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ABSTRACT

The equilibrium chemical reactions taken place in a converter reactor of the
KHORASAN Petrochemical Ammonia plant was studied using the minimi-
zation of Gibbs free energy method. In the minimization of the Gibbs free
energy function the Davidon-Fletcher-Powell (DFP) optimization procedure
using the penalty terms in the well-defined objective function was used. It
should be noted that in the DFP procedure along with the corresponding
penalty terms the Hessian matrices for the composition of constituents in
the Converter reactor can be excluded. This, in fact, can be considered as
the main advantage of the DFP optimization procedure. Also the effect of
temperature and pressure on the equilibrium composition of the constitu-
ents was investigated. The results obtained in this work were compared
with the data collected from the converter reactor of the KHORASAN Pet-
rochemical Ammonia plant and experimental data which has been extracted
from handbook. It was concluded that the results obtained from the method
used in this work are in good agreement with the industrial data and experi-
mental data[12]. Notably, the algorithm developed in this work, in spite of its
simplicity, takes the advantage of short computation and convergence time.
 2009 Trade Science Inc. - INDIA

1. INTRODUCTION

Study of chemical and physical phase equilibrium
plays an important role in the chemical process design
such as synthetic gas production from steam reforming
of methane.

Smith[1] classified the algorithm for chemical reac-
tion equilibrium calculation into two main categories,
the stoichometric and non-stoichometric methods.

In the stoichometric methods the independent re-

actions and their stoichometric coefficients are known
and the equilibrium constants are used for the neces-
sary calculations.

In the non-stoichometric methods the Gibbs free
energy function in terms of composition, temperature
and pressure will be minimized. The advantage and
drawbacks of the methods are as follows:
1. While in the stoichometric method the independent

reactions should be totally defined, in the non-
stoichometric method the necessary information is
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the number of components and their formation Gibbs
free energy.

2. The first method is highly sensitive to the values con-
sidered as initial guesses in the phase equilibrium
calculations. This, in fact, makes the phase chemi-
cal equilibrium calculations untraceable and time con-
sumable. But in the second method developing the
new optimization procedure the previous pitfalls
were removed.

3. In the first method it is necessary to have the re-
lated data on the equilibrium constants for the chemi-
cal reaction occurred in the system and it doesn�t
lend itself to standardization so as to allow a gen-
eral program to be written for computer solutions.
White et al.[2-3] calculated the equilibrium concen-

tration in ideal gas phase using the minimization of Gibbs
free energy method. They converted the logarithmic form
for Gibbs free energy of system into a quadratic func-
tion using the Taylor expansion method.

Dluzniewski and Adler[4] developed the algorithm
proposed by White et al. for a heterogeneous mixture
containing three solid, liquid and vapor phases.

Heidemann[5], minimized the Gibbs free energy func-
tion for the mixture of water and hydrocarbons in a
three phase system (liquid-liquid-vapor) using the Steep-
est Descant method. Gautam, and Seider[6] used the
phase stability analysis method in order to improve the
minimization procedure.

Jarungthammachote and Dutta[7] minimized the
Gibbs free energy and it was application to spouted
bed and spout-fluid bed gasifiers. Li et al.[8]  used a
non- stoichometric equilibrium model (minimization of
Gibbs free energy) to predict the producer gas compo-
sition from a circulating fluidized bed coal gasifier. An
equilibrium model for studying the biomass gasification
with steam in a fluidized bed gasifier was presented by
Schuster et al.[9]. They concluded that the accuracy of
an equilibrium model is sufficient for thermodynamic con-
siderations. However, they mentioned that thermody-
namic equilibrium may not be achieved, mainly because
of the relatively low operation temperature. However,
lower temperatures than that may not completely meet
the equilibrium condition. Li et al.[10]  employed the equi-
librium model to predict the producer gas composi-
tions, product heating value and cold gas efficiency for
circulating fluidized bed gasification. The prediction re-

sults showed good agreement with experimental data.
In this work the equilibrium chemical reactions oc-

curred in a Converter reactor of the KHORASAN Pet-
rochemical Ammonia plant was studied using the mini-
mization of Gibbs free energy method. In the minimiza-
tion of the Gibbs free energy function the Davidon-
Fletcher-Powell (DFP) optimization procedure[11] us-
ing the penalty terms in the well-defined objective func-
tion was used. It should be noted that in the DFP pro-
cedure along with the corresponding penalty terms the
Hessian matrices for the composition of constituents in
the reformer reactor can be excluded. This, in fact, can
be considered as the main advantage of the DFP opti-
mization procedure. Also the effect of temperature and
pressure on the equilibrium composition of the constitu-
ents was investigated.

2. Theory

Assuming the total number of moles of entering com-
ponent i(F

in,i
), temperature and pressure the total num-

ber of moles of component i at equilibrium condition,
n(i) should be determined using the following equations:
(dGt)
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The chemical potential of component i is expressed
as:
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The following objective function is used to calcu-
late the unknown variables:

 
 



Nc

1j

Np

1i

ij
0

ij
f

j )f/fln(RTG)j,i(n)n(G (7)

As aforementioned the DFP optimization proce-
dure was used to minimize the objective function. Us-
ing the penalty function principle the objective function
is converted to the following equation as:
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The interaction parameters obtained by DFP. The
iterative procedure of this method can be stated as fol-
lows:

Start with an initial point H
1
 and a nn positive defi-

nite symmetric matrix H
1
. Usually H

1
 is taken as the

identity matrix I. Set iteration number as i=1.
Compute the gradient of the function, f

i
, at the

point H
1
, and set

iii fHS  (9)

Find the optimal step length 
i
* in the direction S

i

and set

i
*
ii1i SXX  (10)

Test the new point X
i+1 

for optimality. If X
i+1

 is op-
timal, terminate the iterative process. Otherwise, go to
step (5).

