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Abstract. The coprecipitation of iron phosphate (FePO4), a precursor for
lithium iron phosphate (LiFePO4) cathode materials, is governed by strong in-
teractions between hydrodynamics, multiphase mixing, and reaction kinetics
in stirred reactors. This study develops an advanced CFD model of a contin-
uous stirred tank reactor (CSTR) dedicated to FePO4 synthesis. The frame-
work combines an Euler–Euler multiphase formulation, the realizable k–ε tur-
bulence model, and detailed turbulence–chemistry interaction through both the
Eddy Dissipation Model (EDM) and the hybrid EDM/Finite-Rate (EDM/FR)
approach. Single-phase, multiphase, and reactive-flow simulations are con-
ducted to identify the optimal impeller configuration, characterize recirculation
patterns, evaluate mixing quality, and quantify species distribution and dead
zones. Results show that configuration A, equipped with baffles and operated at
1000 rpm, provides the most homogeneous hydrodynamics, while the EDM/FR
model accurately captures FePO4 formation. The proposed CFD framework
supports reactor optimization, scale-up, and improved design of coprecipitation
processes.

1 Introduction

The accelerating global demand for energy storage, coupled with the need for stable and
safe battery technologies, has intensified research efforts toward reliable and eco-friendly
materials. Lithium iron phosphate (LiFePO4), widely used as a cathode in lithium-ion bat-
teries, stands out due to its outstanding thermal stability, long cycle life, absence of memory
effect, and low environmental impact [1, 2]. The synthesis of LiFePO4 typically requires
high-quality iron phosphate (FePO4), which is commonly produced through an aqueous co-
precipitation process involving iron sulfate, phosphoric acid, and hydrogen peroxide [3].

Although widely employed, coprecipitation remains challenging to control because of
complex interactions among hydrodynamics, local turbulence, particle dispersion, and chem-
ical reaction kinetics, all occurring in non-uniform environments [4]. These coupled phenom-
ena directly influence product quality, yield, and particle size distribution. Computational
fluid dynamics (CFD) provides a powerful framework for probing such processes, offer-
ing detailed insights into flow fields, turbulent structures, multiphase dynamics, and reaction
rates [5].

In this work, we develop a comprehensive CFD model for a CSTR equipped with dual
propeller turbines and baffles. The objectives are threefold: (i) predict hydrodynamic behav-
ior and identify the optimal impeller configuration, (ii) characterize solid–liquid mixing and
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mixing efficiency, and (iii) elucidate the reactive pathways and formation of FePO4. Em-
phasis is placed on rigorous physical modeling, appropriate turbulence closure, and accurate
representation of turbulence–chemistry interactions. Through systematic numerical analysis,
the most efficient agitation configuration is identified and a mechanistic understanding of the
process is established.

Although this work focuses on hydrodynamics, mixing, and reaction kinetics governing
FePO4 coprecipitation, thermal effects may also influence reactor operation. In practical
CSTR systems, heat release associated with oxidation of Fe2+ by H2O2, as well as viscous
dissipation in highly agitated flows, can modify local temperature fields and affect reaction
rates and mixing properties. In this first study, temperature is assumed uniform and constant,
enabling isolation of hydrodynamic and mixing mechanisms before introducing additional
multiphysics coupling. The thermal and energetic aspects of FePO4 synthesis will be in-
corporated in future extensions using energy transport equations and temperature-dependent
kinetics.

2 Phenomenological Modeling of the Reactor

The reactor geometry is developed using a detailed three-dimensional representation includ-
ing the cylindrical tank, impeller shaft, three vertical baffles, and two propeller turbines
mounted on the central shaft. The CAD model is shown in Fig. 1. Each turbine consists of
several inclined blades whose orientation controls the direction of axial pumping and strongly
influences recirculation patterns within the tank.

Figure 1. Three-dimensional geometry of the coprecipitation reactor and agitation system.

To properly capture impeller rotation, the fluid domain is separated into two regions. The
first is a rotating cylindrical zone enclosing the impellers, treated using the Multiple Refer-
ence Frame (MRF) approach. This formulation introduces Coriolis and centrifugal forces into
the momentum equations without mesh deformation. The second zone corresponds to sta-
tionary fluid in the vessel remainder, where governing equations are solved in a non-rotating
frame. This decomposition provides an efficient compromise between computational cost
and accuracy.

