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Abstract - The transport of slurry plays a critical role in  Nomenclature

determining the efficiency, cost, and sustainability of large- Q Primary Fluid Volumetric flow rate (m?/h)

scale mining operations. Annular Jet Pumps (AJPs), owing to

their simple geometry, absence of moving parts, and low Lc Length of converging section of the nozzle (mm)

maintenance demands, represent a promising alternative to Lr Length of the nozzle throat (mm)

conventional pumping systems. This study presents a | Lo Length of a diverging section of the nozzle (mm)

an AJP using the mixture model within a CFD framework. The "

Inlet radius of the nozzle (mm)

Realizable k-¢ turbulence model is incorporated to capture -
ro Outlet radius of the nozzle (mm)

the multiphase turbulence characteristics, enabling accurate :
prediction of particle-fluid interactions and energy | @ Converging angle of the nozzle (degree)

dissipation mechanisms. A comprehensive parametric | 3 Diverging angle of the nozzle (degree)

analysis Is conducted to assess the influence of dispersed- | pp Dispersed particle size (mm)

phase particle size, solid volume fraction, and geometric 4 Dynamic viscosity (Pas)

parameters, including nozzle radius and convergence angle,

; e i i 2
on suction performance, pressure recovery, and specific | Mt Turbulent viscosity (m?/s)

energy consumption (SEC). The results indicate that careful | k Turbulence Kinetic Energy (m?-s-2)

optimization of operating and geometric parameters can | ¢ Turbulent Dissipation Rate (m2.s3)

substantially enhance suction capacity while minimizing SEC, | Strain rate magnitude (s—1)

thereby improving the overall energy efficiency of the system.

Model predictions are validated against established o« Turbulent prandtl numbers for k (--)

experimental and numerical benchmarks from the literature, | %¢ Turbulent prandtl numbers for € (--)
showing strong agreement and confirming the reliability of | Sk, Se User-defined source terms (m?-s—3)

the adopted methodology. The outcomes of this work | (); Mean rate-of-rotation tensor (s—1)

underscore the potential of modular AJPs as sustainable, Ap Cross-sectional area for primary flow (mm?)

energy-efficient solutions for slurry transport in mining, with -
5 Y P 5 As Cross-sectional area for secondary flow (mm?)

broader implications for reducing environmental footprint
and operational costs. j Volume-averaged mixture velocity (m/s)

u. Continuous phase velocity vector (m/s)

Keywords: Slurry Transport, Mixture model Apporach, Trubulent uy Dispersed phase velocity vectors (m/s)

silsceslscityEnegry, Turbulent Dissipation Rate, Turbulent Dynamic o Mixture density (kg/m?)

pc Continuous phase density (kg/m3)

pa Dispersed phase density (kg/m?3)

p Pressure (Pa)
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DqTurbulent dispersion coefficient (m?/s)

mgy. Mass transfer rate from the dispersed to the continuous
phase (m3-s)

g Gravity vector (m/s?)

F Any additional volume force (N/m3)

ug;p Sip velocity vector between the two phases (m/s)

Jstip Slip flux (m/s)

Tgm Sum of the viscous and turbulent stresses (kg/(m-s2))

C, Particle drag coefficient (--)

Re, Particle Reynolds number (--)

@. Volume fractions of the continuous phase (--)

@q Volume fraction of the dispersed phase (--)

@ maxMaximum packing volume fraction of the particles (--)

U, Dynamic viscosity of the continuous phase (Pa.s)
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1. Introduction

The efficient transport of solid-liquid mixtures is
a central challenge in mining, dredging, and process
industries, where the movement of mineral slurries
directly influences energy consumption, productivity,
and operational sustainability. Conventional slurry
pumps, while widely used, are often associated with
high maintenance costs, wear due to solid-liquid
interactions, and reduced reliability under abrasive flow
conditions. In this context, jet-assisted pumping
technologies, and particularly AJPs, have emerged as
attractive alternatives due to their simple construction,
absence of moving parts, and inherent capability to
handle multiphase flows with reduced mechanical wear.

AJPs operate on the principle of momentum
transfer from a high-pressure primary fluid to a
secondary slurry stream, enabling efficient entrainment
and transport of solid particles. Previous studies have
demonstrated their potential in mining and dredging
applications, with particular emphasis on suction
performance and operational reliability. However,
despite these advantages, the hydraulic efficiency of
AJPs is often limited by multiphase flow complexities
such as turbulence modulation, particle-fluid slip, and
pressure recovery losses. The optimization of operating
conditions and AJP geometry is therefore critical to

improving the energy efficiency of slurry transport,
especially when targeting reductions in Specific Energy
Consumption (SEC), which remains a key performance
indicator in sustainable mining operations.
Computational Fluid Dynamics (CFD) has become an
indispensable tool in resolving the intricate physics of
multiphase flows within AJPs. Among available
numerical approaches, the mixture model offers a
robust framework by accounting for interphase
momentum exchange and particle-fluid slip while
maintaining computational efficiency. When coupled
with turbulence closures such as the realizable k-¢
model, it enables detailed characterization of
turbulence structures, pressure distribution, and
particle dynamics across pump components. While
existing studies have addressed the general
performance of AJPs, systematic investigations that
integrate multiphase flow physics, turbulence
characterization, and energy efficiency metrics such as
SEC remain limited.

