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a b s t r a c t

In this work a comprehensive study on wastewater treatment of industrial urea plants by thermal hydrol-
ysis reactors is presented. A superior model is developed for two main co-current and counter-current
modes of urea thermal hydrolysis reactor. In the proposed model the urea hydrolysis reactor is divided
into several continuously stirred-tank reactors (CSTRs). The vapor–liquid equilibria are treated simul-
taneously with chemical reactions due to the complex features of urea hydrolysis system. The model
provides temperature and concentration distributions of urea along the thermal hydrolyser. The validity
of the proposed model was verified by the industrial observed data. Sensitivity analysis was carried out to
rea thermal hydrolysis
o-current mode
ounter-current mode

investigate the effect of the various operating parameters on the performance of two types of hydrolysis
reactors. Comparison of two kinds of hydrolysis reactors shows in order to observe the old environmental
pollution standards, the co-current configuration of hydrolyser is more suitable than the counter-current
one. However to achieve new environmental pollution standards and complete treatment, the counter-
current configuration was the only acceptable practicable mode. Overall, this study results in valuable

rform
ent.
information about the pe
in urea wastewater treatm

. Introduction

Urea is an organic compound with the chemical formula
2NCONH2 which is produced at industrial scale by the reaction
etween ammonia and carbon dioxide at high pressure and tem-
erature [1]. This reaction produces one mole of H2O for each mole
f urea, equal to 300 kg of water for a ton of synthesized urea. Beside
his synthetic water, the plant discharges all the water entering as
team for the final concentration of urea in vacuum sections. It can
e estimated that the amount of discharged water from urea plant

s 470–550 kg/ton of produced urea [2]. This liquid stream which
ontains ammonia, carbon dioxide and urea should be treated. Dis-
harging this wastewater from the urea plant leads to the problem
f water pollution as well as loss of urea and ammonia while ammo-
ia presents significant danger to human health as a hazardous
hemical and urea is considered deleterious in natural waterways
hat it promotes algae growth and hydrolyses slowly, releasing
mmonia which is toxic to fish [3].
In the past decade, 100 ppm of urea was considered acceptable
n discharge wastewater from urea plant, but currently, maximum
cceptable concentration of urea is 10 ppm or should be less than
ppm in order to reuse for variety purposes such as cooling water

∗ Corresponding author. Tel.: +98 711 2303071; fax: +98 711 6287294.
E-mail address: rahimpor@shirazu.ac.ir (M.R. Rahimpour).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.08.046
ance of the co-current and counter-current modes of hydrolysis reactor

© 2010 Elsevier B.V. All rights reserved.

or boiling feed water make-up [4,5]. Several processes have been
suggested for treating the urea-containing streams due to cur-
rent necessities for environmental protection and possibilities to
upgrade this waste stream to a valuable high-pressure boiler feed
water. Economically, it is preferred to remove and recover the
urea and/or ammonia from the wastewater which includes ammo-
nia and carbon dioxide desorption from the urea-wastewater,
hydrolysing the urea in wastewater, total or partial desorption of
the ammonia and carbon dioxide formed in the hydrolyser and
condensation the off-gases in a reflux condenser [6].

In old urea plants, commercial thermal hydrolysis reactors are
in operation at elevated temperature and pressure in co-current
flow with steam, but in the best operating conditions even after
very long residence times or high steam flow rate, it is not possible
to achieve the urea and ammonia contents less than 20–25 ppm
[7–9]. Recently, thermal hydrolysis reactors operate as a counter-
current bubble column to improve the urea removal efficiency;
the steam and feed streams flow counter-currently through the
column. The bottom temperature of hydrolyser is maintained at
about 180–230 ◦C while the top temperature is maintained at about
170–220 ◦C. In this manner, the ammonia and urea contents of the

residual wastewater stream could be reduced to a level of 10 ppm
or even less than 1 ppm, so this treated water could be used as boiler
feed water or cooling water [10,11].

Rahimpour and Azarpour presented an equilibrium-based
model regarding non-ideal solution for studying of the thermal

dx.doi.org/10.1016/j.cej.2010.08.046
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rahimpor@shirazu.ac.ir
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Fig. 1. New process for wastewater treatment.

ydrolyser in co-current mode, but this model could not predict
he reactor behavior with high accuracy [7]. Therefore, Rahimpour
nd Azarpour decided to investigate and simulate this urea ther-
al hydrolysis reactor as a multi-stage well-mixed model that

ombines with rate-based model and ideality of solution. This
odel showed the reactor behavior with better accuracy [12].
lso, Rahimpour proposed a non-ideal rate-based model for indus-

rial urea thermal hydrolyser in co-current mode to incorporate
he effect of liquid non-ideality on the urea thermal hydrolyser
erformance. The simulation results of this model showed good
onsistency with the plant data [8]. Moreover, Barmaki et al. stud-
ed an industrial counter-current hydrolyser for the first time that
ncludes useful results [13]. After that, Rahimpour et al. investigated
ydrolyser–desorber loop in order to removal of urea, ammonia and
arbon dioxide [14].

Reviewing the literature reveals the information about urea
emoval from industrial wastewater by thermal hydrolysis reac-
or is very little detailed and patented, especially in the
ounter-current configuration [7,8,13]. Also, the co-current and
ounter-current modes of thermal hydrolysis reactor have not been
ompared yet and proposed model of the co-current hydrolyser in
his work is different from previous models due to the consider-
tion of two-phase stream along the hydrolyser. Furthermore, in
revious work [8], only the forward reaction of hydrolysis reaction
as considered while the new proposed model includes both of

ackward and forward reactions.
In this study, a general model for the reaction processes in a

rea thermal hydrolyser using high-pressure steam has been devel-
ped. The combined effect of chemical reaction, liquid non-ideality
nd solution back mixing was treated by a multi-stage well-mixed
odel for the reactor and the objective of the current work is to

ompare the performance of thermal hydrolysis reactors in co-
urrent and counter-current modes. Also, the effect of the key
arameters on the urea, ammonia and carbon dioxide removal in
oth configurations of hydrolyser has been discussed.