The mesh is generated using unstructured tetrahedral elements to accommodate geometric
complexity of the agitation system, baffles, and MRF interface. Particular care is devoted to
refining the mesh near blades, shaft, and baffle edges, which are regions of strong velocity
gradients and high turbulent production. Fig. 2 shows the mesh in the rotating region. Mesh
quality is assessed based on skewness and orthogonality metrics, which remain well within
recommended stability limits, ensuring reliable numerical performance.

Figure 2. MRF zone with turbine blades and local mesh refinement.

2.1 Conservation Equations and Turbulence Modeling

The CFD model relies on mass and momentum conservation equations for each phase, fol-
lowing the standard Euler–Euler multiphase framework extensively described in the litera-
ture [6, 7]. For phase k, the continuity equation is:

∂(αkρk)
∂t

+ ∇ · (αkρkuk) = 0 (1)

where αk, ρk, and uk denote respectively the volume fraction, density, and velocity field
of the phase. The momentum equation is written as:

∂(αkρkuk)
∂t

+ ∇ · (αkρkuk ⊗ uk) = −αk∇p + ∇ · (αkτk) + αkρkg + Fk (2)

where τk is the viscous stress tensor and Fk represents interphase interaction forces. This
Eulerian formulation has been widely applied to dense suspensions and reactive multiphase
flows in stirred reactors [8].

Turbulence is resolved using the realizable k–ε model, chosen for enhanced stability and
accuracy in strongly swirling flows and impeller-driven systems. Compared with classical
k–ε formulation, the realizable variant improves predictions for high-shear and rotating flows
by employing a variable Cµ that depends on local strain rate [9]. The turbulent kinetic energy
k and dissipation rate ε satisfy transport equations containing production terms associated
with Reynolds stresses and strain-rate tensors. Extensive reactor-scale CFD studies confirm
the suitability of this model for mechanically agitated systems [5].
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2.2 Reaction Modeling

The reactive flow is described by the aqueous reaction:

2 FeS O4 + 2 H3PO4 + H2O2 → 2 FePO4(s) + 2 H2S O4 + 2 H2O (3)

Chemical source terms are introduced in the species conservation equations. The Eddy
Dissipation Model (EDM) assumes that reaction rates are limited solely by turbulent mix-
ing, based on foundational work of Magnussen and Hjertager [10]. In contrast, the hybrid
EDM/Finite-Rate model accounts simultaneously for turbulence-induced mixing and intrin-
sic chemical kinetics governed by Arrhenius laws, following the theoretical framework of
Poinsot and Veynante [11]. This dual dependence enables more realistic description of reac-
tion rates in regions where molecular kinetics and turbulent mixing operate on comparable
timescales, particularly relevant for coprecipitation processes.

The present formulation assumes isothermal conditions, a standard first step for copre-
cipitation modeling when reaction enthalpy is moderate and the reactor is operated under
strong agitation promoting fast heat removal. Under such assumptions, temperature varia-
tions remain small compared with dominant hydrodynamic and mixing processes. However,
the framework can naturally be extended to include thermal effects through the full energy
equation, accounting for heat of reaction, viscous dissipation, and convective–diffusive heat
transport. Such coupling is particularly relevant for scale-up studies or exothermic operating
regimes and will be part of future model development.

3 Results and Discussion

3.1 Single-Phase Hydrodynamics

Single-phase analysis provides insight into fundamental flow structures generated by the im-
peller under different blade orientations. Fig. 3 illustrates the three configurations investi-
gated. Flow visualizations reveal the presence of large axial recirculation loops characteristic
of pitched-blade turbines. The direction and intensity of axial pumping strongly depend on
blade inclination, producing distinct hydrodynamic signatures for each configuration.

Figure 3. Impeller configurations considered in the study.

Streamline plots presented in Fig. 4 demonstrate that configuration A generates two well-
defined vertical recirculation loops promoting vigorous axial mixing. Configuration B, where
both impellers pump toward the center, produces a stagnant central zone with weak turbulence
and limited mixing. Configuration C, characterized by downward pumping pattern from both
impellers, concentrates energy near the tank bottom while leaving the upper region poorly
mixed. The presence of baffles significantly reduces central vortex formation, enhances tan-
gential deceleration, and increases overall turbulent energy available for mixing.

