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Abstract - This investigation explicitly investigates the impact
of static liquid height on the hydrodynamics of the thermolysis
reactor in the copper chlorine cycle for hydrogen production.
The gas holdup behaviour at a range of static liquid heights,
from 45 to 65 m, was investigated in the paper using a 3D
computational fluid dynamics (CFD) model. The model precisely
represents the trend of gas holdup, as confirmed by
experimental data and compared to a two-dimensional
counterpart. The gas holdup decreases as the static liquid height
increases, as evidenced by the maximal error of 48.6%. Critical
insights into the reactor's performance and improved
approaches to hydrogen production are provided by the three-
dimensional model.
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1. Introduction

Hydrogen is necessary to sustainable energy
solutions due to its ability to advance the transition to
more environmentally friendly energy systems. It is
essential for the mitigation of climate change due to its
capacity to decrease greenhouse gas emissions. The
production of hydrogen through thermochemical cycles
is a novel approach. By employing nuclear reactors,
these cycles can decompose water through a variety of
chemical reactions. The copper-chlorine (CuCl) cycle,
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which was discovered at Argonne National Laboratories
(ANL), is extremely efficient, even at low temperatures
[1,2]. The CuCl cycle operates at elevated temperatures
and generates heat through the use of oxygen. Many
methods have been employed by scientists to ensure the
efficient transfer of heat in the oxygen reactor. Studies
have demonstrated that molten CuCl is effectively heated
through direct contact heat transfer (DCHT), which
entails the return of 600°C oxygen gas into the reactor
[3,4]. This approach enhances reactor efficiency and
employs oxygen gas as a thermal medium. Slurry bubble
column reactors (SBCRs) facilitate the production of
oxygen in the CuCl cycle. The interactions between gas,
liquid, and solid are simplified by these multiphase
reactors. The sparger-injected gas causes the reactor bed
to bubble. The temperature of SBCR can be precisely
regulated as a result of the specific heat of liquid. This
causes them commercially adaptable. The scaling of
SBCRs necessitates an understanding of Kkinetics,
hydrodynamics, heat and mass transport, and other
relevant factors. An essential SBCR performance
indicator is the gas holdup, which denotes the reactor's
gas volume fraction. Careful management of these
factors is necessary for the design and operation of
SBCRs in industry. The literature consolidates the results
of the studies, emphasizing the importance of novel
methodologies, experimental investigations, and CFD
analyses in the context of reactor design and operation.
The scale-up of these systems was investigated by
Abdulrahman [3-12] in terms of material and thermal
balances. His research has improved heat transmission



and minimized thermal resistance by incorporating
spiral baffled jackets, helical internal tubes, and half-pipe
jackets into continuous stirred tank reactors (CSTRs).
Abdulrahman's research focuses on the utilization of
nuclear reactors as heat sources, with a particular
emphasis on the CANDU Super Critical Water Reactor
(SCWR) and the High Temperature Gas Reactor. His
research indicated that the CANDU-SCWR required
increased heat transfer rates to enhance process
efficiency. In 2018, Abdulrahman suggested that the
reactor be heated, and oxygen gas be reintroduced
directly into it to optimize thermolysis [4]. Abdulrahman
[5] conducted research on chemical reactors that are
compatible with thermolysis for the purpose of
producing oxygen. He maintains that the bubble column
reactor is the optimal choice. The use of molten CuCl and
0, gas in thermolysis reactor thermal hydraulics
experiments presents a multitude of challenges.
Abdulrahman [13-14] identified substitute materials
through dimensional analysis in order to replicate the
thermal hydraulic properties of the original substances.
These cost-effective and accessible alternatives render
experimentation more secure and enjoyable.
Abdulrahman conducted experimental research on the
thermal hydraulics of SBCR [4,15-16]. The investigation
investigated the impact of superficial gas velocity (Ugs)
and static liquid height (H) on the gas holdup (ay),
volumetric heat transfer coefficient (Uy), and liquid
temperature of the bubble column reactor. Empirical
equations were employed to express these effects.
Experiments demonstrate that an increase in Uy results
in an increase in Uy, liquid temperature, and a4 The
transition velocity of SBCR was experimentally
measured by Abdulrahman [17]. Experiments have
demonstrated that the transition velocity between
homogeneous and churn turbulent flow regimes
decreases as H increases. In the industrial SBCRs, no
slug flow regime was observed. Abdulrahman and
Nassar [18] conducted a review of Eulerian CFD for the
purposes of BCR and SBCR analysis. They assessed
research that altered reactor design, superficial gas
velocity, pressure, and solid concentration to investigate
their impact on thermal hydraulics. The Eulerian CFD
model accurately anticipates the performance of BCR
and SBCR, according to the review.