The present work addresses this gap by
numerically investigating the slurry transport
performance of an AJP using a mixture model approach.
A parametric analysis is conducted to evaluate the
effects of particle size, solid volume fraction, nozzle
radius, and convergence angle on suction behavior,
pressure recovery, and SEC. Model predictions are
validated against established experimental and
numerical benchmarks from the literature, ensuring
reliability of the methodology. The findings provide new
insights into optimizing AJP performance for sand-
water slurry transport, highlighting the potential of
modular AJPs as sustainable and energy-efficient
pumping solutions in mining applications.

2. Related Work

Due to the complex interactions between solid
particles and the carrier fluid, efficient sand-water
slurry transport is crucial in industries like mining,
dredging, and petroleum. AJPs are favored for
transporting multiphase mixtures without mechanical
parts, reducing maintenance costs. However, optimizing
AJPs for slurry transport requires understanding
parameters like particle size, concentration, rheology,
and geometrical features (e.g, throat dimensions,
nozzle angles). Key flow characteristics, including
velocity profiles, pressure distribution, and phase
mixing efficiency, are vital for reliable performance. [1].

CFD models, including Eulerian-Lagrangian,
Eulerian-Eulerian, and mixture models, are essential for
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studying slurry flows. The Eulerian-Lagrangian model
offers detailed particle-scale insights but is
computationally  intensive  for  high  particle
concentrations. The Eulerian-Eulerian model handles
dense flows efficiently but lacks particle-level detail.
The mixture model balances the slurry as a single
continuum with averaged properties, which is ideal for
well-mixed phases and less critical particle-fluid
interactions. [2]. Extensive research has been conducted
on slurry transport systems, including their integration
into jet pumps. Jet pumps are broadly classified into
Centre Jet Pumps (CJPs) and Annular Jet Pumps (A]Ps),
with literature indicating that AJPs offer higher
efficiency. However, significant opportunities remain to
enhance the design and performance of AJPs.

Shimizu [3] demonstrated that AJPs can achieve
efficiencies up to 36%, comparable to C]JPs, and
highlighted the impact of swirl on performance.
Kokpinar & Gogus [4] optimized water jet pumps for
slurry transport, achieving 33% efficiency and
introducing a bypass system to reduce wear on
centrifugal pumps. Xinping Long and his team at Wuhan
University have extensively studied slurry transport
through AJPs over the past two decades. They
investigated cavitation initiation and development
under varying flow rate ratios and optimized AJP design
using Design of Experiments (DOE), CFD, and
experiments. They analyzed cavitation in jet pumps
with different area ratios. They employed Large Eddy
Simulations (LES) to study flow characteristics and
turbulent coherent structures [5], revealing vortex
behavior in recirculation regions and boundary layers.
Later, they examined cavity-length  pulsation
characteristics in jet pumps [6] and cavitation behavior
under negative flow ratios [7], providing insights into
pressure ratio effects on cavitation areas and enhancing
AJP design and performance understanding.

Singh et al. [8] employed CFD to study slurry flow,
comparing their two-phase mixture model,
incorporating algebraic slip and turbulent dispersion,
with the models proposed by Kaushal et al. [9], in 2012.
Their model demonstrated accurate pressure drop
predictions, challenging earlier results despite
variations in solids concentration profiles. They
emphasized the model's simplicity and suitability for
engineering applications, highlighting its potential for
pressure drop prediction. They also called for further
research to enhance solids concentration profile
accuracy in slurry flow pipelines.

Messa [2] conducted a comprehensive review of
CFD methods for slurry transport, including the
Eulerian-Eulerian, Eulerian-Lagrangian, and Mixture
models, emphasizing the mixture model's versatility
across diverse solid volume fractions. Over the past
decade, Messa and MatouSek [10],[11] advanced
research on pipeline slurry transport using CFD and
experiments. They employed the -o two-fluid model
[12] , an extension of the Eulerian approach to study
horizontal pipe flows under various conditions, such as
differing solid sizes and slurry types. Kai et al. [13]
studied multi-nozzle AJPs using CFD simulations,
focusing on nozzle geometry and pump performance.
Their work, validated experimentally, also optimized
AJPs using the Kriging model [14] with CFD and
experimental data. Wang et al. [15] introduced the
Streamlined AJP to improve flow smoothness and
minimize energy loss in the Early AJP, using the
realizable k-epsilon and Schnerr-Sauer cavitation
models in separate simulations for both pump types.

