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• The manuscript studies the plan wise 
turbulence analysis in modular Annular 
jet pump specially throat which is a 
critical part in AJP.

• It studies the Wall shear stress, slip ve
locity and fluctuations in solid particle 
phase volume.

• Mixture model is employed along with 
the realizable k epsilon model.
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A B S T R A C T

This study presents a detailed plane-wise analysis of multiphase flow and turbulence behavior in a modular 
annular jet pump (AJP) for slurry transport applications. A two-dimensional axisymmetric CFD model is 
developed using the mixture model with the Realizable k-ε turbulence model. Water is used as the primary fluid, 
and slurry comprising water with 20 % sand (by volume) as the secondary fluid. The primary flow rate is varied 
from 6 to 11 m3/h, while the interphase slip is modeled using the Schiller–Naumann drag correlation. A 
structured mapped mesh with an average element quality of 0.9815, average skewness of 0.0185, and estimated 
orthogonal quality of 0.98 is employed, with a target y+ value of 50. Standard wall functions are used for ac
curate near-wall turbulence treatment. Mesh independence is confirmed through a sensitivity analysis, showing a 
maximum deviation of under 1.5 % in key design parameters. The model is validated through agreement with 
established literature. The study evaluates flow parameters (pressure, velocity, volume fraction, slip velocity) 
and turbulence characteristics (turbulent kinetic energy, dissipation rate, and turbulent viscosity) at the AJP 
inlet, throat center, and outlet. Additionally, wall shear stress and drag coefficients are investigated along the 
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converging, throat, and diverging walls. Results reveal peak turbulence intensity and phase interaction near the 
throat, with pronounced transformation of flow structures along the axial direction. The modular design enables 
geometry changes without full reprinting, offering a flexible and cost-effective approach. Findings provide 
valuable insights for optimizing AJPs toward higher energy efficiency and stable multiphase transport.

1. Introduction

The efficient transport of sand-water slurry is a critical challenge in 
industries such as mining, dredging, and petroleum production, owing 
to the complex interactions between solid particles and the carrier fluid 
characteristic of particle-laden flows. Annular Jet Pumps (AJPs) have 
emerged as promising devices for slurry extraction and transport 
because of their operational simplicity, lack of moving parts, and 
reduced maintenance requirements. However, optimizing AJP design 
for enhanced performance, particularly under multiphase flow condi
tions, remains an essential task for improving energy efficiency and 
transport capacity [1]. Over the last two decades, significant research 
efforts have focused on modeling slurry transport using both physical 
experiments and numerical simulations, encompassing not only pipe
lines but also jet pump configurations. Slurry flows fall within the 
broader category of multiphase flows, typically modeled in CFD 
frameworks using two principal approaches: the Eulerian-Lagrangian 
model and the Eulerian-Eulerian (Two-Fluid) model. While the 
Eulerian-Lagrangian approach offers detailed particle tracking, it be
comes computationally prohibitive for dense slurry flows. In contrast, 
the Eulerian-Eulerian model is well-suited for such cases but can still be 
computationally intensive. Consequently, the Mixture Model [2] was 
developed to bridge these two methodologies, treating the flow as a 
single continuum with averaged properties, solving a single momentum 
equation while tracking phase volume fractions. This model offers a 
practical balance between computational efficiency and physical accu
racy, making it ideal for simulating well-mixed slurry flows with mod
erate phase interactions. Turbulence in these models is commonly 

addressed using Reynolds-Averaged Navier-Stokes (RANS) formulations 
for engineering feasibility.

Slurry transport through AJPs is influenced by multiple parameters, 
including flow velocity, particle concentration, particle size distribution, 
and rheological properties. Particles smaller than 40 μm tend to form 
homogeneous slurries, whereas particles between 40 and 800 μm pro
duce pseudo-homogeneous or heterogeneous mixtures prone to phase 
stratification. Larger particles (over 800 μm) often lead to fully stratified 
flows with clear particle-fluid layering. These behaviors have critical 
implications for pressure drop, flow resistance, and suction capacity 
optimization. Geometric parameters, such as convergence angle, throat 
diameter, and throat length, significantly affect the entrainment effi
ciency and overall AJP performance [1]. Several researchers have 
studied AJP performance to optimize their geometries for slurry trans
port. Shimizu [3] compared AJPs and conventional jet pumps (CJPs) 
through testing 25 configurations, demonstrating that AJPs can achieve 
peak efficiencies comparable to CJPs (~36 %), and that controlled swirl 
components can further enhance performance. Kökpinar and Gögus [4] 
investigated the hydro-transport of solid particles using water jet pumps, 
identifying an optimum pump configuration and introducing a flow 
division unit to reduce centrifugal pump wear. Xinping Long and his 
group [5,6] have extensively explored cavitation phenomena, flow ratio 
effects, and coherent turbulence structures in AJPs through a combi
nation of Design of Experiments (DOE), CFD, and experimental studies 
[7,8].They have used LES methods [5] to visualize vortex dynamics and 
cavitation behaviors under different operating conditions, providing 
critical insights into AJP optimization.

CFD-based slurry transport studies by Singh et al. [9] further validate 
the use of the Mixture Model against experimental results, accurately 

Nomenclature

Q Primary Fluid Volumetric flow rate (m3/h)
LC Length of converging section of the nozzle (mm)
LT Length of the nozzle throat (mm)
LD Length of a diverging section of the nozzle (mm)
rT Throat radius of the nozzle (mm)
ri Inlet radius of the nozzle (mm)
ro Outlet radius of the nozzle (mm)
α Converging angle of the nozzle (degree)
β Diverging angle of the nozzle (degree)
Dp Dispersed particle size (mm)
μ Dynamic viscosity (Pa.s)
μt Turbulent viscosity (m2/s)
k Turbulence Kinetic Energy (m2⋅s− 2)
ε Turbulent Dissipation Rate (m2.s− 3)
S Strain rate magnitude (s− 1)
σk Turbulent prandtl numbers for k (− -)
σε Turbulent prandtl numbers for ε (− -)
Sk, Sε User-defined source terms (m2⋅s− 3)
Ωij Mean rate-of-rotation tensor (s− 1)
AP Cross-sectional area for primary flow (mm2)
AS Cross-sectional area for secondary flow (mm2)
j Volume-averaged mixture velocity (m/s)
uc Continuous phase velocity vector (m/s)
ud Dispersed phase velocity vectors (m/s)

ρ Mixture density (kg/m3)
ρc Continuous phase density (kg/m3)
ρd Dispersed phase density (kg/m3)
p Pressure (Pa)
Dmd Turbulent dispersion coefficient (m2/s)
mdc Mass transfer rate from the dispersed to the continuous 

phase (m3⋅s)
g Gravity vector (m/s2)
F Any additional volume force (N/m3)
uslip Sip velocity vector between the two phases (m/s)
jslip Slip flux (m/s)
τGm Sum of the viscous and turbulent stresses (kg/(m⋅s2))
Cd Particle drag coefficient (− -)
Rep Particle Reynolds number (− -)
∅c Volume fractions of the continuous phase (− -)
∅d Volume fraction of the dispersed phase (− -)
∅max Maximum packing volume fraction of the particles (− -)
μc Dynamic viscosity of the continuous phase (Pa.s)
Gk Generation of turbulence kinetic energy due to the mean 

velocity gradients (m2⋅s− 2)
Gb Generation of turbulence kinetic energy due to buoyancy 

(m2⋅s− 2)
Ym Contribution of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate (mm)
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predicting pressure drops and concentration profiles. Their findings 
challenge earlier conclusions based solely on Eulerian-Eulerian frame
works [10]. Singh and Mohapatra [11,12] extended this work using 
Eulerian-Lagrangian approaches with SST k-ω turbulence modeling, 
highlighting the nonlinear dependence of pressure drop on velocity and 
solids concentration. Kaushal et al. [13] employed an Eulerian- 
Lagrangian model to predict the erosive wear rate of a pipe bend due 
to solid-liquid slurry flow containing both fine and coarse particles. In 
another study, Kaushal et al. [14] conducted experimental in
vestigations into the impact of chemical additives on the rheological 
properties of highly concentrated iron ore slurries. Furthermore, Kau
shal et al. [15] experimentally explored the rheological and pressure 
drop characteristics of fly ash slurries at concentrations up to 70 % by 
weight, modeling the slurry pipeline bend using a granular Eulerian 
model. Kaushal and Gopaliya [16,17] collaborated on qualitative 
research examining slurry transport of highly concentrated iron ore in 
horizontal pipes, utilizing 3D CFD and two-phase Eulerian modeling 
(granular version), alongside experimental studies. Additionally, Kau
shal and Tomita [15,18–23] contributed extensively to research on 
slurry transport through horizontal pipes under various conditions, 
including monodispersed particle flow, highly concentrated flow, and 
multisized particulate slurries in horizontal pipes and bends. Their work 
incorporated two-phase Eulerian modeling and a range of experimental 
methods, including γ-ray densitometry, traversing mechanisms, and 
isokinetic sampling.

