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Abstract

This study presents the development and evaluation of a novel solid—gas reactor designed
to enhance the hydrogen reduction kinetics of tellurium oxide (TeO,) under atmospheric
pressure. Such gas—solid reactions can be processed in several types of reactors, including
but not limited to fixed-bed reactors, moving-bed reactors, and fluidised-bed reactors.
A combination of computational fluid dynamics (CFD) and experimental validation was
employed to design and optimise a reactor’s geometry and gas-flow distribution. Single-
phase CFD simulations were performed using the k—w SST turbulence model to examine
gas-flow behaviour, temperature uniformity, and gas-flow dead zones for two lance designs.
The modified lance produced a stable swirling flow that improved gas distribution and
eliminated stagnation regions. Experimental trials confirmed the simulation outcome
in optimised gas-flow: the redesigned reactor achieved up to 65% conversion after 1 h
and 70% after 2 h, a marked improvement over the rotary kiln, which required 5-6 h
to reach similar levels. However, excessive gas flow led to cooling effects that reduced
conversion efficiency. These results demonstrate the effectiveness of integrated CFD-guided
reactor design for accelerating hydrogen-based oxide reduction and advancing sustainable
metallurgical processes.

Keywords: hydrogen reduction; solid-gas reaction; process optimisation; design optimisation;
tellurium oxide

1. Introduction

The advancement of metal extraction is accompanied by increasing demands and
challenges in furnace technologies, especially in improving the yield efficiency while
minimising energy consumption and CO, emissions without sacrificing economic cost.
Computational simulations during the design phase of furnaces are now a very well-
established industrial practice, as they help identify risks such as hotspots, thermal stresses,
and structural deformation before failure [1,2]. Virtual testing also reduces development
cost by enabling rapid evaluation of design modifications. At the laboratory scale, sim-
plified simulations can similarly support experimental development by guiding design
choices and providing a means to evaluate or validate hypotheses. Although extensive
research has focused on complex multiphase or multi-physics models for furnace optimi-
sation, comparatively few studies investigate the utility of simple single-phase models as
early-stage screening tools. Such models are fast, accessible, and easy to interpret, making
them particularly valuable when resources are limited.
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This study supports part of the RecycleTEAM project [3], funded by the Federal
Ministry for Economic Affairs and Energy, which investigates the recycling of Bi,Tes for
establishing the circularity of Tellurium (Te). A key step in this process is the reduction
in TeO; to metallic Te. Achieving a high conversion is critical because an incomplete
conversion leads to a Te-TeO, mixture that cannot be further purified in subsequent
metallurgical steps. Although the reduction in TeO, is currently a pure research-stage issue,
improving its efficiency is a necessary prerequisite for enabling recovery routes for Te.

In a previous study of Chung et al. [4], the effectiveness of TeO, reduction using
hydrogen was examined using a rotary kiln tube furnace. In a solid—gas reaction system,
the highest conversion from TeO, to metallic Te recorded was 67.67%, conducted at 425 °C
with a 6 h holding time. When transitioning into a solid-liquid—gas system, where liquid
products were formed, the conversion increase to 89%, conducted at 700 °C. Although
thermochemistry calculations show that the reduction is feasible even at low temperatures,
the experimental results highlight that the practical conversion is strongly controlled by
kinetic limitations, an inherent constraint of rotary kilns, which typically exhibit slow
gas—solid reaction kinetics.

This raises the question of whether higher conversion rates of TeO; can be achieved us-
ing a reactor with faster reaction kinetics without increasing the operational demands, such
as pressure, temperature, or equipment complexity. To address this gap at the laboratory
scale, a novel solid—gas reactor designed to accelerate kinetic conditions under atmospheric
pressure is presented in this paper. The geometry of the reaction chamber and gas inflow
parameters were first analysed using ANSYS Fluent (Ansys, Inc., Canonsburg, PA, USA),
and the findings were subsequently verified through experimental trials. The objective
of this study is to design and validate a simple, versatile solid—gas reactor that enhances
kinetic conditions for TeO, reduction under atmospheric pressure. Specifically, this work
(i) develops a reactor geometry guided by CFD modelling and (ii) validates the design
through experimental trials. By combining computational and experimental findings, this
study aims to demonstrate an improved process pathway for the possible Te recovery.

2. Study Background

TeO; is typically produced through targeted hydrometallurgical processing of anode
sludge [5] and finds its application primarily in acousto-optic material [6]. In the primary
production route, TeO, is not intended as a precursor for metallic Te; however, in the treatment
of BiyTe; waste, several authors [7-9] have mentioned the possibility of precipitating Te as TeO,
during hydrometallurgical treatments. For circularity and recovery purposes, the reduction
in secondary TeO, to Te using hydrogen was previously reported by Chung et al. [4]. The
experimental reduction results obtained in a rotary kiln are summarised in Figure 1. According
to the Richardson-Ellingham diagram in Figure 2, the reduction in TeO, with hydrogen is
thermodynamically feasible; with hydrogen exhibiting a stronger affinity to oxygen. Although
calculations indicate feasibility even at room temperature, DTA-TGA measurements showed
that the reaction initiates only around 300 °C. This discrepancy highlights that the process is
kinetically, rather than thermodynamically, limited.

The kinetic constraints arise primarily from the morphology of the TeO, powder.
SEM images (Figure 3a) show that the particle exhibits a dense, non-porous morphology
with no observable internal pore network or microstructural pathways that would enable
significant gas penetration. Under these conditions, H, must access oxygen exclusively
at the external particle surface, meaning that the reduction process is highly sensitive to
gas—solid contact and to the renewal of fresh Hj at the reaction interface. This is further
supported by the proposed mechanism, reported by the authors to resemble a typical
gas—solid reaction that involves adsorption, surface reaction, and desorption of by-products
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and eventually the transformation of oxide into metal [4]. Generally, the reaction may be
limited by the slow external gas-film transfer, the slow surface reaction, or the diffusion

through a product layer.
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Figure 1. Conversion of TeO, was conducted in a rotary kiln adapted from [4].
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Figure 2. Richardson-Ellingham diagram adapted from [4].
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Figure 3. SEM images showing morphology of (a) TeO, powders, (b) Te crystal, and entrapped
unreacted TeO, [4].

