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ARTICLE INFO ABSTRACT

Keywords: Hydrogen energy plays a vital role in the transition towards a carbon-neutral society but faces challenges
Hydrogen storage in storage and transport, as well as in production due to fluctuations in renewable electricity generation.
Ammonia synthesis Ammonia (NH;), as a carbon-neutral hydrogen carrier, offers a promising solution to the energy storage and
CFD

transport problem. To realize its potential and support the development of a hydrogen economy, exploring NH;
synthesis in a decentralized form that integrates with distributed hydrogen production systems is highly needed.
In this study, a computational fluid dynamics (CFD) model for the Ruthenium (Ru) catalysts-based Haber—
Bosch reactor is developed. First, a state-of-the-art kinetic model comprehensively describing the complex
catalytic reaction is assessed for its sensitivity and applicability to temperature, pressure and conversion.
Then, the kinetic model is integrated into the CFD model, and its accuracy is verified through comparison
with experimental data obtained from different Ru-based catalysts and operation conditions. Detailed CFD
results for a given case are presented, offering a visual understanding of thermal gradients and species
distributions inside the reactor. Finally, a CFD-based parametric study is performed to reveal the impacts of key
operation parameters and optimize the NH; synthesis reactor. The results show that the NH; production rate
is predominantly influenced by temperature, with a two-fold difference observed for every 30 °C variation,
while pressure primarily affects the equilibrium. Additionally, the affecting mechanism of space velocity is
thoroughly discussed and the best value for efficient NH; synthesis is found to be 180,000 h~!. In conclusion,
the CFD model and simulation results provide valuable insights for the design and control of decentralized
NH; synthesis reactor and operation, contributing to the advancement of sustainable energy technologies.

Kinetic model
Ruthenium catalyst

1. Introduction

Driven by the Net Zero Emissions (IEA. [1]), hydrogen energy has
been receiving remarkable interest as it is one of the most promising al-
ternatives to carbon-intensive fuels while providing a potential solution
for renewable electricity integration. Despite numerous policies for hy-
drogen economy being issued and technical difficulties being resolved,
the utilization of hydrogen is still facing substantial challenges in stor-
age and transport due to its low volumetric energy density and boiling
point (—252.8 °C) [2]. Therefore, hydrogen economy always functions
with a Power-to-X (X’ as an energy carrier) versatile system that
produces hydrogen from power and converts the produced hydrogen to
other chemicals, which are easy to be stored and transported such as
ammonia (NH3) and methanol. Different from hydrogen, ammonia has
many desirable properties, for instance high energy density, carbon-
free content, high hydrogen capacity (17.6 wt.%), and easy to store
and transport (boiling point —33.8 °C) [3], making it very promising
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in long term and large scale storage and transport. Recently, Power-
to-Ammonia is concluded as the best solution in [4], comprehensively
considering the energy density, hydrogen capacity, cost of storage and
transport, existing infrastructures and so on. Apart from being hydrogen
carrier, NH; is also widely used in various sectors, e.g., producing
fertilizers, as carbon-free fuel for engines, turbines and fuel cells [5]. It
is playing a vital role in agriculture and industry and shows great po-
tential in the energy sector to promote sustainable energy development
and achieve carbon-neutral society [6]. The global production of NH;
is estimated approximately 176 million metric tonnes per year and to
be increased by 2.3% annually [7,8].

Currently, NH; is mainly produced by the well-known Haber-Bosch
synthesis process (>96%) [7], in which hydrogen and nitrogen are used
as the reactants at high temperature and pressure in the presence of
catalyst (typically iron-based, recently Ruthenium-based) [9]. It is a
complex heterogeneous catalytic process, including adsorption and
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Nomenclature

Acronyms

CFD
GHSV
Re

Greek Letters

N N 0

A(q)

T

Roman Symbols

ST

aHZ
LlN2

ANH;

Computational fluid dynamics
Gas hourly space velocity
Reynolds number

Bed porosity (-)

Conversion of the limiting reactant (-)
Diffusion coefficient of transport equation
Equivalent coefficient for calculating the
time factor (=)

Stoichiometric parameter, 1 or 1.2 for
H,/N, feed ratio 3 or 1.5 (-)

Fluid viscosity (Pa s)

General variable in transport equations
Fugacity coefficients of ith species, NH;, H,
or N, (-)

Density (kgm™3)

Time factor (h~!)

Fluid velocity vector (ms~!)

Dimensionless pre-exponential factor of the
kinetic constant (-)

H, species activity (-)

N, species activity (-)

NH; species activity (-)

Inertial resistance coefficient of the porous
bed (m™1)

Viscous resistance coefficient of the porous
bed (m~2)

Activation energy for kinetic constant
(kcalkmol™' K1)

Total fluid energy (kJ)

Enthalpy of fluid (kJ)

Kinetic constant of the modified Temkin
model (molh~! dm:;t‘)

Equilibrium constant of the synthesis reac-
tion (-)

Effective thermal conductivity of the cata-
lyst bed (Wm™' K1)

Adsorption equilibrium constant of H, (-)
Adsorption equilibrium constant of NH; (-)
Pressure (Pa/bar/atm)

Initial mole ratio of H, to N, (-)

Universal gas constant (8.3145 J K=!mol™!)
NH; production rate (kgm_> h™")

Source term for the solved transport equa-
tions

Temperature (K)

Time (s71)

Mole fraction of ith species, NH;, H, or N,
)

NH; mass fraction (-)
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desorption of Hy, N, and NH;3 on the catalyst surface, and limited
by the inhibition of produced NHj; [10]. Overall, NH; synthesis is
an exothermic and reversible reaction, in which the high temperature
(300-550 °C) is required to overcome the chemical bond energy,
and high pressure (15-30 MPa) favors the equilibrium as well as the
reaction rate [11]. In this scenario, the NH; synthesis plants are highly
energy intensive and normally centralized with high amounts of carbon
emissions. The existing NH; synthesis plants in the world contribute
about 1.4% percent carbon dioxide (CO,) emissions in total [12], and
consume 2% percent of the world’s annual primary energy supply,
which are considered very huge [13]. Therefore, the attempts for re-
ducing the energy consumption and carbon emissions of NH; synthesis
are very necessary.

