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The optimization of the ammonia synthesis plant to increase the
production of ammonia is studied in this line of research. In this paper,
the steady-state ammonia synthesis is simulated using the Aspen
HysysV.11 software. By comparing the simulation results with the
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variables were selected from among 11 independent variables by the
Plackett-Burman method. The effects of the Hydrogen flow in the feed
stream, Recycle stream pressure, Feed stream temperature, and input
temperature of the third reactor were investigated, and the response
surface design method of the central composite design was performed to

plant optimize. It is obtained that the Hydrogen flow in the feed stream
kmol

P
temperature of the excess stream inlet in the first reactor is equal to 663

is equal to 6255 the feed stream pressure is equal to 205 bar, the

K, and the temperature of the stream inlet of the second reactor is 677.5

K which increased the ammonia production by 7.5 %.
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1. Introduction

Ammonia is one of the most important
petrochemical products, which is the most
widely used chemical in the chemical industry
after sulfuric acid and is used for the
production of nitrogen fertilizers. In 1909,
Fischer Haber first executed a laboratory-scale

ammonia production project. In 1912, Haber
and Bush introduced the commercial process
of producing ammonia through syngas. The
first commercial ammonia production unit
started its activity with a daily capacity of 30
tons in 1913 in Germany under the license of
BASF, and in 1916 its capacity increased to
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250 tons per day. In 1945 there were about 125
factories with a total capacity of 4.5 million
tons. The emergence of ammonia units based
on methane steam reforming, which was
founded by Kellogg Company, was an
important development in the ammonia
industry. This technology has reduced
production costs and increased the ammonia
production capacity [1]. In recent years, the
ammonia production has reached 146 million
tons per year in the world, of which China has
the largest share [2].

Babu and Angira [3], simulated and
optimized an auto-thermal ammonia synthesis
reactor. Estimating the length of the optimal
reactor, for various high temperatures and
under the constraints caused by the energy and
mass balance of the reaction feed gas
temperature, and the nitrogen mass flow rate
for the ammonia production, is the key
objective of the optimal design of an auto-
thermal ammonia synthesis reactor. There are
countless combinations that may be made with
the feed gas temperature, nitrogen mass flow
rate, reacting gas temperature, and reactor
length. The contradictory results, using the
gear package of the old NAG subroutine
(DO2EBF), which is now replaced with
DO02EJF, in combination with simple GA, that
have been reported in earlier literatures, are
verified using the NAG subroutine (DO2EJF)
in MATLAB (with analytical Jacobian) for the
simulation in combination with the Quasi-
Newton (QN) method for the optimization
purpose. Additionally, the new NAG
subroutine contrasts with the features of
multimodal objective function identified in the
earlier studies with a unimodal one. It was
discovered that even at the high peak
temperature of 800 K, the new routine
(DO2EJF) did not exhibit any spikes, reverse
reaction effects, or the equation instability.

4

Farivar and Ale Ebrahim [4], developed one-
dimensional heterogeneous model for an
intercooled horizontal ammonia synthesis
(HASR) of the
petrochemical plant. In order to replicate the

reactor Khorasan
HASR with two quench streams, the model is
further expanded. To produce concentration,
temperature, and pressure profiles along the
reactor beds, the fourth-order Runge-Kutta
method has been used to simultaneously solve
the mass balance, energy balance, and pressure
drop equations in MATLAB. Two-point
boundary value differential equations have
been solved using a modified shooting method
for the purpose of calculating the effectiveness
factor. When the simulation findings and plant
data are compared, a good level of agreement
is found. A new setup for HASR is suggested
in the paragraphs that follow. Intercooled and
two quench flow HASRs are combined in the
suggested design. Therefore, it has a better
nitrogen conversion and, as a result, a higher
rate of the ammonia production as compared to
the standard HASR with two quench flows and
intercooled HASR. The simulation results
contrasted with those from the conventional
HASRSs and showed how the suggested reactor
performs better.