In a 2024 study, Wenhui Liu [24] et al. investigated the impact of 
sand particle diameter on the performance of Annular Jet Pumps (AJP) 
to improve particle transport efficiency. Using numerical simulations 
based on the RANS equations and the RNG k-epsilon turbulence model, 
they optimized a prototype pump from previous research. Simulations 
were conducted for sand diameters ranging from 0.05 mm to 0.3 mm, 
with a sand mass flow rate of 15 % of the suctioned fluid. The results 
showed that the transport capacity improved with increasing flow rate 
ratio up to an optimal point, after which efficiency began to decline. 
Wang et al. [25] introduced the Streamlined AJP (SAJP) design, which 
achieved improved cavitation performance and higher operational ef
ficiency than earlier designs (EAJP). Morrall et al. [26] conducted an 
analysis of fluid mechanics and assessed the performance of a single- 
phase swirling flow multi-nozzle Annular Jet Pump (AJP) using RANS 
simulations and experimental data. They also performed a sensitivity 
analysis via CFD to examine the effects of nozzle diameter and flow swirl 
on the pump’s performance. In 2020, several researchers focused on 
enhancing AJP performance, regardless of whether the working fluid 
was water or slurry. Kai et al. [27] investigated multi-nozzle AJPs 
through CFD simulations, with an emphasis on nozzle geometry and 
pump performance. Their findings were experimentally validated, and 
they also optimized AJPs using the Kriging model [], integrating both 
CFD and experimental data.

Over the past decade, Messa and Matoušek [28–30] have made sig
nificant contributions to the study of slurry transport through pipelines, 
combining CFD simulations with experimental testing. Their research 
employed the β-σ two-fluid model, an extension of the Eulerian two-fluid 
model, and focused on horizontal pipes under various conditions, such 
as differing solid sizes, pseudo-homogeneous slurry, and fully suspended 
slurry. More recently, Messa [31] published a comprehensive literature 
review on slurry transport, providing an overview of nearly all CFD 
methods used for modeling both liquid and solid phases, including the 
Eulerian-Eulerian model, Eulerian-Lagrangian model, and Mixture 
Model. His review emphasized the substantial potential of the Mixture 
Model for slurry modeling across a broad range of solid volume frac
tions. Tanoj et al. [32] developed a 3D model using the Euler
ian–Eulerian RNG k-ε approach to study the transport of silica sand and 
fly ash slurries under varying Prandtl numbers. They found that a sand- 
to-fly ash ratio of 65:35, combined with a low-viscosity fluid (Pr = 2.88), 
minimized pressure gradients and energy consumption, while a 95:05 
mixture yielded the highest heat transfer coefficient at higher Reynolds 

numbers and efflux concentrations. The study highlights the crucial role 
of slurry composition and Prandtl numbers in improving transport ef
ficiency and thermal performance. In a separate study, the same authors 
[33] applied a 3D Eulerian RNG k-ε turbulence model to analyze energy- 
efficient slurry transport involving bottom ash and silica sand. Their 
results showed that bottom ash required the least energy for transport, 
while silica sand demanded the most, with larger particle sizes, higher 
concentrations, and increased flow velocities causing greater deviations. 
These findings, which were validated by experimental data, offer valu
able insights for optimizing slurry transport systems in industrial 
applications.

Sultan et al. [34] presented 3D CFD modeling of two-phase slurry 
flows in a 26 mm horizontal pipe using the Eulerian model with RSM 
turbulence closure. Their simulations, covering mixture velocities from 
3.5 to 4.7 m/s, volumetric concentrations of 9.95 % to 34 %, and sand 
particles (0.165–0.55 mm, 2650 kg/m3), showed that pressure drop 
increases with velocity and that grain size significantly influences the 
local solid concentration distribution. These results, validated against 
experimental data, contribute to a better understanding of slurry flow 
dynamics. Sadia et al. [35] recently investigated the structural factors 
affecting suction performance in AJPs, focusing on the impact of the 
primary fluid flow rate, convergence angle, and throat diameter. Nu
merical simulations using the Realizable k-ε turbulence model were 
experimentally validated, showing strong agreement with a mean ab
solute error (MAE) of 1.71 kPa and a root mean square error (RMSE) of 
2.02 kPa. The study found that optimizing the convergence angle (27◦) 
and throat diameter (10 mm) significantly improved suction capacity at 
a flow rate of 10 m3/h, achieving 34 % efficiency for flow ratios ranging 
from 0.4 to 0.6. These results validated both the numerical model and 
the applicability of AJPs for energy-efficient industrial applications. In a 
related study, the same researchers [36] focused on optimizing specific 
energy consumption in AJPs using the mixture model. They also 
explored the geometric design of AJPs for slurry transport and con
ducted full-scale prototype testing in an opencast oil-shale mine under 
partially submerged conditions. Field tests demonstrated the successful 
operation of the Venturi-based ore transport system, effectively trans
porting excavated oil shale up to a certain grain size, confirming the 
practical feasibility of the AJP system for real-world mining applica
tions. In a recent study, Sadia et al. [37], used a multiphase mixture 
model to simulate slurry behavior within the AJP, capturing pressure 
distribution, suction performance, and turbulence characteristics. The 
CFD results, validated against experimental and numerical data, 
demonstrate the model’s effectiveness in predicting flow behavior, 
power input, mass flow rate, and Specific Energy Consumption across a 
range of operating conditions. This approach supports the development 
of efficient AJP systems for industrial slurry transport. Sadia et al. [38] 
also applied a multiphase mixture model with the realizable k–ε tur
bulence model to investigate slurry transport behavior within a modular 
AJP. Parametric variations in flow rate, nozzle angle, particle size, and 
solid concentration are explored to assess their impact on pump per
formance. CFD predictions are validated against literature results, 
including pressure drop comparisons for pipeline slurry transport. The 
results highlight the AJP’s operational efficiency under diverse condi
tions and offer practical insights for its application in mining, dredging, 
and other industrial slurry-handling systems.

While significant progress has been made in understanding AJP 
performance, there remains a lack of detailed spatial analysis of flow 
structures and turbulence development across different sections of the 
AJP. In particular, how pressure fields, velocity distributions, phase 
volume fractions, slip velocities, and turbulence variables (TKE, TDR, 
TDV) evolve from the slurry inlet to the throat and outlet planes has not 
been comprehensively investigated. Such plane-wise analysis is essential 
for identifying critical regions of energy dissipation, phase separation, 
and flow instability, thereby enabling targeted design optimizations. 
Building upon previous modular AJP designs [35–38], the present study 
investigates the plane-wise development of multiphase flow and 
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turbulence characteristics within a modular AJP transporting a 20 % 
sand-water slurry. Using a CFD model based on the Mixture Model and 
realizable k–ε turbulence closure, key variables are analyzed at three 
strategic planes: the slurry inlet, mid-throat, and outlet. This work aims 
to provide deeper insights into the flow physics governing AJP opera
tion, supporting future efforts toward energy-efficient, high-perfor
mance slurry transport systems. While significant research has been 
conducted on optimizing the overall performance of Annular Jet Pumps, 
there remains a notable gap in the spatially resolved understanding of 
flow development, turbulence dynamics, and phase interaction within 
the pump body. Most previous studies have primarily reported global 
performance indicators, such as pressure drop, suction capacity, or ef
ficiency, without analyzing how local variations in flow and turbulence 
contribute to these overall behaviors. However, in complex multiphase 
systems like AJPs, localized phenomena such as turbulent shear inten
sification, phase separation, and energy dissipation can have a profound 
impact on global pump performance, wear characteristics, and energy 
consumption.

To address this critical gap, the present study offers a detailed plane- 
wise investigation of multiphase flow and turbulence behavior across 
three strategically selected cross-sections of a modular AJP: the slurry 
inlet plane, the mid-throat plane intersecting the core of the jet, and the 
outlet plane. Using a validated CFD framework based on the Mixture 
Model and the realizable k–ε turbulence closure, the distributions of key 
flow variables such as pressure, velocity, volume fraction of dispersed 
phase, slip velocity between phases, and turbulence variables such as 
turbulent kinetic energy (TKE), turbulent dissipation rate (TDR), and 
turbulent dynamic viscosity (TDV) are systematically mapped and 
compared at these locations. This spatially resolved analysis reveals not 
only how flow acceleration, turbulence amplification, and mixing 
evolve through the pump geometry, but also identifies critical regions 
responsible for maximum energy losses and flow instabilities. By linking 
local turbulence structures and phase behavior to global suction per
formance, this study offers fundamental new insights into the internal 
mechanisms governing modular AJP operation under dense slurry 
transport conditions. The findings lay a strong foundation for future 
nozzle and throat optimizations, contributing directly to the develop
ment of energy-efficient, low-maintenance, and highly adaptable jet 
pumps for industrial slurry transport systems.

