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Abstract: Ammonia synthesis by the Haber—Bosch method is a typical and effective implementation
of the chemical process in the large-scale fertiliser industry. Due to the growing demand for fertilisers
and food, it is desirable to study this process thoroughly using modern numerical methods to improve
the operation of existing devices and facilitate the design of new devices in industrial installations.
This manuscript focuses on the influence of the catalyst bed parameters on the ammonia synthesis
process. Variants with different sizes of catalyst particles and modifications of the geometry of
catalytic beds were considered. The axial-radial Topsoe converter with magnetite as a catalyst,
commonly used in modern fertiliser industry beds, was investigated using Computational Fluid
Dynamics. As a result, contours of velocity, pressure, concentration, and rate of ammonia formation
were obtained. The analysis of the obtained results made it possible to determine the gradient of
ammonia production rate in the catalyst bed and designate zones with negligible reaction rates. The
authors also proposed possible bed geometry modifications to reduce bed volumes without affecting
the converter’s performance.

Keywords: ammonia synthesis; Haber-Bosch method; axial-radial bed reactor; Topsoe ammonia
process; magnetite catalyst beds; computational fluid dynamics; CFD

1. Introduction

Large-scale production of fertilisers causes many scientific discussions about their
influence on the environment and human health [1,2]. However, the necessity to increase
production due to global food insecurity [3] and market analyses [4-7] indicate that the
demand for fertilisers will grow. Degradation and ongoing loss of habitats for many species
of animals and plants [8] force the search for solutions that increase food production while
limiting the growth of agricultural areas, which makes the need to improve the production
of fertilisers particularly important nowadays. One way to increase the production of
fertilisers is to modernise existing processes. It is faster than developing new technologies
and has a better chance of successful implementation in large-scale production, where even
a slight improvement can significantly influence the cost of the product.

The Haber-Bosch ammonia synthesis process is currently the most widespread and
one of the most efficient methods for large-scale ammonia production [9-11]. This process
is one of the main stages of fertiliser production. In a typical Haber-Bosch process, the
reaction takes place on a catalytic bed containing magnetite, which generates high and
stable activity and is suitable for the large-scale production of ammonia [11]. There are
many different commercial approaches to ammonia synthesis. The Kellogg Ammonia
process uses centrifugal compressors and a converter containing four axial-flow catalyst
beds with an integrated heat recovery system and is characterised by high efficiency [12].
The Braun Purifier Process is based on the steam-reforming route and is characterised by a
significant excess of process air. Ammonia synthesis occurs in a 2-stage adiabatic synthesis
converter with two-bed axial flow and heat exchange between beds [12]. Currently, the
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most widely used solution is the Topsoe Ammonia Process. This process follows the steam-
reforming route, and in this case, the most influence on the process is obtained through the
selection of the catalyst (its size, shape, porosity, and placement) and the geometry of the
catalytic bed. Topsoe’s converter usually contains 2-3 beds with the axial-radial flow and is
characterised by low pressure drop. This construction allows for smaller catalyst particles,
making it possible to obtain a given conversion in smaller volumes of catalyst bed [12].

In the literature, many successful attempts at numerical modelling of ammonia synthe-
sis exist. Singh and Saraf [13] obtained a mathematical model for adiabatic and auto-thermal
ammonia synthesis reactors, and their model was used further by Jorqueira et al. [14] for
modelling and sensitivity studies of ammonia converters. Elnashaie et al. [15] elaborated
a heterogeneous model for steady-state simulation of a countercurrent tube-cooled fixed-
bed ammonia reactor coupled to a heat exchanger. Kasiri et al. [16] simulated a four-bed
ammonia synthesis reactor in a dynamic environment. Panahandeh et al. [17] developed
a two-dimensional model for an axial-radial ammonia synthesis reactor. In their work,
the Navier-Stokes and continuity equations were used to model momentum, mass, and
energy balance, and the results were consistent with industrial plant data. Dashti et al. [18]
developed a one-dimensional and non-homogenous model of the Kellogg ammonia reactor
with three axial flow catalyst beds and an internal heat exchanger. Azarhoosh et al. [19]
used a genetic algorithm to simulate and optimise a horizontal ammonia synthesis reactor.
Many of those studies use Temkin-Pyzhev equation variants for modelling the ammonia
synthesis’s kinetics. Dyson and Simon developed one of the most versatile kinetic mod-
els with diffusion correction [20]. Although current literature contains many attempts
at modelling ammonia synthesis reactors, there seems to be little research on the use of
Computational Fluid Dynamics (CFD) in this field. Still, Mirvakili et al. [21] successfully
simulated a two-dimensional ammonia synthesis reactor using CFD methods and obtained
results that coincided with industrial data.