Azarhoosh et al. [5] presented two scenarios
for the simulation and optimization of a
horizontal ammonia synthesis reactor: the first
involves an intercooled reactor, and the second
involves a reactor with two quench flows. For
the catalyst pellets that were employed in the
simulations, the one-dimensional
heterogeneous mathematical model consisted
of two point boundary value differential
equations. The impact of variables, including
the operating pressure, total feed flow rate, and
intake  temperature, on the ammonia
production then investigated. Finally, a genetic
algorithm is used to select the best solutions for
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the highest mass flow rate of the production of
ammonia. The results of the optimization show
that the maximum ammonia mass fluxes of
52433 kghr™! and 73979 kghr™! were
produced in the two cases, in which the inlet
temperature, feed flow rate, and operating
pressure were524 °C, 217005 kg.hr~1 and 167
atm for the first case and 437 °C, 354986
kg.hr~! and 237 atm for the second one.
Tripodi et al. [6], carried out a modelled
ammonia synthesis over different iron- and
ruthenium-based catalysts with appropriate
rate models, used for the simulation of the
process under different configurations and
conditions. Simulated kinetic models have
been validated using experimental data. The
design of a scaled-up reactor began with a
once-through configuration. We carried out a
sensitivity study on this model reactor to
improve the reaction conditions. Then, by
sizing an ammonia separation unit and
optimizing the recycling loop, we were able to
contrast several design options. Then, in order
to maximize the ammonia production, a
multibed catalytic reactor with intercooling
was built, using either the same catalyst or
different types of catalysts. In particular, Fe-
based catalysts were followed by the Ru/C one,
to push the ammonia productivity towards the
equilibrium value. The aim of the initiative is
to design an ammonia synthesis loop that
combines various catalysts to maximize
productivity and reduce installation and
operating costs.
and Aliabadinia
heterogeneous

Shamiri [7] used a

model to improve three
adiabatic catalyst beds in an industrial
ammonia synthesis reactor. The diffusion-
reaction equation was taken into account when
calculating the effectiveness factor in this
model. Regarding the component mole

fraction and temperature of the reactor, there

was a respectable level of agreement between
simulation findings and industrial data. This
mathematical model was modified to improve
the performance of the ammonia converter and
predict the effectiveness factors, fractional
nitrogen  conversion, temperature, and
hydrogen and ammonia mole fraction profiles.
By altering the operational parameters of the
reactor and observing their impacts on the
reactor output, the competency of the updated
model has been studied for the industrial use.
The results showed the reliability of the
produced model. On the basis of the
equilibrium curve for the ammonia synthesis
reaction, the model is used to determine the
ideal temperature profiles for each catalyst bed
in the reactor. By adjusting the reactor quench
valves, the operating conditions of the reactor
were altered to provide the optimal
temperature profile in accordance with the
results of the model. After implementing
changes in the reactor, the reactor performance
and its efficiency have improved by increasing
the ammonia conversion from 15.26 % to
15.45 %, which increases the ammonia
production by 3t/d, and the energy saving by
1.66 Gj/h. The differential temperature of the
first catalyst bed increased dramatically by
6 °C, and the overall differential temperature
through the ammonia converter increased by
around 4 °C. This increases the steam
production by 2t/h through the loop boiler.
Mirvakili et al. [8] have investigated a three-
bed ammonia reactor with the radial-axial flow
and two heat exchangers in the center. This
reactor differs from the previous generation in
terms of the fluid regime type which had a two-
dimensional axial-radial flow and intercooler.
The fluid flow, concentration, and temperature
profiles through the reactor can be predicted
mathematical

using two-dimensional

modeling. The Navier-Stokes, mass, and heat

5
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partial differential equations are solved
simultaneously via orthogonal collocation on
the finite element. When the results were
compared to industrial data, a good agreement
was found.

Matos et al. [9] proposed a reactor for the
synthesis of the ammonia optimization model.
Nitrogen and hydrogen are the reactants in the
reversible exothermic reaction, which is
occurring at high temperatures and pressures
with an iron catalyst. The maximizing of the
economic return and the maximization of
nitrogen conversion were two different single-
objective optimization issues that were taken
into consideration. The partial pressures of the
components were used to define the reaction
rate of the model. The problem was coded and
solved in MATLAB using a derivative-free
method after reformulating a constrained
optimization problem into an unconstrained
one, by penalizing the infeasibilities of the
constraints in the objective functions (barrier
function). The evaluation of the maximal
ammonia production, the temperature profile,
and the combination of direct-search methods
in solving the optimization problem are the
primary contributions of this research.