Tanoj et al. [16] developed a 3D model
employing the Eulerian-Eulerian RNG k-& approach
to investigate the transport of silica sand and fly ash
slurries under varying Prandtl numbers. A sand-to-
fly ash ratio of 65:35 combined with a low-viscosity
fluid (Pr = 2.88) was found to minimize pressure
gradients and energy consumption, whereas a
95:05 mixture delivered the highest heat transfer
coefficient at elevated Reynolds numbers and efflux
concentrations. The study emphasizes the
significant role of slurry composition and Prandtl
numbers in enhancing transport efficiency and
thermal performance. In a separate study, the same
authors [17] used a 3D Eulerian RNG k-¢
turbulence model to analyze energy-efficient slurry
transport involving bottom ash and silica sand. The
results revealed that bottom ash required the least
energy for transport, while silica sand demanded
the most, with greater deviations observed for
larger particle sizes, higher concentrations, and
increased flow velocities. These findings, validated
by experimental data, provide valuable insights into
optimizing slurry transport systems for industrial
applications. In a recent computational study, he
[18] have explored the flow and thermal behavior
of mono- and bi-modal slurries in pipelines,
comparing them with water flow under varying Re
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and concentrations. A 3D model showed that a
65:35 silica sand, fly ash mixture achieved the
lowest pressure drop and specific energy
consumption, enhancing transport efficiency. Wall
shear stress and energy are increased with Re and
slurry concentration, while the 100% silica slurry
exhibited the highest heat transfer performance.
This highlights the significance of slurry
composition in optimizing energy and flow
dynamics. They also studied [19] a 3D CFD model
to analyze the transport and thermal behavior of
bi-modal silica sand-fly ash slurries flowing
through a 90° horizontal pipe bend. Using an
Eulerian-Eulerian RNG k-& model with the kinetic
theory of granular flow, the effects of particle
composition, efflux concentration, Prandtl number,
and flow velocity are investigated. Results indicate
that the 65:35 mixture minimizes pressure drop,
while the 100:0 mixture maximizes heat transfer
performance. The analysis also evaluates bend loss
coefficients, concentration distribution, convective
heat transfer, and the Nusselt number for varying
slurry conditions.

This study employs a multiphase mixture model
to simulate the complex interactions between solid
particles and the carrier fluid within an AJP. The
objective is to develop a robust and efficient AJP design
tailored for sand and water slurry transport, addressing
challenges posed by multiphase flow dynamics and
providing practical solutions for industrial applications,
particularly in mining and mineral processing. In this
research, a mixture model [20] with realizable k-¢ is
employed to study the slurry flow in AJP to optimize its
SEC. A detailed parametric study shows the effect of the
primary fluid's volumetric flow, convergence angle,
throat diameter, sand particle size, and volume fraction.
These parameters can improve the suction pressure of
the AJP, and consequently, the SEC will be reduced,
which is the focus of this paper.

Sadia et al. [21] recently examined the structural
factors influencing suction performance in A]Ps,
focusing on the primary fluid’s flow rate, convergence
angle, and throat diameter. Numerical simulations using
the realizable k-eg turbulence model were validated
experimentally, showing strong agreement with a mean
absolute error (MAE) of 1.71 kPa and a root mean
square error (RMSE) of 2.02 kPa. Optimizing the
convergence angle (27°) and throat diameter (10 mm)

enhanced suction capacity at a flow rate of 10 m3/h.
These results confirm the model's reliability and the
AJP's suitability for energy-efficient industrial
applications. They also studied Specific Energy
Consumption optimization for AJP using mixture model.
Same researcher [22] studied AJP geometric design for
slurry transport major and testing of the full-scale
prototype has been executed in an opencast oil-shale
mine under (partly) submerged conditions. During the
field tests, the working principle of the Venturi ore
transport system could be proven by successful
transport of excavated oil-shale up to a certain grain
size. In a related study, Berners et al. [22] explored the
optimization of specific energy consumption in AJPs
using the Mixture Model. Additionally, they examined
the geometric design of AJPs for slurry transport and
conducted full-scale prototype testing in an opencast
oil-shale mine under partially submerged conditions.
Field tests successfully demonstrated the working
principle of the Venturi-based ore transport system,
effectively transporting excavated oil shale up to a
certain grain size, confirming the practical feasibility of
the AJP system in real-world mining applications.

