance
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Fig. 3. Schematic diagram of the urea reactor.

condenser is in fact a shell and tube heat exchanger. Forma-
tion of ammonium carbamate in the synthesis section mainly
occurs in the tubes of the carbamate condenser. In a real plant
the conversion of carbon dioxide to ammonium carbamate is
controlled with absorbing the heat released by the reaction by
the water being evaporated in the shell side. In order to control
the amount of the heat absorbed by the condensate, the level o
condensate in the shell of carbamate condenser is controlled.
Since, the reaction between carbon dioxide and ammonia (re-
action(4)) is a fast and exothermic reaction, the conversion
of carbon dioxide in the carbamate condenser could be de-
termined by the amount of heat exchanged between the shell
and tubes (i.e., the amount of steam generated in the shell). In
fact, since the heat generated by the reaction and the heat ab
sorbed by the water in the shell are considerably higher than
the sensible heat (at least an order of magnitude greater), the
rate of moles of carbon dioxide converted in the carbamate
condenser can be evaluated from:

rate of CO2 moles converted= Qc

�Hreaction(4)
(9)

Consequently, the outlet temperature of the tubes could be
calculated through the energy balance equation shown in
Table 4when cancelling out the heat of reaction and heat
of steam generation.

2
own

i am-
m ,
b es to
m quid

phase causes mixing in the liquid phase. Moreover, there are
several perforated plates at different levels inside the reactor
in order to prevent back mixing and further mixing between
the two phases. All the three main reactions (i.e., the hetero-
geneous reaction of formation of ammonium carbamate and
urea and biuret formation in liquid phase) are considered to
take place in the reactor.

Irazoqui et al.[2] considered the whole urea reactor as a
sequence of continuously stirred tank reactor (CSTRs). The
same approach has been adopted in the present study for the
hydrodynamic behavior of the urea reactor. However, on the
reaction side, the heterogeneous reaction of ammonium car-
bamate formation (reaction(4)) has been adopted instead of
the homogeneous reaction. Due to the high residence time of
the reactants in the urea reactor, formation of ammonium car-
bamate at the reactor outlet can be practically considered at
equilibrium[10]. However, it is obvious that the equilibrium
is not reached in the interstages when dividing the urea reac-
tor intonCSTRs. Therefore, it is assumed in the present study
that the reaction proceeds only 1/n toward the equilibrium in
each CSTR. As a result, the reaction would reach the equi-
librium at the exit of thenth CSTR which is the outlet of the
main urea reactor. The goal of this assumption is to facilitate
deriving the material and energy balance equations for each
CSTR. Each CSTR operates adiabatically. These equations
are summarized inTable 4.

2
trip-

p ell
a mo-
n onia
a rmic
r ll. In
p strip-
p ed in
t to be
m ming
t s of
d h the
fl

2
the

s a
r onia
w ts of
t sec-
t nium
c car-
b tion is
r fore,
c rted
t ated
b

.4.2. Urea reactor
A schematic diagram of an industrial urea reactor is sh

n Fig. 3. The feed to the urea reactor consists of liquid (
onium carbamate rich) and vapor (CO2 and NH3) streams
oth entering from the bottom. This makes both phas
ove upward. The movement of bubbles through the li
,

f

-

.4.3. Stripper
The equations related to the dynamic behavior of the s

er are summarized inTable 4. The stripper is also a sh
nd tube heat exchanger in which the non-reacted am
ium carbamate from the reactor is decomposed to amm
nd carbon dioxide. The heat of reaction for this endothe
eaction is supplied by condensation of steam in the she
ractice, the conversion of ammonium carbamate in the
er is controlled by the amount of steam being consum

he shell side. Although, the stripping process seems
ass transfer controlled, it is currently modeled by assu

hat all the free ammonia in the liquid and the product
ecomposed ammonium carbamate are carried up wit
ow of stripping carbon dioxide[4].

