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Introduction 

rea is one of the most important fertilizers 
and chemical materials. In this age of en-
ergy crisis, research on the urea process 

becomes more and more important in the world. One of 
the research focuses is to introduce simulation and op-
timization techniques into the urea industrial process so 
as to discover the ìbottleneckî, and optimize the opera-
tional parameters and equipment parameters.  

Because of the complex thermodynamic system and 
reaction conditions of high temperature and high pres-
sure, it is much more difficult to model the urea synthe-
sis process exactly.  

In this paper, an extended UNIQUAC equation is 
introduced to predict the vapor-liquid equilibrium model 
and the results have agreed well with experimental data. 
An equilibrium-stage model is proposed to simulate the 
unit in urea high-pressure loop (H.P. loop). The sequen-
tial-modular approach may become extremely slow and 
it is difficult to tear the streams and evaluate the initial 
value of streams because of the complex nature of the 
process with a number of recycle streams. In this paper, 
we attempt to simulate the high-pressure loop of the 
urea process with a simultaneous-modular approach. 
The simulation result is compared with the design data. 

Thermodynamic System  

In the urea high-pressure synthesis loop, chemical 
reaction equilibrium and vapor-liquid phase equilibrium 
occur simultaneously. The reactions are as follows. 

 
CO2(l) + 2NH3(l) = H2NCOO- + NH4

+  (I) 
CO2(l) + NH3(l) + H2O(l)= HCO3

- + NH4
+  (II) 

CO2(l) + NH3(l) = H2NCOOH(l)   (III) 
H2NCOO- + NH4

+ = H2NCONH2(l) + H2O(l)  (IV) 
 
Simultaneously, ammonia, carbon dioxide and wa-

ter, in both vapor and liquid, can reach phase equilib-
rium (V),(VI) and (VII). 

 
CO2(l) = CO2(g)  (V) 
NH3(l) = NH3(g)  (VI) 
H2O(l) = H2O(g)  (VII) 
 
The extended UNIQUAC equation is used by Ber-

nadis to estimate the activity coefficients of NH3-CO2-
H2O system. Isla et al. reestimated [1] the parameters 
and made this thermodynamic model yield good agree-
ment with experimental data, especially in the high-
pressure system of the urea synthesis flowsheet. Here, 
we use the extended UNIQUAC equation to calculate 
the activity coefficients of liquid species. The vapor fu-
gacity coefficients are estimated using the method of 
Nakamura. 
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Simulation of Units in  
High Pressure loop 

There are five main units in the H.P. loop, including 
urea reactor, stripper, scrubber, condenser and ejector. 
In order to simulate the whole flowsheet exactly, the 
rigorous models of those units must be proposed and re-
solved with good algorithm and good convergence. Al-
though the equilibrium-stage model can not reflect the 
actual process as exactly as the non-equilibrium-stage 
model which consider the mass and heat transfer influ-
ences, its convenience and maturation of research result 
in it being applied widely in industry, especially when 
the transfer properties not to be obtained easily. In this 
work, equilibrium-stage models are proposed for these 
units separately and the simulation programs are devel-
oped. In general, the model of the equilibrium-stage 
consists of MESHR equations, which can be resolved by 
conventional iteration method, such as the two-tier 
method. Due to the strong non-reality of the thermody-
namic system, good initialization procedures are 
adopted to ensure the convergence of the programs and 
to reduce the CPU time. The results of the calculations 
are found to be in good agreement with the design data.  

Flowsheet Simulation of  
Urea High-Pressure Loop 

Approaches to Process Flowsheeting  

Current system for the computer-aided flowsheeting 
and optimization of chemical processes are based pri-
marily on the sequential-modular approach. However, 
there are serious drawbacks to this approach that are to-
day increasingly being recognized. For instance, when 
applied to complex processes with a number of recycle 
streams; the sequential-modular approach may become 
extremely slow, depending in part on the degree to 
which iteration loops are nested in the computation. 
Two promising alternatives are the equation-based ap-
proach and the simultaneous-modular approach. 

With the equation-based approach, the process unit 
model equations, connection equations, and specifica-
tions are treated as constituting a very large system of 
nonlinear equation to be solved simultaneously. 

Simultaneous-modular approach can be regarded as 
an attempt to combine some of the good features of both 
the sequential-modular approach and the equation-based 
approach. There are two levels of computation, a modu-
lar approach level in which the modules are used, per-

haps together with some connection equations to gener-
ate an approximate Jacobian for the process, and a 
flowsheet in which these equations are solved simulta-
neously with the specification equation. So, this method 
has been regarded to be a very promising alternative for 
process simulation and controlled simulation process. 

Urea synthesis high-pressure loop is a complex 
process with a number of recycle streams, so that the se-
quential-modular approach may became extremely slow. 
Because of the complicated thermodynamic vapor-liquid 
system, using equation-based approach may cause the 
difficulties of initialization of streams and convergence 
of flowsheet simulation. In this paper, we attempt to use 
simultaneous-modular approach to simulate the urea 
high-pressure process loop. 

Process Flowsheet of High Pressure Loop  
with Simultaneous Approach 

Flowsheet Description of High Pressure Loop.  
The flowsheet block diagram of urea synthesis high-
pressure loop is shown in Figure 1.  In Figure 1, 201-D 
denotes urea reactor, 201-C denotes stripper, 202-C de-
notes carbamate condenser, 203-C denotes scrubber, 201-
L means ejector, MIX-1~5 denote pseudo stream mix-
tures. The numbers in the circles mean the stream codes.  