. Process description

Figs. 1 and 2 show the schematic diagrams of modern and con-
entional urea removal from wastewater of urea plant, respectively
6,15]. Both of them consist of a primary desorber column, which

educes the ammonia and carbon dioxide contents and operates at
low pressure. For the next column, the hydrolyser, it is impor-

ant that the ammonia and carbon dioxide concentrations at the
nlet are sufficiently low in order to maintain the system far from
hemical equilibrium. Under these conditions the hydrolysis reac-
Fig. 2. Old process for wastewater treatment.

tions proceed toward the ammonia and carbon dioxide production
with reducing the urea content to virtually zero (less than 10 ppm).
The residence time in the hydrolyser is approximately 1 h. The
hydrolyser operates at relatively medium pressures (2 MPa) and
temperature of about 200 ◦C. In the second desorber column which
also operates at low pressure, the ammonia and carbon dioxide con-
tents are decreased considerably. The stripping process is carried
out in the second desorber by entrance of a low-pressure steam
into the bottom of column. The vapors of the first desorber, which
contain ammonia, carbon dioxide and water are condensed in a
submerged reflux condenser and form a carbamate solution. Also,
two process–process heat exchangers decrease the needed high-
pressure and low-pressure steam consumption considerably.

Differences of modern and conventional wastewater treatment
systems include:

• In the modern system, hydrolyser operates in the counter-current
mode of operation (in counter of steam flow) and vapors from
the hydrolyser are used for the stripping in the first desorber.
Also, the height and diameter of this reactor are 16.5 and 2 m,
respectively and has 13 sieve trays. However in the conventional
system, hydrolyser operates in the co-current mode (in parallel
of steam flow). In addition, the height and diameter of this reactor
are 16 and 1.6 m, respectively and has 10 sieve trays.

• In the modern system, the first and second desorbers are inte-
grated into one sieve tray column to save investment costs while
in the conventional system two desorbers are separated.

• In the modern treatment system, temperature level of hydrolyser
is more.

3. Reaction kinetics

The liquid phase contains physically dissolved and chemi-
cally combined components that are mainly present as ions and
molecules, namely H2NCONH2 (1), H2O (2), NH4

+ (3), H2NCOO−

(4), CO2 (5) and NH3 (6). The overall hydrolysis reaction of urea to
ammonia and carbon dioxide is endothermic and proceeds rapidly
above a temperature of approximately 130 ◦C according to the fol-
lowing simplified formula [1,16]:

NH2CONH2 + H2O ⇔ 2NH3 + CO2 (1)

The process of urea hydrolysis consists of two sequential steps.
In the first step, ammonium carbamate is formed by the reaction

between urea and water:

NH2CONH2(l) + H2O(l) ⇔ H2NCOO− + NH4
+

�H298 = −23 kJ/mol (2)
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Table 1
Equilibrium constant parameters [22].

Function Parameters

U1 U2 U3 U4

ln K2 −31,363 −64.26 −0.0595 482.11
ln K3 −11,046 −5.19 0.01115 51.47

pour et al. considered the co-current and counter-current modes
of urea thermal hydrolysis reactor as a sequence of continuously
stirred-tank reactors (CSTRs) [8,12,13]. Throughout the following
derivations, CSTRs in sequences will be referred to stages and num-
M.R. Rahimpour et al. / Chemical E

In the next step, the ammonium and carbamate ions react to
ield carbon dioxide and ammonia in liquid phase, while the vapor
nd liquid phases are at equilibrium:

2NCOO− + NH4
+ ⇔ 2NH3(l) + CO2(l)

�H298 = 84 kJ/mol (3)

The completion of the reactions is favored by low pressure and
igh temperature. Besides improved reaction kinetics, the higher
emperature improves the breakdown of the byproducts to ammo-
ia and carbon dioxide. Reaction (2) is slow and exothermic, while
eaction (3) is endothermic and fast in both directions, so it could be
onsidered at equilibrium under the conditions found in the indus-
rial hydrolyser [1,16]. Therefore reaction (2) is the rate controlling
tep and its rate is considered as the overall rate of urea hydrolysis.
or chemical reactions in thermodynamically non-ideal systems, as
hown elsewhere, the rate becomes [17–20]:

ov=kf

(
a1a2− 1

K2
a3a4

)
=kf

[
(�1C1)(�2C2)− 1

K2
(�3C3)(�4C4)

]
(4)

here kf is the constant of forward reaction rate (kf = k0 exp(−E/RT))
nd K2 is the equilibrium constant of reaction (2). The activity
nd activity coefficient of species i are ai and � i, respectively.
he molar concentration of species i is Ci. The experimental
alues of the pre-exponential factor and the activation energy
n the Arrhenius expression of kf are k0 = 10.417 m3/mol s and
= 8.77803 × 104 J/mol, respectively [21].

The equilibrium constants for reactions (2) and (3) are defined
s follows:

r(T) = KX,r(X)K�,r(T, X) r = 2, 3 (5)

here the effects of liquid non-ideality on the reaction equilibria
ave been merged into a set of parameters, K� ,r(T, X) which are
efined as:

�,r(T, X) = �3(T, X)�4(T, X)
�1(T, X)�2(T, X)

r = 2 (6)

�,r(T, X) = �2
6 (T, X)�5(T, X)

�3(T, X)�4(T, X)
r = 3 (7)

nd KX,r(X) is also defined as:

X,r(X) = x3x4

x1x2
r = 2 (8)

X,r(X) = x5x2
6

x3x4
r = 3 (9)

here X is the array of mole fractions in the liquid phase. Substi-
uting Eqs. (6)–(9) into Eq. (7) results:

2(T) =
(

x3x4

x1x2

)(
�3(T, X)�4(T, X)
�1(T, X)�2(T, X)

)
x2 r = 2 (10)

3(T) =
(

x5x2
6

x3x4

)(
�5(T, X)�2

6 (T, X)
�3(T, X)�4(T, X)

)
r = 3 (11)

here the activity coefficient of each species in the reacting solu-
ion can be calculated from thermodynamic model. The following
unctional form:(

U1,r
)

n Kr(T) =
T

+ U2,r ln T + U3,rT + U4,r (12)

as adopted to describe the temperature dependence of the r reac-
ion equilibrium constant [1,22]. In the above equation, Ur is a
onstant related to reaction of number r where tabulated in Table 1.
Fig. 3. Schematic diagram of the multi-stage well-mixed reactor model in counter-
current mode.

4. Reactor model

In this section, the hypotheses and necessary equations to
develop the steady state model of the urea hydrolysis reactor are
described. In order to model of hydrolyser, the equilibrium (EQ)
stage model is developed while the vapor and liquid phases are
assumed to be in thermodynamic equilibrium.