As many studies have reported, Ruthenium (Ru) is more active than
Iron (Fe) for NH; production, the same conversion of the Haber—Bosch
process can be achieved at lower temperature and pressure for Ru other
than Fe [14,15]. Moreover, the advanced Ru-based catalysts require
less thermal mass in synthesis reactor, enabling the decentralized unit
to synthesize NHj, which is very promising to be used for green
hydrogen storage and transport. Thus, the modern Ru-based catalysts
are recognized as the second generation catalysts for NH;3 synthesis
with potential to reshape the typical Haber-Bosch process towards a
more energy-efficient process [16,17]. In order to reveal the complex
reaction mechanism and describe the process of NH; synthesis on Ru-
based catalyst, several modeling work and numerical studies have been
carried out. For example, the macroscopic kinetic models for Ru-based
catalyst have been conducted, to express the conversion process and
predict NH; production [15,18]. Among them, the modified Temkin
model is considered as the up-to-date kinetic expression, comprehen-
sively describing the adsorption and dissociation steps of the catalytic
reaction [19,20]. Subsequently, the kinetics have been evaluated by
fitting the modified Temkin expression to experimental data for various
Ru-based catalysts, e.g., for the promoted Ru/C catalyst [19].

On the other hand, the computational fluid dynamics (CFD) model-
ing work, which can predict the details inside the reactor and optimize
the reactor design and operation [21], is not adequate with respect
to the kinetic modeling study. Only a few studies can be found in
literature, for instance, Amin et al. [22] developed a two-dimensional
(2D) CFD model for a Fe-based catalyst reactor of NH; synthesis,
integrating the typical Temkin kinetic model to predict the catalytic
reaction. The catalyst beds synthesizing NH; are assumed as uniform
porous media, where the Brinkman equation is applied to model the
fluid flow. The simulation results provide useful recommendations for
the configuration design of the reactor. Another 2D simulation has been
performed in ANSYS Fluent to validate a self-developed model and
analyze a three-beds ammonia reactor. It is also a good attempt for im-
plementing CFD into investigation of NH; synthesis [23]. While, to the
best of the authors’ knowledge, the CFD simulation incorporating the
up-to-date kinetic model for Ru-based catalyst reactors of NH; synthesis
has not been conducted. And it is believed that the CFD modeling study
would facilitate the research on advanced NH; synthesis and promote
its applications based on modern Ru-catalysts.

The motivation of this work is to explore decentralized NH; syn-
thesis for better store and transport green hydrogen. The advanced
Ru-based catalyst, which can be efficiently operated in mild condi-
tions with less thermal mass, is intended to be used to enable the
compact Haber-Bosch reactor. The objective of this paper is to de-
velop a comprehensive CFD model implementing the up-to-date kinetic
expression to simulate a small-scale NH;3 synthesis reactor over Ru-
based catalyst. The performance of the kinetic model (modified Temkin
model) in terms of pressure, temperature and conversion is assessed
first. Then the CFD simulation results have been compared with 94
experimental cases in total for validation, which show good agree-
ments. Subsequently, an in-depth case analysis has been made based
on the modeling results, showing the inner species distributions and
thermal gradients of the reactor. At last, two parametric studies with
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respect to temperature, pressure and space velocity have been con-
ducted, revealing the sensitivities to the key parameters, suggesting
the best operation conditions and providing meaningful insights for
the Ruthenium catalyst-based Haber-Bosch NH; synthesis. This CFD
modeling study is advanced in reliability and applicability, which can
serve as a powerful tool to transit NH; synthesis to an energy-saving,
low carbon emission and compact process.

2. Modeling description
2.1. Kinetic model

NH; synthesis is a complex catalytic process, which undergoes
several adsorption and dissociation steps at the catalyst surface [24].
In order to simplify the NH; synthesis process in CFD simulation, the
global reaction mechanism is assumed as follows [22].