As this study is a step towards efficient mining,
the reduced energy consumption plays a crucial role in
utilizing AJP in mineral extraction. This work is
compared with research by [14] for the AJP modeling.
The results are also benchmarked against the numerical
analysis of Singh et al. [8], as well as the combined
numerical simulations and experimental investigations
carried out by Kaushal [9]. The validation of the results
demonstrates that this model is highly suitable for
simulating slurry flow through AJPs, as it balances
computational efficiency and accuracy, making it a
preferred choice for practical applications. The existing
literature primarily uses efficiency as the sole metric for
evaluating system effectiveness. However, this article
expands on this by conducting a parametric study on
design variables and presenting results for reduced SEC.
This metric has not been previously addressed in the
literature.

3. Computational Model

An AJP consists of three key components which
include the converging nozzle, the diverging nozzle, and
the throat. In the converging section, the primary fluid
(water) creates an annulus, generating a vacuum at the
throat to suction the secondary fluid (slurry). The AJP in
this study is modular, allowing for interchangeable
nozzle designs with a single core, as shown in Figure
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1[21]. Pressure is measured at four critical points which
include the primary and secondary fluid inlets, the
throat, and the diffuser. Key geometric parameters, such
as throat length, diameter, and convergence angle, are
critical for pump efficiency, affecting mixing, friction,
and vacuum generation. The volumetric flow rate of the

AJP Total Length (L; = 265 mm)

primary fluid also influences slurry suction. The AJP is
3D printed for physical testing, supporting material
optimization by fabricating only the nozzle for different
designs.

Converging Nozzle
Length Throat Length Diverging Nozzle
(Lc =70 mm) (L, =65 mm) Length (L, = 130 mm)

Nozzle Inlet
Diameter
(Ri» =28 mm)

Throat
.| Diameter
(R =20 mm)

Nozzle Outlet
Diameter
(Rowe =51 mm)

Figure 2: Cut section of the proposed Venturi pump design showing different sections along the flow direction.

Table I: Mixture Model Equations [20],[23]
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Table 1 presents the expression for mixture
density as defined in Equation (1), where @, and @4
represent the volume fractions of the continuous and
dispersed phases, respectively. Here, p. and p, are the
constant densities of the continuous and dispersed
phases (units: kg/m?), as assumed in the Mixture Model
formulation. Based on this assumption, the continuity
equation is reformulated from Equation (2) as shown in
Equation (3). The momentum conservation for the
mixture is given by Equation (4), where j is the velocity
vector (m/s), p denotes density (kg/m3®), and p
represents pressure (Pa). The reduced density
difference € (kg/kg) is shown in Equation (5), turbulent
dispersion coefficient D,q (m?/s), mass transfer rate
mg. (kg/(m?:s)) from dispersed to continuous phase,
gravitational acceleration g (m/s?), and additional body
forces F (N/m?) are also considered, and detail can be
found in [23] . The slip velocity ug);, (m/s), slip flux jg;p
(m/s), and total stress tensor Tg, (kg/(m-s?)) in
Equation (6) encompassing both viscous and turbulent
contributions are also incorporated. The transport
equation for @4, the dispersed phase volume fraction is
shown in Equation (7). Equation (8) defines the slip
flux in terms of ug;p,, the relative velocity between the
two phases. For more comprehensive formulation
details, see [23]. To estimate ugy;p, the Schiller-Naumann
model is implemented, as expressed in Equation (9),
with the drag coefficient C; (dimensionless) defined in
Equation (10).

The slip velocity ug;, between the dispersed and

continuous phases is estimated using the Schiller-
Naumann drag law, which expresses the drag coefficient
Cq as a function of the particle Reynolds number Rep.
This formulation is directly integrated into the mixture
momentum equation and slip flux term, linking particle-
fluid interaction forces to macroscopic velocity fields.
The model assumes spherical, monodispersed particles
and Newtonian carrier fluid behavior. While these
assumptions are supported by good agreement with
experimental benchmarks for volume fractions up to
P4=0.5, they may underestimate energy losses and
overpredict slip velocity in highly concentrated or
polydisperse slurries. In such cases, non-Newtonian
effects (e.g., shear-thinning or yield stress behavior)
and non-spherical particle drag corrections could
become significant. Acknowledging these limitations
ensures that the present formulation is applied within
its validated operational range, while indicating where
extensions could further improve predictive fidelity for
denser or more complex slurry systems.