These kinetic limitations were reflected in the previous rotary-kiln trials, which pro-
ceeded slowly despite long holding time up to 6 h, because the gas—solid contact efficiency
was inherently limited by the reactor configuration. Rotary kilns rely on bulk rotation and
indirect mixing, which leads to insufficient local gas renewal, suppressing reaction kinetics
in systems where the gas—solid interaction must be rapid and continuous. The observed
onset temperature near 300 °C and the incomplete conversion achieved at 425 °C reflect
these kinetic barriers.

The evolving morphology of the reacting solid further influences the achievable con-
version. SEM observations from the previous study showed that during long holding
times, metallic Te does not form a uniform product shell around individual TeO, particles.
Instead, Te nucleates and develops into large, faceted crystals that grow outward and ad-
here to neighbouring particles. Because the reduction progresses slowly, due to the dense,
non-porous nature of TeO; and the inherently limited gas—solid kinetics, these Te crystals
can physically enclose or ‘trap” pockets of unreacted TeO, (Figure 3b). Once encased within
metallic Te, the remaining oxide becomes inaccessible to H;, causing the reaction to gradu-
ally slow down through diffusion resistance or total blockage. This morphology-driven
entrapment effect, rather than a classical diffusion-controlled product-layer mechanism,
explains why extended holding times fail to achieve full conversion. In a reactor system
where the gas—solid reaction is already slow, this crystallisation becomes a secondary bar-
rier that prematurely halts the reaction. No further publication had specified the reaction
pathway and rate-limiting step to characterise the kinetics of this reaction.

In addition to gas—solid contact limitations, the results suggest that temperature also
plays a decisive role in controlling the overall conversion. Although the reduction is thermo-
dynamically feasible at low temperature, the kinetics accelerate strongly as the temperature
increases, consistent with typical solid—gas reduction behaviour. In experimental trials,
a strong increase in conversion was observed from 500 °C onwards, which coincides with
the melting point of the reaction product, elemental Te (T, = 449.5 °C). Once Te begins to
liquefy, the system transition from a solid—gas to a solid-gas-liquid regime. The presence of
a liquid product improves local mass transfer and facilitates the detachment of the reacted
interface, thereby reducing kinetic resistance and enabling higher conversion. Despite
this benefit, processing the reduction in a liquid-gas regime is unfavourable due to the
volatilisation of Te that happens even below its boiling temperature.
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Overall, three combined kinetic limitations emerge as follows: (1) poor mass-transport
and insufficient H, gas renewal at powder surface, (2) inherently slow gas—solid interaction
on a dense, non-porous oxide, and (3) tendency for Te crystals growth and trapping
unreacted TeO, during long treatments. These limitations make clear that a different
reactor approach other than the rotary kiln is needed. Designing this new system requires
understanding how established solid—gas reactor types manage gas delivery and mixing,
and which principles can be adapted to overcome the limitations.

2.1. Solid—Gas Reactors

Solid—gas reactors are used extensively in metallurgical and chemical processes, where
a solid phase reacts with a gaseous reagent. Their performance depends strongly on
temperature control, mass transfer, pressure drop, and residence-time distribution [10]. The
most common reactor configurations are fixed-bed, moving-bed, and fluidised-bed reactors,
each of which offers distinct advantages and limitations that are relevant for selecting
an appropriate design for laboratory-scale TeO, reduction.

Fixed-bed reactors consist of a stationary packed bed through which the gas flows.
They are simple to operate and provide good thermal control, particularly in non-adiabatic
or multi-tubular configurations [11,12]. Despite their advantages, fixed-bed reactors face
challenges such as non-uniform heat transfer, high-pressure drop, and flow misdistribution.
These characteristics are important for the present study because high controllability of
fixed-bed systems is desirable for laboratory-scale TeO, reduction, yet their mass-transfer
limitations may restrict reaction rates.

Moving-bed reactors (MBRs) contain continuously flowing granular solids in contact
with a counter-current or co-current gas phase [13]. This configuration was used in previous
TeO, reduction trials. MBRs are common in metallurgical processes such as ironmaking,
lead-zinc production, and zinc recovery via the Waelz Process [14-17]. While they enable
continuous throughput with lower pressure-drop than fixed-beds, MBRs typically show
broad residence-time distributions, particle attrition, agglomeration, and uneven temperature
profiles. These issues were also observed in earlier TeO; trials in [4], which required long
holding times to achieve high conversion due to slow effective kinetics (compare Figure 1).

Fluidised-bed reactors (FBRs) suspend fine particles in an upward-flowing gas
stream [18]. Their excellent heat and mass transfer make them attractive for large-scale

operations such as the Circored™

process of Hj iron ore reduction [19] and sulphide roast-
ing [20]. Despite these advantages, FBRs require narrow particle-size distributions, exhibit
particle attrition, and demand careful velocity control. The TeO, precursor used in this
study may not fluidise uniformly according to Geldart’s classification of fluid-particle [21],
and would be prone to entrainment loss, making FBRs unsuitable at the gram scale.

The previous study on TeO; reduction has primarily relied on a moving-bed type
system, i.e., rotary kiln, which, while versatile, is constrained by slower kinetics and
relatively low efficiency in gas—solid contact. Fixed-bed systems offer controllability but
limit gas—solid interaction, while full fluidisation introduces unnecessary complexity for
small-scale research. Taken together, none of the conventional reactor configurations
provides both the kinetic efficiency and the operational simplicity required for laboratory-
scale TeO, reduction under atmospheric pressure.