05N, + 1.5H, © NH;  AH = —46.22kJ/mol NH, )

The corresponding macroscopic kinetic model describing the conver-
sion rate is normally governed by a complex functions in terms of
temperature, pressure and species, considering the surface coverage
and material structure [20]. The most well-known kinetic model for
NH; synthesis using Ru-based catalyst is the modified Temkin model,
which describes the unique features of the catalytic reaction with Ru
element, as expressed in Eq. (2) [19].
0.5 (aHz )0.375 1 (”NH3 )().75
(ax,) [(aNHS)U,zs} K [(0H2>1.125]

dn
— =kA9q) (2)
dr 1+ Ky, (ay,)*3 + Kyy, (axp, )02

Here dn/dr denotes the consumption rate of limiting reactant
(molh“dm;:t.), K, indicates the equilibrium constant, k represents the
kinetic constant with respect to the species activities (ayy,, ay, and
ay,) [25,26], A(g) is the stoichiometric parameter, i.e., 1 or 1.2 when
the ¢ = H,/N, mole feeding ratio is 3 or 1.5, respectively [27].
The adsorption equilibrium constants of reactants Ky, and Kyy, are

expressed below [20],

56.9024 =~ 37656

IOgeKﬂz = - R + W (3)
34,7272 | 29228
log Ky, = ——p—+ G

where R is the universal gas constant (8.3145 J mol~'K—1). The equi-
librium constant K, and the kinetic constant k are defined as [26]:

log,oK, = —2.691122l0g,,T — 5.519265 x 1075T

)]
+1.848863 x 10772 4+ 2001.6/T + 2.689

Ea
k= Aexp(—ﬁ) (6)

where the kinetic parameters for Ru/C catalyst are investigated in [19],
i.e., the dimensionless pre-exponential factor A = 9.02 x 10® and the
activation energy E, = 23.0 kcal kmol 'K~!, which are used in this
numerical study. The kinetic constant is an exponential function with
respect to temperature, indicating the sensitivity of the reaction rate to
temperature. The activity of the ith species (NH;, H, or N,) a; can be
calculated as follows,

a; = X;®;P )

where P indicates the total pressure (atm), X; and &; denote the mole
fraction and fugacity coefficient of ith species, respectively. The fugac-
ity coefficients for the reactants and product are fitted by temperature
(kelvin) and pressure (atm) using the following equations [28].

Dy, =0.93431737 + 0.2028538 x 1073T + 02958961 x 1073 P

(8
—0.270727148 x 107°T2 + 0.4775207 x 10~° P2
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@y, = exp{exp(=0.38402T%'% +0.541) P — exp(-0.1263T°°

(C))
—15.98)P% + 300 exp(=0.011901T — 5.941) x exp(—P/300)}

Dy, = 0.1438996 + 0.2028538 X 107°T — 0.4487672 X 107> P

(10)
—0.1142945 x 107572 + 0.2761216 x 10~° P2

It is worth mentioning that, the time factor = h™! is defined as
the catalyst volume per Gas Hourly Space Velocity (GHSV), i.e., the
inlet volumetric gas flow rate per volume of the catalyst bed h~!, as
presented in Eq. (11).

22414
N, (g =3) orHy(q = 1.5) feeding rate 23 GHSV Xy

litres of catalyst an

T =

Since the reaction rate (Eq. (2)) is defined as the limiting reactant (ei-
ther N, or H,)N, the equivalent coefficient is set to y = 0.25 (1 mol N,/4
mol) or 0.6 (1.5 mol H,/2.5 mol) for ¢ = 3 or 1.5, respectively [19].
Thus, the ammonia production rate is slightly different due to the ratio
of H,/N, in the feeding flow. Finally, the fractional conversion of the
limited reactant vs. reaction time is derived as follows.

(a )0.375 (a )0.75
(ay, )" [ ') [_Nﬂs ]
M psigy—— b ] F Ll 2] gy a2
dt 1+ Ky, (ay,)3 + Ky, (any, )02 22.414

This is the final equation integrated into the CFD framework to calcu-
late the reaction rate, in which GHSV is used to quantify the overall
conversion rate instead of catalyst amount. Thus the impacts of the
single factor of residence time or the catalyst bed volume on the conver-
sion for the same GHSV are largely reduced, theoretically strengthening
the model’s applicability. For more details of the modified Temkin
kinetic model of NH; synthesis refer to [19,20].

2.2. CFD simulation

2.2.1. Simulated reactor and experimental data

To verify the model’s reliability and applicability, a lab-scale reactor
has been simulated and compared with the corresponding experimental
data. The catalyst bed with 12 mm diameter and 40 mm length is
located in the center of the reactor tube, as shown in Fig. 1. The initial
reactants, i.e., Hy and N, are supplied from the top, and the syn-gas
flows out from the bottom.

The experimental data used for validation in this study are obtained
in [19] using Ru/C catalyst. The experiments are carried out initially
for developing a kinetic model, therefore, several specific settings have
been made. For instance, the loaded catalyst in the reactor is diluted
by quartz powder (catalyst to quartz volumetric ratio is 1/32) to
keep the reaction zone approximately isothermal, while resulting in
the catalyst bed very long (400 mm). All the experimental tests are
accomplished under iso-thermal condition such as 430 °C. However,
these specific settings do not generally fit a full lab-scale demonstrator
of NH; synthesis, neither CFD simulation. Thus, the reactor simulated
in this study is not completely the same as the one used for outputting
the experimental data, several modifications have been made to meet
the general code of a lab-scale demonstrator. For example, the catalyst
bed is assumed only filled by catalysts, which largely shorten the length
of the bed. Meanwhile to maintain the equivalent fluid properties, the
flow rate is calculated based on the GHSV with the same dilution ratio
used in the experiments. The catalyst bed is heated up by side walls,
thus the lab-scale reactor is not fully isothermal in practice. Therefore,
both isothermal simulation and non-isothermal simulation have been
performed, of which the former is mainly for model validation and the
latter is for more substantial analysis. Apart from these modifications,
other operation parameters, e.g., pressure, particle size, etc., of the
simulation case are consistent with the experiments. For more details
on the experimental data refer to [19].
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Fig. 1. Geometry of the lab-scale reactor for NH; synthesis.