The motivation of this work is to use CFD methods further to improve the work of
ammonia synthesis converters. The authors implemented the modified Temkin-Pyzhev
expression developed by Dyson and Simon [20], and the examined ammonia synthesis re-
actor is the Topsoe converter with radial-axial flow through catalyst beds. The investigated
catalyst is magnetite, and the influence of different catalyst particle sizes was considered.
This work is focused on obtaining contours of velocity, pressure, concentration, and reaction
rate to determine the gradient of ammonia production rate in the catalyst bed and designate
dead zones with negligible reaction rates. The authors also proposed possible bed geometry
modifications to reduce bed volumes without affecting the converter’s performance.

2. Materials and Methods
2.1. Materials and Process Parameters

The gas mixture and process parameters widely used in industry were considered
in the present work [12,17,21,22]. Experimental data published by Panahandeh et al. [17]
were applied for calculations, and their results were used as validation. Table 1 presents
the composition of the gas mixture at the inlet, and Table 2 contains the process parameters
applied at the inlet of the reactor.

Table 1. The composition of the inlet gas stream.

Species Name Concentration (Mole Fractions)
N, 0.2093
H, 0.6280
NH; 0.0347
CHy (inert) 0.0939

Ar (inert) 0.0341
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Table 2. Process parameters applied at the inlet of the reactor.

Parameter Value
pressure (atm) 220
temperature (°C) 342
flow rate (kmol h™1) 19,622.17
flow rate (kg s~ 57.7154
velocity (m s71) 6

2.2. The Computational Domain

The considered ammonia converter is the Topsoe axial-radial reactor with three catalyst
beds. In this work, the first bed of the reactor and its vicinity were simulated. The catalyst
bed’s geometry was created based on Panahandeh et al. [17], and the vicinity of the bed
was modelled based on Mirvakili et al. [21]. The computational domain is two-dimensional
and axisymmetric (Figure 1).
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Figure 1. Computational domain of the investigated ammonia converter, dimensions in mm. Please
note that the arrows indicating the flow direction are for reference only and do not take into account
phenomena such as circulation zones.

The catalyst is held inside the annulus-shaped bed. In the inner radius, the converter
contains a heat recovery system based on shell-and-tube heat exchangers used to preheat
feed gas. The inlet of the feed gas stream is located close to the system’s axis. The top part
of the catalyst bed (about 400 mm at the outer wall and 600 mm at the inner wall) contains
non-perforated walls forcing axial gas flow, while the rest of the catalyst bed’s walls are
perforated, and the radial gas flow becomes dominant at the middle and lower levels of
the bed. After passing through the bed, gas comes out through the inner perforated wall
into the inner heat recovery system before entering the second catalyst bed. It should be
noted that, due to the very limited data about the converter’s geometry in the literature,
the computational domain of the catalyst bed’s vicinity is simplified, and its dimensions
were estimated.
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2.3. Gas-Phase Modelling

The computational mesh was generated with the Meshing module of the Ansys Work-
bench 2021 R2, and the number of numerical grids was approximately 90,000 quadrilateral
cells. The finest mesh is within the catalyst bed, and the y* ~1 condition was satisfied
by setting the near-wall cell sizes. The system’s average turbulence energy dissipation
rate and wall shear stress value at the walls were used to check the mesh independence.
The meshes were tested until the difference between those two quantities was less than
3% compared to those with a denser mesh. All calculations were conducted in the Ansys
Fluent 2021 R2 solver. The SIMPLE method was used for pressure-velocity coupling, and
second-order discretisation schemes were used for all variables. The steady-state condition
with gravity force was applied. The SST k-w turbulence model was chosen since it is
suitable for predicting heat transfer effects within a packed bed [23,24]. The following
equations govern continuity (1) and momentum (2) in the calculations [25]:

%%+V'(p7) =0 (1)
%(ﬁ) +9-(pvV) = —vp+v{u{<v7+vf) - gv-ﬁ” )

For the SST k-w model, the turbulent kinetic energy k (3) and the specific dissipation
rate w (4) are calculated from the following equations [25]:

0 0 9 e\ ok

51090+ (o) = 50| (ot 2 S 4 G Y84 Go ®
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ait(pw)_kaixi(pwui)_aixj <H+%>a)(j +Gw —Yw +Sw +Gup 4)

Transport of the turbulence shear stress for the SST k-w model is in the definition of

the turbulent viscosity [25]:
pk 1
W=——— (5)
1 SF
w max[(x*, (xlfu}

where S is the strain rate magnitude, «*, o1 are coefficients, and F; is defined as:

vk 500u )]
F, = tanh{ [max (20.09wy' pyz(tL))] } (6)

where y is the distance to the next surface.