The schematic illustrations of two types of equilibrium stages
are presented in Figs. 3 and 4. In the counter-current mode, vapor
from the below stage is brought into contact with the liquid from
the above stage while in the co-current mode, vapor and liquid
from below stage are brought into contact. According to type of
hydrolysis reactor, the feed stream enters from the top or bottom
of the hydrolyser and pure high-pressure steam stream enters from
the bottom as the stripper. The hydrolyser is full of liquid and the
movement of bubbles through the liquid phase causes mixing in the
liquid phase. Moreover, there are several perforated plates at dif-
ferent levels inside the hydrolyser in order to prevent back mixing
and further mixing between the two phases.

As noted above, for simulation purposes, the urea thermal
hydrolyser can be approximated as a series of continuous multi-
stage stirred-tank reactors (CSTRs), neglecting composition and
temperature gradients within the stage contact volume. Rahim-
Fig. 4. Schematic diagram of the multi-stage well-mixed reactor model in co-
current mode.
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ered in direction of liquid flow. The stage (0) and stage (14) are
ypothetical stages and indicate specifications of wastewater feed
nd inlet steam before entering to the hydrolyser. Overall, the goal
f this assumption is facilitated deriving of material and energy
alance equations for each CSTR.

.1. Hypotheses

In this study, the developed mathematical model is based on the
ollowing assumptions:

(i) Hydrolysis reactions of take place only in the liquid phase.
(ii) The hydrolyser operates at steady state conditions.

(iii) Each stage is performs as mixed stirred-tank reactor (CSTR).
(iv) Each CSTR operates adiabatically.
(v) Phase equilibrium is achieved in each CSTR.

(vi) Vapor holdup is assumed to be negligible (hydrolyser is full of
liquid).

vii) The volatility of urea and ammonium carbamate is negligible.

.2. Necessary equations

The rigorous developed mathematical model includes mass bal-
nce equation, heat balance equation, phase equilibrium equation,
hemical equilibrium equation, summation equation and hydraulic
quation.

.2.1. Mass balance equations (M)
For counter-current configuration of hydrolysis reactor mass

alance is expressed as:

i,j ≡ Vj+1yi,j+1 + Lj−1xi,j−1 + ˛i,2HjR
ov
j

+˛i,3w − Vjyj − Ljxj = 0 i = 1, . . . , M j = 1, . . . , N (13)

And for co-current configuration of hydrolysis reactor it is writ-
en as:

i,j ≡ Vj+1yi,j+1 + Lj+1xi,j+1 + ˛i,2HjR
ov
j

+˛i,3w − Vjyj − Ljxj = 0 i = 1, . . . , M j = 1, . . . , N (14)

here Vj and Lj are the vapor and liquid flow rates, respectively.
ij and yij are the molar fraction in the liquid and vapor phases,
espectively; and Hj is the volumetric liquid holdup (volume of each
STR) and Rov

j
is the overall rate of reaction (2) on stage j which is

btained from Eq. (4). Also ˛i,r is the stoichiometric coefficient of
pecies i in reaction r (reactions (2) and (3)) which is positive for
roducts and negative for reactants. The molar consumption rate
f carbamate in reaction (3) is w. Approximately, the amounts of
arbamate and ammonium ions are so little due to fast reaction (3),
igh value of equilibrium constant of reaction (3) and the imposed
hermodynamic conditions.

.2.2. Phase and chemical equilibrium equations (E)
Since the column is generally operated at the medium pressure,

he vapor fugacity coefficients can be estimated with the PHS equa-
ion of Nakamura et al. [23]. For both configurations of hydrolysis
eactors the basic phase equilibrium equation, as given by simpli-
ed Eq. (15):
i,j ≡ Ki,jxi,j − yi,j = 0 i = 1, . . . , M j = 1, . . . , N (15)

Also Eq. (11) is expressed the same as MESH equations form in
rder to obtain the value of molar consumption rate of carbamate
ering Journal 164 (2010) 155–167

(w) in mass balance Eqs. (13) and (14) as follows:

Ec,j ≡ K3,j(T) −
(

x5,jx
2
6,j

x3,jx4,j

)(
�5,j(T, X)�2

6,j
(T, X)

�3,j(T, X)�4,j(T, X)

)
= 0

j = 1, . . . , N (16)

4.2.3. Summation equations (S)

Sx
j ≡

M∑
i

xi,j − 1 = 0 j = 1, . . . , N (17)

Sy
j

≡
M∑
i

yi,j − 1 = 0 j = 1, . . . , N (18)

4.2.4. Heat balance equation (H)
Considering that heat effect of reaction is different for the com-

ponents enthalpies, the enthalpy of formation is employed. For
counter-current configuration of hydrolysis reactor, the heat bal-
ance equation related to jth tray can be written as:

Hj ≡
M∑
i

Vi,j+1Hv
i,j+1 +

M∑
i

Li,j−1Hl
i,j−1 −

M∑
i

Vi,jH
v
i,j

−
M∑
i

Li,jH
l
i,j = 0 j = 1, . . . , N (19)

And for co-current configuration, it is written as:

Hj ≡
M∑
i

Vi,j+1Hv
i,j+1 +

M∑
i

Li,j+1Hl
i,j+1 −

M∑
i

Vi,jH
v
i,j

−
M∑
i

Li,jH
l
i,j = 0 j = 1, . . . , N (20)

where Hv
i,j

and Hl
i,j

are the enthalpies of vapor and liquid compo-
nents on the stage j, respectively.

4.2.5. Hydraulic equations (P)
There is approximately 0.2 MPa pressure drop along the both of

hydrolysis reactors. The pressure drop over sieve tray may be esti-
mated using proper correlations, so the pressure drop is expressed
for counter-current configuration of hydrolysis reactor as follows:

P1 ≡ ptop − p1 = 0 j = 1 (21)

Pj ≡ pj − �pj−1 − pj−1 = 0 j = 2, . . . , N (22)

and for co-current one, it is written as:

P1 ≡ pbottom − p1 = 0 j = 1 (23)

Pj ≡ pj + �pj−1 − pj−1 = 0 j = 2, . . . , N (24)

where ptop is the specified pressure of the tray at the top of the
counter-current hydrolyser and pbottom is the specified pressure of
the tray in the bottom of the co-current hydrolyser. Also �pj−1 is
the pressure drop per tray from stage j − 1 to stage j.
5. Numerical solution

The basic structure of the model is consisted of nonlinear alge-
braic equations of mass and energy conservative rules of both the
vapor and liquid phases, which have to be coupled with equations of
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Table 2
Input specifications of the industrial co-current urea thermal hydrolyser [15].