2.2.2. CFD framework

The catalyst bed is assumed as a porous zone, where the ammonia
synthesis takes place through the catalyst layers [29,30]. In this work, a
three-dimensional (3D) steady state CFD model describing the turbulent
flow through the porous medium with catalytic reaction is developed,
in which the below assumptions are used.

The particle size is uniform and the porosity is isotropic in the
catalyst bed.

The solid and gas phases in the same cell are in thermal equilib-
rium, i.e., the two phases share the same temperature [31].
Only three species: NH3, Hy and N, exist in the reactor, regardless
of the radicals, and the mixture gas follows the ideal gas law [23].
The volumetric homogeneous reactions other than the global
reaction mechanism in the pores are neglected [32].

The general governing equation for modeling the steady state fluid
flow inside the porous catalyst bed is expressed as follows [33].

V- (psipp) =V -(el'V) + €Sy 13

where ¢ denotes the bed porosity, p, represents the fluid density, 7 in-
dicates the velocity vector, ¢ and S, denote the general variable (mass,
velocity, species and turbulence) and its corresponding source term,
respectively. Among them, the additional source term for momentum
equation is modeled by the description of a viscous term and an inertial
loss term in the porous zone as presented:

Si=_(ZD[/‘MUj+ZCij%pf|U|Uj> (14
where S; is the source term for the ith (x, y, z) momentum equation,
the key parameters, i.e., prescribed matrices viscous resistance D and
inertial resistance C, are calculated by the Ergun equation [34]. Here
the uniform porosity and particle diameter of 0.4 and 0.2 mm, respec-
tively, are used in this model. The density of the gas mixture is updated
by the ideal gas law.

The solid phase and fluid phase in the porous catalyst zone are
assumed to be in thermal equilibrium, thus a lumped energy equation
is solved in the porous zone [33].

V@ Ep+p)=SE+V- ko VT = Y hidi+ 75 (15)
i
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Table 1
Mesh quality assessment of several key indexes.

Criteria Value

Total cell number
Equiangle skewness
(0-0.3 very high, 0.3-0.5 high, 0.5-0.8 acceptable)

314,160

0-0.3: 94.37%
0.3-0.5: 5.17%
0.5-0.7: 0.46%

Aspect ratio
(=~ 1 best, <5 good, can be bigger for inflation layers)

1-1.95: 34.67%
1.95-4.8: 44.7%
4.8-6.7: 14.66%
6.7-10.4: 5.97%

Jacobian determinant (0-1, >0.2 is good) >0.53

Table 2
Summary of the numerical methods used in this CFD model.

Items Numerical methods used

Catalyst bed Non-laminar porous zone with fixed porosity,

particle size and source terms®

SST k — w model

0.5N, + 1.5H, = NH,4

The modified Temkin model, using Expressions in
Fluent to integrate it

Turbulence
Chemical reaction

Kinetic rate
Boundary conditions Mass flow inlet”; pressure outlet
Numerical methods Coupled algorithm enabling pseudo transient; second
order upwind scheme for discretization.

2 Self-defined expressions for sources terms due to the catalytic reaction.
b Set 0.001 NH; as the minimum mole fraction to achieve CFD convergence [29].

Here E, stands for the total fluid energy, S’ represents the fluid en-
thalpy source term, and k, ;, denotes the effective thermal conductivity
of the medium.

2.2.3. Solving

In order to achieve reliable CFD simulation results, the high-quality
hexahedral structural mesh has been created by using ANSYS ICEM
for the computation domain (314160 cells in total) [35], the outer
wall and inlet meshes are presented in Fig. 2(a). The mesh quality
assessment in various aspects is shown in Table 1, which proves the
feasibility of the mesh for CFD utilization in this study.

After meshing, the CFD model is solved by using ANSYS Fluent 2022
R2 and the mesh independence of the solving problem has been tested
first, i.e., compare the simulation results using the current mesh and the
refined mesh. The refined mesh is achieved by increasing the number
of nodes at each edge by 1.25 times, resulting in 688 505 cells, namely
more than twice cell number of the current mesh. Fig. 2(b) compares
the NHj yield prediction for simulating the same cases (100 bar,
temperature range from 370 °C to 430 °C) while using the two kinds
of mesh, which shows negligible differences (0.053% difference in
average). Thus, considering computational time, the current mesh is
implemented for all the simulations in this study. The detailed settings
and numerical methods used for the CFD solver are elaborated below.

The key factor of this study, namely the comprehensive kinetic
model, is incorporated into ANSYS Fluent via self-defined expressions
to describe NH; synthesis inside the catalyst bed [36]. The order of
the three species is defined as NH3, H, and N,. Thus, two mass source
terms for NH; transport equation and H, transport equation and one
energy source term due to the exothermic reaction are defined in the
catalyst zone. The overall mass source term for the continuity equation
is set to zero. The SST k—w model for modeling turbulence is employed
in all simulations to more reliably describe the heat and mass transfer
for the near-wall boundary layer regions. The Reynolds number ranges
from 3.2x103 to 3.7x10* for different cases. The y* value of walls ranges
from 0.3 to 7.3 for the lowest flow rate case, from 2.8 to 59.4 for the
highest flow rate case, and the majority of wall y* values are below
30. The turbulence model selection in this numerical study considers
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—&— Current mesh
- - Refined mesh

1 1

380

400 420 440
Temperature (°C)

Fig. 2. The hexahedral structural mesh and independence test for the simulated case.

not only unifying the simulation settings but also regarding that the
main concern of this work is the catalytic reaction of NH; synthesis. The
specific models, boundary conditions and numerical methods applied in
this CFD simulation are summarized in Table 2.