Update the H matrix as

iii1i NMHH  (11)

where
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i

T
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and

i1ii1ii ff)X(f)X(fQ   (14)

Set the new iteration number l= i+1, and go to step
(2).

Figure 1 shows the path of the optimization studied
in this work by method of the DFP optimization proce-
dure. As seen the convergence obtained rapidly and with
only five iterations. As mentioned before the procedure
used in this work is independent of the initial guess.

3. RESULTS AND DISCUSSION

TABLES 1 to 4 represents the experimental data

32 bar for the converter reactor of the KHORASN
petrochemical Ammonia plant. The data collected at
different days of working hours of the converter reac-
tor. Figures 2 to 5 presents the results obtained for the
equilibrium composition of the products of the converter

Figure 1: The optimization path for reformer reactor us-
ing the DFP optimization procedure

TABLE 2: Experimental data for the converter reactor of the
KHORASN petrochemical Ammonia plant in second day

Tin= 349, Tout= 411 (oC) 
Product(Mol percent) Feed(Mol percent) 

 

15.69 8.29 �CO2 
2.53 11.59 CO 

60.71 57.1 H2 
- - Ar 

0.44 0.47 CH4 
20.63 22.19 N2 

TABLE 3: Experimental data for the converter reactor of the
KHORASN petrochemical Ammonia plant in three day

Tin= 350, Tout= 413 (oC) 
Product(Mol percent)Feed(Mol percent) 

 

15.64 8.47 �CO2

2.54 11.74 CO
60.33 56.74 H2

- - Ar
0.43 0.46 CH4

21.15 22.59 N2

TABLE 1: Experimental data for the converter reactor of the
KHORASN petrochemical ammonia plant in first day

TABLE 4: Experimental data for the converter reactor of the
KHORASN petrochemical ammonia plant in fourth day

Tin= 349, Tout= 412 (oC) 
Product(Mol percent)Feed(Mol Percent) 

 

15.63 8.66 �CO2

2.42 11.67 CO
60.9 57.06 H2

- - Ar
0.43 0.45 CH4

20.62 22.16 N2Tin= 349.5, Tout= 411 (oC) 
Product (Mol percent) Feed(Mol percent) 

 

15.76 9.06 �CO2 
2.49 11.75 CO 

60.34 55.67 H2 
- - Ar 

0.43 0.46 CH4 
20.98 23.06 N2 
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reactor using the method proposed in this work.
As seen good agreement between the calculated

and industrial results were achieved using the method
proposed in this work.

1-3 Thermodynamics system

The water-gas shift reaction (WGRS):
CO + H

2
O  CO

2
+H

2
(15)

Ho= -41.09 Kjmol-1 Go298= -28.6 Kjmol-1

Is a reversible slightly exothermic chemical reac-
tion[12] with an equilibrium constant that decreases with
increasing temperature (Figure 6)

Since the reaction is exothermic and reversible,
WGRS is, for thermodynamic and kinetic reasons, nor-
mally performed in two steps. Industrially, WGSR is
carried out at tow temperature regimes, high tempera-
ture (583-803 K) and low temperature (between 473-
523 K) shift reactions.

2-3 The effects of feed temperature into reactor
on conversion of CO to CO:

As it is seen on figure 6, the reaction of conversion
of CO to CO

2
 in HTS reactor reaches to equilibrium at

5000C. The equilibrium of the reaction will lead to an
increase in the amount of CO exiting from the reactor if
the temperature of the whole reactor rises.

Now, the effects of temperature on converting CO
2

to CO within the temperature range of 310-5300C un-
der constant pressure will be reviewed. Figure 7 shows
that comparing exit content of CO in temperature be-

Figure 2: comparing the result of model with output data
from TABLE 1 T
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Figure3: comparing the result of model with output data
from TABLE 2 T
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Figure 4: comparing the result of model with output data
from TABLE 3 T
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Figure 5: comparing result of model with output data from
TABLE 4 T
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 of model= 409.6580C and T
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tween 310-5300C which has been produced with model
and experimental data.

4. CONCLUSION

The equilibrium chemical reactions taken place in a con-
verter reactor of the Ammonia unit for a specified Pet-
rochemical Complex (PC) was studied using the mini-
mization of Gibbs free energy method. In the minimiza-
tion of the Gibbs free energy function the Davidon-
Fletcher-Powell (DFP) optimization procedure using
the penalty terms in the objective function was used.
The results obtained in this work were compared with
the data collected from the converter reactor of Am-
monia unit in a specified petrochemical complex and
experimental data from handbook. It was concluded
that the results obtained from the method used in this
work are in good agreement with the industrial data.
Notably, the algorithm developed in this work, in spite
of its simplicity, takes the advantage of short computa-
tion and convergence time.
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Figure 6: Schematic graph of water gas shift reaction[12]

Figure 7: Comparing exit content CO in temperatures
between 310-5300C from model with experimental data[12]
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