 

Figure 1.  Block Diagram of H.P.loop  
 
Signal Flow Diagram and Its Simplification.  

Based on the Figure 1, with the aim of expressing the 
coefficients of streams between units clearly and simply, 
Figure 1 can be converted to another type, named signal 
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flow diagram, which is shown in figure 2. The numbers 
in the circles denote the streams and Pi (i=1, Ö 2,21) 
denote the coefficients matrixes between the connected 
streams. Rigorous models of units can execute to calcu-
late Pi. Figure 3 shows the simplified signal flow dia-
gram with some simplification rules [3]. 

 

Figure 2.  Signal Flow Diagram of H.P.Loop 
 

Figure 3. Simplified Signal Flow Diagram of 
H.P.Loop 
 

Considering the high-pressure loop as an independ-
ent system, raw materials CO2 and NH3 as well as the 
ammonium carbamate back from recycle loop are the 
inlet streams. On the other hand, all the outlet streams 
out from this loop are urea solution from stripper and 
vent gas from H.P. scrubber. In Figure 3, it is very clear 
to show the corresponding relationships between inlet 
streams and outlet streams. The coefficient matrixes are 
the algorithm result of Pi.  

 
( ) 13568

1 PPPPPDIPA ×××××−= −  

( ) 78
1 PPDIPB ××−= −  

( ) 20129
1 PPPDIPC ×××−= −  

2021 PPPD ×=  
BPPPPE ×××= 181921  

BPPPPF 1742 ××=  
12 PPPG ×=  

 
The matrices D, A, B, C are as follows: 
 

( ) BCAD ×+=  
1819129151668 PPPPPPPPA ×××+×××=  

10141113 PPPPB ×+×=  

1743568 PPPPPPC ×××××=  
 
I is the unit matrix 
 
Then, the linear equation set in flowsheet level can 

be obtained as follows. 
 









=×−×−×−
=×−×−
=×−×−

0
0
0

13121117

13178

17114

SPCSPBSPAS
SPDSPES
SPFSPGS

 

 
Where, S1 , S4, S8, S11, S12, and S17 are the stream 

vectors. 

Discussion of Results  

With this developed program, we simulate the 
H.P.loop of CO2 stripping process. The simulation re-
sults are compared with the design data shown in Table 
1 and they agree well with the design. From Table1, we 
can also find that the convergent temperature and pres-
sure of each stream are close to the design data, which 
indicate that the simulation of each unit effectively 
models the actual industry operation process. 

Conclusion 

In this paper, the simultaneous-modular approach is 
introduced to simulate the urea high-pressure loop. With 
the signal flow diagram, the mathematical modeling of the 
flowsheet level can be simplified to be a set of linear 
equations. These linear equations are resolved by alter-
nately calling the rigorous unit models until the coeffi-
cient matrixes are convergent. This approach can avoid 
resolving very large nonlinear equations and partitioning 
and tearing the recycle streams. The simulation results are 
close to the design data. This work is significant for the 
process design and retrofit of old actual process as well as 
optimization of technology process and unit operations. 
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Table 1. The Comparison between the Results of this Work and the Design Data [4] 
flow rates of main components pressure Temp. stream 

code 
stream con-
nect  

 
H2O NH3 CO2 urea MPa � 

This work. 82.0 1616.4 556.2 0.0 14.3 167 S202 from unit 3 
to   unit 1 Design 84.5 1620.1 540.0 0.0 14.1 167 

Relative error (%) 2.93 0.22 3.0    
This work. 954.28 5359.38 1880.28 1.95 14.3 167 S205 From unit 3 

to   unit 1 Design 951.9 5581.2 1962.5 1.96 14.1 167 

Relative error (%) 0.25 3.97 4.19 0.51   
This work. 35.90 616.02 235.00 .00 13.9 182 S203 From unit 1 

to   unit 4 Design 36.9 682.7 215.9 0.0 13.8 183 

Relative error (%) 2.71 9.76 8.84    
This work. 2389.69 3754.25 876.16 1292.80 13.9 182 S207 From unit 1 

to   unit 2 Design 2283.6 3950.4 1002.5 1286.3 14.1 183 

Relative error (%) 4.64 4.96 12.6 0.51   
This work. 214.74 3260.66 1858.26 .00 13.5 181.6 S201 From unit 2 

to   unit 3 Design 206.2 3435.9 1955.2 0.0 14.1 180 

Relative error (%) 4.14 5.10 4.96    
This work. 2116.62 597.52 297.10 1219.63 13.0  S208 From unit 2 

to L.P.loop Design 2025.9 617.3 308.7 1234.7 14.1 168 

Relative error (%) 4.48 3.2 3.76 1.22   
This work. 821.53 1337.25 578.27 1.95 14.0 165.5 S206 From unit 4 

to   unit 5 Design 830.1 1387.58 547.4 1.96 13.8 165 

Relative error (%) 1.04 3.63 5.64 0.51   
This work. 0.11 1.48  0.08  0.0 14.1 90. S204 From unit 4 

to venting Design 0.0 1.71 0.0 0.0 13.8 100 

Relative error (%)       
Unit code 1 2 3 4 5 
Unit Reactor Stripper Condenser Scrubber Ejector 
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