To address this gap, the work introduces a solid-gas reactor concept that combines the
operational simplicity and stability of a fixed-bed configuration with features of fluidised
operation to enhance gas—solid interaction. The novelty of the present system is the
development of a hybrid solid—gas reactor that does not conform to classical fixed-bed,
moving-bed, or fluidised-bed designs. The objective is to establish a laboratory-scale system
capable of increasing TeO, conversion, while remaining experimentally accessible and
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adaptable for further process development. The performance of this new reactor will be
experimentally benchmarked against the conversion rates achieved in the previous work
using a rotary kiln, under a selected temperature condition, to isolate the effects of the
improved gas-flow dynamics. As part of this development, computational fluid dynamics
(CFD) is employed to characterise gas-flow behaviour within the chamber.

2.2. Simulation with Computational Fluid Dynamics

Computational fluid dynamics (CFD) is a numerical method for simulating fluid flow
and heat transfer parameters by solving systems of equations using computer systems [1]. It
provides insight into flow behaviour and physical phenomena that are difficult to measure
experimentally, and enables visual prototyping and design optimisation before building
physical systems, reducing development time and cost [22,23].

Most CFD models treat fluids as continuous media and can represent steady or tran-
sient flow, laminar or turbulent regimes, and, when needed, multiphase or reactive systems.
Analytical solutions are limited to simple geometries, while empirical correlations offer
quick estimates but apply only to conditions similar to those under which they were devel-
oped [22-24]. CFD therefore provides a more general and predictive approach for complex
or unconventional designs.

A typical CFD workflow consists of three stages: pre-processing (geometry, mesh-
ing, and boundary conditions), solving (numeric calculation of mass, momentum, and
energy conversion), and post-processing (visualisation and analysis) [25]. In the present
work, a single-phase, non-reactive, stationary model was employed. While this simplifi-
cation does not describe the particle motion, reaction kinetics, or phase transformation, it
offers a fast, computationally efficient method to isolate and only analyse the fundamental
gas-flow patterns. This specific focus aligns with the primary objective of this study, which
is to design a system to improve the TeO, reduction process’s conversion as compared to
the rotary kiln system. Although CFD is a powerful and flexible method, its results are not
exact because they rely on mathematical models that approximate real-world physics. For
this reason, simulations are most effective when combined with experimental validation.

In the field of metallurgy and gas—solid reactor design, CFD has become an important
tool for optimising thermal efficiency, gas distribution, and mixing. For instance, prior
studies have employed single-phase CFD to design hydrodynamic cavitation [26], flotation
column [27,28], and a flow reactor [29,30]. The results from these studies demonstrate
that such simplified models provide sufficiently accurate guidance for geometry screening
and identification of key flow properties before introducing multiphase complexity. This
modelling strategy is well practised in early-stage reactor development, where it is used to
characterise core features, in this case, the gas flow, because it predominantly governs the
performance of gas-solid systems.

Mathematical Model

The flow behaviour within a designed reaction chamber can be analysed using CFD
in ANSYS Fluent (version 2024 R2). The governing equations that are applied in the
simulations are based on fundamental principles of fluid mechanics and heat transfer.
Among them, the Reynolds-Averaged Navier-Stokes (RANS) formulation was applied,
with the governing equations based on conservation of mass (Equation (1)), momentum
(Equation (2)), and energy (Equation (3)).

9
3+ V-(pU) =0
p: fluid density, t: time, U: velocity vector

(1)
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ap(U
B+ V- (oUU) = =Vp+ V- [+ i) (VU + (VW) )] + g
p: pressure, : molecular viscosity, : turbulent viscosity (by turbulence model), and g: gravitational )
acceleration vector

W1 - (pUh) = V-[(A+A)VT] + @
h: specific enthalpy, T: temperature, A: thermal conductivity, A¢: turbulent 3)
thermal conductivity, and ®: viscous dissipation

In the RANS formulation, additional terms arise from velocity fluctuations, requiring
a turbulence model to close the system of equations. Among available models, the k — w
shear stress transport (SST) turbulence model was selected, as it reliably predicts flow
separation and performs well under adverse pressure gradients. The k — w SST model
combines the strengths of the k — € and k — w models, which complement each other.
The SST model combines both approaches through a blending function, which applies
the k — w model near walls and transitions to the k — € model farther away in the free
stream [27].

Both the k — € and k — w models belong to the two-equation RANS family, in which
transport equations for turbulent kinetic energy, k (Equation (4)), and a second variable
¢ (Equation (5)) are solved, capturing the temporal and spatial changes in turbulence,
including processes such as convection and diffusion. The key distinction between them
lies in their second transported variable [27].

2.3. Standard k — w Model

Transport equation for turbulent kinetic energy k:

5(ok) | S(pUik) ;
A0 1 280 = N+ o) B | + P — Bk

B*: model coefficient (4)
Transport equation for turbulent dissipation rate €

5 sl
) 4 ) — b (ot o) 32| + P — Bpc?

w: specific turbulent dissipation rate; a-f: empirical model constant

(5)

The blending function F1 (Equation (6)) seamlessly combines the k — w and k — €
turbulence models. F1 approaches zero in the free stream and unity near walls. The
turbulent viscosity is calculated with a limiter to avoid over-prediction (Equation (7))

S(pe) | S(pUie) _ 6 T 2 200% 5k &
0 (o )] 2t R o

: empirical constant; v: turbulent kinematic viscosity; B: empirical dissipation constant; F;: blending function

— a10k
Kt = max(mw, SF) (7)

Fy:another blending function; S: shear strain magnitude

In short summary, the SST model was selected because the chamber design involves
strong boundary layer interactions, recirculation, and potential flow separation, conditions
where SST offers proven reliability.