3. Results and discussion
3.1. Performance of the kinetic model

Before implementing the kinetic model into CFD, the performance
of the modified Temkin model over temperature, pressure, H,/N, ratio
and NHj fraction (conversion) have been assessed, as shown in Fig. 3.
Since the kinetic experiments are carried out in the temperature range
of 350 °C to 460 °C and pressure range of 50 bar to 100 bar, the perfor-
mance is mainly assessed in these temperature and pressure ranges. The
characteristics of this kinetic model slightly out of the temperature and
pressure ranges are also explored, to verify its applicability in broader
temperature and pressure ranges. As mentioned in Section 2.1, the
reaction rates from the modified Temkin model for various ratios of
H,/N, (3 or 1.5) have minor differences [19]. Fig. 3(a) compares the
two different reaction rates along temperature under 20 bar, 70 bar,
150 bar and 300 bar with a small NH; mole fraction (0.05), which
shows that the NH; production rates under H,/N, = 1.5 are always
gently higher than those under the other ratio if maintaining the same
operation conditions. This is attributed to inhibition of the surface
catalytic reaction by H,, hence previous researchers have reported that
the Ru catalyst is recommended to be operated in understoichiometric
reaction conditions [20].

Fig. 3(b)-(e) present the NH; synthesis rate over temperature under
20 bar, 50 bar, 70 bar and 100 bar, respectively. The plots in each sub-
figures denote the synthesis rates for the mole fraction of NH; from
0.05 to 0.8 with a gradient of 0.05, where the blue lines indicate those
with positive values and the red dot lines indicate those with negative
values. From the results, one can see, first the reaction rate increases
along with the rising of temperature and pressure, in which temper-
ature contributes more than pressure. Second pressure significantly
affects the chemical equilibrium, at low pressure of 20 bar the synthesis
rate will become negative if the NH; mole fraction is higher than 0.15,

i.e., the synthesis reaction (Eq. (1)) is going to reverse. Whereas, for
the pressure at 70 and 100 bar, the critical mole fractions of NH; are
much higher (0.4 and 0.45, respectively). Fig. 3(f) shows more detailed
plots of the reaction rate along temperature for the transition process
(from the forward to reverse) under 70 bar, i.e., NH; mole fraction
from 0.37 to 0.39 with a gradient of 0.005. It can be recognized that
the synthesis reaction under high reactants conversion approaches its
chemical equilibrium [37]. Several non-linear curves with a clear peak
each are observed here for the selected NH; mole fractions, illustrating
the detailed characteristics and maximum rate of the synthesis reaction
at higher conversions.

Fig. 3(g)—(h) displays the NH; production rates along the expanding
range of temperature (250-500 °C), where Fig. 3(g) compares the
differences for a border pressure range (20 bar to 200 bar). The
plots are smooth and still maintain the same trends outside of the
experimental temperature and pressure ranges, i.e., 350-460 °C and
50-100 bar. Fig. 3(h) presents the NH; production rate curves in detail
for the transition process under 70 bar, of which the characteristics are
consistent with those in Fig. 3(f) that are plotted in the experimental
temperature range. Therefore, we conclude that the kinetic model
is still reliable in the slightly expanding ranges of temperature and
pressure.

In short, several highlights from the kinetic model assessments can
be conducted:

The synthesis rates for H,/N, = 1.5 are gently higher than those
for Hy/Ny = 3 if the other conditions are the same, while the
trends for the two rates along temperature and pressure are
consistent with each other.

The synthesis process is a forward reaction, i.e., producing NHj,
at relatively lower NH; fractions or reactant conversions.

The synthesis rate is more sensitive to temperature than pressure,
temperature increase would significantly raise the reaction rate.
The pressure affects the chemical equilibrium a lot and moder-
ately influences the reaction rate.

The kinetic model is still applicable in broader temperature and
pressure ranges other than that of the carried out experiments.
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Table 3

Simulated cases for validation in this study from [19].
Case Temperature (°C) Pressure (bar) H,/N, vol.
1 430 100 3
2 430 70 3
3 370 100 3
4 370 85 3
5 430 85 3
6 370 70 3
7 430 100 1.5
8 430 70 1.5
9 370 100 1.5
10 370 85 1.5
11 430 85 1.5
12 400 50 1.5

3.2. Model validation

For the purpose of validation, the isothermal simulation has been
conducted first to compare with the experimental data, for which the
operation conditions are listed in Table 3. For the conducted isothermal
experiments, the temperature varies from 370 °C to 430 °C, pressure
ranges from 50 bar to 100 bar, the ratio of H,/N, equals to 3 (Case 1-6)
or 1.5 (Case 7-12) [19] and the space velocity distributes from 50 000
h~! to 400000 h~!. Then, the non-isothermal simulation has been
carried out to demonstrate and better analyze the catalytic synthesis
of NH; in a real lab demonstrator. The only difference between the
isothermal simulation and the non-isothermal simulation is the way of
modeling the thermal energy in the catalyst zone. The former assumes
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a fixed temperature (consistent with the corresponding experiment)
for the whole porous zone, and the latter uses a fixed temperature as
the thermal boundary condition of the sidewalls and solves a lumped
energy transport equation (Eq. (15)) in the catalyst zone. Both the
isothermal simulation and non-isothermal simulation are executed un-
der the same experimental conditions for every validation case. The
operation conditions specified in CFD are described in Table 4.