Feed specifications Case 1 Case 2

Liquid phase input Vapor phase input Liquid phase input Vapor phase input

Temperature (◦C) 138 380 138 380
Pressure (kg/cm2) 18.3 25 18.3 25

Component molar rate (kmol/h)
Water 1988.33 177.78 1988.33 144.45
Urea 7.08 0 7.08 0

0.42 0
1.08 0

1996.91 144.45
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Table 3
Input specifications of the industrial counter-current urea thermal hydrolyser [6].

Feed specifications Liquid phase input Vapor phase input

Temperature (◦C) 197 308
Pressure (kg/cm2) 18.3 20.3

Component molar rate (kmol/h)
Water 2037.5 86.9
Urea 9 0
CO2 0.42 0
NH3 1.08 0

Total (kmol/h) 1996.91 177.78

he kinetic model and auxiliary correlations. These set of nonlinear
quations must be solved by iterative techniques.

A wide variety of iterative solution procedures for solving non-
inear algebraic equations has appeared in the literature. In general,
hese procedures make use of equation partitioning in conjunction
ith equation tearing and/or linearization by Newton–Raphson

echniques, which are described in detail by Myers and Sei-
er [24]. For intermediate cases, the equation-tearing technique
ay fail to converge; in that case, the either a Newton–Raphson
ethod or a combined tearing and Newton–Raphson technique

s necessary [25]. More general capable procedures of solving all
ypes of multi-component, multi-stage separation problems are
ased on the solution of all the MESH equations, or combinations
hereof, by simultaneous correction (SC) techniques, often using the
ewton–Raphson method. For proper use, the Newton–Raphson
ethod demands the evaluation of the partial derivatives of all the

quations with respect to all the variables. However, the partial
erivatives of thermodynamic properties with respect to tempera-
ure and composition are often awkward to obtain and this makes
he Newton–Raphson method difficult to use. To improve accuracy
nd speed up the computation, all of the derivatives of thermo-
ynamic properties in this study are obtained analytically. The
esulting Jacobian matrix has a block tridiagonal structure. Linear
ystems with a block tridiagonal coefficient matrix can be solved
uite efficiently using the Thomas algorithm [26].

Let

F(X)) = 0 (25)

here

= [X1, X2, . . . , Xj, . . . , XN]T (26)

nd

= [F1, F2, . . . , Fj, . . . , FN]T (27)

here Xj is the vector of unknown variables for stage j and Fj is the
ector of model equations for stage j arranged in the order
j = [Tj, x1,j, x2,j, . . . , xi,j, . . . , xM,j, y1,j, y2,j, . . . , yi,j, . . . , yM,j, Lj, Vj, pj, w]T (28)

j = [Hj, M1,j, M2,j, . . . , Mi,j, . . . , MM,j, E1,j, E2,j, . . . , Ei,j, . . . , EM,j, Sx
j
, Sy

j
, Pj, Ec,j]

T

(29)

The Newton–Raphson iteration is performed by solving the cor-
ections �X to the output variables, which in matrix form becomes:

Xk = −
[(

∂Fi

∂Xi

)−1
]k

FK (30)
here k stands for the iteration number. These corrections are used
o compute the next approximation to the set of output variables
rom:
k+1 = Xk + t�Xk (31)
CO2 1.3 0
NH3 19.6 0

Total (kmol/h) 2067.4 86.9

where t is scalar step factor or relaxation factor. The quantity
( ∂ F/∂ X) is the Jacobian or (N × N) matrix of blocks of partial deriva-
tives of all the functions with respect to all the output variables. A
scalar stepping factor (t) was used in order to ensure convergence.
When t was optimized to a value between 0 and 1 during every
iteration, convergence was achieved to yield a feasible solution.

6. Model validation

The validation of steady state model was carried out by compar-
ison of the model results with the plant data. The input data of the
co-current and counter-current modes of hydrolysis reactor have
been summarized in Tables 2 and 3, respectively.

The model results and the corresponding observed data of the
industrial co-current and counter-current thermal hydrolysis reac-
tors of urea plants have been presented in Tables 4 and 5. It was
observed that, the steady state model performed satisfactorily well
at the industrial conditions and a good agreement was obtain
between the plant data and the simulation data.

7. Results and discussion

In this section, the results of the simulation of two types of
hydrolysis reactors (co-current and counter-current modes) are
compared with each other in terms of the temperature and the flow
rates of urea versus length of reactor. Also, the sensitivity analysis is
carried out to investigate the effect of operating parameters on the
reactor performance. Firstly, two hydrolysis reactors (the indus-
trial counter-current hydrolyser and hypothetical co-current one)
are compared with each other at the same conditions as mentioned
in Table 3. The all specifications of the co-current mode are similar
with the counter-current one, except that in the co-current mode
the steam is flowed in the same direction with entering wastew-

ater stream. The stages are numbered from the bottom to the top
of reactor for the co-current configuration and numbered from the
top to the bottom for the counter-current configuration.

As liquid moves along the hydrolyser, temperature undergoes
variations. The comparison between temperature profiles along
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Table 4
Comparison of calculated results with the observed plant data for co-current hydrolyser under the design specifications and input data [15].

Case 1 (3.2 ton/h steam) Case 2 (2.6 ton/h steam)

Observed Model Error (%) Observed Model Error (%)

Temperature (◦C) 195 195.6 +0.3 185 185.5 +0.27

Component molar rate (kmol/h)
Water 2159.1 2159.11 ∼=0.0 2125.91 2125.92 ∼=0.0
Urea 0.071 0.077 +8.4 0.212 0.222 +4.7
CO2 7.43 7.42 −0.13 7.29 7.28 −0.13
NH3 15.11 15.09 −0.06 14.83 14.81 −0.07

Total (kmol/h) 2181.71 2181.70 ∼=0.0 2148.24 2148.23 ∼=0.0

Table 5
Comparison of calculated results with the observed plant data for counter-current hydrolyser under the design specifications and input data [6].