The flow field was solved under the assumption of steady-state conditions. A steady-
state solution refers to a condition where variables such as velocity, flow, and pressure, as
well as temperature, no longer change with time. This is performed by implementing the
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm, which is widely
used for pressure-velocity coupling in CFD [31]. The method is computationally efficient
and avoids the cost of transient simulations while maintaining mass and momentum
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conservation. The cycle is repeated in an iterative loop until convergence is reached,
meaning that the changes in flow variables from one iteration to the next become negligibly
small. Through this iterative approach, a stable steady-state solution of the reacting flow
inside the chamber was obtained.

3. Design of Solid—Gas Reactor

A laboratory-scale reaction chamber was designed to address the kinetic limitations
identified in the previous section. The requirements, in addition to remaining simple and
inexpensive to fabricate, are to maintain continuous renewal of hydrogen at the powder
interface and to avoid stagnant gas zones where the reaction becomes transport-limited.
Furthermore, excessive holding time is to be avoided to prevent Te crystal growth.

To fulfil these objectives, the design requirements included: (1) the ability to sus-
tain atmospheric-pressure operation up to ~450 °C for solid—gas reactions, (2) sufficient
gas residence time for surface reaction, (3) minimising stagnant regions inside the cham-
ber, and (4) handling high gas-flow rates without excessive entrainment of fine powders.
A powder-trap section was therefore incorporated into the outlet pathway to mitigate parti-
cle loss. The conceptual basis of the chamber draws inspiration from fixed-bed, moving-bed,
and fluidised bed operation. While the solid remains in a fixed position, the inflowing gas
induces partial fluidisation and stronger mixing, enabling enhanced mass transfer without
the complexity of a fully fluidised system.

The key novelty of this non-standard reactor geometry lies in the way the gas is
introduced, through a top-to-bottom injection rather than the conventional bottom-to-
top configuration used in fluidized beds. This orientation ensures that the highest gas
momentum directly impacts the powder bed, improving turbulent mixing and renewing
hydrogen at the reaction interface. The directed high-velocity jet also suppresses early
Te nucleation and crystal growth by keeping the particles in constant turbulent motion.
This avoids the formation of large, rigid Te crystals that would otherwise encapsulate
unreacted TeO, and restrict further reduction. The dual effect, enhanced mass transfer and
suppression of obstructive crystallisation, is essential for sustaining the reduction reaction
to achieve higher conversion.

The reactor body is constructed from stainless steel for thermal resistance, chemical
compatibility with TeO,, and ease of fabrication. The geometry consists of a cylindrical,
double-walled chamber with a vertical gas-injection lance positioned at the centre (Figure 4).
Gas enters through the lance, flows downward to the chamber bottom, then rises along
the inner wall and exits into a trap zone before leaving through lateral outlet holes. A ther-
mocouple port is integrated into the chamber lid to allow in situ temperature monitoring
during operation.

Although a mechanical mixer would provide ideal solid—gas mixing and maximise
heat and mass transfer, space limitations and design constraints prevent its installation.
Instead, the modified gas-lance design was developed to replicate the mixing effect by gen-
erating a controlled swirling motion of the inflowing gas (Figure 5), promoting turbulence
without mechanical parts.

While temperature is a confirmed driver of the reduction reaction kinetics (as seen
in prior rotary kiln studies from Figure 1), the hypothesis here is that the engineered flow
field of the new chamber, particularly with the modified lance, fundamentally enhances
gas—solid contact and reactant delivery, leading to superior conversion even at shorter
holding time and similar operating temperature.
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Figure 4. Schematic design of the chamber.

(a) Front view (b) Front view (c) Top view
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Figure 5. Design of lances used for the solid—gas reactor.

(d) Top view
modified lance

https://doi.org/10.3390/pr14010033


https://doi.org/10.3390/pr14010033

Processes 2026, 14, 33

10 of 24

The design process was supported by computational fluid dynamics (CFD) analysis,
which was used to evaluate flow distribution and potential powder entrainment. By
combining simulation with practical construction considerations, the final design balances
experimental accessibility, cost efficiency, and improved kinetic performance for laboratory-
scale TeO, reduction studies.

4. Materials and Methods
4.1. CFD Simulation

To evaluate the flow behaviour within the designed chamber and to identify the
optimal gas injection configuration for the reduction in TeO, with hydrogen, a single-phase
CFD simulation was conducted in ANSYS Fluent (version 2024 R2). Only the gas phase was
modelled, and the movement of the solid particles was inferred indirectly from the gas-flow
patterns by considering the movement path lines of the gas. The computational domain
corresponds to the internal volume of the reaction chamber, excluding external walls and
structural components that are irrelevant for flow dynamics. Figure 6 illustrates the fluid
domain used for simulation, including the chamber interior and the reduced lance length.

<

—

Figure 6. From left to right: cross-section of reaction chamber, inner chamber, and reduced lance
length, volume of interest (fluid domain) for simulation.

A mesh size of 0.5 mm was selected for both the standard lance and the modified
lance after mesh sensitivity analysis (compare Appendix A). This resolution was found to
provide sufficient accuracy while maintaining manageable computational requirements.
Using this mesh size, gas was introduced through the respective lance inlet at different
volumetric flow rates of 12, 15, 18, 21, and 24 1/min. These rates provide sufficient gas
velocity to promote vigorous mixing and enhance gas—solid interaction, while remaining
safely below the threshold at which powders are carried out of the chamber by the gas
stream (powder entrainment).

Simulations were performed using the k — w SST turbulence model and a pressure-
based solver with the SIMPLE algorithm for pressure—velocity coupling. The simulation is
run until the set residual value is reached, indicating convergence. The number of solver
iterations is set at 5000 to ensure the simulation has enough iterations to fully converge. In
addition to gas path lines, the simulations also calculated the temperature distribution pro-
file for those flow rates where experimental trials were conducted. This allowed assessment
of how gas velocity influences heat transfer behaviour and thermodynamic conditions
inside the chamber.

