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In recent years, there have been many efforts to improve the catalytic naphtha reforming, due to the importance
of this process in the industry. In this research, simultaneous production of gasoline and ammonia in the
thermally coupled reactor is studied theoretically. It is considered that the naphtha reforming process as the
endothermic reaction takes place in the shell side of the reactor and ammonia synthesis process as the exo-
thermic reaction takes place in the tube side of the reactor. This configuration leads to an increase in thermal
efficiency and reduces operational costs due to the elimination of interstage heaters for catalytic naphtha re-
forming and reducing of thermal load of condensers for ammonia synthesis unit. In the current research, the
results of this new configuration have been compared with results of the conventional naphtha reactors.
Obtained results of simulation show an acceptable increase in production yield of the aromatics in reformate
compared to the conventional naphtha reforming reactors. On the other hand, the conversion of nitrogen is
reduced compared to the conventional ammonia synthesis process slightly. The effect of parameters such as the
inlet temperature of the endothermic side, the inlet molar flow rate of the exothermic side, number of tubes and
hydrogen to hydrocarbon molar ratio in the naphtha feed on the system performance have been investigated. As
well as, some adjustable parameters have been optimized with genetic algorithm method to determine the best

solution for this suggested system.

1. Introduction

The feed of the naphtha reforming process(naphtha) contains many
hydrocarbons with a low octane number [1]. The task of this unit is to
increase the octane number of the final product(reformate) by reactions
such as dehydrogenation and hydrocracking [2]. Some kinetic models
that explain catalytic reforming have been reported by researchers,
which have different degrees of completeness [3-5]. The simplest
model presented by Smith [6]. He suggested that this process consists of
four main reactions between three pseudo-components containing
paraffins, naphthenes and aromatics.

Many researchers studied the modeling and simulating of the cat-
alytic naphtha reactor. For instance, Padmavathi and Chaudhuri [7]
investigated the modeling of the reactors of an industrial plant. Gyn-
gazova et al. [8] suggested a new approach for mathematical modeling
of a continuous catalytic regenerative (CCR) reforming process. Le et al.
[9] simulated a semi-regenerative naphtha reformer considering deac-
tivation of the catalyst.

In recent years, have been seen many efforts to improve the cata-
lytic reforming performance. The energy saving issue is a priority in this
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process. One of the relevant strategies for energy saving is the thermal
coupling of catalytic reforming with an exothermic process in the re-
cuperative reactors. Iranshahi et al. proposed the mathematical mod-
eling for naphtha reforming that coupled with hydrogenation of ni-
trobenzene to aniline [10]. Due to the high heat released in
nitrobenzene hydrogenation, Meidanshahi et al. [11] suggested that the
hydrodealkylation of toluene should be replaced with this process.
Their study results showed that the replacement of conventional re-
actors with thermally coupled reactors leads to a 21% in the aromatics
production rate. After that, Iranshahi et al. [12] investigated the
thermal coupling of toluene hydrodealkylation and catalytic naphtha
reforming process in the moving reactors (CCR). They applied a com-
plex kinetic model including 32 lumps in their work. The recuperative
reactors have also used in the other processes. Elnashaie et al. [13]
suggested a novel integrated dehydrogenation-hydrogenation mem-
brane catalytic reactor. Moustafa and Elnashaie [14] modeled an in-
tegrated membrane reactor which is composed of dehydrogenation of
ethylbenzene to styrene and hydrogenation of benzene to cyclohexane.
They achieved a high production yield of styrene due to the hydrogen
transfer from dehydrogenation side by the palladium membrane.

Received 30 June 2018; Received in revised form 29 January 2019; Accepted 22 February 2019

Available online 27 February 2019
0255-2701/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/02552701
https://www.elsevier.com/locate/cep
https://doi.org/10.1016/j.cep.2019.02.009
https://doi.org/10.1016/j.cep.2019.02.009
mailto:iranshahi@aut.ac.ir
https://doi.org/10.1016/j.cep.2019.02.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cep.2019.02.009&domain=pdf

M. Shakeri, et al.

Chemical Engineering & Processing: Process Intensification 138 (2019) 15-26

Nomenclature

a; The activity of component i

Ac Cross-section of the reactor (m?)