2.4. Catalyst Bed Modelling

The flow through the catalyst bed was calculated as a porous zone model. In Fluent,
porous media are modelled by adding the momentum source term to the standard fluid
flow equations [25]:

3 3
Si = —(ZDijuVj+ZCij;P|VVj> 7)
j=1 =1
where §; is the source term for the i (x, y, or z) momentum equation, |v| is the magnitude
of the velocity, and C and D are prescribed matrices. This momentum sink contributes to
the pressure gradient in the porous cell, making the pressure drop proportional to the fluid
velocity in the cell. This source term contains two parts: the first is a viscous loss term (the
first term on the right-hand side of Equation (7)), and the second is an inertial loss term (the
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%(ﬁprf) + V- |:\4;(prf +p):| =V- [SkaTf — (2}11]1) + (?7)

second term on the right-hand side of Equation (7)). In the case of simple, homogeneous
porous media, the momentum source term is calculated by the following equation:

1
S — —<HV1+C2p|V|Vi> ®)
x 2

where o is the permeability, and C, is the inertial resistance factor.

The catalyst was considered to be magnetite particles with 1-10 mm diameters (of
the equivalent sphere). Modern reactors allow the use of considerably smaller particles
(1-2 mm) in high-temperature beds [26,27]. In this work, the influence of catalyst particle
size was investigated. The catalyst parameters are listed in Table 3.

Table 3. Catalyst parameters.

Name Value Source
material magnetite [11]

particle diameter (mm) vary from 1 to 10 [26,27]
porosity (-) 0.52 [27]
sphericity (-) 0.65 [26]

The surface-to-volume ratio is an essential parameter of the catalyst bed in the case of
porous zone modelling using CFD methods. It was calculated from Equation (9) [26]:

6

S = 3

)
where Sy is the surface-to-volume ratio, 1 is the sphericity, and dy, is the particle diameter.
Other parameters critical for CFD calculations, such as viscous and inertial resistances,

were calculated using the Ergun Equation for packed beds [25]. The viscous resistance
(inverse permeability) was calculated from Equation (10):

1 150 (1—¢)?
P
and the inertial resistance was calculated from Equation (11):
35 (1—¢)
= 2. 11
G 4, 3 (11)

where « is the permeability, C; is the viscous resistance, C; is the inertial resistance, ¢ is
the porosity, and dp, is the particle diameter (units in meters). Table 4 contains calculated
values of surface-to-volume ratios, viscous resistances, and inertial resistances for every
considered particle diameter.

In Fluent, fluid flow simulations with porous zones are not assumed to be in thermal
equilibrium. Instead, a dual-cell approach is used, where a solid zone is spatially coinci-
dent with the porous fluid zone. In this approach, the solid zone only interacts with the
fluid concerning heat transfer [25]. The conservation equation for the fluid zone can be
written as:

+ P+ hy Ag(Ts — Tf) (12)

and the conservation equation for the solid zone is expressed as:

%[(1 —¢e)psEs] = V- [(1 — e)ks VTs] + SE +hgs Ags(Te — Ts) (13)
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Table 4. Calculated parameters of the catalyst bed for considered catalyst particle diameters for the
bed’s porosity value of 0.52.

Particle Diameter Surface-to-Volume Ratio Viscous Resistance  Inertial Resistance
(mm) (m—1) (m—2) (m-1)
1 9231 246 x 108 11,948
15 6154 1.09 x 108 7965
2 4615 6.14 x 107 5974
3 3077 2.73 x 107 3983
4 2308 1.54 x 107 2987
5 1846 9.83 x 10° 2390
6 1538 6.83 x 100 1991
8 1154 3.84 x 10° 1494
10 923 2.46 x 100 1195

2.5. Reaction Kinetics

The present work simulates ammonia synthesis reactions using Fluent’s Species Trans-
port. In this model, the convection-diffusion equations for each species are solved:

=
%(pYi)+V<p7Yi> = -V +Ri +5§ (14)
In this Equation, the Schmidt number is described by turbulent viscosity and diffusiv-
ity. The species’ diffusion fluxes are calculated as a temperature and concentration gradient
from Fick’s law. The ideal gas mixing law was applied to calculate the properties of the gas
mixture, and the kinetic theory was used to compute mass diffusivity coefficients.
The ammonia synthesis reaction proceeds as follows:

