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ABSTRACT

Power-to-Ammonia technology offers sustainable pathways for energy storage and chemical pro-
duction, with fixed-bed reactors being critical components for efficient synthesis. Understanding
reactor dynamics under varying conditions is essential for optimizing these systems, particularly
when integrated with intermittent renewable energy sources. This study aims to develop and val-
idate a 2D axisymmetric CFD model for analysing the dynamic response of a ruthenium-catalysed
ammonia synthesis reactor to thermal perturbations. The model incorporates detailed reaction ki-
netics, multicomponent mass transport, and heat transfer mechanisms to predict system behav-
iour under transient conditions. Results reveal that a step increase in wall temperature from 400°C
to 430°C enhances NHs concentration by 136% (from 2.2 to 5.1 vol.%), with rapid system stabili-
zation achieved within 0.5 seconds. The thermals response maintains consistent heat transfer
patterns, exhibiting ~400K differentials between inlet and maximum temperature zones

Keywords: Ammonia Synthesis, Process Intensification, Computational Fluid Dynamics, Alternative Fuels, Dy-

namic Modelling.

INTRODUCTION

Power-to-Ammonia (PtA) technology offers a
sustainable and efficient solution by integrating
renewable energy sources with carbon-neutral fuel
production. This approach allows energy to be stored in
the form of ammonia, which can serve as a fuel, energy
carrier, or key ingredient in fertilizers [1]. The core of the
PtA process lies in its reaction system, featuring a
packed-bed reactor (PBR) where ammonia is synthesized
from hydrogen (H,) produced via water electrolysis and
nitrogen (N,) captured from the atmosphere.
Nevertheless, the synthesis process poses intricate
multiscale challenges related to flow, heat, and mass
transfer, largely driven by the highly exothermic nature of
the reaction . Advanced modeling techniques, such as
Computational Fluid Dynamics (CFD), are essential to
address these challenges, enabling optimization of
reactor performance, catalyst utilization, and overall
energy efficiency [2].

Several studies have focused on CFD simulation of
https://doi.org/10.69997/sct.158817

the PBR reactor in steady state. Gu et al. [4] explored de-
centralized ammonia synthesis for hydrogen storage and
transport using a CFD model, focusing on a small-scale
Haber-Bosch reactor with Ruthenium-based catalysts
optimized for mild conditions. The model’s accuracy was
validated against experimental data and parametric stud-
ies were conducted to assess the impact of key opera-
tional parameters. The results showed that temperature
is the most influential factor affecting ammonia produc-
tion and pressure primarily affects the chemical equilib-
rium. Furthermore, the study identified an optimal gas
hourly space velocity (GHSV) of 1.8-10"5 h"(-1) for effi-
cient ammonia synthesis. Nikzad et al. [5] compared the
performance of three different reactor configurations to
find the optimal design to enhance nitrogen conversion
and reduce pressure drops. The study used CFD simula-
tions to analyze and compare the mass, energy and mo-
mentum conservation in a two-dimensional geometry of
the three reactor types. The spherical reactors, particu-
larly the spherical axial flow (SAF) configuration, were
more efficient than conventional tubular reactors for
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ammonia synthesis. Tyranski et al.[3] investigated the
ammonia synthesis process in an axial-radial bed reactor
using CFD focusing on understanding the influence of
catalyst bed parameters, such as particle size and geom-
etry modifications, on the efficiency of the reactor. The
simulations demonstrated that smaller catalyst particles
(1-2 mm) provided a higher ammonia formation rate,
while larger particles show a slower reaction rate spread
throughout the bed. Moreover, modifications in bed ge-
ometry could reduce the bed volume by half without los-
ing efficiency.

However, in PtA systems, the intermittent nature of
renewable energy sources, such as hydrogen production
via electrolysis, introduces additional complexities in re-
actor performance. Boundary conditions and external
disturbances, like variations in hydrogen flow or temper-
ature fluctuations, can significantly impact key process
variables, including reaction rates, heat transfer, and
overall system stability. Therefore, understanding the re-
actor's transient response under such dynamic condi-
tions is crucial.

This study focuses on developing a 2D axisymmetric
transient CFD model for ammonia synthesis within a
fixed-bed reactor, specifically analyzing the dynamic re-
sponse to thermal perturbation at the reactor wall. By
evaluating these transient states, the research aims to
provide insights into reactor thermal behavior under tem-
perature fluctuations that may occur in PtA systems.