Matiazzo et al. [19] employed 3D CFD to
investigate drag coefficients, coalescence, and
breakdown models in the churn turbulent flow regime.
Twelve configurations of coalescence and disintegration
were examined in the investigation. The significance of
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utilizing the appropriate coalescence and breakage
models was underscored by the results, as the
breakdown model significantly influenced flow
predictions more than the coalescence model. It was the
Schiller and Naumann [20] model that most accurately
predicted drag closure in comparison to experimental
findings. The experimental results were consistent with
the CFD simulations, which exhibited low gas velocity
and gas holdup errors. The gas velocity predictions in the
reactor centre were more precise than those at the walls,
as the simulations overestimated the experimental
measurements. Ertekin et al. [21] verified the CFD
simulations of Fletcher et al. (2017) by adjusting the
column radius and superficial gas velocity. Two-phase
Euler-Euler models with a predetermined single bubble
size were validated by Fletcher et al. [22]. The liquid
phase was analysed using a typical k-¢ turbulence
approach. Ertekin et al. confirmed Fletcher's models,
observing only a minor percentage discrepancy in
holdup investigations.

Yan et al. [23] employed numerous drag models to
investigate the hydrodynamics of BCR. The reactor was
660 cm tall and 30 cm wide, with 128 holes of 5mm
diameter and a gas sparger located 20 cm from the base.
The investigation contrasted electrical resistance
tomography data with two- and three-dimensional
computational fluid dynamics (CFD) models. In the cold-
water air model of the bubble column, the radial gas
holdup increased as the superficial gas velocity
increased. Radial gas holdup was increased by an
increase in internal pressure, particularly in the vicinity
of the column centre. These tendencies were consistent
with the experimental results and two and three CFD
models. Adam and Tuwaechi [24] employed a two-phase
CFD model with coarse and fine meshes, employing a
Eulerian-Eulerian approach and a k-¢ turbulence model
to investigate gas holdup. Their simulated BCR was 19
cm in width and 96 cm in height. The model
demonstrated that the volume fraction increased as the
time step increased, with observations that were more
detailed at 0.005 mesh resolutions. Additionally, they
discovered that the gas pressure reached its maximum
near the inlet and then decreased as it departed.

Euler-Euler simulation was employed by
Pourtousi et al. [25] to investigate bubble column
regimes. The SBC in their three-dimensional CFD model
was 28.8 cm wide and 260 cm tall. Experimental and
simulated data were compared to evaluate accuracy. In
the bulk region, superficial gas velocities were predicted
to range from 0.0025 to 0.015 m/s for a bubble diameter



of 3 mm. In a homogeneous domain, a single bubble
diameter can be computationally efficient and effective.
However, in a heterogeneous regime, a diversity of
bubble sizes and an appropriate drag model may
increase their accuracy. Homogeneous flows exhibit
homogeneous bubble sizes and shapes with minimal
interaction, whereas heterogeneous flows have bubbles
that range from 0.05 mm to 50 mm, which affects reactor
dynamics. Abdulrahman employed 2D CFD simulations
to investigate the hydrodynamics of SBCR and DCHT [26-
30]. The study examined the impact of liquid height,
superficial gas velocity, and solid concentration on the
volumetric heat transfer coefficient, temperature
distributions, and SBCR gas holdup. 3D CFD was
employed by Abdulrahman and Nassar [31-35] to
investigate the hydrodynamics of oxygen reactors.

The objective of this investigation is to examine
the hydrodynamics of the oxygen reactor in the Cu-Cl
cycle, with a particular emphasis on the urgent need to
address climate change and the potential of hydrogen as
a sustainable energy carrier. Utilizing the ANSYS Fluent
software, the investigation implements three-
dimensional computational fluid dynamics (CFD)
models. The results' accuracy and dependability are
ensured by comparing the simulation findings with
empirical data from previous experimental studies,
which is how validation is achieved.

2. CFD Analysis
2.1. Governing Equations

A three-dimensional system is analysed in this
work using computational fluid dynamics (CFD)
simulations. The simulations feature a pressure-based
solver, a Eulerian-Eulerian model, and a Eulerian sub-
model. Table 1 outlines the mathematical equations
employed in the computational fluid dynamics (CFD)
investigation. The gas phase is the intended application
of these equations. The equations for the slurry phase
are not restated in order to be concise, as they are similar
to the equations for the gas phase.

Table 1: Details of equations used in the 3D CFD simulations.
Description
[reference]

Equation

Volume
equation

= a, dV
136] v
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The dimensions of the reactor in this study are
determined in accordance with the Helium-Water
bubble column reactor that Abdulrahman investigated
[15-17]. Nevertheless, the material properties have been
altered to align with the properties of Cupreous Chloride
and oxygen. The 0,-CuCl system and the Helium-Water



(He-H20) systems exhibit similarities, as indicated by
Abdulrahman's property comparison [24-25]. The
superficial gas velocity of the 0,-CuCl system is precisely
adjusted to align with the Reynolds number of the He-
H20 system in order to ensure consistency. The reactor
employed in this investigation is cylindrical in shape,
with a diameter of 21.6 cm and a height of 91.5 cm. A gas
distributor of the sparger type, which has six arms, is
employed to inject the gas into the bubble column
reactor. The total number of holes is 72, as each arm is
provided with 12 orifices, each of which has a diameter
of 0.3 cm.