2. Mathematical model

An AJP is composed of three primary sections: a converging nozzle, a 
constant-area throat, and a diverging diffuser. In the converging section, 
the high-velocity primary fluid (water) flows through an annular pas
sage, generating a low-pressure region at the throat via venturi effect. 
This low-pressure zone creates suction, enabling the entrainment of the 
secondary fluid, typically a sand-water slurry in mining and dredging 
applications. A distinctive innovation in the current AJP design lies in its 
modular architecture: the pump is constructed from separate compo
nents, including a detachable converging core and diffuser. Most 
notably, the nozzle is removable and interchangeable, allowing for rapid 
testing of various nozzle geometries without reprinting or reconstruct
ing the entire AJP structure. This modularity significantly improves the 
adaptability and cost-efficiency of experimental investigations and 
design optimization. The system is equipped to monitor pressure at four 
strategically chosen locations: the primary fluid inlet, the secondary 
(slurry) inlet, the jet pump throat, and the diffuser outlet. These mea
surement points are essential for calculating the pressure ratio, a 
dimensionless performance metric defined as the ratio of discharge 
pressure to the primary inlet pressure. This ratio characterizes the en
ergy transfer from the high-momentum primary jet to the entrained 
slurry and is a critical indicator of the AJP’s overall efficiency.

The geometric parameters of the AJP play a pivotal role in defining 
its performance characteristics. Key features such as throat diameter, 
throat length, and convergence angle must be precisely engineered. A 

throat that is too short may lead to inadequate mixing between the two 
streams, whereas an overly long throat increases frictional losses, 
reducing suction efficiency. The throat diameter directly influences 
vacuum generation and must be selected in accordance with the size of 
the solid particles to prevent clogging or ineffective entrainment. The 
nozzle convergence angle also affects suction strength: while a moderate 
increase enhances the low-pressure zone and thus suction capability, 
exceeding an optimal angle results in adverse pressure gradients and 
flow separation, diminishing performance. The primary fluid flow rate is 
another critical operational parameter. As the primary jet velocity in
creases, the resulting pressure drop in the throat strengthens the suction 
capacity. However, excessive primary flow introduces elevated turbu
lence and energy losses, reducing the net efficiency. The interplay be
tween the primary jet momentum and the suction-induced secondary 
flow governs the entrainment process, and its effect on pressure field and 
phase mixing is analyzed in detail in this study. This AJP, shown in 
Fig. 1, has been specifically developed to support parametric in
vestigations and performance evaluation under slurry conditions rele
vant to industrial mining applications. By integrating modular 
flexibility, strategic pressure measurement, and geometric sensitivity, 
the current design serves as a practical and research-friendly tool for 
optimizing jet pump configurations for efficient and energy-conscious 
slurry transport.

The Mixture Model is a macroscopic, ensemble-averaged two-phase 
flow formulation designed to simulate multiphase systems where a 
dispersed phase (such as solid particles, liquid droplets, or gas bubbles) 
is suspended within a continuous liquid phase. Rather than solving in
dividual momentum equations for each phase, the model simplifies the 
flow representation by computing a single momentum equation based 
on the mixture velocity, a phase-averaged velocity field weighted by the 
volume fractions. Additionally, it solves transport equations for the 
volume fraction of the dispersed phase, enabling accurate prediction of 
phase distribution, especially in pseudo-homogeneous or moderately 
heterogeneous flows. At the Mixture Model interface, the two-phase 
medium is treated as a single continuum possessing effective macro
scopic properties such as mixture density, viscosity, and velocity. This 
modeling approach is particularly suitable for slurry flows where solid 
particles (e.g., sand) are entrained in water, as seen in the current 
study’s AJP simulations. It balances physical realism and computational 
efficiency, making it well-suited for complex industrial flows involving 
high particle concentrations.

The validity of the Mixture Model is based on the following key as
sumptions [2,39]. 

I. The density of each phase remains approximately constant 
throughout the domain.

II. Both phases share a common pressure field.
III. The particle relaxation time is small compared to the character

istic time scales of the bulk flow.

In this work, the Mixture Model is implemented to simulate the in
ternal multiphase flow within the AJP, ensuring strict adherence to the 
governing hydrodynamic equations, namely, the continuity and mo
mentum conservation equations. The slurry flow is modeled using the 
ensemble-averaged formulation of the Mixture Model, which statisti
cally averages the transport equations over multiple flow realizations. 
This approach effectively captures the macroscale interactions between 
the water and sand phases, while filtering out small-scale fluctuations 
that would otherwise demand high computational resources. The 
mixture momentum equation accounts for the cumulative contributions 
of both phases, and a separate drift-flux (slip velocity) term describes the 
relative motion between solid and liquid phases. This is crucial in re
gions of flow separation, recirculation, and acceleration, such as the AJP 
throat, where interphase slip, and particle migration dominate the hy
drodynamics. By using this model, the study achieves a robust and 
computationally stable framework for analyzing flow characteristics 
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such as pressure distribution, slip velocity, turbulence, and phase 
stratification. Its successful application to AJP geometry under high 
slurry concentrations highlights its effectiveness in simulating energy- 
efficient transport systems for mining, dredging, and hydraulic 
conveying scenarios. At the secondary fluid inlet of AJP, the solid vol
ume fraction (0.2) and normal flow direction with suppress backflow is 
specified. At the outlet, the mixture pressure is set and kept constant, 
with the normal gradient of all other variables being zero. For the pri
mary fluid inlet of the AJP, a velocity field is used at the inlet cross 
section. Given that the realizable k–ε turbulence model is employed, 
accurate treatment of the near-wall regions is crucial [40–42]. As a 
result, standard wall functions are applied, with the target value of 
y+ set to 50 [43,44]. The equation y+ = yuT/v ensures that the first grid 
point lies within the logarithmic layer (y+ > 30) where y represents the 
distance from the wall to the first cell center, v is the kinematic viscosity, 
and uT is the friction velocity. Standard wall functions were selected for 
their robustness and suitability for high-Reynolds number flows. The 
target y+value of 50 is within the recommended range for the Realizable 
k–ε model, ensuring accurate near-wall representation. The velocity and 
pressure residuals fall below 10− 4, while turbulence variables and vol
ume fraction decrease to values below 10− 3, meeting widely accepted 
CFD accuracy standards.

Table 1 presents the expression for mixture density as defined in Eq. 
(1), where ∅c and ∅d represent the volume fractions of the continuous 
and dispersed phases, respectively. Here, ρc and ρd are the constant 
densities of the continuous and dispersed phases (units: kg/m3), as 
assumed in the Mixture Model formulation. Based on this assumption, 
the continuity equation is reformulated from Eq. (2) as shown in Eq. (3). 
The momentum conservation for the mixture is given by Eq. (4), where j 
is the velocity vector (m/s), ρ denotes density (kg/m3), and p represents 
pressure (Pa). The reduced density difference ε (kg/kg) is shown in Eq. 
(5), turbulent dispersion coefficient Dmd (m2/s), mass transfer rate mdc 
(kg/(m3⋅s)) from dispersed to continuous phase, gravitational acceler
ation g (m/s2), and additional body forces F (N/m3) are also considered, 
and detail can be found in [45]. The slip velocity uslip (m/s), slip flux jslip 

(m/s), and total stress tensor τGm (kg/(m⋅s2)) in Eq. (6) encompassing 
both viscous and turbulent contributions are also incorporated. The 
transport equation for ∅d, the dispersed phase volume fraction is shown 
in Eq. (7). Eq. (8) defines the slip flux in terms of uslip, the relative ve
locity between the two phases. For more comprehensive formulation 
details, see [45]. To estimate uslip, the Schiller-Naumann model is 
implemented, as expressed in Eq. (9), with the drag coefficient Cd 
(dimensionless) defined in Eq. (10). This formulation balances viscous 
and buoyant forces acting on dispersed particles. Turbulence effects are 
captured using the realizable k-ε model, which refines the standard k-ε 
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 ki
netic energy k and dissipation rate ε. The equation governing k matches 
the standard formulation, with its production term provided in Eq. (11), 
and further clarified in Eq. (12) whereas Eq. (13) details the transport of 
ε. In the present study, two forms of viscosity are considered within the 
momentum and turbulence formulations: The dynamic viscosity (μ) 
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 

Fig. 1. Cut section of modular AJP design showing different sections along the flow direction.

Table 1 
Mixture model equations [2,45].

ρ = ∅cρc + ∅dρd 1
ρt + ∇⋅(ρu) = 0 2

∇⋅j = mdc

(
1
ρc

−
1
ρd

)
3

ρjt + ρ(j • ∇)+ ρcε
(

jslip • ∇
)

j = − ∇p+ ∇ • τGm + ρg+ F − ∇ •
[
ρc(1 +

∅cε)uslipjslip
T

]

− ρcε
[

(j • ∇)jslip + (∇⋅(Dmd∇∅d) )j + jslipmdc

(
1
ρc

−
1
ρd

) ]

4

ε =
ρd − ρc

ρc

5

τGm =

(

μ + μT
[
∇j +∇jT

]
−

2
3
(μ + μT)(∇⋅j)I −

2
3

ρk I
)

6

∂
∂t
(∅d) + j.∇∅d +∇.

(
jslip

)
= ∇.(Dmd∇∅d) −

mdcρ
ρdρc 

where ∅c = 1 − ∅d
7

jslip = ∅dρcuslip 8
3
4

Cd

dd

⃒
⃒uslip

⃒
⃒uslip = −

(ρ − ρd)

ρc

(
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iterations, with minor intermediate oscillations, an expected behavior in 
turbulent multiphase flows. These fluctuations do not compromise so
lution accuracy, as they diminish and stabilize well before the residuals 
meet the convergence criteria. The final sharp reduction in all residuals 
highlights the robustness and stability of the simulation setup, con
firming that the computed results are free from numerical divergence or 
artificial damping. This convergence behavior strengthens the credi
bility of the simulation outcomes and validates the solver performance 
for the current AJP configuration.