Cp Specific heat capacity (kJ/(kmole)(K))
dp Particle diameter (m)

D; Inside diameter (m)

Do Outside diameter (m)

E; Activation energy for reaction i (kJ/kmole)
fi Fugacity of component i (atm)
f; Reference fugacity of component i (atm)

The molar flow rate of component i (kmole/h)

h; Heat transfer coefficient in the exothermic side (W/(m?)
(X))

h, Heat transfer coefficient in the endothermic side (W/(m?)
(X))

k Reverse rate constant

kg Forward rate constant (kmole/(h)(kg cat.)(MPa)) for re-
action (1) and (kmole/(h)(kg cat.)(MPa?)) for reaction (2)
and (kmole/(h)(kg cat.)) for reactions (3) and (4)

kg The thermal conductivity of the fluid (W/(m)(K))

kw The thermal conductivity of the reactor wall (W/(m)(K))

K, Equilibrium constant

K. Equilibrium constant (MPa® for reaction (1) and MPa !

for reaction (2))

The molecular weight of component i (kg/kmole)
Average carbon number for naphtha

Partial pressure of component i (kPa)

Total pressure (kPa)

Reaction rate for reaction i (kmole/(h)(kg cat.))
Universal gas constant (kJ/(kmole)(K))

Intrinsic rate of reaction (kmole/(h)(m?))
Specific surface area of catalyst pellet (m?/kg)

T Temperature (K)

u Velocity (m/s)

U Overall heat transfer coefficient (W/(m?)(K))
X Conversion of nitrogen

Y The mole fraction of component i

z Axial coordinate of the reactor (m)

Greek letters

€ The porosity of catalyst bed
Effectiveness factor

u Viscosity (kg/(m)(s))

) The density of gas phase (kg/m>)

o The density of reactor bulk (kg/m>)

@, Fugacity coefficient of component i

Subscripts

end Endothermic side

exo Exothermic side

g Gas phase

i Chemical species

j Sides of the reactor

Abbreviations

FBP Final boiling point (°C)

HC Hydrocarbons

IBP Initial boiling point (°C)

LHSV Liquid hourly space velocity (h™1)

NoOT Number of tubes

TBP True boiling point (°C)

In this study, it is suggested that the ammonia synthesis process be
coupled with the naphtha reforming process. The aim of this novel
proposed configuration is the simultaneous production of two im-
portant chemical compounds including gasoline and ammonia, as well
as reducing energy costs and equipment in both units.

Ammonia is produced based on the nitrogen coming from the air
and hydrogen from natural gas at high pressures and high tempera-
tures. This is derived from Haber-Bosch’s process along with an iron
catalyst as follows [15]:

N, + 3H, < 2NH;

Ammonia applications as fertilizers, explosives, fibers and synthe-
sizing numerous chemical compounds, are widespread in the industry
[15]. Typically, the ammonia synthesis reactor has three adiabatic beds
with interstage condensers. Many researchers have simulated and op-
timized various types of ammonia synthesis reactors [16-20].

Various methods have been proposed for hydrogen production
[21,22]. But storage is the most important problem of hydrogen. Since
the hydrogen produced by the naphtha unit is immediately consumed
in the synthesis of ammonia, there is no storage issue. In this study, it is
assumed that the ammonia synthesis reaction occurs in the tube side of
the reactor, while the naphtha reforming reactions occur in the shell
side of the reactor. The results of this simulation have been compared
with both of the conventional processes. The effect of parameters like
the inlet temperature of the endothermic side, the inlet molar flow rate
of the exothermic side, the number of tubes and hydrogen to hydro-
carbon molar ratio in the naphtha feed on the system performance have
been studied.
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2. Process description
2.1. Industrial catalytic naphtha reforming process

As shown in Fig. 1, the conventional naphtha reforming process is
consisted of three adiabatic reactors with interstage heaters to com-
pensate the temperature drop in each bed. Naphtha is mixed with re-
cycle hydrogen. Then the total stream is passed over the commercial Pt-
Re/Al,O3 catalyst in beds and the paraffins and naphthenes are con-
verted into aromatics. High-octane reformate is the main product and
hydrogen is the by-product. The plant data which applied for the si-
mulation of this process have been presented in Table 1.