.4.4. Scrubber
The equations related to the dynamic behavior of

crubber are summarized inTable 4. The exit gas of the ure
eactor enters the scrubber to reduce the amount of amm
hich exits the synthesis section. The scrubber consis

wo parts: the shell and tube section and the absorbing
ion. In the exchanger section of the scrubber, ammo
arbamate is formed. This section operates similar to the
amate condenser (i.e., the heat produced by the reac
emoved by the cooling water in the shell side). There
alculation of the rate of moles of carbon dioxide conve
o ammonium carbamate in this section could be evalu
y a similar approach.



M. Hamidipour et al. / Chemical Engineering Journal 106 (2005) 249–260 255

Fig. 4. Impact of the number of CSTRs on the model prediction of conversion
to urea.

In the absorbing section, the gas which leaves the shell and
tube section is contacted with a weak ammonium carbamate
solution where heat is transfered between the two phases.
The amount of ammonia absorbed by the liquid could be
calculated according to the phase equilibrium condition. In
order to control the ammonium carbamate produced in the
scrubber, the amount of heat exchanged between shell and
tube is controled by the flow rate of cooling water circulated
in the shell of the scrubber.

3. Results and discussion

Typical industrial operating conditions of the synthesis
section of an urea production plant are listed inTable 5. Be-
fore starting the simulation, the number of CSTRs in the urea
reactor have to be established.Fig. 4 shows the impact of
the number of stages on the predicted conversion of carbon
dioxide to urea at the outlet of the urea reactor correspond-
ing to the operating conditions given inTable 5. It is worth
noting thatFig. 4 was obtained without considering the im-
pact of recycles on the performance of the reactor. It is clear
from this figure that approximately beyond 10 stages, there
is no significant change in the performance of the reactor. It
is worth noting that this number is also the number of actual
trays used in the industrial reactor. In each tray, the gas and
l ther
a us, it

is reasonable to assume each tray as a CSTR. Irazoqui et al.
[2] presented a diagram very similar to what shown inFig. 4.
Therefore, in the rest of this work 10 CSTRs were chosen to
model the urea reactor by the method described earlier.

Once the number of CSTRs was determined, the temper-
ature profile of the reactor could be evaluated. The temper-
ature of each CSTR has to be obtained through a trial and
error procedure as follows. The exit temperature of the re-
actor is guessed at the start of the calculations. Knowing the
temperature, the equilibrium constant was calculated from
Eq. (6) and the amount of ammonium carbamate formation
at equilibrium was calculated from:

Kp = P2
NH3

PCO2 =
(

n − 2x

nt

)2 (
m − x

nt

)
P3 (10)

Since it has been assumed that in each CSTR the reaction of
ammonium carbamate formation moves 1/n toward the equi-
librium, the amount of ammonium carbamate calculated from
Eq.(10) was multiplied to 1/n. Consequently, the amount of
heat produced in the reactor due to ammonium carbamate
formation was evaluated

In the case of kinetic-controlled reactions (reactions(3)
and (5)) the corresponding conversion has to be determined
from the mass balance equation of the CSTR[15]:

I
i e
a :

X

S nt of
h ed.

the
r
t

X

T at of
r iuret
f

sat-
i ch re-

T
T

F Amm
(mol

C 0
N 99.0
L 14.5
iquid passing through the reactor mix again with each o
nd re-distribute the concentrations and temperature. Th

able 5
ypical industrial feed conditions of an urea production plant

eed P (kg/cm2) T (◦C) Carbon dioxide
(mol%)

O2 146 130 89.0
H3 146 40.5 0
ean ammonium carbamate 143 73.0 0
V

v0
= CA0XA

−rA
(11)

ntroducing the kinetic expression of urea formation (Eq.(7))
nto Eq. (11) yields the following equation from which th
mount of urea produced in each CSTR was calculated

2
1 +

(
a + v0

kV
− 1

)
X1 − a = 0 (12)

imilar to the ammonium carbamate reaction, the amou
eat consumed due to urea formation could be calculat

Biuret is also formed in the urea reactor. Introducing
eaction rate of biuret formation (Eq.(8)) into Eq.(11)allows
he amount of biuret at each CSTR to be calculated:

2
2 −

(
2 + v0

k′VCU0

)
X2 + 1 = 0 (13)

his is also an endothermic reaction whose required he
eaction was evaluated after determining the amount of b
ormed in each CSTR.