A structured mapped mesh was utilized to achieve high-quality ele
ments with consistent distribution, particularly in regions exhibiting 
steep velocity and pressure gradients. This meshing approach was 
selected to reduce numerical diffusion and improve the overall stability 
of the solution. To accurately capture the dynamics in critical zones 
(such as the throat and suction inlet, where the gradients are most 
intense) a local mesh refinement strategy was applied. These regions 
were assigned an extra fine mesh, while a smooth transition to coarser 
elements downstream was maintained to balance accuracy and 
computational cost. Near-wall turbulence effects were modeled using 
wall functions, with the mesh configured to achieve a target y+ value 

close to 50, ensuring compatibility with the Realizable k–ε turbulence 
model. Fig. 4 and Fig. 5 illustrates the mesh independence analysis 
performed using three mesh densities: Mesh A (18,744 elements, 2019 
s), Mesh B (77,350 elements, 7645 s), and Mesh C (278,396 elements, 
11460. Mesh A displayed slight inaccuracies in regions of steep pressure 
gradients, making it unsuitable for capturing finer details. Mesh B ach
ieved accurate results with a 2.19 % error relative to Mesh C, reducing 
computational time. This balance between precision and efficiency 
highlights Mesh B as the optimal configuration for subsequent simula
tions, aligning with best practices in CFD by ensuring robust and reliable 
results without excessive computational overhead. The final mesh se
lection (Mesh B) is made to ensure a grid-independent solution while 
maintaining computational efficiency. As the computational domain 
was discretized using a structured mapped mesh, consisting of 77,350 
quadrilateral elements and 78,346 mesh nodes, to ensure a high element 
uniformity and shape quality. COMSOL’s mesh statistics reported an 
average element quality of 0.9815. average skewness 0.0185, and 
average orthogonality quality of 0.98, indicating excellent element 
shapes across most of the domain. These indicators collectively confirm 
that the mesh is of high quality, ensuring numerical stability and 

Fig. 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.

Fig. 3. Convergence history plot showing residuals of velocity, pressure, volume fraction, and turbulence variables, demonstrating consistent numerical stability 
with residuals dropping below convergence thresholds.
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accuracy for the CFD simulation. Eight inflation layers were applied near 
all walls with a stretching factor of 1.2 to properly resolve boundary 
layer effects. Given that the Realizable k–ε turbulence model is 
employed, accurate treatment of the near-wall regions is crucial 
[40–42]. As a result, Standard wall functions are applied for their 
robustness and suitability for high-Reynolds number flows., with the 
target value of y+ set to 50 [43,44]. The first cell height was chosen to 
target a y+ value of approximately 50, compatible with the Realizable 
k–ε turbulence model using standard wall functions. The equation y+ =

yuT/v ensures that the first grid point lies within the logarithmic layer 
(y+ > 30) where y represents the distance from the wall to the first cell 
center, v is the kinematic viscosity, and uT is the friction velocity. The 
target y+value of 50 is within the recommended range for the Realizable 
k–ε model, ensuring accurate near-wall representation. To complement 

the grid independence study, an additional analysis was carried out to 
examine the effect of mesh density and near-wall resolution on wall 
shear stress predictions. Fig. 5 compares the wall shear stress distribu
tion along the throat length: Mesh B (7,350 elements) and Mesh C 
(278,396) elements, refined boundary-layer mesh). Mesh B was gener
ated with a mapped boundary layer and a target y+ of approximately 50 
to ensure compatibility with standard wall functions. The two meshes 
show almost identical wall shear stress trends, with the maximum de
viation remaining below 3 % throughout the domain. The refined mesh 
only caused a marginal increase in predicted wall shear stress in the 
throat outlet region, but at the expense of a significantly higher 
computational cost (CPU time increased from 2019 s to 7645 s). 
Together with the results in Table 6, these findings confirm that the 
adopted grid resolution and y+ values provide mesh-independent results 

Fig. 4. Mesh independence analysis I for multiphase flow mixture model.

Fig. 5. Mesh independence analysis II for multiphase flow mixture model.
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multiphase Mixture Model to analyze the flow behavior of a sand–water 
slurry in an Annular Jet Pump (AJP). The simulation parameters, sum
marized in Table 4, were selected based on a combination of prior 
experimental validation, computational feasibility, and their relevance 
to optimizing slurry transport performance in AJPs. The AJP geometry 
employed in this study has been previously investigated by the authors 
in a single-phase configuration, where both the primary and secondary 
fluids were water. This geometry was finalized after extensive testing 
and design iterations, as detailed by the current authors [36]. That 
earlier work focused on the geometric optimization of AJPs for slurry 
handling, including full-scale prototype validation conducted under real 
operating conditions in an opencast oil-shale mine. The field trials suc
cessfully demonstrated the feasibility of the Venturi-based system in 
transporting excavated oil shale of a specific grain size, confirming its 
applicability in mining operations. Building on that foundation, the 
current study introduces a solid–liquid slurry as the secondary fluid, 
with water retained as the primary driving fluid. This necessitated 
careful adjustment of simulation parameters to accurately capture 
multiphase interactions, including particle-fluid momentum exchange, 
slip velocity effects, and turbulence modulation. Key considerations 
included ensuring consistency with the validated experimental data 
from the previous study, refining inlet conditions to reflect the physical 
behavior of particulate flow and maintaining computational stability 
and efficiency. The realizable k–ε turbulence model and appropriate 
boundary conditions were adopted for their ability to resolve complex 
flow structures, particularly in high-shear and near-wall regions where 
particle segregation and turbulence enhancement are expected. The 
selected particle diameters, volume fractions, and physical properties 
were chosen to reflect typical mining and hydraulic transport applica
tions, ensuring industrial relevance. The modular AJP design, with its 
centrally aligned suction channel and removable nozzle, supports 
effective entrainment of solids, as the primary jet creates a low-pressure 
region that draws in the slurry from the secondary inlet. This configu
ration enables a direct comparison with earlier single-phase studies, 
while the incorporation of a slurry phase introduces the necessary 
complexity to assess phase coupling, flow stratification, and energy ef
ficiency in real-world multiphase systems. Here, water is the primary 
fluid, which provides the volumetric flow rate (Q) for the suction of 
slurry, which is the secondary fluid. Table 7 shows the simulation 

parameters that are used to conduct this simulation:
This study offers a comprehensive analysis of the internal flow field 

within an Annular Jet Pump (AJP) based on a fixed set of design pa
rameters. These include both geometrical features (such as throat 
diameter and convergence angle) and primary inlet flow conditions. The 
simulation investigates the spatial variation of flow properties and tur
bulence characteristics along the axial length of the AJP. In the nu
merical model, the slurry is composed of uniformly sized spherical 
particles with a diameter of 0.3 mm, which is representative of medium- 
sized particles typically encountered in industrial slurry applications. 
The governing transport equations are discretized using the Finite 
Element Method (FEM), a robust technique well-suited for simulating 
multiphase flow in complex geometries. The full system of equations, 
including those for momentum, continuity, turbulence, and volume 
fraction, is solved using a segregated solver in the COMSOL Multiphysics 
environment. This approach decouples the system of equations and 
solves them iteratively, enabling stable and computationally efficient 
convergence. At the slurry inlet (secondary fluid), a solid volume frac
tion of 0.2 is specified, with a normal inflow condition and backflow 
suppression to ensure physical realism. At the outlet, a constant mixture 
pressure boundary condition is applied, while a zero normal gradient is 
imposed for all other variables. The primary fluid inlet is defined by 
imposing a fully developed velocity profile across the inlet cross-section.

The boundary conditions employed in this study are selected based 
on conditions validated experimentally in the authors’ previous work 
[35–38], where a physical prototype of the same modular AJP geometry 
was tested under realistic mining scenarios [36] and in laboratory [35]. 
The inlet velocity corresponds to the operational range observed in in
dustrial slurry transport systems, ensuring that the simulations reflect 
practical relevance. The solid volume fraction was also chosen to 
represent moderate slurry concentrations typically encountered in hy
draulic transport. A uniform particle distribution was assumed, which 
aligns with the controlled slurry mixing conditions used during the ex
periments. These experimentally validated settings form the basis for the 
numerical simulations in this study, enhancing the reliability and real- 
world applicability of the results.All walls are modeled as hydraulical
ly smooth with a no-slip condition and standard wall functions applied 
as per the Realizable k–ε turbulence model. The resulting Reynolds 
number at the slurry inlet is calculated to be 42,248, based on a flow 
velocity of 6 m/s and an inlet diameter of 28 mm, indicating a fully 
turbulent flow regime. This setup ensures realistic boundary conditions 
for analyzing the interaction between the primary and secondary 
streams, turbulence development, and phase coupling effects within the 
AJP. The segregated solution strategy offers computational efficiency 
without sacrificing accuracy, making it especially advantageous for 
resolving complex multiphase phenomena such as slip velocity, shear- 
layer turbulence, and stratification within the AJP’s varying geometry. 
Given that the Realizable k–ε turbulence model is employed, accurate 

Table 5 
Sensitivity analysis 2.