2.2. Industrial ammonia synthesis reactor

The reactor of the ammonia synthesis unit is the most important
part of this unit [23]. Fig. 2 shows an ammonia synthesis reactor con-
taining two interstage cooling. Table 2 shows the plant data and the
operational conditions of the industrial ammonia synthesis reactor. The
molar flow rates of components and operating pressure are considered
as those reported by Elnashaie et al. [24].

2.3. Integrated of ammonia synthesis beds and naphtha reforming reactors

Fig. 3 shows the schematic diagram of this new coupled reactors. As
can be seen, it is suggested that three beds of the ammonia synthesis
reactor should be separated. All of the reactors in the industrial naphtha
reforming process have been replaced by the thermally coupled reactors
containing the ammonia synthesis reaction at the tube side and the
naphtha reforming process at the shell side. The heat generated by the
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Fig. 1. Schematic of the conventional naphtha reforming process [11].

ammonia synthesis reaction as the exothermic reaction is a good source
of heat for the naphtha reforming process as the endothermic reaction.
Thus, interstage heaters are eliminated in the naphtha reforming pro-
cess. In order to increase the production rate of ammonia, the streams
of this process are considered to move in the series way. To control the
temperature rise in the tube side, interstage condensers are not re-
moved.

3. Reaction kinetics
3.1. Endothermic side (Catalytic naphtha reforming process)

Smith [6] suggested that the naphtha is composed of three pseudo-
components including paraffins, naphthenes and aromatics and four
reactions which take place between these hydrocarbons. These four
reactions are as follows:

1 Naphthenes(C,H,,) < Aromatics(C,Hy,_¢) + 3H,
AH; = 71 kJ/mole
h= (1%11) (KaPy — PAP}) a
2 Naphthenes (C,H,,) + H, < Paraffins (C,Hyp2)
AH,
n= (ﬂ) (Kez Py Per—Fp)

Ke2

—36.9kJ/mole
(2)

3 Naphthenes (C,Hyy,) + gHZ — Lighter ends(C; — Cs)
AH; = —51.9kJ/mole

kr
= (%13) PN

4 Paraffins (CoHonya) +
AH, = —56.6 kJ/mole

k.
Iy = (%:‘)Pp

3

n—

3 3 H, — Lighter ends(C; — Cs)

G
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The rate constants (k;) and the equilibrium constants (K,) are re-
ported by Rase [25]:

kpy = 9.87 exp (23.21 -3 ilT) (5)
kp, = 9.87exp(35.98 - 1§2T) (6)
kys = kpa = exp (42.97 - 15}) @
K =1.04 X 1073 exp (46.15 - fg‘;s) (€))

Table 1
Specifications of rectors, feed, product and catalyst of the conventional naphtha
reforming for fresh catalyst.

Parameter Numerical value Unit
Naphtha feed stock 30.41 x 10® kg/h
Reformate 24.66 x 10° kg/h
H,/HC mole ratio 4.74 -
LHSV 1.25 h!
Mole percent of hydrogen in recycle 69.5 -
Diameter and length of 1st reactor 1.25, 6.29 m
Diameter and length of 2nd reactor 1.67,7.13 m
Diameter and length of 3rd reactor 1.98, 7.89 m

Distillation fraction of naphtha feed and reformate

TBP Naphtha feed (°C) Reformate (°C)
IBP 106 44
10% 113 73
30% 119 105
50% 125 123
70% 133 136
90% 144 153
FBP 173 181
Typical properties of catalyst

Pt 0.3 wt%
Re 0.3 wt%
d, 1.2 mm

Sa 220 mz/ gr
Pb 300 kg/m*
€ 0.36 -
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Fig. 2. Schematic of the conventional ammonia synthesis reactor.
Table 2

Specifications of reactors and feed of the conventional ammonia synthesis
plant.