Farsi et al. [10], investigated ammonia
synthesis reactors, methanation reactors, low
and high temperature shift converters, steam
and autothermal reforming reactors, and
hydrogen purification section.. Based on the
mass and energy balance equations and taking
into account the heat and mass transfer
resistances in the gas and catalyst phases, the
catalytic  reactors are
modeled. The
additionally simulated using an equilibrium

heterogeneously
absorption  column is
model. The accuracy of the proposed
framework is then assessed using plant data.
The results show that the internal mass transfer

resistance in the commercial catalyst limits the

6

syngas production in the reforming section.
The second phase involves formulating an
optimization problem to increase the ammonia
production while taking operating and safety
constraints into account. The formulated
optimization problem is handled by employing
the genetic algorithm. The results show that
more syngas production in the optimized
hydrogen unit is one of the main reasons for
more ammonia synthesis in the considered
plant. Applying optimal conditions to the
process increases the ammonia production
from 1890 to 2179 mol/s.

Burrows and Bollas [11] modelled a cutting-
edge, massive ammonia production system in
Aspen Plus that was transformed into a flow-
driven model in Aspen Dynamics to serve as a
guide. Using consistent length to diameter
ratios for the reactors, the reference model was
then scaled down to 10 % of its original
capacity. Both models were then subjected to
disturbances in the temperature, flow rate, and
natural gas input of the reactors. In the small-
scale model, a 5 % pulse in the natural gas flow
rate is shown to cause 100 °C swings in reactor
temperature and 550 kmol/h swings in reactor
flow rate, while the reference model remains
stable. The need for decoupled ammonia
synthesis  pathways that enable the
independent control of the extent of reactions
and, consequently, their heat generation or
consumption, is discussed in our conclusion.
Nikzad et al. [12] used computational fluid
dynamics to simulate the two-dimensional
ammonia tubular and three configurations of
spherical radial flow reactors. To support the
accuracy of the indicated model, the tubular
reactor findings are validated wusing
experimental data under the same conditions.
The ability to use a higher flow rate and
reduced pressure drop compared to the tubular

configuration is one of the advantages of the
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proposed topologies. The three proposed
configurations include spherical reactors with
four feed inputs (Config. 4F), six feed inputs
(Config 6F), and eight feed inputs (Config.
8F). The simulation results also show that the
nitrogen conversion rates in the recommended
configurations have improved by 20.96 %,
20.28 %, and 19.66 %, respectively. The
spherical radial flow reactor with four feed
inlets has the best performance among the
provided configurations. Furthermore, the
effect of process parameters, including the
flow scale-up ratio and outlet temperature of
intermediate coolers, on the conversion of
nitrogen has been investigated.

The amount of the energy consumption in the
ammonia production unit is very high, so that
to produce one ton of ammonia, 50-53 Gj
energy is required [13].

Panjeshahi et al. [ 14] simulated the ammonia
synthesis unit and optimized the unit energy.
Providing correction plans in the unit is
leading to storage of 6076 kW energy in the
unit.

Sunny et al. [15] simulated the synthesis part
of the ammonia production process, of which
the feed was changed from naphtha to the
R-LNG fuel that is cleaner and cheaper, and
slightly reduces the energy consumption.

Sahafzadeh et al. [16] integrated a gas
turbine with the process of the ammonia
production to generate electricity and reduce
the exergy loss associated with the synthesis
unit, reduced the amount of exergy loss of the
heat exchange process significantly from
9027.43 kW to 3433.14 kW.

Florez-Orrego and de Oliveira Junior [17]
presented an exergy modeling and optimized
an industrial ammonia unit based on the steam
methane reforming (SMR) process. The base-
case unit produces about 1000 t NHs/day.
Some critical parameters of the operation are

analyzed, and the base-case and optimal
operating conditions of the major components
are compared. Since the ammonia synthesis
process is highly exothermic, higher per-pass
conversions in industrial adiabatic reactors are
often achieved using various sequential
catalyst beds, where a near-optimum profile of
the reaction rate vs. temperature can be
attained by regulating the inlet temperature of
each bed. This is performed via internal heat
recovery, either by preheating the reactor feed
gas or by using waste heat boilers, which
results in an increase of the steam production
and a smaller fuel consumption. But, although
such near-optimum operation conditions may
lead to higher reaction rates and, thus, lower
the volume of catalysts that to be required, it is
found that the optimal design of the ammonia
loop is instead determined by the performance
of each component and their
Moreover, since the

(exergy
destruction minimization) is susceptible to

interdependencies.
proposed  objective  function
specific process variables, the convergence of
the solution algorithm is sometimes hindered.
The exergy destruction breakdown shows that
the ammonia converter and the refrigeration
system are together responsible for more than
71-82 % of the total exergy destruction in the
ammonia loop, which in turn varies between
25.6 and 38.8 MW for optimal and base-case
operation conditions respectively.