Parameters Baseline 
Value

Baseline 
Value 
Variation

Velocity 
variation 
along 
Throat 
length

Velocity 
along AJP 
inlet

Velocity 
along 
diffuser 
outlet

Q 10m3/h ±15 % 0.334 % 1.296 % 0.567 %
α 27o

±15 %
0.056 % 0.825 % 0.745 %

∅d 0.2
±10 %

0.025 % 0.235 % 0.130 %

Dp 300 μm ±20 % 0.073 % 0.897 % 0.798 %

Table 6 
Sensitivity analysis 3.

Parameters Baseline 
Value

Baseline 
Value 
Variation

WSS 
variation 
along 
Throat 
length

WSS along 
AJP 
Converging 
wall

WSS 
along 
diffuser 
wall

Q 10m3/h ±15 % 0.359 % 1.356 % 0.498 %
α 27o

±15 %
0.047 % 0.836 % 0.769 %

∅d 0.2
±10 %

0.034 % 0.231 % 0.145 %

Dp 300 μm ±20 % 0.059 % 0.956 % 0.875 %

Table 7 
Simulation parameter.

Simulation Parameter Value

Maximum Flow Capacity (Q) 10 m3/h
Throat radius of nozzle (rT) 10 mm
Inlet radius of nozzle (rI) 14 mm
Outlet radius of nozzle (rO) 25.5 mm
Convergence angle of nozzle (α) 27◦

Divergence radius of nozzle (β) 7◦

Length of nozzle throat (LT) 65 mm
AJPs total length 300 mm
Density of continuous phase (water) 1000 kg/m3

Density of dispersed phase (sand) 2600 kg/m3

Viscosity of continuous phase (water) 0.001 Pa⋅s
Dispersed phase volume fraction 0.2
Maximum packing concentration 0.62
Average concentration 0.35
Particle diameter (Dp) 0.3 mm
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treatment of the near-wall regions is crucial [40–42]. As a result, stan
dard wall functions are applied, with the target value of y+ set to 50 
[43,44]. The equation y+ = yuT/v ensures that the first grid point lies 
within the logarithmic layer (y+ > 30)where y represents the distance 
from the wall to the first cell center, v is the kinematic viscosity, and 
uT is the friction velocity. Standard wall functions were selected for their 
robustness and suitability for high-Reynolds number flows. The target 

y+value of 50 is within the recommended range for the Realizable k–ε 
model, ensuring accurate near-wall representation. The velocity and 
pressure residuals fall below 10− 4, while turbulence variables and vol
ume fraction decrease to values below 10− 3, meeting widely accepted 
CFD accuracy standards. Flow parameters mainly include pressure dis
tribution, velocity distribution, dispersed phase volume fraction, and 
slip velocity. Turbulence variables include turbulent kinetic energy, 

Fig. 7. (i) 1D visualization of pressure at AJP inlet (ii) 2D cut plane visualization of pressure at AJP inlet (iii) 1D visualization of pressure at AJP throat (iv) 2D cut 
plane visualization of pressure at AJP throat (v) 1D visualization of pressure at AJP outlet (vi) 2D cut plane visualization of pressure at AJP outlet (vii) 1D visu
alization of mixture velocity at AJP inlet (viii) 2D cut plane visualization of mixture velocity at AJP inlet (ix) 1D visualization of mixture velocity at AJP throat (x) 2D 
cut plane visualization of mixture velocity at AJP throat (xi) 1D visualization of mixture velocity at AJP outlet (xii) 2D cut plane visualization of mixture velocity at 
AJP outlet (xiii) 1D visualization of dispersed phase volume fraction at AJP inlet (xiv) 2D cut plane visualization of dispersed phase volume fraction at AJP inlet (xv) 
1D visualization of dispersed phase volume fraction at AJP throat (xvi) 2D cut plane visualization of dispersed phase volume fraction at AJP throat (xvii) 1D 
visualization of dispersed phase volume fraction at AJP outlet (xviii) 2D cut plane visualization of dispersed phase volume fraction at AJP outlet.
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turbulent dissipation energy, turbulent dynamic viscosity, and turbulent 
kinematic viscosity.

Fig. 7 presents a detailed visualization of pressure, mixture velocity, 
and dispersed phase (sand) volume fraction across three axial planes, the 
AJP inlet, throat center, and outlet, providing a spatially resolved un
derstanding of internal flow development during slurry transport. At the 
inlet plane (Figs. 7(i) and 5(ii)), the pressure distribution remains largely 

uniform, confirming stabilized entry conditions and a well-mixed slurry 
profile. At the throat center (Fig. 7(iii) and (iv)), a significant pressure 
drop occurs, with values decreasing from − 37.9 kPa near the wall to 
approximately − 38.5 kPa at the core. This localized low-pressure zone 
results from rapid fluid acceleration through the constricted geometry, 
representing the primary suction mechanism essential for secondary 
phase entrainment. Toward the outlet (Fig. 7(v) and (vi)), pressure 

Fig. 8. (i) 1D visualization of mass fraction of dispersed flow at AJP inlet (ii) 2D cut plane visualization of mass fraction of dispersed flow at AJP inlet (iii) 1D 
visualization of mass fraction of dispersed flow at AJP throat (iv) 2D cut plane visualization of mass fraction of dispersed flow at AJP throat (v) 1D visualization of 
mass fraction of dispersed flow at AJP outlet (vi) 2D cut plane visualization of mass fraction of dispersed flow at AJP outlet (vii) 1D visualization of mixture density at 
AJP inlet (viii) 2D cut plane visualization of mixture density at AJP inlet (ix) 1D visualization of mixture density at AJP throat (x) 2D cut plane visualization of 
mixture density at AJP throat (xi) 1D visualization of mixture density at AJP outlet (xii) 2D cut plane visualization of mixture density at AJP outlet (xiii) 1D 
visualization of dynamic viscosity at AJP inlet (xiv) 2D cut plane visualization of dynamic viscosity at AJP inlet (xv) 1D visualization of dynamic viscosity at AJP 
throat (xvi) 2D cut plane visualization of dynamic viscosity at AJP throat (xvii) 1D visualization of dynamic viscosity at AJP outlet (xviii) 2D cut plane visualization of 
dynamic viscosity at AJP outlet.
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recovery becomes evident, with increasing values along the periphery 
and a smoother radial gradient, indicating deceleration and partial 
kinetic-to-static energy conversion in the diffuser section. The mixture 
velocity contours follow a consistent pattern. At the inlet (Fig. 7(vii) and 
(viii)), velocity magnitudes are moderate and gradually increase radially 
due to the annular inflow profile. In the throat region (Fig. 7(ix) and (x)), 
the velocity profile sharpens dramatically, peaking above 10 m/s along 
the centerline and diminishing sharply toward the boundaries. This jet 
core structure is characteristic of strong momentum transfer and shear, 
which are fundamental to entrainment dynamics. At the outlet (Fig. 7
(xi) and (xii)), the velocity field broadens and decreases in intensity, 
consistent with flow expansion, although residual core velocity suggests 
incomplete kinetic diffusion and possible reattachment regions.

The most physically complex behavior appears in the sand volume 
fraction distribution. At the inlet (Fig. 7(xiii) and (xiv)), the slurry re
mains well-mixed, with a near-uniform sand concentration of 0.2 across 
the cross-section. However, by the throat (Fig. 7(xv) and (xvi)), notable 
stratification occurs: solid particles concentrate near the jet core while 
peripheral zones exhibit significant depletion. This redistribution is 
driven by inertial effects, interphase slip, and turbulence-induced 
migration, characteristic of pseudo-homogeneous flows with mid-sized 
particles. At the outlet (Fig. 7(xvii) and (xviii)), the sand phase re
mains centrally concentrated, indicating sustained phase decoupling 
and incomplete rehomogenization, which can adversely affect down
stream pipe transport and increase wear risks. This plane-wise mapping 
of flow and phase behavior offers critical insight beyond conventional 
global metrics such as efficiency or pressure ratio. By capturing the in
ternal evolution of pressure collapse, jet formation, phase slip, and 
segregation, this study presents a unique contribution to AJP research. 
The results confirm that the throat is the critical region for both 
entrainment and early stratification, while the diffuser geometry is not 
sufficient to eliminate phase separation. Notably, the use of a modular 
AJP configuration, as introduced in earlier work [37], enables these 
internal phenomena to be isolated and analyzed across varying nozzle 
geometries without the need to reprint the entire pump core. This 
adaptability is particularly valuable for experimental scaling and itera
tive optimization. Overall, the findings contribute to the development of 
next-generation AJP designs that are not only energy-efficient but also 
robust against particle-phase instabilities, an essential advancement for 
high-demand applications such as dredging, tailings transport, and 
dense slurry handling in the mining industry.