This formulation balances viscous and buoyant
forces acting on dispersed particles. Turbulence effects
are captured using the realizable k-¢ model, which
refines the standard k-e¢ approach by improving
predictions in cases like round jets, where the standard
version tends to overestimate spread rates. This model
maintains consistency with realizability conditions and
introduces transport equations for two key turbulence
variables: the turbulent kinetic energy k and dissipation
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rate €. The equation governing k matches the standard
formulation, with its production term provided in
Equation (11), and further clarified in Equation (12)
whereas Equation (13) details the transport of €. In the
present study, two forms of viscosity are considered
within the momentum and turbulence formulations.
The dynamic viscosity (|) represents the
molecular viscosity of the continuous phase and is
treated as constant for water in the Newtonian
approximation. It characterizes the fluid's intrinsic
resistance to deformation due to molecular interactions.
The turbulent dynamic viscosity ur, also referred to as
the turbulent eddy viscosity, is introduced by the
turbulence model (Realizable k-¢) to account for the
enhanced momentum transport due to turbulent
eddies. It is computed based on the turbulent kinetic
energy (k) and dissipation rate (€¢) as shown in equation
(14). Turbulent viscosity is defined in Equation (15),
where the empirical constant C, is no longer treated as
fixed, as elaborated in Equations (16), (17), and (18).
Here, S;; and ;; refer to the mean strain rate and
rotation rate tensors, respectively. Default model
constants include Ce2 = 1.9, A0 = 4, ck = 1, oe = 1.2.
The mixture's dynamic viscosity p is determined
through a correlation dependent on the dispersed phase
volume fraction @4, the maximum packing limit @,
(approximately 0.62 for solids), and the base fluid
viscosity .. This relation is presented in Equation (19).
The dimensionless correction factor u*is taken as 1 for
solid suspensions in this study. The following table III
shows the key model coefficients for current model.

4, Results and Analysis

This section demonstrates the result and analysis
section for the proposed mixture model coupled with
realizable k-¢ turbulence model. Figure 2 validates the
model developed in this study by comparing the
predicted pressure drop per unit length (kPa/m) with
inlet bulk velocity (Vin-m/s) against benchmark data
from previous literature, including Kaushal's
experimental and numerical models (2012) and Singh's
numerical model (2023). Kaushal's experimental data
(blue line) demonstrates a linear increase in pressure
drop with inlet velocity, attributed to heightened

viscous and inertial effects. The orange line,
representing Kaushal's mixture model, slightly
overpredicts the pressure drops, indicating an

overestimation of particle-fluid interaction resistance.
Kaushal's Eulerian model (grey line) aligns well with
experimental results at lower velocities but diverges at
higher velocities, revealing limitations in capturing
turbulence at elevated flow rates. Singh's model (yellow
line) closely follows Kaushal's experimental and
mixture model trends, affirming its reliability in
predicting slurry flow behavior. The current study's
model (dark blue line) exhibits excellent agreement
with Kaushal's experimental data and Singh's model
across the entire velocity range. This consistency
validates the accuracy and robustness of the model in
capturing key physical phenomena, including
turbulence, particle-fluid interactions, and wall shear
effects. These results confirm the reliability of the
proposed model as a valuable tool for designing and
optimizing AJP systems for efficient slurry transport.
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o Kaushal Experimental, 2012

—0=Singh, 2023

Pressure Drop [kPa/m)

Kaushal Mixture model, 2012 =@==Kaushal Eulerian model, 2012

=—#=—Current Study, 2024

4 5

Inlet Bulk Velocity-Vin [m/s]

Figure 2: Comparison of pressure drop predictions from this study to the results of the mixture model of Singh et al. (2023), the
mixture model, the granular model, and experimental data of Kaushal et al. (2012) at 30% sand concentration in slurry

This section presents the result and analysis of
the mixture model for the slurry flow in AJP. Here, water
is the primary fluid, which provides the volumetric flow
rate (Q) for the suction of slurry (sand and water),
which is the secondary fluid. Table 2 shows the
simulation parameters that are used to conduct this
simulation:

Table II: Simulation Parameters

Simulation Parameter Value
Maximum Flow Capacity (Q) 10 m3/h
Throat radius of nozzle (rr) 10 mm
Inlet radius of nozzle (r1) 14 mm
Outlet radius of nozzle (ro) 25.5 mm

Convergence angle of nozzle () 27°
Divergence radius of nozzle () 7°

Length of nozzle throat (Lr) 65 mm
AJPs total length 300 mm
Density of continuous phase 1000 kg/m3
Density of dispersed phase 2600 kg/m3
Viscosity of continuous phase 0.001 Pas

Dispersed phase volume fraction 0.2

Maximum packing concentration 0.62
Average concentration 0.35
Particle diameter (Dp) 0.3 mm

Figure 3 provides a comprehensive analysis of the
pressure distribution along the axial length of an AJP
using a 1D pressure graph and an axis-symmetric plot.
The 1D graph illustrates a sharp pressure drop from the
inlet, reaching a minimum at the throat and gradually

recovering towards the outlet. This behavior,
characteristic of jet pumps, results from fluid
acceleration in the nozzle (causing low pressure) and
deceleration in the diffuser (facilitating pressure
recovery). The axis-symmetric plot complements this by
visualizing the spatial pressure distribution, with the
throat exhibiting the lowest pressure zones essential for
entraining the secondary slurry flow. The gradual
pressure recovery downstream ensures proper
discharge dynamics. These insights are crucial for
optimizing AJP design for efficient slurry transport.