Liquid phase output Vapor phase output

Observed Model Error (%) Observed Model Error (%)

Temperature (◦C) 207 207.6 +0.3 194.2 193.3 0.5

Component molar rate (kmol/h)
Water 2066.7 2070.5 +0.2 48.15 44.37 −7.8
Urea <10 ppm 7 ppm – 0 0 –
CO2 0.15 0.14 −6.7 10.18 10.16 −0.2
NH3 33.63 33.33 −0.9 3.91 4.19 +7.1

Total (kmol/h) 2100.48 2103.97 +0.2 62.24 58.72 −5.6
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ig. 5. Temperature profile of reacting material along the both types of hydrolysis
eactors where the operating conditions are same as Table 3.

oth types of hydrolysis reactors have been presented in Fig. 5. It
an be seen that temperature profile of co-current hydrolyser sud-
enly increases due to the injection of high-pressure steam and
hen decreases along the reactor due to the endothermic over-
ll reactions while temperature profile of counter-current mode
as two parts in this figure. At the first segments of the hydrol-
ser, the temperature of reacting material decreases owing to the
ndothermic overall reactions, then increases because of injec-
ion of high-pressure steam. This figure indicates at the end, the
emperature of the counter-current hydrolyser is higher than the
o-current one because of steam injection. Also, temperature vari-
tion along the two types of hydrolyser is not much. The possible
xplanation for this behavior is that the weight percent of water

s so much larger than other components, and then the heat of
eactions has no significant effect on the stream temperature.

Figs. 6 and 7 show the conversion and concentration of urea
long the two types of hydrolysis reactors. As demonstrated in
Fig. 6. Conversion of urea along the both types of hydrolysis reactors.

these figures, at the first segments of co-current hydrolyser the
urea conversion is higher (urea mole flow rate is less) than
counter-current one, but at the end the urea conversion of the
counter-current hydrolyser is higher (urea molar flow rate is less)
than the co-current one. It should be noted that the outlet urea
content of the counter-current hydrolyser is virtual zero due to
complete hydrolysis reactions and the conversion is approximately
99.95%. Also, the urea conversion and urea molar flow rate profiles
of the co-current hydrolyser have horizontal asymptotes that indi-
cate considerable decrease of urea removal efficiency at the end of
hydrolyser.

7.1. Effect of inlet temperature of wastewater
Inlet temperature of wastewater has an influence on the urea
removal performance as demonstrated in Fig. 8. This figure indi-
cates the increase of the inlet temperature of wastewater improves
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Fig. 7. Molar flow rates of urea along the both types of hydrolysis reactors.
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Fig. 9. Molar flow rates of ammonia in liquid phase of ammonia versus inlet tem-
perature of wastewater in the both types of hydrolysis reactors where the other
operating conditions are the same as Table 3.
ig. 8. Outlet mass fraction of urea versus inlet temperature of wastewater in the
oth types of hydrolysis reactors where the other operating conditions are the same
s Table 3.

he urea removal performance due to endothermic overall reac-
ions. Also as can be seen at the temperature of 193 ◦C, two
ydrolysis reactors have the same efficiency, but higher than
his temperature, the efficiency of counter-current hydrolyser
s more than co-current one and consequently the urea con-
ent in the outlet liquid is less. As shown in this figure, in the
ounter-current case, by increase of inlet wastewater tempera-
ure, the urea content rapidly goes to zero virtually. However, in
he co-current case, the urea content profile goes to a horizon-
al asymptote. Therefore, large change in the inlet wastewater
emperature is required to obtain a small decrease in the out-
et urea concentration due to the apparent first order reaction
f urea hydrolysis. This figure shows in order to achieve new
nvironmental standards such as 1 ppm of urea content in outlet
iquid stream, only the counter-current configuration is appropri-
te.

If the inlet temperature of wastewater increases, molar flow

ates of the ammonia and carbon dioxide decrease in the outlet
iquid stream because of higher temperature profile along hydrol-
ser which shifts the vapor–liquid equilibrium to the vapor phase.
s can be seen from Fig. 9, when temperature increases from 179
Fig. 10. Molar flow rates of carbon dioxide in liquid phase versus inlet temperature
of wastewater in the both types of hydrolysis reactors where the other operating
conditions are the same as Table 3.

to 199 ◦C, the ammonia content decreases slightly owing to the
imposed medium pressure in the both of hydrolysis reactors. There-
fore, it is not possible to decrease the ammonia in the outlet liquid
stream in order to reach less than 10 ppm only by increase of the
inlet temperature of wastewater. Moreover as shown in Fig. 10,
by increase of the inlet wastewater, the carbon dioxide content in
the outlet liquid stream of the counter-current hydrolyser become
less than the co-current one and lastly decreases into virtual zero,
while in the co-current case, the carbon dioxide profile has a hor-
izontal asymptote. In addition, as clearly demonstrated in these
figures an increase in the inlet temperature would result in a higher
purity of water, due to the increasing extent of reactions at higher
temperature and shift of the vapor–liquid equilibria to the vapor
phase.

7.2. Effect of inlet flow rate of wastewater
The role of wastewater flow rate in urea removal at identical
operating conditions is shown in Fig. 11. From this figure, lower
wastewater flow rate provides less urea concentration than higher
flow rate. Also, the comparison between outlet urea profiles shows
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Fig. 11. Outlet mass fraction of urea versus inlet flow rate of wastewater in the both
types of hydrolysis reactors where the other operating conditions are the same as
Table 3.

Fig. 12. Molar flow rates of ammonia in liquid phase versus inlet flow rate of
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Fig. 13. Molar flow rates of carbon dioxide in liquid phase versus inlet flow rate
of wastewater in the both types of hydrolysis reactors where the other operating
conditions are the same as Table 3.

temperature at the end of the co-current hydrolyser. In addition,
a change in the flow rate of the entering steam has an effect on
astewater in the both types of hydrolysis reactors where the other operating
onditions are the same as Table 3.

n counter-current case by decrease of wastewater flow rate less
han 46 m3/h, the outlet urea content decrease sharply into vir-
ual zero. However, in co-current case urea conversion decreases
lightly and achieving to less than 5 ppm of urea content is imprac-
ical. From the new environmental standards point of view, the
omparison shows preference of the counter-current hydrolyser
ver the co-current one. Moreover, as can be seen, if flow rate
f wastewater increases more than 46 m3/h, efficiency of the co-
urrent hydrolyser becomes higher than the counter-current one.
he increase in the wastewater flow rate causes a decrease in
he residence time of reactants and lower profile of tempera-
ure along the hydrolyser, so the urea conversion decreases. Also,
igs. 12 and 13 show the concentrations of ammonia and carbon
ioxide in the outlet liquid of hydrolysis reactors as a function of
he inlet flow rate of wastewater. It can be seen, by increase of inlet

ow rate of wastewater, the ammonia and carbon dioxide contents

ncrease linearly.
Fig. 14. Outlet mass fraction of urea versus inlet flow rate of steam in the both types
of hydrolysis reactors where the other operating conditions are the same as Table 3.