Parameter Numerical value Unit
Feed molar flow rate 24.216 x 10* N m®/h
Feed mole fraction
N, 0.2219 -
H, 0.6703 -
CHy4 0.0542 -
Ar 0.0256 -
NH; 0.0276 -
Inlet pressure 226 atm
Number of tubes 100 -
Inlet temperature (K) Volume of catalyst bed (m®)
BED 1 670 4.75
BED 2 755 7.2
BED 3 755 7.8
Ko = 9.87exp(—7.12 + M)
18T )

The activation energies (E) are estimated by [26]:

E, = 36.3kJ/mole
E, = 58.5kJ/mole

E; = 63.8KkJ/mole

3.2. Exothermic side (Ammonia synthesis process)

The Temkin equation is applied to obtain the intrinsic rate of the
exothermic reaction as follows [27]:

a 3 a a2 1-a
2 H 'NH3
Ry =k | kian,| 5| — | =
AN ap,

« is a constant. In this study, o = 0.55 is used. The rate constant of the
reverse reaction, k, is estimated by the Arrhenius relation as follows:

(10)
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ky = 1.7698 X 10" exp (_ w)

RT (1D
K, is the equilibrium constant and is calculated as follows [24]:
logK, = —2.691122 logT-5.519265 X 107°T + 1.848863 x 10~ 7T?
2001.6
+ + 2.6899 12)

In the above equation, T is the temperature in Kelvin. The activity of
components, a;, is obtained as:

_ 4
a; = -0
fi 13)
where f? is reference fugacity and be equal to 1 atm. Thus:
a; = f, =y¢P 14

In the above equation y, is the mole fraction of component i, P is the
total pressure in atmosphere and ¢, is the fugacity coefficient of com-
ponent i. The fugacity coefficients of nitrogen, hydrogen and ammonia
are given in Appendix A.

4. Mathematical modeling

One dimensional mathematical model has been used in this work.
The following assumptions have been exerted in this simulation:

1 The model is homogeneous for the naphtha reforming process in the
endothermic side and is heterogeneous for the ammonia synthesis
process in the exothermic side.

2 The coupled reactors are operating at the steady-state condition.

3 Due to high pressure in the exothermic side, the pressure drop in this
side is assumed to be negligible, while the pressure drop in the
endothermic side should be considered.

4 There is only heat transfer between the tube and reactor shell, thus
there is no heat loss from coupled reactors.

Considering the aforementioned assumptions, the material and heat
balance equations for the shell side of the reactor are as follows:

Ldﬁ,end = pyr;

AC dZ bli,end (15)
Chend d(ForenaTona) _ 7D,

:;—‘:‘l% = _:U(Te)oo - Yénd) + szri.end(_AI{f.i) (16)

The Ergun equation [28] is used for the estimation of the pressure
drop in the shell side of the reactor:

1—¢)? 1-¢)u?
d_P = 150% + 1.75(J
dz ed, ed, a7

Material and heat balance equations for the tube side of the reactors
are as follows:

L dFL,e)oo =R
Ac dz i,exo (18)
Cf evo dForyoxo Towo)  —7D;
p,exo tot,exo Lexo i
= U(Toxo — Tona) + 0 R —AH,
AC dZ AC (exo end) n NH3( r) (19)

In Egs. (17) and (18), is the effectiveness factor that describes the
effect of diffusional resistance inside the catalyst particle.

An empirical correlation to calculate the effectiveness factor for the
ammonia synthesis process has been derived by Dyson and Simon [27]:

n = b0+b1T+bzXNz+b3T2+b4X2N2+b5T3+b6X3N2 (20)

Where Xy, is the nitrogen conversion and b; are the coefficients as a
function of pressure. These coefficients are tabulated in Table 3 [27]. In
Eq. (18), AH,, is the heat of exothermic reaction and has been
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Fig. 3. Schematic of the thermally coupled reactors.

considered in calculations as follows [29]:

4.5973 x 108
T3

AH, = 4184 x (P[0.5426 + S20-609

] — 5.34685T

2.525 x 10~
- % + 1.69167 X 10~ T3 — 9157.09)kJ/kmole NH;

(21)

Where P is the pressure in atmosphere and T is the temperature in
Kelvin. U is the overall heat transfer coefficient in W/m?K. The corre-
lations associated with the calculation of the overall heat transfer
coefficient are given in Appendix B.