N> +3 Hpy — 2 NHj

The reaction rate was calculated by the modified Temkin and Pyzhev equation reported

by Dyson and Simon [20]:
a3 o3 a2 1-x
Ka%ay (22> - (33> (15)
as an

The components are designated by subscripts: 1-Nitrogen, 2-Hydrogen, and 3-Ammonia.
Parameter « has been set to 0.5 as it fits the experimental data well [20]. The equilibrium
constant is calculated from the equation developed by Gillespie and Beattie [28]:

Ryp, = 2k

2001.6
log,oKa = —2.691122log,,T — 5.519265-10 °T + 1.848863-10 /T2 + = 26899 (16)

The activities are calculated from the following equation:

f.
a; = f% (17)

where f; is the component fugacity and f;* is the fugacity of the component in the chosen
standard state. For f;* equal to the pure component fugacity at 1 atm and the temperature
of the system, the activities can be calculated as:

aj = f; = y;f;° (18)

where f;" is the fugacity of the pure component at the temperature and pressure of the
system, and it can be calculated using the activity coefficients:

£0 = y;P (19)



Energies 2023, 16, 6680 7 of 21

The following expressions calculate the activity coefficients for nitrogen, hydrogen,
and ammonia [20]:

v1 = 0.93431737 + 0.3101804-10>T + 0.295896-10 P — 0.2707279-10~°T? + 0.4775207-10°P? (20)
Yy = exp{ [e(73.8402-T0']25+0.541)P _ o(—0.1263-T°~15.980) p2 +1300 [e(70.011901T75.941)} (e% - 1)] } 1)
v5 = 0.1438996 + 0.2028538-10 2T — 0.4487672-10 3P — 0.1142945-10 °T? + 0.2761216-10 P2 (22)

In Equations (20)-(22), the units of the temperature are Kelvin, and the units of
the pressure are atmospheres. The rate constant k can be calculated from the Arrhenius
expression:

k = A-eRT (23)

The appropriate values of the constants used in Equation (23) are listed in Table 5.

Table 5. Constants in the Arrhenius equation [20].

Symbol Name Value Unit
A pre-exponential factor 8.849 x 10 kmolm—3h~!
E activation energy 40,765 cal mol !
R universal gas constant 1.987 cal K~ mol~!

Therefore, the formation rate of ammonia in kmol per cubic meter per hour can be

written as:
) 323 0.5 a32 0.5
k(%) - (%) 4)
3 az
Equation (24) describes the reaction rate for catalyst particles with diameters less than
6 mm. According to Dyson and Simon [20], particles of those diameters are sufficiently
small to exclude the possibility of transport and kinetic effect interaction, so no correction
factor is required. However, larger particles (6-10 mm in size) are subject to diffusion
restriction in their pore structure [20]. The approach to this problem is to calculate the
effectiveness factor, which is a function of the conversion (1), and temperature, with
pressure as a parameter [20]:

—40765

Rnp, = 1.7698-10%e &t

& =bo + b1 T +bon + bsT? + byn? + bsT° + bgn® (25)

The values of the constants b; are presented in Table 6. The pressure effect is such that
higher values cause a lower effectiveness factor.

Table 6. Constants for the effectiveness factor (Equation (25)).

Pressure
(atm) bo by b, b3 by bs be
150 —17.539096 0.076978 6.900548 —1.082790 x 104 —26.42469 4.927648 x 108 38.93727
225 —8.2125534 0.037741 6.190112 —5.354571 x 105 —20.86963 2.379142 x 1078 27.88403
300 —4.6757259 0.023549 4.687353 —3.463308 x 1073 —11.28031 1.540881 x 108 10.46627

In Equation (25), the conversion (1)) refers to the nitrogen and can be written as:

n —n
n= Nzinle.t Nzoutlet (26)

Nzinlet
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where ny;, 1 is a molar flow of nitrogen at the inlet and ny, is a molar flow of nitrogen
inlet t

outle

at the outlet. To summarise, for the catalyst particle size of 610 mm, the reaction rate can

be written as:
3\ 0.5 2\ 0.5
a a
Ka2a1<22> - (2) ]a @7)
az a

Equations (24) and (27) are valid for the fresh catalyst, which is the assumption for the
calculations. It should be noted that additional correction factors may be needed if catalyst
reduction, poisoning, or ageing are considered [20].