3.2.1. Isothermal simulation

Fig. 4 presents the validation results, where Fig. 4(a) and (c) com-
pare the simulation results with experimental data along GHSV for
the cases under H,/N, equals to 3 or 1.5, respectively. And Fig. 4(b)
and (d) show the parity plots of the measured data and modeling
results presented in Fig. 4a and c, respectively. From the comparison
results, the following consequences can be obtained. First, the sim-
ulation results overall agree well with the measured data and show
the same trends with the experimental results, i.e., NH; production is
boosted as the temperature and/or pressure increases while reduced
as the GHSV increases. Second, the comparison between simulations
and experiments for the cases of H,/N, = 3 performs better than that
for the cases of H,/N, = 1.5, mainly owing to the large comparison
differences for Case 7. Third, the simulation-experiment variations are
bigger for the cases with higher temperatures. It is probably due to
the kinetic model being very sensitive to temperature, and the tiny
experimental error would be magnified for high temperature condition.
In practice, the temperature gradient should exist in the catalyst zone
for the high flow rate cases instead of fully isothermal, even though the
relevant actions have been taken to keep temperature uniform in these
experiments.
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Fig. 3. Performance of the kinetic models in terms of pressure, temperature, ratio of H, to N, and NH; mole fraction.
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Fig. 3. (continued).

Table 4
Operation conditions used in CFD of this study.

Operation
conditions

Description

Operating pressure
Wall boundary

Inlet mass flow

Consistent with corresponding experimental case

Catalyst bed wall: fixed temperature, consistent with
experimental case; Other walls: adiabatic

Calculated based on the GHSV, ranging from 1.02

to 8.16 g/s for Hy,/N, = 1.5, 0.7 to 5.6 g/s for
H,/N, = 3 along 50000-400000 h~! GHSV
Isothermal simulation: fixed temperature, consistent
with experimental case; Non-isothermal simulation:
solve one lumped energy equation

Porous zone

Outlet temperature Consistent with its corresponding experimental case,

only used for reverse flow

Inlet temperature 300 K

To verify the universality of the model, experimental data using
other Ru-based catalysts under 100 bar, GHSV = 10000 h~! and 375-
400 °C temperature range have also been compared with the simulation
results, as shown in Fig. 5. The preparation and properties of the
catalysts refer to [38]. The reasonable results (values and trends) of
NH; production using various Ru-based catalysts have been speculated
from the current CFD model. In detail, the simulated NH; fractions
are close to the experimental data for the temperature at 375 °C
and 400 °C, while a larger difference is observed at 425 °C. Apart
from the sensitivity of the kinetic model at high temperature, another
interpretation can be that the kinetics for Ru/C catalyst used in the CFD
simulation is not completely suitable for the other Ru-based catalyst.

The performances of different Ru-based catalysts for NH; synthesis can
also vary significantly. The comparison proves that the developed CFD
model is comprehensive and can be generally applied in NH; synthesis
for giving out reasonable results, while the specific kinetics for the
corresponding catalyst are still needed to deliver more accurate results.

3.2.2. Non-isothermal simulation

Even though the isothermal CFD simulation has been well estab-
lished, the non-isothermal simulation is still necessary for investigating
NH; synthesis [39]. Owing to the exothermic reaction and fluid flow,
it is not an isothermal process for a real lab-scale demonstrator of NHg
synthesis. Fig. 6(a) compares the non-isothermal simulation and iso-
thermal simulation with measured data, in which GHSV = 60000 h~!
(60 kSV) and 12000 h~! (120 kSV) are chosen as the inlet flow for
all the cases. Overall, the result shows that non-isothermal simulation
results are very close to the isothermal simulation results and also show
good agreements with the experimental data. While the non-isothermal
simulation is always underestimated compared to the isothermal sim-
ulation, mainly due to the temperature gradient inside the catalyst
bed [40]. As shown in Fig. 6(b), a thermal comparison example,
clearly displays thermal gradients inside the reactor for non-isothermal
simulation, whereas the temperature in the catalyst zone is uniform for
the isothermal simulation. The volume-averaged temperature for the
presented non-isothermal simulation is 415.5 °C, which is lower than
the experimental and the isothermal simulation temperature, i.e., 430
°C. In addition, the comparison between simulation and experiment
performs better for higher space velocity and lower temperature, owing
to the properties of the kinetic model. Hence we conclude that the
non-isothermal simulation for the lab-scale reactor is also validated.
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Fig. 5. Comparison of the CFD results with other experimental data.

A detailed case analysis (Case 2 with 12000 h~! GHSV) based on the
non-isothermal CFD simulation is presented below.