Finally, for each CSTR the energy balance should be
sfied. The steady-state energy balance equation for ea

onia
%)

Water
(mol%)

Nitrogen
(mol%)

Oxygen
(mol%)

Urea
(mol%)

Ammonium
carbamate (mol%)

4.5 4.6 1.9 0 0
1.0 0 0 0 0

59.9 0 0 0.1 25.5
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Fig. 5. Comparison between model temperature distribution and industrial
distribution of temperature along the reactor.

actor is:

HI − HO + Qac − Qu − Qb = 0 (14)

If Eq. (14) is not satisfied, the assumed temperature of
the reactor outlet was changed accordingly and the above-
mentioned calculations were repeated from the beginning.
The iterative procedure was repeated until the energy bal-
ance equation is satisfied from which the exit temperature
and composition of each CSTR were established.

The validity of the proposed model was tested against the
steady state data obtained at industrial scale.Fig. 5illustrates
the comparison between the model prediction and plant data
in terms of the temperature profile along the urea reactor. It
could be seen in this figure that the model predicts the actual
temperature inside the urea reactor satisfactorily.

Moreover, calculated results and the plant data on some
key operating parameters of the urea synthesis section are
given in Table 6. Comparing the simulated values with the
plant data in this table also confirms that the model predic-
tions are in good agreement with the plant data. The model

Table 6
Comparison between plant data and simulation results

Parameter Unit Plant data Simulation

Inlet temperature of urea ◦C 169.3 169.5

O

U

N

I

O

Fig. 6. Parity plot of urea wt.% in the outlet of urea reactor and stripper at
capacities of: 95%, 106%, 109% and 113%.

predictions of weight percent of urea in the liquid outlet of
the urea reactor and the stripper against plant data at different
plant capacities are also shown inFig. 6 which again illus-
trates that the model satisfactorily meet the plant data.

3.1. Case studies

Effect of changes in some key parameters on the behavior
of the synthesis section was investigated based on the model
developed in this work. Some of these case studies are given
below.

3.1.1. Pressure of the shell of carbamate condenser
The heat exchanged between shell and tube influences the

amount of carbon dioxide converted to ammonium carba-
mate. In a real plant, the amount of gas entered to the urea
reactor is controled by the pressure of saturated stream in the
shell side of the carbamate condenser. Higher steam pressure
corresponds to smaller temperature difference between the
cooling and process sides, i.e., lower heat flux.

Effect of increasing the pressure of the shell of carbamate
condenser on the conversion of CO2 to urea and biuret as
well as the concentration of biuret in the liquid outlet flow of
the urea reactor are shown inFigs. 7 and 8. As it is shown
in these figures there exists a local maximum in all these
c car-
b , it is
n n the
c a re-
a ffect
o ium
c
S rmic
r nd
1 car-
b in
reactor
utlet temperature of
urea reactor

◦C 183 182.5

rea concentration at urea
reactor liquid outlet

wt.% 33.9 33.0

/C ratio at urea reactor
outlet

– 2.9 3.1

nlet gas temperature of
carbamate condenser

◦C 186.9 186.1

utlet gas temperature of
scrubber

◦C 114.6 116.4
urves. Since increasing the pressure in the shell of the
amate condenser results in increasing its temperature
ecessary to investigate the effect of the temperature o
onversion of the two main reactions occurring in the ure
ctor, i.e., ammonium carbamate and urea formation. E
f temperature on the equilibrium conversion of ammon
arbamate formation and urea formation are shown inFig. 9.
ince formation of ammonium carbamate is an exothe

eaction (reaction(4)), increasing the temperature beyo
70◦C causes decreasing the formation of ammonium
amate, as seen inFig. 9. On the other hand, it is shown
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Fig. 7. Effect of pressure in the shell of carbamate condenser on the conver-
sion of CO2 to urea in the reactor.