Chen et al. [18] proposed a design for the
first time for an entire ammonia synthesis
system consisting of a heat recovery reactor to
heat supercritical steam and a preconditioning
system to preheat the feed gas at a sufficiently
(wall)

material cost of the system may be relatively

high temperature. The structural

high due to the use of a high-temperature
creep-resistant material. Thus, the focus of this
study is on minimizing the volume of the wall

7
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material. A parametric analysis has been
performed to investigate the effects of the
diameter, mass flow rate, and inlet temperature
on the reactor wall volume for each component
of the system The results show that a smaller
tube diameter is preferred because it enhances
the heat transfer and thereby reduces the
reactor size. The results also show the
necessity of optimizing the entire system
simultaneously because of the interactions
different
optimization algorithm is used to design the

between components. An
whole synthesis system with the minimum
volume of the wall material per the power
delivered to the steam. The results show that
preconditioning the system plays a vital role in
the required volume of the wall. A modular
system design, which subdivides the heat
recovery reactor into different sections, is also
proposed to tailor the plan to local conditions.
The modular design is shown to reduce the
volume of the wall material.

Chen et al. [19] proposed an autothermal
heat recovery reactor (AHRR), which can not
only heat the working fluid but preheat the feed
gas simultaneously with the ammonia
synthesis. A model is proposed to simulate the
heating of the working fluid, e.g., CO2, and the
feed gas in an AHRR. Based on the model
results, the AHRR not only requires a less
volume of catalysts but has the potential to
cause lower heat losses than the previous
system. The research shows the model is the
most sensitive one to the activation energy of
the catalyst Ea. A parametric study has been
performed to investigate the effects of
diameters, mass flow rates, and inlet gas
temperature for reaction on the volume of the
reactor wall of the AHRR. The results show
that smaller diameters of the centeral tube and
outer annulus are preferred for reducing the
reactor size due to the enhanced heat transfer

for the secondary flows. But the thiner catalyst
bed is not selected because of the more
significant pressure drop. Increasing the CO2
mass flow rate also reduces the reactor size by
Although
increasing the inlet gas temperature for the

enhancing the heat transfer.
reaction decreases the reactor size as well as
the required pumping power, there is a trade-
off between reducing the reactor size and
increasing the size of the heat exchanger for
preheating the feed gas. The study provides a
baseline for the further optimization, including
the economic analysis.

Ishaq and Dincer [20] proposed a new
configuration for synthesizing pure ammonia
using clean hydrogen produced by renewables.
The proposed system mainly consists of a
proton exchange membrane -electrolyzer,
pressure swing adsorption unit, compressor,
ammonia synthesis reactors, and condenser.
The designed configuration uses a cascaded
approach for the ammonia synthesis by
employing two reactors in series to achieve
high conversion ratios and reduce the recycle
loops. The proposed system is simulated using
the industrial software of Aspen Plus V11 and
Aspen adsorption V11 and the obtained results
are discussed in detail. The designed system is
different
conditions. In the Aspen Plus simulation, both

investigated  under operating
stoichiometric and Gibbs reactors are installed
alternatively to investigate the ammonia
synthesis process in depths and to establish the
effect of temperature and pressure on the
ammonia  production  capacities.  The
maximum exergy destruction rate of 65.43 kW
is delivered by the primary ammonia synthesis
reactor.

In this study, first the ammonia synthesis unit
was simulated in the AspenHysys. VI1
software, then with the help of the design of

the experiments method, which has received a
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lot of attention in recent years [21-26], a
statistical relationship between independent
variables and the amount of the ammonia
production was obtained. Finally, the optimal
values of the independent variables to produce
the maximum amount of ammonia were finally
obtained under optimum conditions.