—40,765

Rnp, = 1.7698 -10"e ~xf

3. Results

This work was focused on investigating the influence of the catalyst particle size on
the ammonia synthesis in the axial-radial bed converter. For this purpose, the authors
obtained the contour profiles of velocity, temperature, pressure, concentration, and reaction
rate. Results received from simulations were the basis for determining the intensity of
reaction among the catalyst beds and finding zones with a negligible reaction rate.

3.1. Flow Field

Figure 2 presents the obtained velocity contours and pathlines of the investigated
geometry with a catalyst particle size of 2 mm. Velocity profiles have a similar course
regardless of the size of the catalyst grains because the constant boundary condition of the
reactor inlet was assumed in the calculations. Velocity profiles are the basis of most CFD
simulations. This parameter directly influences mass and heat transfer. As expected, it can
be seen that two “zones” of flow have formed in the bed; the upper part is dominated by
axial flow, while the lower part is dominated by radial flow, which is primarily uniform. It
can be observed that there is a large recirculation area in the space over the catalyst bed.
The centrifugal gas inlet causes the gas flow path to curve. Part of the gas falls into the
space between the outer walls of the reactor, while the rest is returned to form a vortex. In
addition, there is an entrainment of part of the gas in the upper part of the catalytic bed.
This causes gas to flow in different directions in the “axial-flow” part of the bed. Closer to
the centre of the apparatus, the gas flows downwards towards the “radial flow” part of the
bed, while in the vicinity of an outer wall of the bed, the gas flows upwards, entrained by
the vortex mentioned above. The demarcation between these flows can be seen in Figure 3.

3.2. Catalyst Particle Size Influence

The main aim of this work was to determine the influence of catalyst bed parameters
on the process. The most evident and essential parameter is the diameter of catalyst
particles. This parameter directly affects the reaction’s efficiency and causes pressure losses
in the flow. Smaller catalyst particles (1-2 mm diameter) are preferred in modern reactors
with high activity beds [27]. Figure 4 presents the contours of the ammonia formation
rate for different catalyst particle sizes, and the contours of the ammonia mole fraction are
presented in Figure 5.

One can notice that the reaction is much more intense for lower values of the catalyst
particle diameters (1-4 mm), especially just after the gas enters the catalyst bed. Although
the reaction rate quickly lowers to negligible values. This phenomenon is caused by the
fact that ammonia synthesis is a reversible reaction, and equilibrium is obtained relatively
quickly. The situation differs for larger particle sizes (6-10 mm). The ammonia formation
rate is much slower and occurs in the entire bed. These differences are further increased
by the diffusion restriction in the particle’s pore structure, which has been implemented
by applying the modifier described by Equation (25). The concentration of ammonia is
directly connected to the ammonia formation rate. For lower catalyst particle diameters,
the ammonia concentration quickly rises and strives to be kept in equilibrium. The outlet
of the catalyst bed zone contains an almost uniform concentration of ammonia for cases
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with particle diameters of 1-4 mm, while for higher diameters, equilibrium is not reached
before leaving the bed, which is an unwanted phenomenon.

velocity
Velocity Magnitude
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6.16
5.39
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2.31
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0.77
0.00

[m/s]

(@) (b)

Figure 2. Velocity contours (a) and pathlines (b) for the investigated ammonia synthesis reactor with
a catalyst particle diameter of 2 mm.

The reaction occurs in the whole volume of the catalyst bed, but its intensity is not
uniform. As presented in Figure 4, there are zones in the bed where the reaction rate is
very low (close to equilibrium), compared to the other part of the catalyst bed, and those
differences are higher for smaller catalyst particle diameters. To show this phenomenon, we
chose a value of 3% of the maximum value of the reaction rate. In this work, the part of the
bed in which the reaction rate is higher than this value is treated as the “working” volume
of the bed, while the remaining volume of the bed is treated as a zone with negligible
reaction. This allows us to clearly present the irregularity of process intensity in the catalyst
bed for different diameters of the catalyst particles. Please note that the value of 3% of the
maximum value of the reaction rate is for reference only, and it can be different depending
on which values of the reaction rate are considered negligible. Figure 6 presents the
dependence of the “working” volume of the catalyst bed as a function of catalyst particle
diameter (a) and the concentration of ammonia at the outlet of the domain as a function of
catalyst particle diameter (b). Those values are firmly connected, and the highest possible
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product concentration is obtained if equilibrium is reached before leaving the catalyst bed.
However, if equilibrium is quickly achieved, a large portion of the bed could be redundant.
This is evident in the beds with smaller catalyst particles. The proper volume of the catalyst
bed should be enough to achieve equilibrium just before leaving the bed.

1304

adial (top)/|}] 200
artof the/ ||l | g
| | catalyst bed f

nlet

721

400

o

!