MATHEMATICAL MODELING

Governing Equations

Table 1: Governing equations for the catalytic region.

Description Mathematical Expression Eq.
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Table 2: Governing equations for the free fluid region.

Description Mathematical Expression Eq.
Transport of dw; . B (10)
concentrated P TV it Vo =0

i VM,
species = — (pDimei + PwiDimM—" _ ic,i) (1)

n

Heat transfer oT a (12)
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media q=—kVT (13)
Navier- ou _ (14)
Stokes equa- pop TP Vu=v-[-pl+K]

i 2
ton K = u(Vu+ (7w = u(7- Wi, (15)
Continuity ap _ (16)
equation T Vlw=0

The governing equations describing the behaviour
of the fixed-bed reactor for ammonia synthesis can be
divided into two main regions: the catalytic region and
the free fluid region.

Kinetic Model for Ammonia Synthesis

The reaction follows a rate-limiting mechanism in
which the dissociation of nitrogen is the lowest and most
energy-intensive step. The overall reaction is repre-
sented as:

N,(g) + 3H,(g) » 2NHs(g) (17)

The reaction rate for ammonia synthesis on a
ruthenium (Ru)-based catalyst is governed by a modified
Temkin Kkinetic expression, which includes H, and NH;
adsorption terms [4]. The rate expression is given by:

(R o
% — kl(q)i (anms [(aﬂz) ] [

1+KH2(aH2)0'3+KNH3(aNH3)O'2 |

|

The term dn/dt represents the rate at which the
limiting reactant is consumed, expressed in mol-h™1-
dmd,.. The kinetic constant for the reverse reaction
(ammonia decomposition) is denoted as k, while K, refers
to the equilibrium constant for the reaction [5].The
activities of the reactants and product are indicated by
a;. The stoichiometric coefficient, A(q), is set to 1 or 3
depending on whether the H,/N, feed ratio is 3 or 1.5,
respectively [6]. The absorption equilibrium constants of
reactants Ky, and Ky, are expressed by [7]. The activity
of the ith species (NHj, H, or N,) a; can be calculated as
follows,

a; = y;¢;P (19)

Where Pindicates the total pressure (atm), y;and ¢;
denotate the mole fraction and fugacity coefficient of the
ith species, respectively. The fugacity coefficients for the
reactants and product are fitted by temperature (K) and

.375
)037

.25
)02

(18)
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pressure (atm) using the equations in expressed by [5].

RESULTS AND DISCUSSION

Model Validation and Mesh Independence

A mesh independence study was conducted with
four mesh configurations, as illustrated in Figure 1. The
NH; production rate showed minimal variation between
coarse (35.802 kg-m=3-s71) and medium (35.825 kg-
m~3-s71) meshes (0.064% difference). The fine mesh
(36.087 kg m~3 - s) was adopted, achieving an average
element quality of 0.8155. Element quality, a dimension-
less metric ranging from O to 1, evaluates the regularity
of mesh element shapes, with values closer to 1 indicat-
ing optimal shape regularity and values near 0O signifying
highly distorted or degenerated elements. This measure
ensures numerical stability, geometric aligment, and
computational accuracy. The selected mesh showed ex-
cellent agreement with experimental data from literature
(35.5-36.5kg-m™3-s71) [7].
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Figure 1: Effect of the mesh refinement on average NH;
concentration under standard operating conditions
(T=430°C, P =100 bar, GHSV = 180.000 h™%).

Reaction Kinetic and Thermodynamic
Response

The kinetic response to the wall temperature step
change from 400°C to 430°C resulted in a rate constant
enhancement factor of 2.08, as shown in Figure 2(a). The
relative low activation energy of the Ru/C catalyst (23
kcal/mol) compared to traditional Fe-based catalyst (32
— 35 kcal/mol) accounts for this significant kinetic en-
hancement, explaining why the NH; concentration rapidly
increased from 2.2 vol.% to 5.1 vol.% after the tempera-
ture perturbation. As shown in Figure 2(b), the equilibrium
constant (Ka) decreased by approximately 35% at higher
temperature, which thermodynamically favours the re-
verse reaction. However, the observed increase in NH;
production (136%) demonstrates that the kinetic en-
hancement dominated over the equilibrium constraints in
this temperature range. The surface chemistry evolution,
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depicted in Figure 2(c), shows that the absorption con-
stants for both H, and NH; decreased with increasing
temperature.