The Reynolds-Averaged Navier-Stokes (RANS)
models, specifically the k-e and k-w models, are
employed in this investigation. The most cost-effective
methods for estimating complex turbulent flows have
been shown to be these models. These models are
capable of accurately simulating a wide range of
turbulent flows and heat transfer processes. In contrast
to the conventional k-¢ model, the RNG k-¢ model is
chosen for its superior accuracy and reliability across a
wider range of fluxes. This model is particularly well-
suited for the simulation of turbulent flow that is
associated with churn, which is the primary focus of this
research. The dispersed turbulence model is the k- sub-
model that was selected due to its ability to accurately
represent the low concentrations of the gas phase and
the distinct phase densities of the liquid and gas. In
addition, this turbulence model is more cost-effective in
terms of computational resources than the per-phase
turbulence model. The standard wall function is a widely
used model in industries because it can produce
satisfactory results for a variety of flows that are
bounded by walls. Typically, the wall boundary
conditions are modelled using this function.

In this investigation, the 3D Bubble Column
Reactor (BCR) is modelled using the ANSYS Fluent
software. ANSYS Fluent is employed to establish the
simulation's setup and boundary conditions. The Bubble
Column Reactor (BCR) employs a hexahedron mesh, and
mesh independence is utilized to determine the optimal
mesh size that balances computational costs with
satisfactory results. The gas holdup disparity is 3% when
more refined meshes are employed, as the ultimate mesh
is composed of 26,825 nodes and 24,396 elements (Fig.
1).

2.2. Boundary Conditions
The simulated BCR consists of three separate
boundaries: the wall boundary conditions and the inlet
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and outlet boundary conditions. The boundary condition
attheinletis defined with a gas ata constant velocity and
a volume fraction of 1. At the inlet of the sparger, the gas
velocity is determined by dividing the volumetric flow
rate of the gas at the inlet (Vg_l-n) by the entire cross-
sectional area of the sparger (4).

I./g,in
A

Ug:

A superficial gas velocity Uy is obtained by
multiplying the gas velocity v, by the gas volume fraction
ag.
Ugs = agvy

Since the volume percentage of the gas passing
through the sparger equals 1, the superficial gas velocity
at the inlet is equivalent to the gas velocity at the inlet.
From above, the boundary conditions at the inlet will be:

Aty =0,a5 = 1and Uy = aguy = vy =%

Due to the assumption of an incompressible gas
phase and a relatively low pressure drop system, the
pressure at the inlet is not provided. In order to achieve
improved convergence results and prevent liquid
entrainment with gas, the pressure boundary condition
is implemented at the outlet of the column. In all cases,
the pressure at the outlet is set to atmospheric
pressure.

Aty =H,P =Py,

The walls are specified with a no-slip condition for
the gas and liquid phases. Thus, for a reactor of radius R,
the following boundary condition is applied at the wall:

Atr =R, vy, 4 = 0 and vy =0

To enhance understanding of hydrodynamics, the
model did not incorporate any symmetry requirements.
Given the challenging nature of approximating the
effects of turbulence at the boundary of liquid,
5000 iterations were used to precisely determine the
turbulent kinetic energy k and dissipation rate € at the
inlets and outlets.



Fig. 2 Average gas holdup versus static liquid height and
superficial gas velocity of CuCl-Oz.
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Fig. 1 BCR hexahedron mesh.

3. Results S e
3. 1. Gas Holdup Versus Static Liquid Height

The three-dimensional curves of the gas holdup in
relation to the superficial gas velocity (Uys) and the static
liquid height (H) are shown in Figure 2. The effects of w0 M % . % pa b
varying H (45, 55, 65cm) on the gas holdup while Hiem)
changing Uy for an 02-CuCl system are illustrated in

Cucl-0,, U,=0.085m/s

Figure 3. The contours of the cut sections of the BCR 3

taken in the centre of the XY and ZY planes are shown in w01

Figures 4-6. In order to facilitate a more comprehensive 5 \
contour of @, additional cut sections are obtained at 0l

heights of 10, 20, and 30 cm from the reactor's base on 315_

the ZX plane. The gas holdup's behaviour is firmly three-
dimensional, as evidenced by the contours, which clearly
indicate that it is not symmetrical on the XY, ZY, and ZX
planes. It has been noted that the value of a, decreases as o a % = pa pa 7
H increases. The gas holdup decreases by 20% when H is Hem)

increased from 45 cm to 65 cm at a superficial gas
velocity of 0.085 m/s.