2. Methodology

2.1. Simulation

We, in here, consider the ammonia synthesis
process as given in Figure 1, which is a
simplified version of an actual industrial plant.
Hydrogen and nitrogen are fed to the process
at the molar ratio of 3:1, along with a small
concentration of inerts (methane and argon). In
the synthesis reactor, the following exothermic
equilibrium reaction 1 takes place [27]:

N, + 3H,  2NH; (1)

The catalysts used commercially are Fe
based, formerly obtained from magnetite oxide
(Fe304) [28-31] and later from wustite (Fe1-xO)
[32] or Fe-Co [33]. Different Ru/C based
materials are exploited in the Kellogg
advanced ammonia process (KAAP) [34-42].
For the equilibrium of ammonia synthesis
reaction, obtained the coefficients of Equation

MEX-102
10
BED1
u 11

MI-102

" 4-—|Jz
BED2 [@ s =

MIX-101 T 7

27(FEED)

BED3 2

H-001

16 & Q@ _H-501
Ly

tis

H-E01 17 | H-502

9
A4 q—w
I%‘ 15 K-401

gl
K-
1

1 Q H553

’ _’1 K-402 RCY-1
Q_K-anz Chq
-
-

(2) which show the equilibrium constant of the
reaction [43].

4682
LnK = 8.790 + T 3.218InT
+1.288 X 1073T

2)

where T is the temperature in K. The
simplified reactor model is shown in Figure 1.
It consists of three adiabatic catalytic reactors
(beds) in sequence, with the preheating of the
feed with the reactor effluent between stages,
and the interstage cooling. The direct mixing
of the cold reactor feed with the appropriate
input flow with each bed provides the
interstage cooling. Three heat exchangers, of
which the first (H-501) uses the hot reactor
gases to produce low pressure steam, are used
to quench the reactor effluent.. The third heat
(H-583)
condensation stage in the separator while the

exchanger cools the ammonia
second heat exchanger (H-502) pre-heats the
reactor feed (V-502). About 97 % (w/w) of the
ammonia product (the end product) exits the
process as a liquid stream through the
separator bottom. To prevent the buildup of
inerts (methane and argon) in the system, a
small flow is purged from the separator, and
any leftover exhaust gas flow from the

separator is recycled to the unit [27].
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Figure 1. Ammonia synthesis flowsheet.
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2.2. Design of experiments
The
experiment or a series of experiments that

design of experiments includes an
consciously make changes in process input
variables to observe and identify the extent of
changes in the process output response. In this
research, the central composite design (CCD)
method has been used on five levels. The
advantage of this method over other methods
is that it is an economical method and does not
require much data for modeling. To express a

k
Z BijXiX;

k k

y = Bo +ZBiXi+ZBiiXiZ +

i=1 i=1 1<isj

In Eq (3), B is the matrix of coefficients, € is

the error value, x is the independent variable, y

is the dependent variable, and 1, j and k are the
numerators of the independent variables.

3. Results and discussion
3.1. Simulation

Table 1

mathematical relationship between dependent
and independent variables, data must first be
collected wusing experiments or precise
simulations, and then the regression analysis is
used to examine the relationship between the
response variable and the factors affecting the
response. To analyze the regression and
determine the regression model and estimate
the model parameters, the least squares
method, according to Equation (3), can be used

[44]:

)

The 1S

simulated using Aspen Hysys V.11 software.

steady-state ammonia synthesis
The SRK equation is used to calculate the
[45]. The

results in Table (1) have been compared and

physical properties simulation

validated with industrial data.

Validation of the liquid streaming the separator bottom.

Parameters Design Simulation Deviation (%)
T (°C) 40.4 40.8 1
P (bar) 195.3 195.0 0.14
kmol 21.26 19.28 9.3
N (——)
kmol 57.71 42.32 27
H; ( h )
kmol 4041.66 3997.54 1.1
NH; (——)

3.2. Design of experiments
In order to enable and justify flexible
regulatory paths for manufacturing and

innovations, multivariate mathematical
approaches like the statistical design of
experiments, response surface methodologies,
process simulations, and pattern recognition
tools are used. Researcher can find the
of a large-scale

important components

10

simulation with a relatively short number of
runs by using screening designs that are
commonly utilized in the early stages of
researches and developments. In order to
create a model with an emphasis on finding the
active main effects and the interaction between
factors, researchers must first screen the inputs
in an experimental design of the least

resolution. The Plackett-Burman method
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enables the simultaneous consideration of
many parameters. The number of model
scenarios needed to do the analysis is roughly
twice as many as the number of parameters
[46-53]. In this paper, four effective variables
were selected from 11 independent variables
by the Plackett-Burman method. In this study,
the Plackett-Burman method was performed
once in the presence of factor A (the Hydrogen
flow in the feed stream) and once without
considering factor A (the Hydrogen flow in the
feed stream), of which the results are given in

Table (2). One of the common methods for

Table 2
Result of the Plackett-Burman method.

designing experiments is the central composite
method (CCD). This method is performed in 5
levels +a, +1, 0, -1 and -a, which are designed
for +1 and -1 points on the surfaces, 0 central
points and +a and -a axial points respectively
[54]. In this work, the Design-Expert V.10
software has been used to design experiments.
Table (3) shows the levels selected for the
independent variables in the CCD method.
Table (4) also
performed and the resulted amount of the

shows the experiments

ammonia production for each test.

