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Abstract: A Computational Fluid Dynamics (CFD) study was conducted to simulate the hydrodynamic behavior of a Norstone-type high-shear
impeller operating in a stirred unbaffled tank containing a biphasic system (glycerin-hexane). A transient, multiphase Eulerian-Eulerian approach
was implemented in ANSYS Fluent under laminar flow conditions. The model captured the formation of four distinct recirculation loops and
identified zones of high-energy dissipation at the impeller blades, which are critical for the dispersion of the secondary phase. Experimental
validation was conducted using temperature sensors (Max6675 thermocouples) connected to an Arduino Uno; good agreement between
simulated and measured temperatures was observed. This work provides a validated CFD framework and fundamental insight into the flow
dynamics, establishing a solid foundation for optimizing impeller geometry and operating conditions to achieve greater mixing homogeneity and
energy efficiency in industrial biphasic systems.
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Introduction

Optimizing industrial processes is a key strategy for enhancing operational efficiency and reducing environmental
impact by rationalizing energy and resource use. In this context, stirred reactors, widely used in the pharmaceutical,
chemical, and biotechnological industries, require a thorough analysis of their geometry, operating conditions, and
governing hydrodynamics. Key hydrodynamic variables such as turbulent kinetic energy (TKE), velocity fields, circulation
patterns, energy dissipation rates, and mixing times are essential for evaluating their performance and are necessary
for assessing dispersion quality and system homogenization (Oshinowo L. & Marshall E., 2001).

Computational Fluid Dynamics (CFD) facilitates the analysis and optimization of these parameters through numerical
simulations, reducing the need for extensive experimental studies. This approach provides a robust quantitative basis
for improving mixing performance, optimizing energy consumption, and establishing reliable scale-up strategies
(Stuparu et al., 2021). Moreover, its implementation can support the development of technologies aligned with circular
economy principles, such as the valorization of agro-industrial residues to obtain high-value products (Obando-Galicia
Y., 2024).

The thorough analysis of hydrodynamic variables using CFD has become a high-impact engineering tool, indispensable
for the design and operation of efficient and sustainable mixing systems. This methodology is rooted in solving a model
based on the conservation equations of mass and momentum, which form a coupled system of nonlinear partial
differential equations. Since analytical solutions are possible only for highly simplified cases, CFD provides reliable
approximations for complex engineering problems through specialized software, enabling the detailed analysis of
hydrodynamic variables. The CFD approach applies the finite volume method to discretize the differential equations
and transform them into a system of algebraic equations that can be solved using iterative methods (Andersson, 2012).
The equations that describe the behavior of a multiphase system are the continuity equation (Eg. 1) and the momentum
transfer equation (Eq. 2).
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where the stress tensor of each phase, ‘?q, is expressed by
= - >T 3 > T 3
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Here, a, is thephase volume fraction, ﬁqrepresents the velocity, p, is the density of phase q; m,,and m,,denote the
mass transfer terms between phases p and gq. The coefficients uzand A,correspond to the shear viscosity and the
apparent viscosity of each phase, respectively. The q”’ phase is subjected to several forces, including the external force
Fy, the lift force Fjg 4, and the virtual mass force F,, 4. In addition, interphase interactions are governed by the
interfacial force R, 4, which depends on effects such as friction, pressure, and cohesion, and satisfies the symmetrical

conditions ﬁpq = —ﬁqpand ﬁqq = 0. All phases share the same pressure p, and the interfacial velocity between phases
is denoted by v,,,.

The energy conservation equation is incorporated, as given by Eq. 4.
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where kg is the effective thermal conductivity (k + k;, where k; is the turbulent thermal conductivity defined

according to the selected turbulence model), andfj is the diffusion flux of species j. The first three terms on the right-
hand side of Eqg. (4) correspond to energy transfer by conduction, species diffusion, and viscous dissipation,
respectively. Sy, includes the volumetric heat source previously defined in the model.

In Eq. 5,
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where sensible enthalpy h is defined for incompressible flows as

p
h= Z,- iy +2 (6)
Y; is the mass fraction of species j and
T
b = J C,; dT 7
Tref

(ANSYS, 2016).

In this study, CFD approach was used to characterize the hydrodynamics of biphasic mixing systems, evaluating key
parameters to guide the optimization of industrial reactor design and operation.

Materials and Methods
The mixing system consisted of a high a shear impeller (Norstone® model, Norstone Inc., PA), based on the patent by

Steinmetz (1993) and an unbaffled flat-bottomed glass tank. The dimensions of the impeller were diameter (D) of 49
mm, height (h) of 6 mm, and groove diameter of 3 mm, as shown in Figure 1a. The mixing tank had a diameter (T) of
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142 mm. The impeller was set at a C/T ratio of 0.73, where C is the distance from the bottom of the tank to the impeller
center (Figure 1b).
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Figure 1. (a) Geometry impeller, (b) Geometry reactor

The stirred tank was modeled using ANSYS Fluent v. 2024 R1 (Student) (ANSYS, Inc., 2024). The geometry was generated
in the DesignModeler module, and the computational mesh was built in the Meshing module, both in ANSYS
Workbench. The model solved the governing conservation equations for mass and momentum. The simulations were
performed on a laptop with an Intel Core i5-13420H processor running at 2.10 GHz, 16 GB of RAM, and an NVIDIA
GeForce RTX 4050 graphics card.