Fig. 8 illustrates the evolution of three key flow properties which 
include mass fraction of the dispersed phase (sand), mixture density, and 
dynamic viscosity, across three cut planes, i.e. the AJP inlet, throat 
center, and outlet. These variables are crucial for understanding how the 
multiphase slurry flow evolves spatially in terms of composition, rheo
logical response, and phase interactions. The mass fraction of the 
dispersed phase is visualized in Fig. 8(i–vi). At the inlet (Fig. 8(i) and 
(ii)), the sand mass fraction appears radially uniform with a maximum 
value near 0.0037, indicating that the slurry enters the AJP as a well- 
dispersed pseudo-homogeneous mixture. However, at the throat 
(Fig. 8(iii) and (iv)), sharp gradients appear, with the peak values 
shifting toward the jet core. This change signifies preferential migration 
of sand particles toward the centerline under strong acceleration and 
pressure drop which is driven by phase slip and inertial lag. At the outlet 
(Fig. 8(v) and (vi)), this non-uniformity persists, confirming that solids 
are not fully rehomogenized before exiting the pump, which may affect 
downstream transport uniformity and wear. Mixture density variation is 
shown in Fig. 8(vii–xii), reflecting the local concentration of solid par
ticles within the water-sand slurry. The inlet plane (Fig. 8(vii) and (viii)) 
again shows a nearly constant density distribution, around 1030–1040 
kg/m3, consistent with a uniform initial mass distribution. In the throat 
section (Fig. 8(ix) and (x)), the density increases toward the centerline 
due to sand focusing in the high-velocity core. This effect is a direct 
consequence of the coupled particle-fluid dynamics in the converging 
section, where sand inertia prevents instant response to rapid fluid 

acceleration, leading to localized densification. At the outlet (Fig. 8(xi) 
and (xii)), mixture density remains skewed toward the axis, highlighting 
sustained radial segregation of the dispersed phase and underlining the 
importance of outlet diffuser geometry in controlling phase re- 
distribution.

Fig. 8(xiii–xviii) presents the spatial evolution of dynamic viscosity, 
an essential parameter reflecting the flow resistance experienced by the 
slurry. At the inlet (Fig. 8(xiii) and (xiv)), dynamic viscosity is consistent 
throughout the section, indicative of well-mixed, pseudo-homogeneous 
inflow conditions. As the mixture progresses into the throat (Fig. 8(xv) 
and (xvi)), sharp spatial gradients arise, the viscosity increases at the 
core where solid concentration is elevated. These non-linear viscosity 
variations are expected in dense slurries, where local rheology becomes 
sensitive to solid loading. At the outlet (Fig. 8(xvii) and (xviii)), the 
viscosity continues to reflect these localized solid concentrations, 
remaining high near the axis and low at the periphery. This variation in 
viscosity further confirms the presence of persistent particle migration 
and phase stratification even downstream of the throat. Overall, Fig. 8
provides important multiphase flow insights by revealing how particle 
dynamics, flow acceleration, and geometry shape the spatial evolution 
of critical transport properties. The strong phase segregation observed in 
mass fraction, density, and viscosity distributions reaffirms that the 
throat section is the core zone of phase decoupling, while the diffuser 
geometry in the current AJP design does not fully neutralize these ef
fects. These findings not only validate the physics captured by the 
Mixture Model but also underscore the novelty of this modular AJP 
approach, where repeatable nozzle testing enables isolation of plane- 
wise flow characteristics. Such insights are pivotal for designing jet 
pumps with improved homogeneity, lower wear risk, and higher oper
ational stability in dense slurry environments.

The comparison between the mass fraction (Fig. 8(i–vi)) and volume 
fraction (Fig. 7(xiii–xviii)) of the dispersed phase offers essential insight 
into the distribution behavior of sand particles in slurry flow within an 
AJP. While both parameters are used to characterize the phase compo
sition, they describe different physical properties: volume fraction 
measures the proportion of the total volume occupied by the solid phase, 
whereas mass fraction quantifies the mass of solids relative to the total 
mixture mass. In slurry transport modeling, the volume fraction is more 
indicative of spatial phase separation, while the mass fraction better 
reflects momentum distribution and inertial effects. At the AJP inlet, 
both mass and volume fractions exhibit uniformity across the annular 
cross-section, confirming well-mixed entry conditions. However, dif
ferences emerge more clearly in the throat and outlet regions. In Fig. 7
(xv–xviii), the volume fraction shows strong radial segregation at the 
throat, with particles concentrating near the jet core and peripheral 
depletion—attributed to inertial migration, pressure gradients, and 
turbulence-induced lift forces. In contrast, the mass fraction profiles in 
Fig. 8(iii–vi) show a more gradual redistribution, with peak concentra
tions near the axis but smoother gradients. This distinction arises 
because heavier particles contribute disproportionately to mass, even 
when occupying smaller volumes. Therefore, while volume fraction 
sharply reflects phase separation, mass fraction reveals that significant 
particle momentum is still centralized which is a critical insight for 
momentum-coupling models and erosion prediction. From an efficient 
mining standpoint, understanding both parameters are vital. Volume 
fraction informs on pipe wear risk and localized accumulation, which 
are critical for structural durability. Mass fraction, on the other hand, is 
directly tied to the energy needed for transport. Higher core-centered 
mass fractions indicate efficient axial momentum alignment, reducing 
cross-sectional energy losses. Together, these indicators confirm that the 
modular AJP maintains good mass transport alignment but may benefit 
from outlet geometry improvements to rehomogenize the volume frac
tion, reducing phase separation at discharge. This comparative inter
pretation is uniquely valuable in optimizing energy consumption and 
durability in high-throughput mining operations.

Fig. 9 offers a comprehensive view of the turbulence-related phase 
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interaction variables which include slip velocity, Turbulent Kinetic En
ergy (TKE), and Turbulent Dissipation Rate (TDR) across the AJP’s inlet, 
throat, and outlet cut-planes. These variables directly govern phase 
decoupling, energy dissipation, and mixing efficiency in multiphase jet- 
driven flows. The slip velocity distributions (Fig. 9(i–vi)) reveal negli
gible values at the inlet, consistent with pseudo-homogeneous slurry 

flow conditions. As the mixture enters the throat (Figs. 9(iii) and 7(iv)), 
a sharp rise in slip velocity is observed, peaking near the centerline. This 
behavior reflects the inability of denser sand particles to instantaneously 
match the acceleration of the carrier fluid, resulting in relative motion. 
This decoupling is critical as it signifies the onset of phase segregation, 
further driving the redistribution observed in Figs. 7 and 8. At the outlet 

Fig. 9. (i) 1D visualization of slip velocity at AJP inlet (ii) 2D cut plane visualization of slip velocity at AJP inlet (iii) 1D visualization of slip velocity at AJP throat 
(iv) 2D cut plane visualization of slip velocity at AJP throat (v) 1D visualization of slip velocity at AJP outlet (vi) 2D cut plane visualization of slip velocity at AJP 
outlet (vii) 1D visualization of turbulent kinetic energy at AJP inlet (viii) 2D cut plane visualization of turbulent kinetic energy at AJP inlet (ix) 1D visualization of 
turbulent kinetic energy at AJP throat (x) 2D cut plane visualization of turbulent kinetic energy at AJP throat (xi) 1D visualization of turbulent kinetic energy at AJP 
outlet (xii) 2D cut plane visualization of turbulent kinetic energy at AJP outlet (xiii) 1D visualization of turbulent dissipation rate at AJP inlet (xiv) 2D cut plane 
visualization of turbulent dissipation rate at AJP inlet (xv) 1D visualization of turbulent dissipation rate at AJP throat (xvi) 2D cut plane visualization of turbulent 
dissipation rate at AJP throat (xvii) 1D visualization of turbulent dissipation rate at AJP outlet (xviii) 2D cut plane visualization of turbulent dissipation rate at 
AJP outlet.
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(Fig. 9(v) and (vi)), although slip velocity reduces, it remains non-zero, 
indicating that particle–fluid momentum equilibrium has not been 
restored, highlighting the importance of diffuser optimization.

Turbulent kinetic energy (Fig. 9(vii–xii)) follows a predictable jet 
pump pattern. At the inlet (Fig. 9(vii) and (viii)), turbulence intensity is 
low due to uniform entry flow. As the flow accelerates and contracts at 

the throat (Fig. 9(ix) and (x)), TKE peaks in the jet core, correlating with 
the high shear zones where mixing, entrainment, and phase decoupling 
are most intense. The 2D cut-plane confirms this by showing concen
trated high-energy zones in the core surrounded by dissipation gradi
ents. At the outlet (Fig. 9(xi) and (xii)), TKE gradually decreases, 
reflecting the attenuation of turbulent structures and energy 