Factor

Contribution with A (%)

Contribution without A (%)

Hydrogen flow in the feed stream (A)
Feed stream pressure (B)
Recycle stream pressure (C)
Feed stream temperature (D)
Temperature of excess stream inlet the
first reactor (E)

Pressure of stream inlet the first
reactor(F)

Pressure of stream inlet the second
reactor(QG)

Pressure of stream inlet the third
reactor(H)

Temperature of stream inlet the second
reactor(J)

Temperature of stream inlet the third
reactor(K)

Waste stream to recycle stream ratio(L)

76.69 0
6.84 18.632
1.61 3.012
1.36 7.932
0.36 14.942
1.99 5.782
0.67 0.632
2.73 0.912
4.42 35.062
0.21 12.702
3.13 0.38571

Table 3

Levels and experiments ranges of a factor or independent variable.

Range and levels

Factor
—a -1 0 1 +a
A 6120 6165 6210 6255 6300
B 190 195 200 205 210
E 612 629 646 663 680
J 670 677.5 685 692.5 700

11
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Table 4
The natural values and outcomes of the experiments design matrix.

Run A (kmh"l) B (bar) E (K) J (K) Y (kmh"l)

1 6255 205 629 692.5 10881.3
2 6210 200 646 685 10761.8
3 6210 210 646 685 10948.7
4 6210 200 680 685 10929.9
5 6255 205 663 692.5 11045.5
6 6210 200 646 685 10761.8
7 6165 195 629 677.5 10607.9
8 6210 200 646 685 10761.8
9 6210 200 646 685 10761.8
10 6255 195 663 692.5 10818.2
11 6210 200 646 685 10761.8
12 6165 195 629 692.5 10433.6
13 6165 195 663 692.5 10587.8
14 6210 200 646 685 10761.8
15 6300 200 646 685 11357.4
16 6210 200 646 670 10941.1
17 6255 195 663 677.5 10998.6
18 6165 205 663 692.5 10609.4
19 6165 205 663 677.5 10788
20 6255 195 629 692.5 10646.8
21 6210 200 612 685 10468.1
22 6165 205 629 677.5 10749.5
23 6255 205 629 677.5 11058.5
24 6165 205 629 692.5 10572.9
25 6255 195 629 677.5 10822.7
26 6120 200 646 685 10537.7
27 6210 190 646 685 10738.4
28 6165 195 663 677.5 10766.1
29 6255 205 663 677.5 11227.2
30 6210 200 646 700 10699

3.3. Analysis of variance
Equation (6) show the production of ammonia:

Y = +1.07570 x 10° — 289.02996A — 1121.49550B — 2.29275E — 191.27611] + 0.16721AB +
0.023923AE — 1.39630 x 1073AJ] — 0.18512BE — 8.33333 x 1073BJ — 7.31373 X 1073E] + (6)
0.019711A%0.55593B2 — 0.076901E? + 0.14288]J>

In Equations (6), A is the Hydrogen flow in excess stream inlet in the first reactor (K), J is

the feed stream (M) B is the feed stream the temperature of the stream inlet in the
h 2

i d tor (K) and Y is th i
pressure (bar), E is the temperature of the second reactor (K) an is the ammonia

12
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production (%) Figure (2) shows the

correlation between the actual values and the
predicted values. As you can see, the predicted
values correspond very well to the actual
values.

Predicted vs. Actual

11400 —|

11200 —

11000 —|

Predicted

10800 —|

10600 —|

10400 —|

I I I I
10400 10600 10800 11000 11200 11400

Actual
Figure 2. Plot of the predicted response vs. the
ammonia production.

According to Equation (7), the F-Value used
for the analysis of variance is defined as the
ratio of the mean squares of the effect
(MSgffect) to the mean squares of the error

(MSeITOI") [55]'

_ MSeffect

F 7
MSerror ™

Fisher
parameter is, which has a value of less than
0.05 for effective factors, is defined as P-
Value. [55]. Tables (5) show the F-Values and
P-Values for the obtained model. The
simplified model (equation 6) was presented
based on Table 5.