Thermal Dynamic Response Analysis

The dynamic behavior of the ammonia synthesis re-
actor under thermal disturbance was systematically in-
vestigated to evaluate its response to a step perturbation
in the wall temperature. This analysis was conducted
maintaining constant operating conditions of 70 bar pres-
sure, GHSV of 180.000 h~1, and H,/N, feed ratio of 3.0,
which represent steady-state operation parameters with
the major production rates [7]. Figure 2(d) illustrates the
magnitude of the wall temperature step, which was set to
30K based on the high sensitivity of Ru catalyst kinetics
to temperature changes in this range, as demonstrated in
previous studies [4], [6], [7]. This temperature step is
also practically relevant, as it sits within the typical oper-
ating window (370-460°C) where Ru catalysts show high
activity while avoiding excessive thermal stress on the
reactor system.

NHs Production

The system’s response to the temperature perturbation
reveals significant insights into the reactor’'s dynamic be-
havior, Figure 2(d). Initially, the NH; concentration rapidly
increases from O to approximately 2 vol.% during the first
0.5 seconds showing the system’s quick response to the
initial operating temperature of 400°C. This is followed by
a brief stabilization period where the concentration re-
mains steady at around 2.2 vol.%. At t = 1.0 s, when the
step increase in temperature from 400°C to 430°C is im-
plemented, the NH; concentration exhibits a sharp re-
sponse, rising from 2.2 vol.% to approximately 5.1 vol.%.
This dramatic increase, representing a 136% improve-
ment in NH; production, demonstrates the strong tem-
perature dependence of the reaction kinetics. The
smooth transition and stable final concentration suggest
that the reactor maintains operational stability despite
the sudden temperature change, which is crucial for
practical applications in industrial settings.

Thermal Distribution Evolution

The spatial temperature distributions before and af-
ter the step perturbation provide insights into the reac-
tor's thermal behavior. Figure 3(a) shows the tempera-
ture field at t = 0.8 s, prior to the step change, where the
wall temperature is maintained at 673.15 K (400°C). At
this condition, the temperature ranges from 280 K at the
inlet to 679 K near the reactor wall, displaying a signifi-
cant thermal gradient characteristic of the exothermic
ammonia synthesis process.
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Figure 2: Thermal Dynamic Response of the Ammonia Synthesis Reactor. (a) Impact of temperature change on
equilibrium constant. (b) Arrhenius behavior of NH; synthesis rate constant. (c) Temperature step change on
adsorption constants. (d) Temperature step perturbation at the reactor walls and Dynamic respon of NH;
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After the step perturbation (Figure 3(b), t = 2.0s),
the system reaches a new thermal equilibrium with the
elevated wall temperature of 703.15 K (430°C). The tem-
perature distribution shows a similar pattern bit with
higher overall values, ranging from 277 K at the inlet to
719 K'in the reaction zone. The comparison between both
states reveals that while the absolute temperatures have
increased, the fundamental heat transfer characteristics
remain consistent. The effective heat conduction through
the catalyst bed is evidenced by the smooth temperature
transitions, and the radial temperature distribution indi-
cates significant wall-to-center heat transfer.

A notable observation is the persistence of steep
temperature gradients near the inlet in both cases, with a
temperature difference of approximately 400 K between
the inlet and maximum temperature zones. This con-
sistency in temperature differential, despite the step
change in wall temperature, suggests robust heat trans-
fer mechanisms within the reactor. The similarity in the
thermal patterns before and after the perturbation indi-
cates that the reactor design effectively manages heat
distribution under changing thermal conditions, an es-
sential characteristic for industrial applications where
temperature fluctuations may occur.
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Figure 3. Temperature distribution in the reactor at (a) t
= 0.8 s with wall temperature of 673.15 K (400°C) and (b)
t = 2.0 s after step increase to 703.15 K (430°C).

NHs; Concentration Evolution

The evolution of NH3 concentration over time, as
depicted in Figure 3, clearly represents the fixed-bed re-
actor’s response to a step change in wall temperature,
with critical phases occurring at t=0.9 s, t=0.9s, t=1.07 s,
and t=2.0s.

At t=0.9 s, Figure 4(a), prior to the temperature step
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change, the wall temperature is maintained at 400°C.
During this phase, localized ammonia formation is ob-
served near the reaction zone. This reflects the catalytic
activity at the steady-state baseline operating condi-
tions, where the reactor exhibits a controlled and predict-
able NHs synthesis rate driven by the Ru/C catalyst’s ki-
netics at the lower temperature.