The domain was initialised using Fluent’s standard initialisation with values relative
to the specified cell zone. Gauge pressure was set to 1.164 x 10710 Pa (effectively zero-
gauge pressure). The initial velocity field in the x-, y-, and z-directions was prescribed as

https://doi.org/10.3390/pr14010033
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Ux = Uz = 0 ms™ !, while Uy was set according to the inlet flow rate (compare Table 1). The
negative value represents the initial bulk flow direction used for the relative reference frame.
Turbulence quantities were initialised with a turbulent kinetic energy k = 0.05387 m2s~2
and a specific dissipation rate w = 52.4437 s~ 1. These conditions were used to start the

iterative solution.

Table 1. Conversion of gas-flow rate into gas-flow velocity.

Gas-Flow Rate (I/min) Gas-Flow Velocity (m/s)
12 3.79
15 474
18 5.68
21 6.63
24 7.58

The boundary condition at the inlet was prescribed as a velocity inlet with a veloc-
ity magnitude according to Table 1, specifying normal to the boundary in the reference
frame. Turbulence at the inlet was defined using the intensity-viscosity-ratio method with
a turbulent intensity of 5% and a turbulent viscosity ratio of 10 (default settings). The outlet
was set as a pressure outlet with a gauge pressure of 0 Pa. Backflow conditions, applied only
if reverse flow occurred, were defined using a normal direction specification and the same
turbulence settings as the inlet. All solid surfaces were modelled as stationary, no-slip walls
with standard roughness modelling. Wall roughness was assigned with a roughness height
of 0 m and a roughness constant of 0.5, following the sand-grain roughness formulation.

4.2. Experimental Validation

The identical starting material as the previous study, tellurium oxide powder
(99.99 wt.% TeO,, dgg = 15 pm) obtained from Wuhan Tuocai Technology Co., Ltd., Wuhan,
China, was used in this study for comparability purposes. The reduction was conducted in
the designed chamber on both separate lances, placed inside a resistance-heated furnace
(Thermostar, Aachen, Germany), as shown in Figure 7. An additional thermocouple probe
was used to monitor the actual temperature within the materials. The procedure began
by adding the powders at 20, 60, and 100 g. The reactor was then heated at 300 K/min
until 425 °C, and a gas mixture of 8 1/min hydrogen with 7 I/min or 16 1/min of nitrogen
was introduced to initiate the reduction process. Nitrogen was used not only to shield the
system but also to support the desired flow conditions due to the high overall gas volume.
Two bottles were placed connected to the furnace’s gas outlet; the empty bottle is to keep
any solid particles trapped, while the watered bottle is to cool down the gas before going
into the off-gas system. After a holding time of 1 or 2 h, the hydrogen supply was stopped,
while keeping nitrogen flow to flush out any remaining hydrogen and aid in cooling the
reactants. The reactor was then left to cool down to room temperature by simply switching
off the furnace; during this time, no reactions take place within the chamber. Once the
reactor had cooled, the total weight loss was recorded with uncertainties of £0.005 g, and
the conversion of the TeO, was computed with the following equation:

Mass loss

C jon = 1
ONOErsIon = Jass of input materials x 20.05% * 100 ®
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Figure 7. Schematic illustration of experimental setup.

Twenty-four experiments were conducted to investigate the effects of gas-flow rate
and holding time on the hydrogen reduction in TeO,. These included 12 experiments for
each gas lance design with 1 and 2 h of holding time. The parameters for each experiment,
including gas-flow rate and holding time, are summarised in Table 2.

Table 2. Experimental Parameters.

Operating Condition Values
Temperature 425 °C
Gas-flow rate 15,24 1/min

Pressure 1atm
Holding Time 1,2h
Total mass of tellurium oxide 20,60,100 g
Lance Design standard, modified

5. Results and Discussion
5.1. Mesh Generation and Quality Assessment

The domain was discretised using an unstructured tetrahedral mesh, resulting in
8.2 million cells, 17.7 million faces, and 2.1 million nodes. Mesh quality was evaluated us-
ing the standard ANSYS Fluent diagnostics. The minimum orthogonal quality was 0.0569,
and the maximum aspect ratio was 86.28, both within the acceptable limits for RNAS turbu-
lence modelling of internal flows. The smallest cell volume was 6.27 x 10 ~'* m3, and the
maximum cell volume was 2.97 x 10 ~1 m3, with face areas ranging from 5.80 x 10~? m?
t0 9.42 x 10~7 m2. No negative volumes or non-manifold elements were detected during

mesh check.

5.2. Simulation Results

The single-phase simulations of gas-flow path lines with the standard lance are shown
in Figure 8. The results reveal intense turbulence in the lower half of the chamber, where
the powders are located. This turbulence is then expected to cause intense mixing in the
powder materials, suggesting that gas—solid interaction in this setup is already far stronger
than in the rotary kiln (Figure 9). However, the simulations also expose a consistent issue
across all tested flow rates, stagnant regions at the base of the chamber where no gas flow
occurs (Figure 10). In practice, these zones likely correspond to TeO, powder becoming
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trapped along the chamber edges. Such stagnant regions, referred to as reaction dead
zones, are expected to limit the overall reduction efficiency. Even at higher flow rates,
the perpendicular chamber walls and flat base hinder the turbulent stream from fully
circulating and dislodging the powder in these areas, leaving portions of the material with
limited exposure to the reducing gas.

To address this limitation, a modified lance (see Figure 5) is developed to alter the
flow dynamics inside the chamber. Simulations with the modified lance (Figure 11) show
a pronounced swirling motion of the gas throughout the chamber, persisting until the gas
exits. Importantly, the tangential sweeping motion generated by the angled nozzle outlets
(Figure 12) minimises or eliminates dead zones. This design feature is expected to prevent
TeO, powder from accumulating along the chamber walls, thereby ensuring more uniform
contact between the gas phase and the solid particles.

Figure 8. Gas-flow path lines (arrows) in the standard lance model with increasing flow rate.