Fig. 10. (i) 1D visualization of turbulent dynamic viscosity at AJP inlet (ii) 2D cut plane visualization of turbulent dynamic viscosity at AJP inlet (iii) 1D visualization 
of turbulent dynamic viscosity at AJP throat (iv) 2D cut plane visualization of turbulent dynamic viscosity at AJP throat (v) 1D visualization of turbulent dynamic 
viscosity at AJP outlet (vi) 2D cut plane visualization of turbulent dynamic viscosity at AJP outlet (vii) 1D visualization turbulent kinematic viscosity at AJP inlet 
(viii) 2D cut plane visualization of turbulent kinematic viscosity at AJP inlet (ix) 1D visualization of turbulent kinematic viscosity at AJP throat (x) 2D cut plane 
visualization of turbulent kinematic viscosity at AJP throat (xi) 1D visualization of turbulent kinematic viscosity at AJP outlet (xii) 2D cut plane visualization of 
turbulent kinematic viscosity at AJP outlet (xiii) 1D visualization of shear rate at AJP inlet (xiv) 2D cut plane visualization of shear rate at AJP inlet (xv) 1D 
visualization of shear rate at AJP throat (xvi) 2D cut plane visualization of shear rate at AJP throat (xvii) 1D visualization of shear rate at AJP outlet (xviii) 2D cut 
plane visualization of turbulent dissipation rate at AJP outlet.
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redistribution. Turbulent dissipation rate (Fig. 9(xiii–xviii)) comple
ments the TKE field by indicating where kinetic energy is lost due to 
viscous damping. As expected, inlet values are negligible. In the throat 
region (Fig. 9(xv) and (xvi)), TDR shows a strong spike near high shear 
layers and velocity gradients, precisely where turbulence breaks down 
into smaller eddies. This confirms that the throat not only intensifies 
mixing but is also a critical zone for energy loss. By the outlet (Fig. 9
(xvii) and (xviii)), dissipation zones expand radially, indicating that 
turbulence is converting back into laminar or stabilized forms, though 
not yet fully resolved due to phase slip persistence. Altogether, Fig. 7
validates the physical mechanisms of particle–fluid decoupling, shear- 
induced turbulence, and energy dissipation within the AJP geometry. 
These behaviors, when analyzed alongside the modular configuration, 
support future structural and operational optimization aimed at maxi
mizing energy transfer efficiency and minimizing wear from turbulence- 
driven interactions. The simultaneous evaluation of slip velocity, TKE, 
and TDR (plane-by-plane) offers a uniquely resolved understanding that 
is seldom explored in existing jet pump literature and adds to the novelty 
of this research.

Fig. 9 offers a rare multiparameter mapping of turbulence phenom
ena in a multiphase Annular Jet Pump (AJP), capturing the spatial 
evolution of slip velocity, turbulent kinetic energy (TKE), and turbulent 
dissipation rate (TDR) along the axial length. These parameters are 
especially important for understanding particle–fluid momentum ex
change, turbulent mixing, and energy decay, which ultimately govern 
suction performance and particle transport efficiency in high-density 
slurries. The novelty lies in this study’s ability to resolve these param
eters plane-by-plane using a modular AJP design and a Mixture Model, a 
rarely used approach in prior works. The plane-wise analysis of slip 
velocity, TKE, and TDR enables researchers to pinpoint the zones of 
maximum phase decoupling, turbulence generation, and energy loss, 
which are critical for designing energy-efficient jet pumps. From the 
turbulence standpoint, the throat region emerges as the critical inter
action zone: TKE peaks here due to high shear rates, and slip velocity 
also reaches maximum values, signaling localized energy exchange and 
phase decoupling. Interestingly, TDR distributions show spatial asym
metry, where the dissipation zones are more pronounced near the core, 
indicating that turbulence decays sharply in high-velocity regions. This 
correlation between slip velocity peaks and turbulence spikes validates 
the accuracy of the realizable k–ε model used and justifies the Mixture 
Model’s suitability for pseudo-homogeneous slurry flows. Overall, the 
turbulence-resolved mapping shown in Fig. 9 is rarely performed in AJP 
studies and significantly enhances the interpretability of phase behavior, 
making it a novel contribution toward optimizing modular jet pump 
designs.

Fig. 10 provides a spatially resolved visualization of turbulence- 
related viscosity fields and shear rate across the inlet, throat, and 
outlet planes of the AJP, focusing on three critical variables: turbulent 
dynamic viscosity (TDV), turbulent kinematic viscosity (TKV), and shear 
rate. These parameters are central to evaluating the energy dissipation, 
internal resistance, and erosion potential within slurry-laden flows and 
are rarely analyzed together in previous AJP literature, especially in the 
context of multiphase mining slurries. At the inlet (Fig. 10(i) and (ii)), 
TDV values remain relatively low (~0.05 Pa⋅s), indicating a stabilized 
entry flow with minimal turbulence generation. However, as the slurry 
accelerates through the converging nozzle into the throat region (Fig. 10
(iii) and 10(iv)), TDV increases markedly in the central jet core, 
consistent with the development of shear layers and localized turbulence 
due to sudden acceleration and interfacial slip between the fluid and the 
solid particles. By the outlet (Fig. 10(v) and 10(vi)), TDV reduces but 
does not vanish, suggesting incomplete energy recovery and the pres
ence of lingering eddy structures that may influence downstream flow 
behavior. TKV, shown in Fig. 10(vii–xii), reinforces this trend. It exhibits 
its maximum magnitude in the throat region (~2.5 × 10− 4 m2/s), 
especially in the high-shear core. These elevated values are character
istic of enhanced turbulent diffusivity, which facilitates momentum and 

scalar transport across the dispersed and continuous phases. The radial 
variation of TKV also highlights the mixing asymmetry in the AJP, with 
eddy viscosity concentrated near the core and damped near the walls, a 
behavior consistent with the concentrated slip and entrainment 
observed in earlier figures.

The analysis of shear rate (Fig. 10(xiii–xviii)) presents one of the key 
novel contributions of this study. Shear rate remains uniform and 
negligible at the inlet, indicating pseudo-homogeneous inflow. Howev
er, it rises sharply in the throat (Fig. 10(xv)), exceeding 240,000 s− 1 in 
localized zones. This extreme shear environment is generated by the 
steep velocity gradients introduced by the converging geometry and jet 
acceleration, where solid particles lag the accelerating fluid. From a 
physical standpoint, these high shear zones are where the greatest mo
mentum exchange occurs between the sand and water phases, and 
where particle migration, phase slip, and energy dissipation peak. 
Importantly, in mining-based slurry transport, such as tailings or ore 
slurries, the rheological behavior of the mixture is shear-dependent, 
often non-Newtonian. Therefore, capturing the spatial distribution of 
shear rate becomes essential for understanding where viscous thinning, 
phase segregation, and erosion risk are most likely to occur. These in
sights are invaluable for predicting component wear and designing 
erosion-resistant zones, especially in critical areas like the AJP throat. 
The persistence of moderate shear rate at the outlet (Fig. 10(xvii–xviii)) 
further suggests that full flow relaxation is not achieved, which may 
influence pipeline wear or particle deposition downstream.

This detailed turbulence-focused analysis of Fig. 8 adds significant 
value by coupling the effects of eddy viscosity, energy dissipation, and 
shear-driven stress into a unified view of internal AJP behavior. By 
mapping these variables across internal planes in a modular AJP design, 
this study enables diagnostic-level understanding of how turbulence, 
flow resistance, and solid-fluid interactions evolve along the pump, of
fering an experimental and numerical platform for future optimization 
of slurry handling systems in mining. The combined evaluation of TDV, 
TKV, and shear rate strengthens the novelty of this study and its prac
tical relevance in high-solid industrial flows.

Fig. 11 explores the detailed distribution of drag coefficient and wall 
shear stress along three critical axial locations of the AJP: the inlet, 
throat, and outlet. These parameters are crucial in understanding the 
interaction between the solid-liquid mixture and the pump walls, 
particularly in abrasive slurry environments like those encountered in 
mining. The drag coefficient in Fig. 11(i–vi) quantifies the resistance 
experienced by the fluid and suspended particles as they interact with 
the pump walls. At the AJP inlet, a pronounced fluctuation in drag is 
observed (up to ~3000), especially in Fig. 11(ii). These spikes are 
associated with steep velocity gradients and the introduction of the 
slurry, where high-velocity water interacts with slower-moving sand- 
laden fluid. This mismatch creates strong shear layers, which, as shown 
in Fig. 11(xiii–xvi), coincide with elevated shear rates. The result is 
enhanced momentum exchange and drag at the wall. In the throat region 
(Fig. 11(iii–iv)), the drag coefficient drops sharply, which aligns with 
the core-accelerated jet flow and centripetal migration of particles to
ward the axis, leaving fewer particles in near-wall regions. The low drag 
here physically correlates with a dip in shear rate in Fig. 11(xv) and 
reduced wall shear stress in Fig. 11(ix), confirming that the throat is the 
most hydrodynamically efficient section, where mixing dominates but 
wall interaction minimizes.

At the outlet in Fig. 11(v–vi), the drag coefficient increases again, 
though it’s much lower than the inlet. This is due to flow expansion and 
boundary layer reformation, causing some particles to be pushed radi
ally outward. These outward-migrating particles reintroduce wall 
interaction, leading to rising wall shear stress (Fig. 11(xi–xii)) and shear 
rates (Fig. 11(xvii–xviii)). This reaffirms that higher shear rate leads to 
elevated wall shear, which in turn contributes to drag via the frictional 
component of particle-laden flow. Physically, shear rate drives the 
deformation of fluid layers; in multiphase flows like slurry, it affects the 
relative motion (slip) between phases. As shear rate increases, 
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suspended particles experience higher viscous resistance, which trans
mits to the wall as wall shear stress and this directly links to the drag 
coefficient. Therefore, high shear rate leads to high wall shear stress 
which leads to high Cd, especially in regions with steep velocity gradi
ents and particle-wall interactions, clearly seen at the inlet and outlet. In 
contrast, the throat shows a hydrodynamic sweet spot, where slip is 
highest, turbulence peaks (Fig. 9), but wall effects are minimized due to 
core-focused flow and reduced particle-wall collisions. From a mining 
and erosion-resistance perspective, this analysis underlines the need to 
optimize inlet and outlet geometries where mechanical wear is highest 
due to high shear and drag. Meanwhile, the modular design of the AJP 
allows for tailoring nozzle and diffuser profiles to redistribute flow 
gradients, suppressing damaging stresses while maintaining entrain
ment efficiency. This figure completes the physical understanding of the 
internal flow by directly correlating drag forces, shear intensity, and 
wall interaction with the broader turbulence and multiphase behavior 
examined in earlier figures.