Fig. 3 Average gas holdup versus static liquid height of CuCl-
0: at different superficial gas velocities.
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Fig. 4 Oxygen-Cupreous Chloride gas holdup contours for Fig. 5 Oxygen-Cupreous Chloride gas holdup contours for
Ugs = 0.0283 m/s. Uys = 0.0567 m/s.
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Axis H=45cm

XY

zY

Fig. 6 Oxygen-Cupreous Chloride gas holdup contours for
Ugs = 0.085 m/s.

3. 2. Comparative Analysis of 3D-CFD Models: Water-
Helium Versus Copper Chloride-Oxygen Systems
Table 2 illustrates the dimensionless groups of
hydrodynamics of the actual materials (CuCl and O2) and
the simulated materials (He and H:0), as detailed in
Abdulrahman's research [13-14]. The dimensionless
groups' primary source of error is the density ratio of gas
to liquid, with a magnitude of 11.311%. The
corresponding percentage of errors resulting from the
disparity between the actual and simulated materials, as
well as the calculated gas holdup values, are presented in
Table 3. 48.6% is the maximum percentage of
inaccuracy, as the data obviously demonstrates.
Additionally, it is clear that the gas holdup values in the
actual materials are generally underestimated in
comparison to those in the simulated materials. In order
to replicate the effects of the simulated substances, the
superficial gas velocities of the actual substances were
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altered. Table 2 indicates that the cumulative effect of the
percentage errors generated by each of the
hydrodynamic dimensionless parameters is responsible
for the elevated percentage error. Furthermore, this
error is exacerbated by the complex three-dimensional
multiphase system. The patterns and behaviours
observed in the SBCR were accurately predicted by the
3D CuCl-0; simulation.

Table 2 Error analysis of dimensionless groups in actual vs.
experimental materials studies [13-14].

Dimensionless Actual Experimental Error%
Group Material Materials 0
Pg
p_ 0.000121 0.000135 11.311
1
Hg
#— 0.021756 0.023 6.908
1
R_e‘lz 76473868 76085070 0.508
We, (Dg=1m) (Dg=1m) '

Table 3 Error Analysis of Superficial Gas Velocity and Gas
Holdup in H20-He and CuCl-0; Systems.

Water-Helium Cupreous Chloride- | Percent
Oxygen Error
Uss | aym) | Yoo | ay) | ()
(m/s) | * (m/s) | * ’
=45 cm
0.05 16.0 0.0283 12.3 29.9
0.1 24.4 0.0576 20.4 19.6
0.15 31.3 0.085 27.6 13.3
H=55 cm
0.05 15.0 0.0283 10.8 39.4
0.1 22.7 0.0576 18.3 24.0
0.15 28.0 0.085 24.2 15.7
H=65 cm
0.05 14.2 0.0283 9.5 48.6
0.1 21.7 0.0576 16.3 33.1
0.15 26.5 0.085 22.0 20.5
In Fig. 4, it is evident that the gas holdup's

behaviour in relation to the static liquid height is
consistent across both the H;-H;0 and O,-CuCl systems.
Specifically, the gas holdup decreases as the static liquid
height increases.
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Fig. 4 Comparison of Average Gas Holdup Versus Static Liquid
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4. Conclusions

The purpose of this investigation is to verify
the efficacy of substitute materials, particularly
liquid water and helium gas, as replacements for the
actual materials, namely molten CuCl and oxygen
gas, in the oxygen bubble column reactor that is
employed in the thermochemical copper-chlorine
(Cu-Cl) cycle of hydrogen production. The
validation procedure entails the use of ANSYS
Fluent software to conduct 3D computational fluid
dynamics (CFD) simulations. The simulations are
particularly designed to investigate various static
liquid heights in the CuCl-O2 system. The analysis
confirms that the gas holdup patterns are consistent
across both three-dimensional computational fluid
dynamics (CFD) models. Furthermore, the gas
holdup in the 3D CFD results of the 02-CuCl system
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is consistently lower than that in the 3D CFD

findings of the He-H20 system.

List of Symbols

A; Interfacial area concentration

C Specific heat

Co Drag coefficient

dp Bubble diameter

g Gravitational acceleration

H Height

Mi Total interfacial forces between the phases

P Phase pressure

Qg1 Intensity of heat exchange

Re Reynolds number

T Temperature

v Velocity field

Vg Volumes of gas

4 Volumes of liquid

Ugs Superficial gas velocity

ag Gas holdup

Hefr Effective viscosity

Ug Dynamic viscosity gas

U Dynamic viscosity liquid

Pg Density, gas

o) Density, liquid

TV Viscous stress tensor
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