7.3. Effect of steam flow rate

The role of steam mass flow rate in urea removal at a spec-
ified inlet wastewater temperature is shown in Fig. 14. As can
be seen from this figure, higher steam mass flow rate main-
tains a higher temperature level in the hydrolyser which would
change the liquid temperature profile and extends of hydrolysis
reactions and consequently enhances the urea removal. Further-
more, the comparison of two outlet urea profiles of co-current
and counter-current hydrolysis reactors demonstrates to satisfy the
new environmental pollution standards, the co-current hydrolyser
is not suitable and it cannot reduce urea content less than 10 ppm
even if the steam flow rate increases so much. In fact, by increase of
the steam flow rate, the outlet urea content of the counter-current
hydrolyser decreases quickly and the slope of its profile becomes
sharp while in the co-current one, it approaches the horizontal
asymptote. The difference of these profiles is related to the lower
the concentrations of ammonia and carbon dioxide in the outlet
liquid stream. As it is clearly demonstrated in Fig. 15, an increase
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Fig. 15. Molar flow rates of ammonia in liquid phase of ammonia versus inlet flow
rate of steam in the both types of hydrolysis reactors where the other operating
conditions are the same as Table 3.
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Fig. 17. Outlet mass fraction of urea versus inlet temperature of steam in the both
types of hydrolysis reactors where the other operating conditions are the same as
Table 3.

Fig. 18. Molar flow rates of ammonia in liquid phase versus inlet temperature of
steam in the both types of hydrolysis reactors where the other operating conditions
ig. 16. Molar flow rates of carbon dioxide in liquid phase versus inlet flow rate of
team in the both types of hydrolysis reactors where the other operating conditions
re the same as Table 3.

n the stream flow rate would result in a lower concentration of
mmonia in the exit liquid. This figure shows the outlet ammo-
ia content of the co-current hydrolyser is always less than the
ounter-current one. Also, Fig. 16 shows the outlet carbon diox-
de content of the counter-current hydrolyser decreases to so little
alue, if the steam flow rate increases. As can be seen, the outlet
arbon dioxide content of the co-current hydrolyser cannot change
o much with respect to increase of the steam flow rate. The rea-
on for decrease of the ammonia and carbon dioxide contents in
he outlet liquid is due to temperature increasing in hydrolysis
eactors.

.4. Effect of inlet temperature of steam

Fig. 17 shows effect of temperature of steam on the urea con-
entration in the outlet liquid stream of two types of hydrolysis

eactors. It is clear that increase of temperature affects counter-
urrent hydrolyser performance more than co-current one. From
his figure, decrease of outlet urea content of co-current hydrolyser
ith respect to increase of steam temperature is low, so reduc-

ion of the urea content in outlet liquid in order to achieve less
are the same as Table 3.

than 10 ppm is not practical. However in the counter-current mode,
it decreases easily so that satisfies the new environmental pol-
lution. Temperature increasing of steam improves urea removal
in two paths. Firstly, causes higher temperature profile along
the hydrolyser and consequently increases the rate of hydroly-
sis reactions toward the urea removal. Secondly, decreases the
ammonia and carbon dioxide contents which are produced in the
liquid phase along the hydrolyser according to the vapor–liquid
equilibrium, so the second reaction of hydrolysis reactions shifts
to right and extents the hydrolysis reactions. Figs. 18 and 19
demonstrate effect of increase of steam temperature on the ammo-
nia and carbon dioxide contents in the outlet liquid stream.
It is clear that changes of the ammonia and carbon dioxide
values are small with respect to increase of steam tempera-

ture.
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ig. 19. Molar flow rates of carbon dioxide in liquid phase versus inlet tempera-
ure of steam in the both types of hydrolysis reactors where the other operating
onditions are the same as Table 3.

.5. Investigation of hydrolysis reactor configuration change from
o-current to counter-current in conventional urea plant

As can be seen from comparison between co-current and
ounter-current modes of hydrolyser, results show under particu-
ar conditions, efficiency of the counter-current hydrolyser is higher
nd to observe the new environmental standards application of
he counter-current hydrolyser is essential. The results from the
omparison between the outlet urea content profiles as shown in
igs. 8, 11, 14 and 17, confirm the profiles of outlet urea content in
he co-current hydrolyser have horizontal asymptotes that illus-
rate decrease of urea less than 10 ppm is so difficult while the
rea content could be decreased even 1 ppm in the counter-current
ydrolyser. The main reason of this difference is the presence of
hemical equilibria that form at the end of reactor. In the counter-
urrent mode, these chemical equilibria are shifted to enhance

rea hydrolysis more than the co-current mode because of higher
emperature at the end of the hydrolyser. Now, with respect to
reference of the counter-current hydrolyser, a questionable point
aises that would urea removal from wastewater of conventional

ig. 20. Outlet mass fraction of urea versus inlet temperature of wastewater in the
oth types of hydrolysis reactors where the other operating conditions are the same
s Table 2 case 1.
ering Journal 164 (2010) 155–167

urea plants improve, if configuration of hydrolyser changes from
co-current to counter-current under the same operating conditions
corresponds to Table 4 case 1?

Fig. 20 shows the outlet urea content of two types of hydrolysis
reactors as a function of inlet temperature of wastewater. As can be
seen, the outlet urea content increases more than 3000 ppm when
configuration of industrial co-current hydrolyser changes to hypo-
thetical counter-current mode. However, if the inlet temperature of
wastewater increases up to 170 ◦C, the outlet urea content of hypo-
thetical counter-current hydrolyser rapidly decreases less than few
ppm even less than 1 ppm while industrial co-current one cannot
decrease less than 5 ppm even if wastewater warm up to 190 ◦C.
Due to difficulty of warm up inlet wastewater to higher temper-
atures and necessity of considerable modification in conventional
urea plant in order to change the co-current mode of hydrolyser
to the counter-current one, it is better and practical to install addi-
tional hydrolyser and desorber at the end of process to keep current
operating conditions and satisfy the new environmental pollution
standards.