The boundary conditions are:

A[ZZOZEJ:FL'?,"T}:TP’I}:PJ'O (22)

The mathematical model consists of ordinary differential equations
and other auxiliary correlations. These equations have been solved in
MATLAB software using the 4™ order Runge-Kutta method.

5. Results and discussions
5.1. Model validation

Table 4 presents the simulation and industrial data for the aromatic
mole fraction and the temperature at the reactor outlet. As it can be
seen, good agreement has been observed between simulated results and
industrial data.

5.2. Results

In this study, simulation results have been shown in the diagrams.
Fig. 4(a,b) shows the molar flow rate of paraffins, naphthenes, aro-
matics and hydrogen in the shell side for the conventional and ther-
mally coupled reactors, respectively. As it can be seen in Fig. 4(a), the

consumption rate of the paraffins is higher in the thermally coupled
reactors than the conventional reactors in the naphtha reforming pro-
cess. Fig. 4(a) also shows the molar flow rate of naphthenes versus the
length of reactors in the endothermic side. Considering the higher
temperature zones in coupled reactors in the naphtha reforming pro-
cess, the consumption rate of naphthenes is high. Higher consumption
rates of paraffins and naphthenes as the main reactants of the naphtha
reforming process lead to the higher production rate of aromatics. This
fact has been shown in Fig. 5. Aromatics is produced only in the first
reaction of the catalytic reforming process. The rate of this reaction has
presented for both conventional and coupled reactors in Fig. 5. It is
clear that the rate of the first reaction in coupled reactors is higher than
the conventional reactors. At the beginning of the first reactor, due to a
sudden decrease in the temperature of the endothermic side (Fig. 8), the
aromatics production rate is also reduced significantly. The production
yield of aromatics in this new configuration is 0.6126, while this value
is 0.5608 for the conventional process. Fig. 4 also shows the hydrogen
molar flow rate profiles for both conventional and thermally coupled
reactors. The molar flow rate of hydrogen at the reactor outlet is ap-
proximately the same for both cases. In comparison with the third re-
actor, the production rate of hydrogen in the first and second reactors is
higher. This means that the dehydrogenation reactions are dominant in
these reactors.

Fig. 6(a,b) represents the hydrogen and ammonia molar flow rate in
the tube side of the thermally coupled reactors, respectively. Heat
transfer from the tube side to the shell sides of the coupled reactors
reduces the temperature of the ammonia synthesis process. Therefore,
the rate of Haber’s reaction is reduced and the ammonia in new reactors
is produced less than the conventional reactors.

The conversion of nitrogen along the reactors has been presented in
Fig. 7. The outlet conversion of nitrogen is 0.2737 for the industrial
plant, which has decreased to 0.2676 for this new configuration. In the
first reactor, the conversion of nitrogen increases faster than the other

Table 3

Coefficients of Eq. (20) for effectiveness factor calculation.
bo by b, b3 x10° by bsx 108 be
—8.2125534 0.03774149 6.190112 —5.354571 —20.86963 2.379142 27.88403
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Table 4
Comparison between prediction model and plant data for fresh catalyst.
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Reactor No. Inlet temperature (K) Inlet pressure (kPa) Catalyst distribution (wt%) Input feedstock (mole%)
1 777 3703 20 Paraffin 49.3
2 777 3537 30 Naphthene 36.0
3 775 3401 50 Aromatic 14.7
No. Outlet temperature (K) Aromatic in reformate (mole%)
Plant CNR TCR Plant CNR TCR
1 722 727.45 777.63 - - -
2 753 750.05 790.85 - - -
3 770 770.26 774.84 57.70 56.08 61.26
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Fig. 4. Component molar flow rate in the naphtha reforming for (a) conventional and (b) coupled reactors.

two reactors for both cases. This means that the forward reaction is
dominant in the Haber’s process at the first reactor.