Fig. 7(a)-(c) show the contours of temperature (a), H, mass fraction
(b) and NH3 mass fraction (c¢) in the XZ middle plane of the reactor,
from which the following consequences are concluded. First, the dis-
tributions of temperature and the two species along the flow direction
are captured. The three variables remain the initial values before the
fluid flow enters into the catalyst bed. Then the temperature and NH;
mass fraction continually increase and the reactant H, decreases in
the catalyst bed due to the synthesis reaction. Afterwards, the gas
mixture flows into the non-catalyst tube and finally goes out at the
outlet surface without significant changes in terms of temperature and

species. Second, clear thermal gradient and species gradients along the
reactor diameter are observed. At the half-top part of the catalyst bed,
the sidewall temperature (430 °C) is higher than the reacting flow
temperature, resulting in the produced NH; near the sidewall being
more than that in the middle. Here, the sidewalls are ‘heating’ walls,
which provide a fixed temperature heating source. Along with heating
up the fluid flow, the catalytic reaction becomes more intensive, which
consumes more reactants and yields a large amount of NH; and heat.
Gradually the sidewall temperature is lower than the temperature in
the middle at the bottom part of the catalyst bed, where the sidewalls
becomes ‘cooling’ walls. Afterwards, the high-temperature effluent gas
gets out from the outlet surface.



T. Gu et al.

Energy Conversion and Management 295 (2023) 117604

12
(a)
0F T [ ] Temperature
--------------- 714.0
8 & " 709.9
g 705.8
Q ]
o 0 Femmmommmmmmmommmm oo ST T T T 'y 701.7
E
s L 697.6
1 - 693.5
2 fTT—— Koo 689.4
------------------------------ [ Tpeyrrr g —p—p———p———p———
685.3
° I I I I I 681.2
70 75 80 85 90 95 100 :
Pressure (bar) 677.1
W EXP.-430°C, 60 kSV A EXP.-370°C, 60 kSV 673.0
& EXP.-430°C, 120 kSV ® EXP.-370°C, 120 kSV K :
SIM. - Isothermal 370 °C (K]

SIM. - Iso. 430 °C, 60 kSV
------ SIM. - Nonlso. 430 °C, 60 kSV
——SIM. - Iso. 430 °C, 120 kSV
SIM. - Iso. 370 °C, 120 kSV

------ SIM. - Nonisothermal 370 °C
------ SIM. - Nonlso. 430 °C, 120 kSV
------ SIM. - Nonlso. 370 °C, 120 kSV

Fig. 6. Comparison of the non-isothermal simulation with isothermal simulation and experimental data under 85 bar (a) and the temperature contours of the non-isothermal

simulation with isothermal simulation for Case 5 (b).

To better view the synthesis process inside the catalyst bed, Fig. 7(d)
—(f) display the contours of temperature (d), NH; mass fraction (e) and
H, mass fraction (f) in the five XY planes at different heights (10 mm
gradient) of the bed including its top and bottom surfaces. The nearly
uniform thermal and species gradients along the cylindrical reactor
diameter are observed. Specifically, the temperature near the wall is
higher than that in the 1/4 top part, while it is the opposite in the 3/4
bottom part. The H, consumption and NH; production are consistent
with the thermal gradient tendency and opposite to each other. The
area-weighted averaged temperature, mass fraction of H, and NHj at
the outlet surface are 433.86 °C, 15.89% and 10.52%, respectively.

Shortly, the CFD model with an isothermal catalytic reaction zone
is validated by the experimental data using various Ru-based catalysts
from different references, in which 94 cases in wide ranges of pressure,
temperature and mass flow rate have been compared with. Then, the
full non-isothermal CFD model which more practically simulates the
lab-scale demonstrator of NH; synthesis, is likewise validated by the
measurement data and compared with the isothermal simulation. The
minor comparison difference and logical simulation results inside the
reactor have highlighted the reliability and applicability of the CFD
model.

3.3. Parametric study

To further investigate NH; synthesis on Ru-based catalyst, para-
metric studies based on the non-isothermal CFD simulation for the
lab reactor have been carried out in this section. The impacts of
temperature and flow rate which are the top two sensitive factors for
NH; synthesis are explored as follows.

3.3.1. Impacts of temperature

Fig. 8 illustrates the synthetic NH; volume fraction at the outlet (a)
and the volume-averaged NH; synthesis rate in the catalysts bed (b)
over temperature range of 370 °C to 430 °C with 15 °C gradient at pres-
sure of 70 bar and 85 bar. First, the NH; production and the reaction
rate increase near exponentially along the temperature rise, thanks to
the exponential function of the kinetic model in terms of temperature.
The average reaction rate is boosted 4-5 times for a 60 °C temperature
rise (from 370 °C to 430 °C). Second, 15 bar pressure increase does

not affect the reaction rate and NH; production significantly compared
to temperature, while the impact due to pressure change can be en-
larged under a high temperature condition as compared in Fig. 8(b).
It is reasonably believed that the larger difference is attributed to the
sensitivity of the reaction rate to temperature.

To analyze the reaction process more deeply, the distributions of
NH; synthesis rate inside the catalyst bed under 430 °C (a,b), 400 °C
(c,d) and 370 °C (e,f) are compared in Fig. 9, where Fig. 9(a, c, €)
show the results for 85 bar, and the other three show the results for
70 bar. The contours derived from the same temperature cases (e.g., (a)
and (b)) share the same color bar. The results prove that the maximum
reaction rate occurs near the sidewall when the reactants enter into
the catalyst bed due to the hot wall temperature and the very low NH;
concentration, resulting in apparent gradients from the top sidewall to
the other zone. For example, as shown in Fig. 9(a) the reaction rate is
up to 115.37 kg/(m? s) near the initial sidewall, while the NH; produc-
tion rate for the whole catalyst bed is in the range of 20-60 kg/(m? s)
for the case under 430 °C and 85 bar. The maximum rates for the six
cases are verified from tens to hundreds kg/(m?s), mainly owing to
the differences in temperature. Along the flow direction, reactants are
continuously heating up by the sidewall and the heat produced by the
exothermic reaction even surpass the fixed wall temperature, gradually
raising the rates in the middle over those near the wall. Afterwards, the
hot fluid flow is cooled down by the bottom part of the sidewall and
the produced NH; is constantly accumulated, resulting in the reaction
rate decrease in the bed bottom part and finally forming a triangle
intensive-reaction zone. The triangle zone of the case under 85 bar
is always bigger than the corresponding case under 70 bar, probably
due to higher pressure favoring the equilibrium as aforementioned in
Section 3.1.