8. Conclusions

One of the most effective ways to remove urea from industrial
wastewater is hydrolysing it in the thermal hydrolysis reactor and
desorbing the ammonia and carbon dioxide which is formed. In
this study, the hydrolysis of urea was mechanistically modeled
in the industrial scale. Two types of industrial thermal hydroly-
sis reactors as co-current and counter-current configurations were
considered. In order to develop the model, hydrodynamic and reac-
tion sub-models were coupled with each other in the modeling
of the hydrolyser. The hydrodynamic of the urea thermal hydrol-
yser was simulated by a sequence of CSTRs in series. The profiles of
the urea concentration and temperature along two reactors have
been compared. This comparison shows conversion and tempera-
ture of outlet treated liquid of the counter-current hydrolyser were
more than the co-current one. Also, this comparison shows if we
are looking for old environmental pollution standards (less than
100 ppm for urea effluent), the co-current configuration of hydrol-
yser is more suitable than the counter-current one. However, in
order to observe the new environmental pollution standards (less
than 10 ppm or even 1 ppm for urea effluent) the counter-current
configuration was the only acceptable practicable mode. Moreover,
the results of models were compared with real plant data at various
conditions of conventional and modern hydrolysis reactors. In both
cases, good consistency was observed between the plant data and
the results of the model. Also, the effects of key operating parame-
ters such as the inlet temperature and flow rate of wastewater and
steam on the performance of two types of the hydrolysis reactors
were investigated. The proposed models are useful for a better con-
trol of the currently operating units and design of new hydrolyser
in wastewater treatment section of urea plants.
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Appendix A. Thermodynamics
A rigorous thermodynamic model is critical for process simula-
tion. In urea wastewater treatment, it is involved a system under
pressure ranging from 1.7 to 4.5 MPa and temperature from 180
to 220 ◦C depending on different techniques. The chemical reac-
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Table A.3
Binary interaction parameters of extended UNIQUAC model [1].

i j

1 2 3 4 5 6

1 0.0 91.7 −162.2 −166.2 269.0 −532.5
2 −110.0 0.0 355.6 0.9 −401.5 −626.3
3 272.8 −272.8 0.0 1476.5 −653.6 −12.4
4 221.6 −96.6 −337.2 0.0 −302.6 −62.3
5 670.5 2623.7 836.1 −204.8 0.0 −610.0
6 357.1 847.3 −190.7 335.0 −291.4 0.0

Table A.4
Ammonia fugacity and carbon dioxide Henry’s constant parameters.

Function Parameters

10−2A1 102A2 104A3 10A4

ln f 0
NH3

−25.141 28.417 −25.759 146.46

Function Parameters
M.R. Rahimpour et al. / Chemical E

ions take place in the liquid phase and the vapor–liquid equilibria
f volatile components should be considered simultaneously [27].
here are several thermodynamic models to describe the non-
deality of NH3–CO2–H2O–urea system [1,28–31]. Edwards’s model
s applicable to dilute weak electrolyte systems [29]; Sander’s

odel [32–34] and Isla’s model [1] could yield better results
ithin HP region. In this study, the thermodynamic framework to
escribe liquid activity coefficients of molecular and ionic species

n NH3–CO2–H2O–urea system is based on the model developed by
sla et al. The volatility of urea and ammonium carbamate is neg-
igible and ions could not leave from the liquid phase to the vapor
hase, so there are only three molecular components including
2O, NH3, and CO2 in the vapor phase. The vapor–liquid equilibria
an be expressed with the following relationships:

H3(l) ⇔ NH3(g) (A.1)

O2(l) ⇔ CO2(g) (A.2)

2O(l) ⇔ H2O(g) (A.3)

As follows in Table A.1, the extended UNIQUAC equation consists
f three items [1,32–34]. The volume and surface factors, ri and qi,
re tabulated in Table A.2. All of the binary interaction parameters
re listed in Table A.3.

At phase equilibrium, the following relationship must be satis-
ed for water and ammonia:

i�if
0
i exp

(
vl

i
P

RT

)
= Pyi˚i (A.4)
here f 0
i

is defined as the standard fugacity at the system temper-
ture and zero pressure.

For carbon dioxide, Henry’s law is applicable, and vapor–liquid
quilibrium equation is represented as Eq. (A.5), while HCO2 is the

able A.1
arameters of extended UNIQUAC model [1].

Parameter Expression

� i(T, x) ln �i(T, x) = ln �C
i

(X) + ln �RE
i

(T, X) + ln �DH
i

(X, T)

�C
i

(X) ln �C
i

(X) = ln
(

˚i
Xi

)
+ Z

2 qi ln v̄i
˚i

+ li − ˚i
Xi

∑
j

Xjlj

�RE
i

(T, X) ln �RE
i

(T, X) = qi

[
1 − ln

(
m∑

j=1

v̄j�ji

)
) −

m∑
j=1

v̄j �ij∑m

k=1
v̄k�kj

]

v̄i v̄i = qiXi∑
j
qjXj

˚i ˚i = r̄iXi∑
j
r̄jXj

li li = Z
2 (r̄i − qi) − (r̄i − 1)

� ij �ij = exp
( −aij

T

)
, aii = ajj = 0

�DH
i

(T, X) ln �DH
i

(T, X) =
(

2A
b3

)
Mi

[
1 + bI1/2 − 1

1+bI1/2 − 2 ln(1 + bI1/2)
]

�DH
i

(T, X) ln �DH
i

(T, X) = −z2
i

AI1/2

1+BI1/2

I I =
(

1
2

)∑
mjz2

j

Z Z = 35.2 − 0.1272T + 0.00014T2

able A.2
ure component parameters of extended UNIQUAC model [1].