the same figure that conversion to urea through an endother-
mic reaction (reaction(3)) increases when the temperature
is increased. Thus, due to the opposite effect of temperature
on these reactions occurring in the reactor, there exists an
optimum value for the temperature of the inlet of the reactor
at which the formation of ammonium carbamate would be at
its maximum value. Consequently, the overall heat generated
in the urea reactor would be maximum at such condition and
the formation of urea reaches its maximum value, as seen in
Fig. 7.

It is illustrated inFig. 7that increasing the steam pressure
in the shell of the carbamate condenser far beyond the local
maximum would again result in increasing the urea produc-
tion in the urea reactor. Such an increase yields more gas flow
from the carbamate condenser into the urea reactor which,
in turn, increases the overall urea production. Although it
might seem beneficial to work at such operating conditions,

F onver-
s flow
o

Fig. 9. Effect of temperature on the equilibrium conversion of CO2 to am-
monium carbamate and conversion of ammonium carbamate to urea for a
typical condition.

a commercial plant cannot work in this region because the
concentration of biuret in the urea product also increases, as
shown inFig. 8. Therefore, the optimum operating condition
for the urea synthesis section of the plant is the condition
corresponding to this local maximum of urea production.

3.1.2. Level of the liquid in carbamate condenser
The level of liquid in the shell side of the carbamate con-

denser is used as a controlling parameter in this reactor. In
a real plant, the temperature of the reactor and the amount
of the gas entering the urea reactor is affected by the liquid
level in the shell side of the carbamate condenser is kept high.
Thus, the heat exchanging surface as well as the amount of
steam increases.

Effect of the change in the liquid level in the shell of carba-
mate condenser on the conversion of carbon dioxide is shown
in Fig. 10. As shown in this figure, increasing the liquid level
in the shell of the carbamate condenser leads to increase the
conversion of carbon dioxide to ammonium carbamate. In
fact, increasing the liquid level causes the heat exchanging
area to increase, thus, increasing the amount of heat to be
absorbed from the reaction side of the carbamate condenser.
Since formation of ammonium carbamate is an exothermic
reaction, such an increase in the heat removal from the re-
action results in increasing the conversion in the carbamate
condenser.

of
t diox-
i n in
F m
c nd in
t g the
l ate
t ering
t n the
ig. 8. Effect of pressure in the shell of carbamate condenser on the c
ion of CO2 to biuret and the mass percent of biuret in the liquid outlet
f reactor.
Effect of the change of the liquid level in the shell
he carbamate condenser on the conversion of carbon
de to urea and biuret in the urea reactor are also show
igs. 10 and 11. A decreasing trend with a local maximu
ould be seen in both these curves. The decreasing tre
hese curves could be describe by the fact that increasin
iquid level in the shell results in more ammonium carbam
o be produced in the carbamate condenser, thus, low
he amount of ammonium carbamate to be produced i
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Fig. 10. Effect of liquid level in the carbamate condenser drums on the
conversion of CO2 to carbamate in the tube side of carbamate condenser and
on the conversion of CO2 to urea in the reactor.

urea reactor. Since in the urea reactor, the energy required by
the urea formation reaction is supplied by ammonium car-
bamate formation, lower ammonium carbamate formation is
equivalent to lower urea formation in the urea reactor. The
local maximum in the urea conversion corresponds to the op-
timum entering temperature to the urea reactor. The similar
trend could be seen inFig. 11for the conversion to biuret for
which the same explanations as those made for urea could be
repeated here.