3.3.2. Impacts of GHSV

Fig. 10 shows the mass fraction of NH; at the outlet (a) under 70 bar
and 400 °C and 430 °C, respectively, along GHSV from 60000 h~!
to 300000 h~! with the gradient of 30000 h~!. First, the produced
NH; volume fraction and the production rate fall with the increase
in GHSV. And the falling gradients at lower GHSV (e.g., from 60000
h™! to 90000 h™!) are larger than those at higher GHSV. Two main
factors contribute to this phenomenon, one is the big GHSV means a



T. Gu et al

(@)

(b)

Energy Conversion and Management 295 (2023) 117604

(©)

Temperature h2.Mass Fraction nh3.Mass Fraction
712.9 0.178 0.108
709.3 0.176 0.098
705.7 0.174 0.088
702.0 0.172 0.078
698.4 0.171 0.069
694 .8 0.169 0.059
691.2 0.167 0.049
687.5 0.165 0.039
683.9 0.164 0.029
680.3 0.162 0.020
676.6 0.160 0.010
673.0 0.158 0.000
[K]
(d) (e) U]
Temperature h2.Mass Fraction nh3.Mass Fraction
712.9 0.178 0.108
7093 0.176 0.100
0.175 0.092
705.6
0.173 0.085
702.0 0.172 0.077
698.4 0.171 0.069 "
6948 O 0.169 0.062 -
@ 0.16s & 0.0s4 @D
601 - : 0.167 - 0.046
687.5 - 0.165 y i 0.038
683.9 - 0.164 0.031
0.162 0.023
680.3
0.161 0.015
676.6 0.160 0.008
673.0 0.158 0.000
[K]

Fig. 7. CFD simulated contours of temperature and mass fractions of H, and NH; inside the reactor.

large amount of thermal mass, which is hard to be heated up in the
bed for the catalytic reaction. The other reason is the high velocity of
the fluid flow for the big GHSV cases, which leads to the short residence
time of the reactants in the reaction bed. Second, a significant differ-
ence due to temperature variation is observed, while the difference is
weakened along the space velocity increase. It can be explained that
the difficulties in heating up large thermal mass for high GHSV hinder
the catalytic reaction to some extent.

To eliminate the difference of NH; production due to mass flow
variation, and therefore better analyze the impacts of GHSV, the gen-
eralized NH; production rate or NH;3 productivity in terms of catalyst
volume is calculated using the below expression.

"NHy = GHSV - pfiow - Ynn, (16)

where ryy, is the generalized production rate with the unit kg/ (m?,, ),

Pioqw denotes the density of the fluid flow, and Yyy, indicates the
mass fraction of NH; at the outlet. Fig. 10(b) displays the average NH;
production rate (left Y axial) and the defined NH; productivity (right
Y axial) along GHSV for the two cases under 70 bar. From the results,
one can see, that the production rate and its corresponding productivity
show the same tendency along GHSV, i.e., increase first and then
decrease. Therefore, the best GHSV in terms of the two production rates
is found, namely 180000 h~!, both for the two cases under different
430 °C and 400 °C. The operation with low GHSV (e.g., 60000 h™!)
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provides particularly poor performance for NH; productivity. More-
over, in contrast with space velocity temperature is still the dominant
factor for NH; production. The generalized production rates of NHj
under 430 °C are more than two times larger than those under the
operation temperature 30 °C lower. These interesting results are of
great importance to control and optimize the similar reactor for NH;
synthesis.

4. Conclusions

This paper presents a comprehensive study on compact NH; syn-
thesis (Haber-Bosch process) using Ru-based catalysts under mild op-
erating conditions. A CFD model has been developed and validated by
comparing with experimental data, which incorporates an up-to-date
kinetic model describing the complex catalytic reaction. The univer-
sality of the model has been verified through simulations on other
Ru-based catalysts as well. The simulation results provide valuable
insights into the NH; synthesis process, such as the distributions of tem-
perature and species inside the reactor, thermal gradient and species
variation along the flow direction, and the sensitivity of the synthesis
process to various parameters. Through CFD-based parametric studies,
the significant impacts of temperature and space velocity on NHj
production and heat and mass transfer inside the catalyst bed have been
quantitatively revealed. The results show that temperature influences
NH; production most, i.e., more than two times due to 30 °C varia-
tion, while pressure dominates the chemical equilibrium (or maximum
conversion), verifying the efficiency of moderate temperature and low

12

pressure operation conditions. The effect modes of space velocity on
NH; production are exposed, i.e., thermal mass heating and the res-
idence time which suggest the best gas hourly space velocity, namely
180000 h™! in terms of NH; productivity. The findings presented in this
paper offer useful guidelines for designing and optimizing decentralized
NH; synthesis reactor and demonstrate the potential of CFD model-
ing as a powerful tool for understanding, improving, and controlling
decentralized NH; synthesis process.
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