0 0 P
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6 -10
8
10 -15
= 12
§ 14 200 |{.20
= 16
2 -18 -25
a 20
g 22 -30
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30 -40
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34 -45
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0 10 -50

160 200
Axial length of AJP (mm)

Figure 3: Pressure distribution along axial length of AJP
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The parametric study of the AJP shown in figure 4
highlights the flow rate, convergence angle, sand
volume fraction, and particle size effects on axial
pressure distribution. As shown in Figure 4(a),
increasing the flow rate causes a more significant
pressure drop at the throat due to the Venturi effect,
with partial recovery in the diffuser. Figure 4(b)
illustrates that larger convergence angles amplify the
pressure drop at the throat and enhance recovery
efficiency through stronger fluid acceleration and
deceleration. In Figure 4(c), higher sand volume
fractions lead to more significant pressure drops and
reduced recovery efficiency due to increased drag forces
and turbulence, disrupting flow stabilization. Lastly,
Figure 4(d) demonstrates that bigger particle size tends
to increase the pressure distribution on axial length of
AJP, emphasizing that AJP’s geometry and operating
conditions primarily dictate performance. These
findings showcase the AJP's robustness and adaptability
under varying conditions and slurry compositions.
Figure 4 presents the parametric study of axial
pressure distribution in the AJP under different
operating and geometric conditions. In Figure 4(a), the
effect of flow rate is evident i.e. as the primary flow
increases from 6 m3/h to 10 m3/h, the throat pressure
decreases progressively from approximately -18 kPa to

-34 kPa. This trend confirms the influence of the
Venturi effect, where higher flow velocities intensify
suction. A partial pressure recovery is observed in the
diffuser, with the exit pressure rising back to around -5
kPa for all cases, though the magnitude of recovery
diminishes at higher flow rates due to elevated energy
losses.

Figure 4(b) highlights the impact of convergence

angle, where throat pressure decreases from roughly -
28 kPa at 21° to about -34 kPa at 27°. Larger angles
enhance acceleration and deceleration of the flow,
which strengthens suction and improves pressure
recovery in the diffuser section. However, beyond 25°,
the pressure drop curve indicates diminishing recovery
efficiency, suggesting an optimal range for geometric
design.
In Figure 4(c), variations in sand volume fraction
between 0.1 and 0.5 show that higher concentrations
intensify throat pressure losses, dropping from -30 kPa
at 0.1 volume fraction to nearly -38 kPa at 0.5. The
increase in particle loading leads to elevated drag and
turbulence, which not only suppress recovery but also
extend the low-pressure region along the diffuser
length, indicating higher energy penalties for slurry
transport.
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Finally, Figure 4(d) examines the role of particle size.
Across the studied range (1xX107® m to 1x1073 m), the
axial pressure distribution remains broadly similar, with
throat pressures clustered near -34 kPa. Only marginal
differences are observed, as larger particles induce
slightly higher-pressure losses in the diffuser due to
stronger inertia effects, while smaller particles follow
the carrier fluid more closely. This result suggests that,
within the tested range, particle size has a relatively
minor effect compared to flow rate, volume fraction, and
convergence angle.

Overall, the parametric investigation
demonstrates that optimizing flow rate and geometric
parameters, while controlling slurry concentration,
plays a decisive role in reducing throat pressure losses
and enhancing diffuser recovery. Particle size, although
influential, is secondary in comparison to these
dominant factors.

= g
= 2
S =
2 g
= 3
& o
a 0 100 200 b 0 . 100 . 200
} Axial length of of venturi pump [mm] ( ) Axial Length of venturi pump [mm]
- - T -
-5
-10
1] o
= & 15
1] o
5 5 20
3 2
a o
& g B
.30 = 1E-6m
——1E-5m
-35+| == 1E-4 m
~ 1E-3m h—
(C) 0 100 200 (d) 0 100 200
Axial length of venturi pump [mm] Axial Length of venturi pump (mm)

Figure 4: (a) Pressure variation at different volumetric flow rates of primary fluid, (b) Variation of pressure along the
axial length of AJP at different nozzle convergence angles, (c) Pressure distribution along the axial length of AJP at different
volume fractions of sand particles, (d) Pressure distribution along the axial length of AJP at different sand particle sizes