At t=1.07s, Figure 4(b), the step temperature
change is introduced, rapidly elevating the wall tempera-
ture from 400°C to 430°C. This thermal perturbation trig-
gers an immediate enhancement in the reaction rate, as
the Ru/C catalyst demonstrates strong sensitivity to tem-
perature increases. The resulting NHs concentration be-
gins to expand radially, highlighting the acceleration of
catalytic activity throughout the reactor. This phase rep-
resents the transitional behavior of the system as it re-
sponds dynamically to the external thermal input, aligning
with the thermal response observed in Figure 1(b).

(a) (b)
[ B
0 1 2 3 4 5 6

(c) S

Figure 4. Temporal evolution of NH; concentration
profiles at key time points. (a) Concentration profile at t
= 0.9 s. (b) Concentration profile at t = 1.07 s. (c)
Concentration profile att = 2 s.

Finally, by t=2.0 s, the reactor achieves stabilization,
characterized by a uniform NHz concentration distribu-
tion across the core of the reactor. This indicates that the
system has reached a new dynamic equilibrium at the el-
evated temperature of 430°C. The smooth and rapid sta-
bilization, coupled with a significant increase in NHs con-
centration compared to the initial conditions, demon-
strates the reactor’s efficiency in managing transient
thermal changes. This behavior underscores the role of
effective heat transfer and robust catalytic performance
in maintaining stability despite fluctuating operating con-
ditions.

These findings validate the transient modeling ap-
proach and highlight the reactor's capability to adapt
quickly to external thermal disturbances. The results pro-
vide valuable insights for optimizing the design and op-
eration of ammonia synthesis reactors in Power-to-Am-
monia applications, particularly under the variable
Bravo et al. /| LAPSE:2025.0161

conditions imposed by intermittent renewable energy
sources.

CONCLUSION

This study developed and validated a 2D axisym-

metric transient CFD model to analyze the dynamic re-
sponse of a fixed-bed ammonia synthesis reactor under
thermal perturbations. The results demonstrate a signifi-
cant enhancement in NH3; concentration (2.2 to 5.1 vol.%)
following a temperature step increase from 400°C to
430°C, with rapid stabilization within 0.5 s. The kinetic
advantage of Ru/C catalysts at moderate temperatures
was found to outweigh thermodynamic limitations, con-
tributing to increased ammonia production. Spatial tem-
perature distributions exhibited consistent heat transfer
patterns, maintaining ~400K differentials between inlet
and maximum temperature zones.
Future work will address the broader impact of process
conditions by extending the sensitivity analysis to include
variations in pressure, gas composition, and flow rates.
Additionally, a comparative evaluation of alternative re-
actor configurations and catalyst materials is under in-
vestigation to contextualize the advantages and trade-
offs of the proposed system. Further assessment of in-
dustrial feasibility and scalability, including potential
challenges in commercial implementation, will be ex-
plored to enhance the model applicability for Power-to-
Ammonia applications. These ongoing efforts aim to re-
fine the predictive capabilities of the model and provide
deeper insights for optimizing ammonia synthesis under
dynamic operating conditions
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NOMENCLATURE

Latin letters

P pressure, [Pal

(0] heat rate per unit volume, [W m-3]
t time, [s]

T temperature, [K]

u fluid velocity vector, [-]

mass flux, [kg m-2 s-1]

[,
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q heat flux, [W m-2]

I identity matrix, [-]

R molar reaction rate, [mol gcat-1 s-1]

M, molar mass, [g mol-1]

D" mixture-average diffusion coefficient, [m? s-
1]

kegr effective thermal conductivity of the porous

medium, [K m-1 K-1]
Cp specific heat capacity, [J kg-1 K-1]

Greek letters

P density, [kg m-3]

i species mass fraction, [-]

u fluid dynamic viscosity, [Pa s]

& catalyst bed porosity. [-]

K heat transport coefficient, [W m-1K-1]
0 void fraction, [-]

[-] refers to without units or to dimensionless
Superscripts

m mixture

T Transpose operator

Subscripts

i chemical species: {N2, H2, NH3}

eff effective

Abbreviations

CFD Computational Fluid Dynamic
GHSV  Gas Hourly Space Velocity
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