Turbulent Intensity Turbulent Intensity
[%] [%]
20 75
i 67
16 80
14 52
12 45
10 37
e
N . 30
a 22
2 15
8.2x10°¢ 28
8.2x10°

Figure 9. Turbulence intensity profiles in the reaction chamber, (Left)151/min, (Right) 24 1/min.
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Velocity Magnitude
[m/s]

Figure 10. Zoomed-in view of gas-flow path lines at 15 1/min flow rate, highlighting reaction dead

zones within the chamber (red markings).

\

12 I/min 15 lmin 18 1/min 21 I/min 7 4 min

Figure 11. Gas-flow path lines (arrows) in the modified lance model with increasing flow rate.

'Velocity Magnitude
[m/s]

Figure 12. Zoomed-in view of gas-flow path lines at 15 1/min, illustrating minimal to no reaction
dead zones within the chamber.

The simulation results revealed clear differences between the standard and modified
lance, closely matching the expectations formulated during the chamber design phase. The
modified lance proved particularly effective in minimising the formation of reaction dead
zones by redirecting the gas flow at the point of entry and generating a sustained swirling
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motion within the chamber. This improved gas distribution enhances the likelihood of uni-
form contact between hydrogen and TeO, particles, thereby increasing their participation
in the reduction reaction. Together, these findings confirm that the modified lance design
directly mitigates reaction dead zones and improves reactant delivery to the solid catalyst
bed. This enhancement in mass transfer provides the mechanistic basis for the superior
kinetic performance of the current chamber over the rotary kiln, which is quantitatively
demonstrated in the following section by a direct benchmark comparison under controlled
temperature conditions for gas—solid reactions.

5.3. Experimental Results

The primary objective of this experimental study is to benchmark the performance
of the new chamber design against the conventional rotary kiln. The conversion results
from the experimental trials (Table 2) are shown in Figure 13. Figure 14 presents the
extent of reduction for different TeO, powder masses at holding times of 1 and 2 h, under
gas-flow rates of 15 1/min and 24 1/min, respectively. In general, the modified lance
outperforms the standard lance, which aligns with the simulation results showing that
the modified lance enhances gas-flow dynamics. Although complete conversion of TeO,
was not achieved in any trial, the results represent a significant improvement compared to
the rotary kiln, especially considering the much shorter holding times applied here. The
average conversion is shown in Figure 15, with the lowest value at 31.7% for a holding
time of 1 h. For comparison, a similar result in the rotary kiln requires approximately 4 h of
holding, yielding 36.8% conversion. This demonstrates that the current chamber design
accelerates the reaction kinetics.

To demonstrate this kinetic acceleration quantitatively, a direct performance benchmark
is provided in Table 3. At a comparable temperature of 425 °C, the new chamber achieves
>50% conversion in just 1-2 h. In contrast, the rotary kiln requires 6 h to reach >50%, and
its conversion at the 2 h mark is only ~12% despite having a higher temperature of 450 °C.
This improvement at a comparable temperature provides strong evidence that the enhanced
flow dynamics of the new design are the primary factor for the increased reaction rate. These
results address the two key limitations mentioned in the study background: (1) mass transport
is enhanced by the engineered gas-flow that minimises dead zones and prevents stationary
regions, and (2) metal growth and crystallisation are mitigated by maintaining shorter process
times and keeping the powder bed in constant motion.

15 I/min
s ps 70.52
| 0 Modified Lance 65.65 [ Standard Lance 66.18 —[63.19
63.5 — [ ]
| e 55.59 56.16 ]
| 3026] | |2 R

27.79.

T T T T T

20g /1 hr 60g/1hr 100g/1hr  20g/2hr 60g/2hr  100g /2 hr

Figure 13. Reduction extent for different powder masses at various holding times with a gas-flow
rate of 15 1/min.
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Figure 14. Reduction extent for different powder masses at various holding times with a gas-flow
rate of 24 1/min.
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Figure 15. Average conversion of TeO, from the 24 experimental trials.
Table 3. Comparison of conversion between the current chamber and previously published results in
the rotary kiln.
Reactor System System Temperature (°C) Time (Hours) Conversion (%) Notes
1 52.31 Average of trials
Current Chamber 425 ) 55,95 (15 1/min 20-100 g)
4 36.79
Rotary Kiln 425 5 43.86
6 67.67
450 2 12.66

During the design phase, it was hypothesised that higher gas-flow rates would en-
hance particle agitation, promote greater gas—solid interfacial contact, and thereby increase
conversion. However, the experiments showed the opposite trend, where conversion
decreased at a higher flow rate. This effect is explained by the significant drop in reactor
temperature during the experiments. At 24 1/min, the chamber temperature fell from the
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preheated 425 °C to about 375 °C, a decrease of ~50 °C. The temperature drop arises from
the large difference between the preheated chamber and the incoming room-temperature
gas. This reduction in effective reactor temperature alters the thermodynamic driving
force of the reaction and slows down the reduction process, despite improved gas mixing.
A similar trend was observed in both the standard and modified lance. At 151/min, the
drop was less severe, with the chamber stabilising near 400 °C.

The temperature distribution in the reactor under flowing gas was later investigated
through simulation. The results confirmed that higher flow rates cause greater cooling in
both the standard and modified lance designs. The cross-sectional temperature profiles are
illustrated in Figures 16 and 17. These ranges were selected locally to clearly show the differ-
ences inside the reactor. At 151/min, the simulated effective reactor temperature (~400 °C)
matched well with the actual measured value (~400 °C) for both the standard lance and
the modified lance. At 24 1/min, the simulated temperature was slightly higher (~385 °C)
than the actual measured value (~375 °C). In Figure 16, the standard lance produces
a broad temperature gradient extending from the reactor centre to the chamber walls,
which likely influences the thermochemistry and contributes to lower conversions. In con-
trast, the modified lance (Figure 17) produces a narrower gradient confined mainly to the
outer regions, with temperature gradually increasing toward the centre. Importantly, the
effective reactor temperatures are comparable between the two lance designs at each tested
flow rate, i.e., standard lance at 15 1/min vs. 24 1/min and modified lance at 151/min vs.
24 1/min. This similarity isolates the influence of the gas-flow pattern, indicating that the
observed performance differences are driven by the resultant improved kinetic conditions
(e.g., turbulence and mixing) rather than by a systematic temperature offset.