Fig. 8(a) shows the temperature profiles of the endothermic and
exothermic sides in thermally coupled reactors. In order to justify the
temperature profiles, we can use the trend of heat flux diagrams shown
in Fig. 8(b). At the entrance of the first reactor, the temperature of the
naphtha reforming process is greater than that of the ammonia synth-
esis process. On the other hand, due to the high reactions rate at the
beginning of the naphtha reforming, the heat consumption rate is high
(Fig. 8(b)). Therefore, a severe drop in the endothermic temperature
occurs to reach a minimum temperature (684.8K) of 1.56 m from the
reactor inlet. From this point to the end of the first reactor, the tem-
perature of the exothermic side is higher than the temperature of the
endothermic side, and the heat is transferred from the tube to the shell
side. Fig. 8(b) indicates that the transferred heat from the shell side is
higher than the consumed heat in this side. Thus, the temperature of the

20

endothermic side increases (Fig. 8(a)). As it can be seen in Fig. 8(b), the
consumed heat in the catalytic reforming is approximately equal to the
transferred heat to this process at the end of the third reactor. Conse-
quently, the temperature of the endothermic side must be fixed. This
fact has been shown in Fig. 8(b).

Also, the temperature profile of the exothermic side has been pre-
sented in Fig. 8(a). In all reactors, the temperature profile raises. This
means that the generated heat in the ammonia synthesis reaction is
much greater than the transferred heat from the tube side. The gener-
ated heat in the first reactor is more than the other two reactors.
Consequently, in comparison with the other reactors, the increase in
temperature of the tube side in the first reactor is higher. In this con-
figuration, it is suggested to use interstage coolers to control the tem-
perature of the exhaust streams from the exothermic side.
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Fig. 5. Rate of first reaction in the naphtha reforming process.

5.3. Analysis of effective parameters

Fig. 9 presents the effect of the inlet temperature of the naphtha
feed on the mole fraction of aromatics in the different number of tubes
(NOT). According to this figure, initially by increasing the inlet tem-
perature of the naphtha feed the yield of aromatics is decreased to a
minimum point. For example, for NOT = 100, the minimum mole
fraction of aromatics at reformate is 0.6101. After that, as the tem-
perature increases, the yield of aromatics in reformate increases. The
higher number of tubes leads to the higher production rate of

aromatics. This is based on the fact that by increasing the number of
tubes, the heat transfer from tubes to the shell is increased and there-
fore the mole fraction of aromatics in reformate increases. Also, as it
can be seen in this figure, as the NOT decreases, the minimum yield of
aromatics occurs in higher inlet temperatures of naphtha feed.

The mole fraction of aromatics as the main product of the catalytic
naphtha reforming at different inlet molar flow rates of exothermic side
and hydrogen to hydrocarbon molar ratios(H,/HC) in the endothermic
side has been shown in Fig. 10. As the initial molar flow rate of the
exothermic side increases, the residence time of streams in the tube side
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Coupled reactor
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5000 1 1
0 5 10

15

Length of reactor (m)

2000 T T
1800 |-
1600
1400
1200
1000

800

600

Molar flow rate of ammonia (kmole/h)

400

200 ! !

T T
Coupled reactor
= = =Conventional reactor | =

10

15 20 25

Length of reactor (m)

Fig. 6. Molar flow rate of (a) hydrogen and (b) ammonia in the exothermic side.
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decreases. Consequently, the rate of exothermic reaction and thus the
heat transfer from the tube side decreases. Therefore, the yield of aro-
matics at the end of the reactors decreases. Furthermore, at lower hy-
drogen to hydrocarbon molar ratio, the aromatics molar rate increases.
But on the other hand, the deactivation rate of the catalyst in the
naphtha reforming process is also increasing.