Figure 5 illustrates the variation of Reynolds
number along the axial length of the AJP under
different operating and design conditions. In Figure
5(a) the Reynolds number distributions are plotted
for primary inlet flow rates ranging from 6 m3/h to
10 m3/h. The results show a consistent trend i.e. at
the throat region, Reynolds number peaks in the
range of 1.0x10* to 1.4x10* compared to inlet
values around 3.5%10% to 6.0x103. This indicates

strong flow acceleration through the nozzle-throat
section, driven by jet contraction and shear-layer
entrainment. CFD simulation confirms that the
increase in flow rate not only shifts the Reynolds
number level upward but also sharpens the throat
peak, implying stronger turbulence generation and
enhanced mixing with the secondary slurry stream.
From a slurry transport perspective, such behavior
enhances solid suspension capacity, but at the cost

336



of increased wall shear stress and higher specific
energy consumption. In Figure 5(b), the diffuser
convergence angle (21°-27°) is varied. Increasing
the convergence angle systematically reduces the
peak Reynolds number at the throat from 1.3x10*
(21°) down to 1.0x10* (27°) and also shifts the
decay rate downstream. Wider convergence angles
promote early boundary-layer growth and local
separation, which CFD resolves as attenuated
turbulence intensity. For slurry transport, this
means that although higher convergence angles
may decrease mixing efficiency and re-entrainment
of settled particles, they reduce pressure losses and
can be beneficial for energy savings in long-
distance pumping applications.

Figure 5(c) shows the impact of dispersed-
phase volume fraction (0-0.4). As particle
concentration increases, the Reynolds number
profile is systematically damped, with throat values
decreasing from 1.3x10* (@,=0) to 0.9x10*
(04=0.4). Numerically, this reduction arises from
the Krieger-type viscosity model, where increasing
solid concentration elevates effective mixture
viscosity, thereby lowering Reynolds number.
Physically, higher particle loadings suppress
turbulence structures by dissipating kinetic energy,
which CFD captures through the modified
realizable k-¢ turbulence model. From a slurry
transport viewpoint, this reflects a trade-off i.e.
while higher concentrations reduce turbulence-
driven resuspension, they increase mixture density
and hydraulic losses, demanding optimization
between capacity and efficiency.

Figure 5(d) examines particle diameter
effects (Dp = 2x10™* m to 1x107® m). The
Reynolds number peaks remain nearly constant
(9.0x10°-9.5%10%), with only slight reductions for
larger particle diameters. Numerically, this
insensitivity stems from the slip velocity closure i.e.
at the given flow conditions, inertial contributions
of larger particles alter local momentum transfer
only marginally, so mixture viscosity remains
dominated by concentration effects rather than
particle size. From a slurry transport perspective,
this indicates that within the tested diameter
range, transport performance is primarily
governed by volumetric concentration rather than
particle size, though coarser particles may
exacerbate wear and erosion at the throat and
diffuser walls.

Overall, Figure 5 highlights the coupled
effects of hydrodynamic design (inlet flow rate and
diffuser angle) and slurry properties (volume
fraction and particle diameter) on Reynolds
number evolution inside AJPs. From the CFD
standpoint, the simulations validate that
turbulence modulation and effective viscosity are

the dominant mechanisms shaping flow
characteristics. From the slurry transport
viewpoint, these findings emphasize the

operational trade-offs between maximizing suction

capacity, controlling turbulence intensity, and
minimizing energy penalties in practical
applications.
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Figure 5: (a) Reynolds Number variation at different volumetric flow rates of primary fluid, (b) Reynolds Number variation of
pressure along the axial length of AJP at different nozzle convergence angles, (c) Reynolds Number variation along the axial
length of AJP at different volume fractions of sand particles, (d) Reynolds Number variation along the axial length of AJP at

different sand particle sizes

Figure 6 analyses the variation in SEC for an
AJP handling a sand-water slurry influenced by
operational and geometric parameters. In Figure
6(a), SEC increases with the primary fluid’s
volumetric flow rate (Q), reflecting higher energy
demands due to enhanced viscous losses and
momentum exchange. Figure 6(b) shows that SEC
decreases with smaller convergence angles (o) due
to efficient mixing but rises sharply beyond an
optimal angle due to turbulence and flow
separation. In Figure 56c¢), SEC increases as the
suction nozzle radius (Rin) grows, driven by
greater entrained slurry volume, enhanced
turbulence, and drag forces. Figure 6(d) highlights
a decrease in SEC with increasing sand volume
fraction (VF) from 0.1 to 0.5, attributed to
improved energy transfer efficiency, though
excessive concentrations could pose challenges.
Finally, Figure 6(e) demonstrates a steady rise in

SEC with increasing sand particle size (Dp), linked
to greater drag forces and flow resistance. These
results emphasize the interplay of pump design,
operational conditions, and slurry properties in
optimizing energy efficiency.