When comparing powder masses, the lowest performance occurred at 20 g. In contrast,
reduction extents for 60 g and 100 g were nearly identical. The lower conversion obtained
with the 20 g trials is likely related to differences in powder bed structure and gas—solid
contacting. At 20 g, the powder forms a relatively shallow bed with low flow resistance.
Under these conditions, the incoming mixed gas passes through the bed more rapidly,
leading to likely channelling or partial gas bypassing. This reduces the effective residence
time and decreases the gas—solid contact efficiency.

Static Temperature

Static Temperature Kl
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651
644
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630
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696
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688
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660

contour-1 contour-1

Figure 16. Cross-sectional temperature profile of the standard lance model. (Left) 15 1/min,
(Right) 24 1/min.
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Figure 17. Cross-sectional temperature profile of the modified chamber model. (Left) 15/min,
(Right) 24 1/min.

In contrast, the 60 g and 100 g powder beds are taller and more densely packed,
which increases the flow resistance and distributes the gas more uniformly across the bed
compared to the 20 g. This leads to higher pressure drop and increases residence times,
hence improving the conversion. This behaviour is consistent with established gas—solid
reaction principles such as the Ergun relationship for packed beds, which predicts lower
velocities and improved contact in deeper beds. Although direct measurements of pressure
drop or bed permeability were not obtained, the observed trend in the conversion aligns
well with expected flow behaviour for the different input masses.

Even after 2 h of reduction, complete conversion was not achieved. The highest extent,
approximately 70%, was obtained with the modified lance. At 60 g and 100 g of input
materials, small clumps of the reduced Te-TeO, mixture were observed in both chamber
configurations, which led to both positive and negative outcomes. These agglomerates
are expected to have two counteracting effects as follows: (1) they can hinder bulk mixing
and increase local flow resistance, diverting gas to unreacted zones, and (2) they can
restrict gas penetration into the agglomerates themselves, potentially slowing reactions in
particle interiors. This physical hindrance to reagent access presents a primary challenge
for achieving complete conversion in this system and may require strategies to improve
bed fluidity or disrupt agglomeration more effectively. While the results are consistent
with a process influenced by solid-state diffusion, the operative mechanism can only be
confirmed through a full kinetic analysis, which is beyond the scope of this work.

To visually examine the microstructure of the reduced product, SEM imaging was
performed on samples from selected trials (100 g, 1 h, 151/min, and standard lance). This
sample was selected as it contains roughly 50% of unreacted TeO,, suitable to demonstrate
any entrapment. Figure 18 shows the resulting Te-TeO, mixture, where the bright contrast
in certain regions is attributed to local charging effects, consistent with the mixed conduc-
tive (Te) and insulating (TeO;) nature of the reduced product. Metallic Te crystals (grey
particles) are visible alongside agglomerated regions containing unreacted oxide (white
bright particles). Importantly, no clear encapsulation of unreacted TeO, within large Te
crystals was observed, suggesting that the gas flow in this reactor effectively suppressed
the crystal growth and entrapment mechanism reported in prior rotary kiln studies.
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Figure 18. SEM images of reaction products (a) 150, (b) 500 x magnification.

5.4. Discussion

While no prior studies have examined optimisation of TeO, reduction reactors specifi-
cally, several gas—solid reactor design principles are well established. The present study
demonstrates that a single-phase CFD approach, when combined with targeted experimen-
tation, can effectively guide the design of a novel solid-gas reactor that combines different
principles of reactors. The results confirm that deliberate modifications to gas-injection
geometry, specifically the implementation of a modified gas lance with an angled, outward
and downward nozzle, substantially improve gas—solid contact and accelerate reaction
kinetics under atmospheric pressure by ensuring a swirling (rotational) gas flow within
the chamber. Beyond validating the design, several process-level insights inform both the
applicability of his reactor and directions for further development.

The improved conversion achieved with the modified lance aligns not only with
enhanced gas distribution but also with the suppression of Te crystal growth. In prior
rotary kiln trials, extended holding times allowed Te crystals to grow and encapsulate
unreacted TeO,, physically blocking further reduction. The swirling, top-down gas injection
in the present design maintains particle motion, likely limiting the available time for
crystal nucleation and growth. While it remains unclear whether shear forces actively
disrupt crystal formation, the observed increase in conversion at shorter holding times
suggests that flow-induced particle agitation effectively delays encapsulation-related kinetic
limitations. This presents a promising, non-mechanical strategy to overcome one of the key
morphological limitations in TeO, reduction.

One limitation highlighted in this work is that increased gas-flow rates, while enhanc-
ing turbulent mixing and reducing dead zones, also introduced significant cooling of the
powder bed, which is an effect that ultimately dominated and reduced overall conversion at
24 L/min. This underscores a critical process trade-off between hydrodynamic optimisation
and thermal stability in gas—solid reactors. For scaling or industrial translation, this implies
that reactor performance cannot be maximised by flow rate alone; instead, an optimal flow
window must be identified that balances gas-renewal efficiency with minimal thermal
disruption. Practically, this could involve (i) compensating for cooling by elevating sys-
tem set-point temperatures proportionally, or (ii) employing preheated reactant gas (i.e.,
preheated Hj). Both strategies would require further investigation to define the operating
window that truly maintains high conversion without excessive energetic drawbacks.

The design principles and optimisation methodology demonstrated here are broadly
applicable to other solid—gas reduction systems. The reactor can accommodate a solid—
gas system classified as cohesive or aeratable under Geldart’s classification, such as the
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combination of TeO; and Hj in this study. This extends its potential use to oxides of Sn,
Cu, Fe, and others, where hydrogen or other reducing gases are employed. Moreover, the
absence of moving parts and the ability to operate at atmospheric pressure enhance its
adaptability for exploratory and small-scale process development across metallurgical and
chemical engineering contexts.