The Reynolds number exceeds 106, confirming fully turbulent flow throughout the tank.
In such regimes, inertial forces dominate viscous effects, and large-scale structures generated
by the impeller govern the transport and dispersion of suspended particles.

Figure 4. Water streamline plots illustrating flow induced by the agitator.

3.2 Multiphase Flow and Solid–Liquid Mixing

The multiphase Euler–Euler model is employed to study solid particle distribution within the
fluid. At 500 rpm, volume fraction fields reveal that configuration A maintains relatively
uniform suspension, whereas configurations B and C exhibit pronounced solid accumulation
zones, poor axial dispersion, and recirculation-induced dead zones. Fig. 5 shows the water
volume fraction distribution at 500 rpm, representative of mixing efficiency.

Figure 5. Water volume fraction at 500 rpm illustrating solid–liquid dispersion quality.

Increasing agitation speed to 1000 rpm intensifies turbulent transport, yet configuration
A’s superiority persists. The blade-induced shear near the impeller creates strong turbulent
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kinetic energy gradients responsible for lifting particles into the bulk. The baffles reinforce
this effect by generating secondary flows that redistribute solids in the radial direction. The
spatial distribution of velocity magnitude shows that while all configurations produce strong
velocity fields near the impeller, only configuration A ensures adequate propagation of in-
duced motion throughout tank height.

3.3 Reactive Flow and FePO4 Formation

Reactive-flow simulations reveal significant differences between the EDM and EDM/FR
models. The EDM approach predicts unrealistically localized production of FePO4, re-
stricted to areas of intense turbulence. This limitation arises from the underlying assump-
tion that reactions proceed instantaneously once turbulent mixing is available. As a result,
the model fails to capture progressive reactant depletion and spatial distribution of the solid
product.

Figure 6. Mass fraction distributions obtained using the EDM/Finite-Rate model.

The hybrid EDM/Finite-Rate model provides considerably improved prediction. Fig. 6
displays the main species mass fractions obtained from this model. The formation of FePO4
is distributed throughout the reactor (Fig. 7(a)), except in the immediate vicinity of the inlet
where local concentrations remain dominated by reactants (Fig. 7(b)). The interplay be-
tween turbulence and intrinsic kinetics leads to realistic consumption patterns for FeS O4 and
H3PO4. The model successfully reproduces expected stoichiometry and spatial consistency
of the reaction, supporting its use for process design and optimization.

Figure 7. Vertical mass fraction distribution profiles obtained using the EDM/Finite-Rate model. (a)
FePO4 formation throughout the reactor; (b) Reactant concentration profiles near inlet.

Figure 8. Data extraction lines used for profile analysis: line 15 at X = 6 cm, line 16 at X = −6 cm,
line 18 at Y = 6 cm, line 19 at Y = −6 cm.

4 Conclusion

A comprehensive CFD model has been developed to analyze the hydrodynamics, multiphase
mixing, and reaction kinetics within a CSTR dedicated to coprecipitation of FePO4. The
study demonstrates that agitation configuration plays a decisive role in determining reactor
performance. Configuration A, combined with baffles and operated at 1000 rpm, yields the
most homogeneous velocity field, minimizes dead zones, and ensures efficient suspension of
the solid phase.

The multiphase simulations confirm that this configuration provides optimal solids distri-
bution and best reduces particle agglomeration. The reactive-flow simulations highlight the
importance of selecting an appropriate turbulence–chemistry model. The EDM/Finite-Rate
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approach emerges as the most accurate representation of the coprecipitation mechanism, cap-
turing both mixing-controlled and kinetically controlled regimes.

Overall, the CFD framework developed in this work provides a predictive tool for reactor
design, optimization, and scale-up. Future work may incorporate particle-size distribution
models, population balance equations, or LES-based turbulence modeling to further enhance
prediction accuracy.

Future work will also incorporate the thermal energy equation and temperature-dependent
kinetics to evaluate heat-transfer limitations and thermal gradients, which may become sig-
nificant during scale-up or under highly exothermic operating conditions. Additionally, ex-
perimental validation through particle image velocimetry (PIV) and reaction product analysis
would strengthen the computational predictions and enable calibration of kinetic parameters
for industrial applications.
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