The effect of the inlet temperature of the exothermic side in the first
reactor has been presented in Fig. 11. It is apparent that the higher inlet
temperature in ammonia synthesis reaction leads to the higher rate of
this reaction. Considering to the high rate of the exothermic reaction,
the transferred heat to the naphtha reforming process and thus the mole
fraction of aromatics is increased. As it can be seen in this figure, at the
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inlet temperature of 690 K for the exothermic side, the aromatics mole
fraction can be as high as 0.9; while this value is 0.5608 for the con-
ventional naphtha reforming process.

In this work, the effect of parameters such as the inlet temperature
of naphtha feed, the number of tubes, the inlet molar flow rate of the
exothermic side and hydrogen to hydrocarbon molar ratio on nitrogen
conversion has also been studied in Tables 5 and 6. In the Haber’s
process, the released heat is much greater than the removed one. For
this reason, the effect of combining this process with an endothermic

reaction on the production yield of ammonia is very negligible. The
conversion of nitrogen at different inlet temperatures of the en-
dothermic side has been tabulated in Table 5 for two number of tubes of
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Fig. 9. Mole fraction of aromatics

Mole fraction of aromatics in reformate

Mole fraction of aromatics in reformate

0.64

Chemical Engineering & Processing: Process Intensification 138 (2019) 15-26

0.62 |-

0.61 |-

0.6 -

NOT =100

= = NOT=50

0.57
680

760 780 800

Inlet temperature of endothermic side (K)

in reformate at different inlet temperatures of naphtha feed and different NOT.

0.8 T T T T T T T
———H,/HC =3.74
- — H,/HC=4.74
0.75 . HZ/HC =5.74| 4

0.55
0.8

1.2

1.4

1.6

1.8

2 2.2 2.4 2.6

Inlet molar flow rate of exothermic side (N m>/h) x10°

Fig. 10. Mole fraction of aromatics in reformate at different inlet molar flow rates of exothermic side and different Ho/HC.

Mole fraction of aromatics in reformate

0.95

1.2
Inlet molar flow rate of exothermic side (N m3/h) %10

1.4

1.6

1.8

2 2.2 24 2.6

Fig. 11. Mole fraction of aromatics in reformate at different molar flow rates of exothermic side and different inlet temperatures of ammonia feed.

Table 5

Final conversion of nitrogen at different inlet temperatures of naphtha feed and

different number of tubes.

Table 6

Final conversion of nitrogen at different inlet molar flow rates of exothermic
side and different hydrogen to hydrocarbon molar ratios.

Number of tubes Inlet temperature of naphtha feed (K) H,/HC Inlet molar flow rate of exothermic side x 10~ (N m®/h)

795 777 735 700 242.16 120 100 80
100 0.2662 0.2676 0.2688 0.2679 4.74 0.2676 0.2691 0.2692 0.2694
50 0.2660 0.2671 0.2677 0.2669 3.74 0.2690 0.2692 0.2693 0.2698
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Table 7

Results of optimization by genetic algorithm.

10

15 20

Length of reactor (m)

25

Parameter Unit Min. value Max. value Optimum value
Temperature of ammonia feed, Ty K 620 690 667.74
Temperature of naphtha feed, T3 K 700 800 787.25

Inlet molar flow rate of ammonia feed, F} N m®h 1.0 x 10° 3.0 x 10° 1.5502 x 10°
Molar flow rate of recycle stream in the endothermic side, R kmole/h 1400 2400 1586.9
Number of tubes in each reactor, NOT - 1 200 103

Parameter Non-optimized value Optimized value

Aromatics yield, Yieldgromatics 0.0666 0.0782

Nitrogen conversion, Xhitrogen 0.2676 0.2703
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100 and 50. Although the effect of the temperature of naphtha feed on
the production yield of ammonia is negligible, the maximum conver-
sion of nitrogen is achieved at a specific temperature for any number of
tubes. Table 6 represents the values of nitrogen conversion at the tube
side for different initial molar flow rates of this side and H,/HC in the
naphtha reforming side. As the molar flow rate of the tube side de-
creases, the residence time of reactants in the Haber’s process increases
and thus, the nitrogen conversion increases. However, the slop of in-
crease is very slow. For instance, at H,/HC of 4.74, the conversion of
nitrogen varies from 0.2676 to 0.2694, which its tolerance is about
0.002. As it can be seen in Table 6, by increasing the H,/HC in the
naphtha reforming, the conversion of nitrogen slightly raises.