\

!

‘ 200 ‘ 840.5 ¢¢ !

Outlet

|
|
|
|

Figure 3. Velocity vectors in the radial (top) part of the catalyst bed in the investigated ammonia
synthesis reactor with a catalyst particle diameter of 2 mm.

3.3. Temperature

Ammonia synthesis is a highly exothermic reaction, which causes a strong relationship
between the reaction rate and the temperature. Figure 7 presents the temperature contours.
It can be noted that those contours have a similar course to the ammonia concentration
contours. For a catalyst bed with lower values of particle diameters, the temperature
quickly rises, and after equilibrium is reached, it becomes homogenous. The temperature
growth is observed in the whole catalyst bed for the larger particle diameters.

3.4. Pressure Drop

Pressure is an essential parameter for ammonia synthesis. The catalyst bed is the ele-
ment that causes pressure drops during the process. This work investigated the differences
in the pressure drop caused by the catalyst beds with different particle diameters. Figure 8
shows the pressure drop on the ammonia synthesis reactor’s bed as a function of catalyst
particle diameter. It can be observed that although the catalyst particle diameters influ-
ence the pressure drop, those values have little effect on the process due to the enormous
pressure in the reactor compared to the pressure drop.
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Figure 4. The reaction rate for the investigated ammonia synthesis reactor with a catalyst particle
diameter of (a) 1 mm; (b) 2 mm; (c¢) 4 mm; (d) 6 mm; (e) 8 mm; (f) 10 mm. The scales of the colour
maps vary.
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Figure 5. The NHj3 concentration contours for the investigated ammonia synthesis reactor with a
catalyst particle diameter of (a) 1 mm; (b) 2 mm; (c) 4 mm; (d) 6 mm; (e) 8 mm; (f) 10 mm.
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Figure 6. The percentage of the volume of the working catalyst bed (<3% of the maximum reaction
rate) (a) and the NHj3 mole fraction at the outlet (b) as functions of catalyst particle diameter.
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Figure 7. Temperature contours for an investigated ammonia synthesis reactor with a catalyst particle
diameter of (a) 2 mm; (b) 6 mm. It can be noted that significant differences in ammonia formation
rate cause differences in the maximum temperature obtained during the process.
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Figure 8. Pressure drop on the ammonia synthesis reactor’s bed as a function of catalyst particle
diameter.

3.5. The Influence of the Catalyst Bed’s Porosity

The porosity of the catalyst bed (inter-particle porosity) can vary. This work used a
porosity value of 0.52, which is typical for the magnetite catalyst [27]. However, this value
can differ due to factors such as catalyst ageing. The porosity of an aged catalyst can drop
to 0.38 [26]. In the present work, the authors compared the results using porosity values for
fresh and aged catalysts. The sphericity for both catalysts is the same, and its value is 0.65.
The surface-to-volume ratios for corresponding diameters also remain the same. Table 7
presents the calculated values of viscous and inertial resistances for the catalyst bed with a
porosity value of 0.38. Those parameters of the catalyst bed with a porosity value of 0.52
are listed in Table 4.

Table 7. Calculated parameters of the catalyst bed for considered catalyst particle diameters for the
bed’s porosity value of 0.38.

Particle Diameter Viscous Resistance Inertial Resistance

(mm) (m—2) (m-1)
1 1.05 x 10° 39,547
15 4.67 x 108 26,364
2 2.63 x 108 19,773
3 1.17 x 108 13,182
4 6.57 x 107 9887
5 420 x 107 7909
6 2.92 x 107 6591
8 1.64 x 107 4943
10 1.05 x 107 3955

Figure 9 shows the comparison between two values of porosity (0.52 and 0.38). It can
be noted that the catalyst bed’s porosity has little effect on the ammonia synthesis reaction.
It should be noted that only porosity is taken into account. Other factors, such as activity
reduction or poisoning, require additional correction factors.
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Figure 9. The percentage of the volume of the working catalyst bed (<3% of the maximum reaction
rate) (a) and the NH3 mole fraction at the outlet (b) as functions of catalyst particle diameter—
comparison cases with different catalyst bed porosities.