Despite the improved kinetics, complete conversion was not achieved, particularly
at higher powder masses (60-100 g), where agglomeration was observed. This could be
attributed primarily to inherent material cohesion, a characteristic of fine Te and TeO5,
rather than a fundamental design flaw. The cylindrical geometry may further promote
cohesive clustering along the chamber wall, since the inflow gas is expected to move
the powders in circular motion. To overcome this, process modifications such as pulsed
gas flow could be integrated to periodically disrupt agglomerates without mechanical
intervention. Future iterations might also explore slight geometry adjustments (e.g., conical
base or baffles) to reduce powder holdup.

The simulation conducted in this study employed a single-phase gas model, which
only captured the gas-flow behaviour and did not account for gas—solid interactions. This
simplification neglects the complex physics of multiphase systems, where the motion of
TeO, particles may significantly affect reaction dynamics. A more comprehensive approach
would involve multiphase modelling, potentially offering insights that differ from the
conclusions drawn here. Furthermore, systematic variation in the Hy:H,O ratio could
provide deeper insights into the role of partial pressures in controlling kinetics. Although
some kinetic behaviour of the hydrogen reduction in TeO, was briefly reported elsewhere,
the precise kinetic mechanism governing this process remains an open question for further
investigations. Future work should aim to determine key kinetic parameters, such as
activation energy and reaction rate constants, through carefully designed experiments to
track particle-size evolution, compositional gradients via high-resolution mapping, and
time-resolved phase transformations.

All together, these next steps would build on the promising foundation demonstrated
here, that a simple and versatile solid-gas reactor, informed by CFD and validated by
experiment, could significantly improve reduction kinetics of TeO,.

6. Conclusions

This study aimed to design and experimentally validate a novel gas-flow-optimised
solid—gas reactor to enhance the H, reduction in TeO, under atmospheric pressure, ad-
dressing low conversion rates and kinetic limitations inherent in rotary kiln systems, where
a previous study was conducted.

By combining single-phase CFD simulations with laboratory trials, the developed
reactor is able to generate a stable swirling flow that eliminates reaction dead zones,
improves local gas—solid renewal and contact, and mitigates the encapsulation of unreacted
TeO, by metallic crystal Te. The optimised reactor achieved up to 65% conversion in 1 h and
70% in 2 h at 425 °C, a marked improvement over the rotary kiln system, which required
5-6 h to reach similar conversion levels. This represents a three- to four-fold acceleration in
reaction kinetics under comparable temperature conditions.

The novelty of the reactor lies in its hybrid design, which merges the operational
simplicity of a fixed-bed system with the enhanced mixing of a fluidised-bed, achieved
through top-down gas injection without moving parts. The configuration addresses the
two key limitations identified in earlier studies: poor gas—solid contact and undesirable Te
crystal growth.

Opverall, this work confirms that single-phase modelling approaches can provide mean-
ingful guidance for reactor design and process improvement, such that relatively modest

https://doi.org/10.3390/pr14010033


https://doi.org/10.3390/pr14010033

Processes 2026, 14, 33

21 of 24

modifications can significantly affect the outcome. In this case, the solid—gas reaction
kinetics under atmospheric pressure have been accelerated, leading to very optimistic
results for the hydrogen reduction in TeO,. These findings not only support the goals of
Te recycling processes but also illustrate how accessible CFD-experiment workflows can
contribute to the development of more efficient technologies in a laboratory-scale setup.
Beyond this specific case, such an approach may help inspire the design of more efficient
and sustainable furnace setups for metallurgical applications.
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Appendix A
Mesh Sensitivity Analysis

The reaction chamber geometry was meshed using unstructured tetrahedral elements
with thin boundary-layer inflation applied at walls and near the lance to better resolve
near-wall velocity gradients. Four global target element sizes were tested: 5.0 mm, 2.0 mm,
1.0 mm, and 0.5 mm (compare Figures A1 and A2). All meshes used identical boundary
conditions, turbulence models, physical models, and solver settings to isolate the effect of

grid refinement.

15 20 (mm) 15 20 (mm)

[ Eem— E— [ S—  E—

Figure A1. (left): 0.5 mm mesh size; (right): 1 mm mesh size.
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Figure A2. (left): 2 mm mesh size; (right): 5 mm mesh size.

Simulations were run to steady state, and the solver convergence criterion was the
ANSYS Fluent default scaled residual threshold, with additional monitoring of physically
relevant probes to ensure solution stability. Thin inflation layers (Figure A3) are retained
across all mesh levels to preserve consistent near-wall resolution.

Mnsys

2024R2

0 175 35 525 7 (mm)

Figure A3. Inflation layers at the boundaries of the reaction chamber.

Mesh dependency was assessed by comparing flow fields, velocity contours in the
reactor cross-section, and maximum velocity immediately downstream of the lance. Qual-
itatively, the 5 mm mesh produced a smooth, more diffused jet pattern with noticeably
different jet spread and lower peak velocity than finer meshes. The 2 mm mesh improved
the resolution of the jet but still showed a diffused pattern. The 1 mm and 0.5 mm meshes
produced very similar flow patterns and velocity magnitudes, with only minor sharpening
of gradients apparent when moving from 1 mm to 0.5 mm. Based on this consistency
between the two finest meshes, the solution is considered mesh-independent within the
practical accuracy required for the present design study. Consequently, the 0.5 mm mesh
was chosen for the final reported simulations because it best resolved the jet impinge-
ment region while remaining feasible in terms of computational. Further refinement
below 0.5 mm produced no visible changes in the flow field structure, and the residual
convergence behaviour remained unchanged, indicating that the selected grid adequately
resolved the relevant flow gradients.
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