The simulation was performed under transient conditions with a time step of 0.001 s. To represent the multiphase
nature of the system, the Eulerian—Eulerian model was employed under a laminar flow formulation. The impeller
rotation was simulated using the Multiple Reference Frame (MRF) approach. In this approach, the rotating region is
approximated as a quasi-steady state to obtain the mean rotational field at a lower computational cost (Deglon &
Meyer, 2006). It should be noted that, due to its inherent limitations, the MRF approach does not reproduce transient
rotor—stator interactions; therefore, the reported quantities must be interpreted as averages or approximations of the
rotational field in a pseudo-steady regime. The region surrounding the impeller (RRF), a cylinder of radius 35 mm and
height of 16 mm, was assumed to rotate at 280 RPM. A standard pressure—velocity coupling scheme was used, together
with the QUICK discretization scheme. The shaft and the impeller were considered rotating walls at the same velocity
as RRF. The no-slip condition was applied to the tank wall.

For experimental validation, two temperature sensors (Max6675 thermocouples) were connected to an Arduino Uno
microcontroller. The sensors were installed on the inner tank walls at two different heights: Sensor 1 at 45 mm and
Sensor 2 at 115 mm from the bottom. Validation was performed by comparing simulation results with experimental
data using temperature-versus-time graphs. The working fluid was glycerin at 23 °C; its viscosity (1.2 Pa's) was
determined using an MCR 72 Anton Paar rheometer, and its density (1260 kg m) was determined by using a graduated
cylinder and an analytical balance. Hexane at 50 °C was used as the second phase at a mass fraction of 20%.

Results and Discussion

The temperature evolution during the initial seconds of the process was analyzed experimentally, as this stage exhibits
the highest rate of heat transfer. This behavior was then compared with the results obtained from the CFD simulations,
as shown in Figure 2. The differences between the curves obtained from the simulations and those measured
experimentally were minimal, suggesting that the CFD model accurately reproduces the observed thermal behavior.
Jadhav and Barigou (2022) studied a 3D Eulerian-Lagrangian CFD model to simulate the turbulent flow and mixing of
coarse dense particles in a standard batch vessel, mechanically agitated by a down-pumping pitched-blade turbine.
Their numerical results were experimentally validated using positron emission particle tracking. Both datasets show
very good agreement. Our results suggest that it is possible to validate CFD results with simple techniques.
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Figure 2. Comparison of experimental and simulated temperature profiles

In Figure 3a, the normalized velocity field u/uy, is shown in the mid-plane of the tank for the continuous phase
(glycerin). The highest velocity magnitudes are concentrated in the immediate vicinity of the impeller, reflecting the
transfer of mechanical energy from the impeller to the fluid. It is important to note that high-speed regions also coincide
with high shear stress and viscous dissipation, which together produce intense local mixing (Martinez-de Jesus et al.,
2018).

Figure 3b shows the flow pattern, where four main recirculation loops generated by the radial discharge of the impeller
are clearly distinguished: two located in the upper region and two in the lower region. These patterns are characteristic
of an impeller operating in the laminar flow regime. Identifying these vortices and recirculation zones not only provides
insight into the internal hydrodynamics of the reactor but also establishes a solid foundation for optimizing operating
conditions and guiding the design of more efficient stirred reactors.
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Figure 3. (a) Normalized velocity field of the entire reactor for the continuous phase (glycerin), (b) Normalized velocity vectors of

the entire reactor for the continuous phase (glycerin)

Figure 4 depicts the evolution of the dispersed phase over time. The impeller surface is shown to be the primary site
for hexane dispersion. Figure 5 shows the contour of the laminar viscous dissipation. The highest values (in red) are
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concentrated around the impeller blades, particularly along the leading edges and in regions of greater curvature. This
indicates that, in these areas, the mechanical energy supplied by the impeller is primarily converted into heat through
shear stresses. In contrast, the regions between the blades and toward the central axis exhibit minimal dissipation (blue
tones), demonstrating that the laminar contribution outside the impeller boundary layer is negligible. This information
helps assess mixing efficiency, identify potential recirculation zones, and understand the initial generation of
hydrodynamic instabilities. It also provides a basis for guiding improvements to the impeller and agitation system,
promoting a more uniform distribution of energy throughout the reactor.
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Figure5. Contours of laminar viscous dissipation
Conclusions

Computational Fluid Dynamics (CFD) simulations were utilized to characterize the hydrodynamic behavior of a
Norstone-type high-shear impeller operating in a biphasic system. The analysis provided valuable insights into velocity
fields, phase contours, and viscous dissipation contours, which are essential for understanding the dispersion of the
secondary phase. The highest values for these parameters were observed in regions located near the impeller. To
validate the numerical model, experimental temperature data were collected from strategically placed sensors. The
strong agreement between the simulation results and the experimental data not only confirms the flow patterns
predicted by the simulations but also validates the observed thermal variations. This combined approach of simulation
and experimental analysis serves as a solid foundation for optimizing operating parameters in industrial processes.
Consequently, these findings provide valuable insights for enhancing mixing efficiency in agitated tank systems handling
biphasic flows, enabling more effective energy utilization and reduced processing times.
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