3.6. Modifications of the Catalyst Bed

There are two main challenges observed from the results presented in Section 3.2. It
is necessary to reach equilibrium to achieve the highest possible ammonia concentration.
However, if equilibrium is quickly reached, there is a risk that some portion of the catalyst
bed will be redundant. Using CFD, it is possible to simulate the process and estimate the
needed catalyst bed volume. In the investigated ammonia synthesis reactor, it can be noted
that for lower catalyst particle diameters, the large part of the bed contains a negligible
ammonia formation rate. The authors used CFD to simulate modified variants of catalyst
beds with a catalyst particle diameter of 2 mm to find a way to quickly reduce the bed’s
volume without losing the process’s efficiency. There are three variants of modifications
with a total catalyst bed volume of about half of the original. Novel variants require
only changing the geometry of the catalyst bed without altering the outer shell to make
it possible to replace the bed in the existing reactor. Figure 10 presents the modified
dimensions, which are listed in Table 8.

Table 8. Dimensions modified in novel modifications of the ammonia synthesis reactor.

Modifications A B H
original 840.5 200 2190
variant 1 840.5 200 1455
variant 2 530 510 2910
variant 3 645 396 2183

Figure 11 presents the ammonia formation rate contours, and Figure 12 shows the
ammonia concentration contours for the proposed variants of catalyst bed geometry. Table 9
compares results between original and novel variants of the catalyst beds.



Energies 2023, 16, 6680 16 of 21

1304 ‘

—
Q </_/ Inlet zone
o 200
o
~ o
LS
Inlet !
T | _.——— Reaction zone
< (packed bed)
200 ||
328.5
—
——— Outlet zone

g A H‘

Outlet

Figure 10. Dimensions “A”, “B”, and “H” are changed in modifications of the investigated ammonia
converter, dimensions in mm.
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Figure 11. The reaction rate for investigated ammonia synthesis reactor with a catalyst particle
diameter of 2 mm for (a) variant 1; (b) variant 2; (c) variant 3.
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Figure 12. The NHj3 concentration contours for the investigated ammonia synthesis reactor with a
catalyst particle diameter of 2 mm for (a) variant 1; (b) variant 2; and (c) variant 3.

Table 9. Comparison of results between original and modified variants of the catalyst bed.

Modification Catalyst Bed Percentage NH; Mole Fraction
Variant Volume [m?] “Working” Volume Bed [%] at the Outlet [-]
original 11.465 29.08 0.157
variant 1 5711 55.06 0.157
variant 2 5.719 56.30 0.157
variant 3 5.716 54.88 0.157

From the results, it can be observed that all modifications to the catalyst bed were
able to maintain the efficiency of the process by reducing the bed’s volume by half. The
calculations show that the CFD methods can estimate the minimal amount of catalyst
needed to perform the ammonia synthesis without losing efficiency. The primary benefit of
reducing the volume of the catalyst bed is reducing the equipment size and potential capex.
However, it should be noted that the margin for the loss of efficiency due to catalyst ageing
and poisoning must be considered to allow long operation times between turnarounds,
which is desirable in the industry.

3.7. Verification with the Literature Data

The experimental data from Panahandeh et al. [17] was used for the verification since
the process parameters and the investigated geometry of the ammonia synthesis reactor are
based on the catalyst bed from this work. For the reason that the authors did not inform us
about the catalyst particle diameter, we had to estimate the catalyst particle diameter based
on the experimental outlet ammonia concentration [17] using the calculated relationship
between the outlet ammonia fraction and catalyst particle diameter (shown in Figure 6b).
The estimated value of the catalyst particle diameter is 6.8 mm. Then, using this value of
the catalyst particle diameter, we conducted a simulation to calculate each other’s process
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parameters to compare with the experimental data given by [17]. Table 10 compares the
results obtained from CFD simulation and experimental data from Panahandeh et al. [17].

Table 10. Comparison between calculated and experimental data.

Parameter at the Outlet of

the Catalyst Bed Experimental Data Calculated Data Error [%]
NH3 mole fraction [-] 0.1403 0.1401 0.11
N> mole fraction [-] 0.1796 0.1796 0.04
H, mole fraction [-] 0.5390 0.5391 0.03
CH,4 mole fraction [-] 0.1035 0.1034 0.03
Ar mole fraction [-] 0.0376 0.0375 0.07
temperature [°C] 4947 493.1 0.32

The results obtained are in good agreement with the data. The maximum error is about
0.11%. Due to the small error between the results, it can be concluded that the catalyst
particle diameter used by [17] is correctly estimated. The proper verification of results
should be sufficiently far from equilibrium. In the cases where equilibrium was reached,
the concentration of ammonia (mole fraction) at the outlet was 0.1571. In the verification
case (particle diameter of 6.8 mm), the concentration of ammonia at the outlet was 0.1401.
This means that in the verification case, 89.2% of the equilibrium is reached.