Component i qi ri Units

H2NCONH2 1 2.00 2.16 –
H2O 2 1.40 0.92 –
NH4

+ 3 0.99 0.91 –
H2NCOO− 4 1.58 1.71 –
CO2 5 1.12 1.32 –
NH3 6 1.00 1.00 –
10−2B1 102B2 103B3 10B4

ln HCO2 −26.56 −35.05 63.216 181.575

Henry’s constant of carbon dioxide:

xi�iHCO2 exp

(
vl

i
(P − Ps

2)

RT

)
= Pyi˚i (A.5)

vapor fugacity coefficient ˚i was estimated with the PHS equation
of Nakamura et al. [23].

The temperature dependence of the reference fugacity of pure
liquid ammonia at zero pressure and Henry’s constant for carbon
dioxide are modeled as:

ln f 0
NH3

(T) = A1

T
+ A2 ln T + A3T + A4 (A.6)

ln HCO2 (T) = B1

T
+ B2 ln T + B3T + B4 − q5�5,2 (A.7)

where q5 and �5,2 are obtained from Table A.1. All parameters of
ammonia fugacity and carbon dioxide Henry’s constant are repre-
sented in Table A.4.

Appendix B. Equation of state

The chemical literature is rich in articles describing equations of
state for simple non-polar gases but little attention has been given
to an equation of state that is also applicable to polar gases. In this
work because of existence of gaseous mixture containing highly
polar molecules (ammonia, water) and non-polar molecule (carbon
dioxide), the semi-empirical equation of state is proposed which
provides accurate estimates of thermodynamic properties for this
gas mixture [28]. The simple perturbed-hard-sphere equation is
given by Nakamura et al. as follows:

P = RT

v

[
1 + � + �2 − �3

(1 − �)3

]
− a

v(v + c)
(B.1)

where P is the pressure, v is the molar volume, T is the absolute tem-
perature, R is the gas constant, and � is a reduced density defined
as

� = b

4v
(B.2)
parameter b reflects the hard-core size of the molecule and param-
eter a reflects the strength of attractive forces. Both parameters
depend on temperature:

a = ˛ + ˇ

T
(B.3)
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Table B.1
Pure component parameters.

Component c
(l mol−1)

a
(atm l2 mol−2)

ˇ
(atm l2 mol−2 K)

� ı
(×104 K−1)

l

w
t
a

l

A

A

a
B

b
C
c
E
E

E

f
F
H
H

H

�
H
H
I
K
k

k
K

K

K

l

NH3 0.01 2.6435 561.63 1.3884 1.470
CO2 0.00 3.1693 253.17 1.2340 0.467
H2O 0.01 3.1307 1161.63 1.5589 0.593

og b = −� − ıT (B.4)

here ˛, ˇ, � and ı are empirical constants. Also c is the characteris-
ic constant. All constants and parameters of the pure components
re given in Table B.1.

The fugacity coefficient is defined as:

n �k =
{

4� − 3�2

(1 − �)2

}
+
(

bk

bM

){
4� − 2�2

(1 − �)3

}
− 2

RT	

⎧⎨
⎩

m∑
j=1

yiakj

⎫⎬
⎭

×
{

5∑
n=1

(−1)n

n + 1

(
cM

v

)n

+ 1

}

+aMck

RTv2

{
4∑

n=1

(−1)n(n + 1)
n + 2

(
cM

v

)n

+ 1
2

}
− ln z (B.5)

ppendix C. Nomenclature

j jth parameter in the correlation of pure liquid reference
fugacity of ammonia with temperature
characteristic constant in equation state (Pa m6 mol−2)

j jth parameter in the correlation of Henry’s constant of
carbon dioxide in water with temperature
characteristic constant in equation state (Pa m6 mol−2 K)

i concentration of component i (mol m−3)
characteristic constant in equation state (m3 mol−1)
activation energy (J mol−1)

c,j residual function for chemical equilibrium relation for
carbamate on the jth tray

i,j residual function for phase equilibrium relation for com-
ponent i on the jth tray

i fugacity of component i (kPa)
matrix of functions

i liquid holdup on stage j (m3)
v
i,j

enthalpy of component i in vapor phase on stage j

(J mol−1)
l
i,j

enthalpy of component i in liquid phase on stage j

(J mol−1)
H heat of reaction (J mol−1)

j residual function for total heat balance on the jth tray
CO2 Henry’s constant of component i in solvent j

ionic power in Table A.1
i,j the equilibrium constant
0 pre-exponential factor of urea hydrolysis rate constant

(m3 mol−1 s−1)
f the forward reaction rate constant (m3 mol−1 s−1)
x,r equilibrium constant of reaction r dependent on temper-

ature and mole fraction

� ,r equilibrium constant of reaction r dependent on mole

fraction
r equilibrium constant of reaction r dependent on temper-

ature
i parameter of UNIQUAC equation in Table A.1
ering Journal 164 (2010) 155–167

M number of components
Mi,j residual function for material balance for component i on

the jth tray
mi molality of the ionic species i referred to 1000 g of mixed

solvent (kg (kg soln)−1)
N number of stages
Pj pressure of stage j (kPa)
�Pj pressure drop (kPa)
Ptop pressure at the top of the urea thermal hydrolyser (kPa)
qi UNIQUAC surface parameter of component i
ri UNIQUAC volume parameter of component i
R universal gas constant (J mol−1 K−1)
Rov

j
overall rate of reaction (1) on the jth tray (mol m−3 s−1)

Sx
j

residual function for summation relation in liquid phase
on the jth tray

Sy
j

residual function for summation relation in liquid phase
on the jth tray

T temperature (K)
U constant (Eq. (12))
vl

i
liquid molal volume of component i

v∞
i

liquid molal volume of component i at infinite dilution
w consumption molar flow rate of carbamate in reaction (3)

(mol s−1)
xi,j mole fraction of component i in liquid phase on the jth

tray
X matrix of output variables
yi,j mole fraction of component i in vapor phase on the jth

tray
Z UNIQUAC coordination number (Z = 10) in Table A.1

Greek letters
˛i,2 stoichiometric coefficient of species i in reaction (2)
˛i,3 stoichiometric coefficient of species i in reaction (3)
aij parameter of UNIQUAC equation (kJ mol−1) in Table A.1
� i activity coefficient of component i in Table A.1
v̄i surface area fraction of component i in Table A.1
˚i volume area fraction of component i in Table A.1
�ij parameter of UNIQUAC equation in Table A.1
� reduced density in equation state

Subscripts
i component number
j stage number
r reaction number

Superscripts
C combinatorial
DH Debye–Huckel
RE residual
ov overall reaction
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