The effect of the tube side pressure on the nitrogen conversion is
sensible. Fig. 12 is evidence of this claim. By decreasing the total
pressure of the exothermic side, the Haber’s reaction has progressed to
the production of nitrogen and its conversion is reduced.

In this new configuration, the effect of elimination of the second
condenser has been investigated in Fig. 13(a,b). Fig. 13(a) demonstrates
that the mole fraction of aromatics along the reactors before removing
the second condenser and after it has been removed. Removing the
second condenser leads to a reduction in the operating costs of the
process, as well as an increase in the mole fraction of aromatics in re-
formate from 0.6126 to 0.7388; while the nitrogen conversion de-
creases from 0.2676 to 0.2361. This fact has been shown in Fig. 13(b).

6. Process optimization

In this study, the single objective optimization method has been
applied to obtain the optimal values of some important parameters for
the proposed configuration. Genetic algorithms are simple and flexible
and have been used in many engineering problems [30-36]. In order to

25

optimize a problem by genetic algorithms, it is not necessary to cal-
culate the gradients of the objective functions; howbeit these algo-
rithms converge more slowly than the other optimization methods [37].

The objective function of this optimization is the summation of
aromatics production yield in the reforming side and the nitrogen
conversion in the ammonia side of thermally coupled reactors. The
equation of objective function is as follow:

OF = Yiddammatics + Xnitrogen (23)

The aromatics production yield is calculated by following formula:

Fou[

. _ aromatics
Ylddaromatics =

F}"resh naphtha feed (24)

The population size of 20 has been used with crossover fraction of
0.8 and mutation probability of 0.05, and generation of 1000. The
decision variables of this optimization solution are the temperatures of
naphtha and ammonia feeds, the inlet molar flow rate of ammonia feed,
the recycle stream of naphtha feed and the number of tubes of each
thermally coupled reactor. The constraints for this optimization are as
follows:

T < 830K (25)
T < 830K (26)
4 <H,/HC <6 27)

Table 7 presents the range of above decision variables and their
optimal values. The influence of optimization by means of the genetic
algorithm on the performance of the proposed system has been de-
monstrated in Fig. 14(a,b). The aromatics molar flow rate for both
optimized and non-optimized thermally coupled reactors has been
presented in Fig. 14(a). The production rate of aromatics in the
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optimized thermally coupled reactors is increased by about 1% relative
to the non-optimized thermally coupled reactors. As well as, the effect
of optimization on the behavior of ammonia synthesis process has been
demonstrated in Fig. 14(b). The nitrogen conversion and thus, the
production of ammonia is slightly improved by means of the process
optimization.

7. Conclusion

In this work, it was suggested that instead of interstage heaters in
the catalytic naphtha reforming process, the exothermic synthesis am-
monia reaction could be used as a heat source for this process.
Therefore, it was considered that shell and tube reactors with multiple
tubes were used in the simultaneous production of gasoline and am-
monia. The production rate of aromatics as the main product of the
catalytic reforming increases. The production yield of the aromatics in
this configuration is 0.6126; while this value is 0.5608 for conventional
reactors. Due to the heat removal from the tube side, the nitrogen
conversion reduces about 0.006, which is not very tangible.

The effect of different design parameters on the system performance
was studied. With the increase in the number of tubes in the heat ex-
changer reactors, the heat transferred to the naphtha reforming process
increases, and thus the amount of aromatics production increases. Also,
as the inlet molar flow rate of the exothermic side decreases, the pro-
duction rate of aromatics increases. The results revealed that except
pressure, the effect of other parameters on the nitrogen conversion is
negligible. With the decrease in the inlet pressure of the tube side, the
conversion of nitrogen decreases. Finally, the five design parameters of
the system have been optimized by means of genetic algorithm proce-
dure. The yield of aromatics and conversion of nitrogen improve by
about 17.5% and 1.0% by means of optimization, respectively.

Appendix A and B. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cep.2019.02.009.
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