4. Conclusions

This work was focused on the ammonia synthesis process in an axial-radial bed reactor.
We implemented the modified Temkin-Pyzhev expression, and the examined ammonia
synthesis reactor is the Topsoe converter with radial-axial flow through catalyst beds. We
examined the first bed of the reactor using Computational Fluid Dynamics. Contours of
velocity, temperature, pressure, concentration, and ammonia formation rate were obtained.
We investigated the influence of catalyst bed parameters such as catalyst particle diameter,
porosity, and pressure drop on the catalyst bed.

The obtained results show that the catalyst particle diameter has a significant influence
on the process. This parameter determines how quickly equilibrium will be reached. Lower
values (1-3 mm) are desired because they provide a high ammonia formation rate. We
conducted the simulations for cases with different sizes of catalyst particles and estimated
zones where the reaction rate is negligible. We also proposed possible bed geometry
modifications to reduce bed volumes without affecting the converter’s performance.

The simulation results show that relatively easy-to-make changes in the catalyst bed
geometry significantly reduce the amount of catalyst bed used in the reactor. The paper
shows that CFD can be a suitable tool for estimating the volume of the catalyst bed and
maintaining process efficiency. It should be noted that in a real process, operational factors
might limit the possible available reduction in a real ammonia production unit.
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Latin symbols:

CaL
Car_crp

Cao

inlet

outlet

uj, Vi

pre-exponential factor, kmol m~3 h~!

interfacial area density (ratio of the area of the fluid-solid interface and the
volume of the porous zone), m~!

activity of component i

constants

prescribed matrices

catalyst particle diameter, m

mole fraction of component A in a plug-flow reactor

mole fraction of component A at the outlet of the plug-flow reactor
ammonia mole fraction in CFD simulation at the calculated length

of the plug flow reactor

mole fraction of component A at the inlet of a plug-flow reactor

viscous resistance, m 2
inertial resistance factor, m™
activation Energy, cal mol~!
total fluid energy, J

total solid medium energy, |
fugacity of component i in a mixture

fugacity of component i at standard state

fugacity of a pure component i at temperature and pressure of the system
parameter

generation of turbulence kinetic energy due to buoyancy

generation of turbulence kinetic energy due to the mean velocity gradients
generation of specific dissipation rates due to the mean velocity gradients
generation of specific dissipation rate due to buoyancy
enthalpy of the component i, J kg~

heat transfer coefficient for the fluid-solid interface, W m—2 K
unit tensor

1

-1

diffusion flux of species i, kg m~2s~!

reaction rate constant, s1
turbulent kinetic energy, m~ s~
equilibrium constant in terms of activities

fluid phase thermal conductivity, W m~1 K~1
solid medium thermal conductivity, W m- 1K1
length of the plug-flow reactor, m

molar flow of nitrogen at the inlet, kmol g1

22

molar flow of nitrogen at the outlet, kmol s 1

pressure, Pa, atm

universal gas constant cal K~! mol !

the formation rate of component A in a plug-flow reactor
net rate of production of species i by chemical reaction
ammonia formation rate, kmol m—3 s—1

strain rate magnitude, g1

rate of creation of species i by addition from the dispersed phase plus any
user-defined sources

source term for the i (x, y, or z) momentum equation
user-defined source term of turbulence kinetic energy
surface-to-volume ratio, m !

user-defined source term for a specific dissipation rate
fluid enthalpy source term

solid enthalpy source term

temperature, °C, K

time, s

temperature of the fluid, K

temperature of the solid medium, K

continuous phase velocity, m s~!

continuous phase velocity in the i direction, m s~!
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1

w average fluctuation of continuous phase velocity, m s~
vl magnitude of velocity, m s~

v overall velocity vector, m g1

Xi, Xi computational domain dimensions, m

y distance, m

y* dimensionless wall distance

Vi mole fraction of component i

Y; local mass fraction of species i

Yy dissipation of turbulence kinetic energy due to turbulence
Yo dissipation of a specific dissipation rate due to turbulence
Greek symbols

o8 parameter

104 permeability, m?

o, o coefficients

Yi activity coefficient of component i

€ porosity of the medium

n conversion

v continuous phase dynamic viscosity, Pa-s

o continuous phase turbulent viscosity, Pa-s

& effectiveness factor

P continuous phase density, kg m—3

Pf fluid denstity, kg m—3

Ps solid medium density, kg m 3

O turbulent Prandtl number for k

Ow turbulent Prandtl number for w

P sphericity

w specific dissipation rate, s~

Acronyms:

CFD Computational Fluid Dynamics

SIMPLE Semi-Implicit Method for Pressure-Linked Equations
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