Figure 6 presents the influence of operating
and design parameters on Specific Energy
Consumption (SEC) of the annular jet pump (AJP).
In Figure 6(a), SEC shows a strong dependence on
the primary fluid flow rate. As the flow rate
increases from 6 m®/h to 10 m3/h, SEC rises nearly
linearly from 0.016 MW-s/kg to 0.024 MW-s/kg.
This indicates that although higher flow rates
improve suction performance, they impose a higher
energy cost per unit mass of slurry transported.
Figure 6(b) highlights the effect of convergence
angle (a). Between 19° and 23°, SEC increases from
approximately 0.018 to 0.021 MW-s/kg, reflecting
enhanced turbulence and pressure losses
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associated with stronger acceleration and
deceleration. Interestingly, SEC decreases slightly at
25° (~0.0205 MW:-s/kg) before rising again at 27°
(~0.022 MW-s/kg), suggesting an optimal angle
near 23-25° where recovery efficiency offsets
additional turbulence losses.
In Figure 6(c), the nozzle radius (Rin) significantly
influences SEC. Enlarging the radius from 12 mm to
16 mm increases SEC from 0.0175 to 0.0215
MW:-s/kg. Larger nozzles require higher energy
input to maintain entrainment, thereby reducing
energy efficiency despite greater suction capability.
Figure 6(d) shows that slurry concentration
plays a contrasting role. Increasing the solid volume
fraction from 0.1 to 0.5 leads to a reduction in SEC
from ~0.021 to 0.0175 MW-s/kg. This inverse
relationship arises because higher solid loading
enhances momentum transfer between phases,

making transport more energy efficient per unit
mass of slurry delivered, even though higher drag
forces and turbulence are present. Finally, Figure
6(e) illustrates the effect of particle diameter (Dp),
where SEC varies only marginally from 0.019715 to
0.019755 MW:-s/kg as Dp increases from 0.01 mm
to 0.3 mm. The minor variations confirm that
within the tested range, particle size has negligible
influence on overall energy consumption compared
to flow rate, nozzle radius, and volume fraction.

Taken together, these results emphasize that
flow rate and nozzle geometry are the dominant
factors controlling SEC, while convergence angle
shows an optimal window for efficiency. Slurry
concentration improves energy efficiency at higher
loadings, whereas particle size exerts only a
secondary effect.
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Figure 6: (a) SEC against primary fluid volumetric flow rate, (b) SEC against convergence angle, (c¢) SEC against slurry inlet
radius, (d) SEC against sand volume fraction, and (e) SEC against sand particle diameter

5. Conclusion

This study establishes the potential of Annular Jet
Pumps (A]Ps) as energy-efficient and robust devices for
slurry transport in mining and mineral processing
applications. Using a CFD-based mixture model coupled
with the Realizable k-¢ turbulence model, the complex
interactions between solid particles and carrier fluid are
accurately resolved, enabling detailed assessment of
suction capacity, pressure recovery, turbulence
modulation, and Specific Energy Consumption (SEC).

The parametric analysis revealed that throat
pressure dropped from -18 kPa at 6 m3/h to nearly -34
kPa at 10 m?®/h, demonstrating the strong influence of
flow rate through the Venturi effect. Similarly,

convergence angle variations showed throat pressures
reducing from -28 kPa (21°) to -34 kPa (27°),
highlighting an optimal range near 23-25° where
efficient acceleration and recovery balance turbulence
losses. Reynolds number profiles peaked between
1.0x10* and 1.4x10* at the throat, confirming strong
turbulence generation that enhances solid suspension
but increases wall shear stresses.

From an energy perspective, SEC increased almost
linearly with flow rate, rising from 0.016 MW-s/kg at 6
m3/h to 0.024 MW-s/kg at 10 m>/h. However
increasing solid volume fraction from 0.1 to 0.5 reduced
SEC from 0.021 MW-s/kg to 0.0175 MW-s/kg,
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underscoring the role of momentum exchange in
improving transport efficiency. Particle size effects were
marginal, with SEC varying only between 0.019715 and
0.019755 MW-s/kg for diameters of 0.01-0.3mm,
confirming that concentration and geometry dominate
over size within the tested range.

Validation against experimental and numerical
benchmarks §confirmed the model’s reliability, with
mean absolute error values below 2 kPa in pressure
gradient prediction. This agreement strengthens
confidence in the mixture model’s predictive capacity
while maintaining computational efficiency compared
to more intensive multiphase approaches.

By systematically addressing SEC optimization, a
metric often overlooked in prior AJP studies, this work
advances the understanding of energy performance in
multiphase jet pumping. The findings highlight that
careful tuning of flow rate, convergence angle, and
nozzle radius, combined with optimized slurry
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