3.2. Dynamic simulation

Dynamic behavior of the urea synthesis section was also
studied based on the model developed in this study. The com-

F n the
c

Fig. 12. Effect of liquid level in the drums of carbamate condenser (a) on
the flow rate of exit gas (b) on the conversion of CO2 to urea in the liquid
outlet of the reactor (c) on the conversion of CO2 to biuret in the liquid outlet
of the reactor.
ig. 11. Effect of liquid level in the carbamate condenser drums o
onversion of CO2 to biuret in the reactor.
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Fig. 13. Effect of pressure in the shell of carbamate condenser on the con-
version of CO2 to urea in the reactor.

plete set of equations of the model are given inTable 4. As an
example, the effect of two parameters corresponding to the
case studies are investigated.

3.2.1. Level of the liquid in carbamate condenser
In this case, the liquid level was suddenly decreased from

50% (normal operation) to 40%. The effect of this change on
the flow rate of gas at the exit of the carbamate condenser is
shown inFig. 12. When the level changes to 40%, the heat ex-
change area between shell and tube of carbamate condense
decreases. Therefore, the amount of heat which is removed
from the reaction in the tube decreases and the formation of
carbamate in the tube decreases. Subsequently, an increas
ing trend in the gas flow from the carbamate condenser is
expected, as shown inFig. 12.

It is shown inFig. 12that by decreasing the liquid level
in the drums of the carbamate condenser, urea formation in-
creases in the urea reactor. As explained above, this change re
sults in flowing more gas into the urea reactor, thus, more am-
monium carbamate is formed in the reactor and more heat is
generated accordingly. Therefore, more urea is being formed
in the urea reactor, as illustrated inFig. 12. However, the
changes in the outflow of the urea reactor could be observed
only about 7 min after the changes in the carbamate condenser
(seeFig. 12). Formation of biuret increases with increasing
the concentration of urea in the urea reactor. This effect is
s the
c he
c

3
mate

c ,
t enser
d ll and
t tween
s

ammonium carbamate increases. These phenomena result in
decreasing the gas entering the urea reactor followed by de-
creasing the heat produced in the urea reactor. Consequently,
the amount of urea produced in the urea reactor decreases.
Fig. 13illustrates the dynamic changes in the amount of urea
produced in the reactor when decreasing the pressure of the
shell of the carbamate condenser.

4. Conclusions

The synthesis section of the urea production plant in in-
dustrial scale was modelled in the present work. In order to
develop the model, hydrodynamic and reaction submodels
were coupled with each other in the modeling of the reactor.
The hydrodynamic of the urea reactor was simulated by a
sequence of CSTRs in series. It was found that 10 CSTRs
are adequate to model the urea reactor properly. The het-
erogeneous reaction of formation of ammonium carbamate
was considered in the present study instead of homogeneous
reaction considered in the previous works in the literature.
Temperature dependence expression of equilibrium constant
of ammonium carbamate reaction was corrected using the
data in the literature as well as the exit condition of the real
urea reactor. The calculated temperature profile along the
u r, the
r pared
w ses,
g d the
r pa-
r udied.
T was
a

A

om-
p

R

yn-
Res.

yn-
1993)

tion
400.
ea
ration
hem-

ctor
0.
hown inFig. 12 which indicates the start in changing
onversion of CO2 to biuret at about 11 min after starting t
hanges in the urea concentration.

.2.2. Pressure of the shell of carbamate condenser
In this case the pressure in the shell side of carba

ondenser was decreased from 4.5 to 3.5 kg/cm2. As a result
he temperature in the shell side of the carbamate cond
ecreases and the temperature difference between she

ube increases, thus, the quantity of heat exchanged be
hell and tube increases and the amount of CO2 converted to
r

-

-

rea reactor was compared with the plant data. Moreove
esults of model in terms of urea mass percent was com
ith real data at various capacities of the plant. In both ca
ood consistency was observed between plant data an
esults of the model. Effect of the changes of some key
ameters on the performance synthesis section was st
he dynamic behavior of the corresponding parameters
lso investigated.
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