According to calculations, a

Y = +8.68527 x 105 — 257.71520A —
1024.41983B + 116.49471E —
10.59589] + 0.16721AB +
0.018357A? — 0.086388E?

(®)

3.4. Analysis of the dependence of the

ammonia production on independent
variables

As shown in Figure 3 and Figure 4, according
to the results obtained in the reference [56] by
increasing the injection of fresh hydrogen feed,
increasing the feed stream pressure, increasing
the temperature of the excess stream inlet in
the first reactor and decreasing the temperature
of the stream inlet in the second reactor, the

ammonia production increases.

Table 5
The effectiveness of the selected variables on the amount of the ammonia production.
Variable F-Value P-Value
Model 26.75 < 0.0001
A 208.77 < 0.0001
B 36.03 < 0.0001
E 51.16 < 0.0001
| 46.93 < 0.0001
AB 0.0183
AE 0.2172
A] 1.1x 1073 0.9740
BE 0.2855
BJ 4.838 x 10~* 0.9827
EJ 4307 x 1073 0.9485
A? 0.0022
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B2 1.64 0.2197
E2 4.19 0.0585
J? 0.55 0.4704

Figure 4. Effect of the temperature of the excess stream inlet in the first reactor and the temperature of the
stream inlet in the second reactor on the ammonia production.

3.5. Optimization was increased to 205 bar. According to the
In the present study, the optimal feed pressure results obtained in the reference [56-57],

14
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increasing the pressure also increases the
equilibrium conversion rate and increases the
the
production reaction, the H2/N2 ratio should not

ammonia production. In ammonia

be less than 2.5. Also, increasing the amount
of hydrogen leads to the movement of the

equilibrium reaction towards the production of
ammonia [57-58]. The optimal hydrogen flow

in the feed stream in this study is 6255 kthl.

According to the study done by Khademi et al.,
when the temperature of the feed gas in the

first reactor is equal to 635 K, the maximum
conversion for nitrogen is achieved [59]. In

Table 6

this study the optimal temperature of the
stream inlet in the first reactor is 614 K (The
temperature of the excess stream inlet in the
first reactor is 663 K and the temperature of the
mix stream inlet in the first reactor is 505 K).
Table (6) shows the optimal values of the
operating parameters for maximizing the
amount of the ammonia production (the
objective function of Equation (6)).

As shown in Figure 5, with the optimal

value, the ammonia production increased from
10231 to 10998

kmol

kmol
h .

h

Optimal operating parameters of the ammonia synthesis.

Parameters Lower bound Upper bound Current value Optimal value
kmol
A( ’ZO) 6120 6300 6123.66 6255
B (bar) 190 210 196.3 205
E (K) 612 680 613.3 663
] (K) 670 700 674.3 677.5
12000
10000
3
g
< 8000
s
E
2 6000+
:
< 4000
2000
04

Current value

Optimal value

Figure 5. Compare the current value and optimal value for the ammonia production.
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4. Conclusions

The simulation of the ammonia synthesis unit
and the design of experiments by the response
level design method of the central composite
design using Design Expert software (v.10)
and the analysis of the diagrams obtained high
accuracy modeling and also the great effect of
selected parameters showed the amount of the
ammonia production. The results showed that
2.14 % increase in the Hydrogen flow in the
feed stream, 4.43 % increase in the feed stream
pressure, 8.10 % increase in the temperature of
the excess stream inlet in the first reactor and
0.47 % increase in the temperature of stream
inlet in the second reactor,consequently
increased the production of ammonia by 7.5 %.
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Nomenclature

kmol

A hydrogen flow in the feed stream [ - 1.

B feed stream pressure [bar].

C recycle stream pressure [bar].

D feed stream temperature [K].

E temperature of excess stream inlet the first
reactor [K].

pressure of stream inlet the first reactor
[bar].

pressure of stream inlet the second reactor
[bar].

pressure of stream inlet the third reactor
[bar].

i numerators of the independent variables.
temperature of stream inlet the second
reactor [K].

numerators of the independent variables.
temperature of stream inlet the third
reactor [K].

waste stream to recycle stream ratio.
temperature [K].

independent variable.

S

—.

< * 3w

kmol
1

amount of ammonia production [
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y dependent variable.

B matrix of coefficients.

€ error value.
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