Fig. 12 provides a wall-bound 1D analysis of several key flow pa
rameters (including pressure, mixture velocity, dispersed phase con
centration, slip velocity, and density) along three critical structural 
surfaces of the Annular Jet Pump (AJP): the converging nozzle, the 
throat, and the diverging nozzle (diffuser). This wall-centric 

representation complements the internal cross-sectional and axial-plane 
analyses from Figs. 5 to 9, providing insights into flow–wall interactions, 
phase segregation, and momentum exchange phenomena central to 
slurry transport dynamics. Starting with pressure distribution, Fig. 12
(i)–(iii) shows a progressive drop in wall pressure along the converging 
nozzle and throat, reaching a minimum at the throat outlet before 
recovering in the diverging section. This pressure trend echoes the axial 
pressure behavior observed in Fig. 7(i–vi), reinforcing the physics of the 
venturi effect, where fluid acceleration in the narrowing throat gener
ates a suction zone. The sharp drop in pressure along the throat wall 
(Fig. 12(ii)) is especially significant, dipping below − 140 kPa, reflecting 
the most intense vacuum region and indicating strong entrainment po
tential for the secondary (slurry) phase. The pressure rise in the diffuser 
in Fig. 12(iii)) corresponds to flow deceleration and static pressure re
covery which is vital for improving discharge efficiency. The mixture 
velocity plots in Fig. 12(iv)–(vi) align well with the behavior previously 
observed in Fig. 7(vii–xii). Along the converging wall (Fig. 12(iv)), ve
locity decreases radially as the flow approaches the core, due to the 
narrowing flow passage. In the throat (Fig. 12(v)), a sharp increase is 
seen, reaching local maxima near the throat exit, coinciding with peak 
shear and momentum exchange. This velocity spike corresponds to slip 
velocity maxima (Fig. 10(xiv)) and regions of high shear rate and TKE 

Fig. 11. (i) 1D visualization of drag coefficient at AJP inlet (ii) 2D cut plane visualization of drag coefficient at AJP inlet (iii) 1D visualization of drag coefficient at 
AJP throat (iv) 2D cut plane visualization of drag coefficient at AJP throat (v) 1D visualization of drag coefficient at AJP outlet (vi) 2D cut plane visualization of drag 
coefficient at AJP outlet (vii) 1D visualization wall shear stress at AJP inlet (viii) 2D cut plane visualization of wall shear stress at AJP inlet (ix) 1D visualization of 
wall shear stress at AJP throat (x) 2D cut plane visualization of wall shear stress at AJP throat (xi) 1D visualization of wall shear stress at AJP outlet (xii) 2D cut plane 
visualization of wall shear stress at AJP outlet.
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Fig. 12. (i) 1D visualization of pressure along AJP converging nozzle wall (ii) 1D visualization of pressure along AJP throat wall (iii) 1D visualization of pressure 
along AJP diverging nozzle wall (iv) 1D visualization of mixture velocity along AJP converging nozzle (v) 1D visualization of mixture velocity along AJP throat wall 
(vi) 1D visualization of mixture velocity along AJP diverging nozzle wall (vii) 1D visualization of dispersed phase volume fraction along AJP converging nozzle wall 
(viii1D visualization of dispersed phase volume fraction along AJP throat wall (ix) 1D visualization of dispersed phase volume fraction along AJP diverging nozzle 
wall (x) 1D visualization of mixture density along AJP converging nozzle wall (xi) 1D visualization of mixture density along AJP throat wall (xii) 1D visualization of 
mixture density along AJP diverging nozzle wall (xiii) 1D visualization of slip velocity along AJP converging nozzle wall (xiv) 1D visualization of slip velocity along 
AJP throat wall (xv) 1D visualization of slip velocity along AJP diverging nozzle wall (xvi) 1D visualization of dispersed phase mass fraction along AJP converging 
nozzle wall (xvii)) 1D visualization of dispersed phase mass fraction along AJP throat wall (xviii)) 1D visualization of dispersed phase mass fraction along AJP 
diverging nozzle wall.
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shown earlier in Figs. 9 and 10. In the diverging nozzle (Fig. 12(vi)), 
velocity increases gradually near the centerline but stabilizes as the wall 
expands, supporting the diffusion of jet momentum into the wider 
domain.

The dispersed phase volume fraction evolution along the wall 
(Fig. 12(vii–ix)) offers critical insight into particle-wall dynamics. In the 
converging nozzle (Fig. 12(vii)), the dispersed phase concentration near 
the wall is minimal and remains relatively unchanged, indicating that 
particles are initially concentrated away from the wall due to annular 
inlet flow. In the throat wall region (Fig. 12(viii)), the volume fraction 
increases consistently, peaking near the exit. This reflects particle 
migration toward the jet core, influenced by inertial forces, pressure 
gradients, and turbulence-induced lift, consistent with stratification 
trends noted in Fig. 7(xv–xvi). Notably, the increased wall- 
concentration of sand suggests a potential erosion zone, particularly 
given the sharp shear gradients and wall interactions. In the diverging 
section (Fig. 12(ix)), the dispersed volume fraction reduces, implying 
partial radial re-distribution due to expansion and reduction in turbu
lence intensity (see Figs. 9–10). This trend is further supported by the 
mixture density profiles (Fig. 12(x)–(xii)), where density decreases from 
1450 kg/m3 at the converging inlet toward ~1150 kg/m3 at the diffuser 
outlet. This corresponds to the gradual dilution or radial separation of 
the solid phase, with density gradients mirroring the mass and volume 
fraction profiles of the dispersed phase. Particularly in the throat wall 
(Fig. 12(xi)), the steep rise in density aligns with the increase in particle 
concentration, suggesting that the slurry transitions from a pseudo- 
homogeneous regime to a more stratified one as particles accumulate 
near the wall.

The slip velocity distribution (Fig. 12(xiii–xv)) is a vital indicator of 
phase decoupling. It remains near-zero in the converging section (Fig. 12
(xiii)), consistent with well-mixed inflow conditions. However, in the 
throat (Fig. 12(xiv)), it spikes significantly near the outlet wall, con
firming strong particle–fluid velocity differential induced by shear. This 
phenomenon plays a key role in phase separation and directly influences 
energy efficiency and wear patterns, as also shown in Fig. 9. In the 
diffuser (Fig. 12(xv)), the slip remains elevated before gradually 
reducing, indicating ongoing (but weakening) particle inertia and 
continued relative motion between phases. Finally, Fig. 12(xvi–xviii) 
present the mass fraction of the dispersed phase along the wall, which 
closely follows the behavior of volume fraction and density but offers 
complementary insight due to the influence of particle density on mo
mentum. The mass fraction increases markedly in the throat (Fig. 12
(xvii)), reaching 0.15–0.18 near the outlet, aligning with mixture den
sity trends (Fig. 12(xi)) and reinforcing that particle loading is highest at 
the throat wall (a likely site for wear or fouling). The reduction in mass 
fraction along the diffuser wall (Fig. 12(xviii)) further confirms that 
expansion aids in rehomogenizing the mixture, albeit incompletely, as 
shown in previous cross-sectional plots (Fig. 7(xvii–xviii)). Fig. 12 pro
vides a unique wall-resolved interpretation of the internal multiphase 
flow, showing how pressure, momentum, and phase distribution evolve 
along the physical boundaries of the AJP. It complements earlier 
centerline and planar analyses by demonstrating that the throat wall is 
the critical zone for both efficient entrainment and potential erosion due 
to high velocity, shear, and particle concentration. Also, the modular 
AJP geometry, when optimized for wall interactions, can balance suc
tion efficiency with erosion mitigation. The wall-based flow metrics 
such as slip velocity, drag, shear, and particle mass loading are key to 
translating CFD predictions into practical design choices for robust, 
energy-efficient slurry transport systems in mining applications.

Fig. 13 presents an extended wall-resolved analysis of turbulent and 
near-wall transport properties along the converging nozzle, throat, and 
diverging diffuser sections of the Annular Jet Pump (AJP). This figure 
provides a powerful synthesis of wall-adjacent physics that govern phase 
interaction, turbulence dynamics, and wall stress, and it directly com
plements Figs. 9–12 by mapping these phenomena to the boundaries 
where erosion, drag, and pressure recovery become most relevant in 

mining slurry transport systems. Turbulence kinetic energy (TKE) pro
files (Fig. 13(i–iii)) show a progressive development and redistribution 
of turbulence along the AJP walls. Along the converging nozzle wall in 
Fig. 13(i), TKE starts low (~0.5 m2/s2) and steadily declines as the flow 
accelerates and aligns due to the narrowing geometry, with minimal 
wall disturbances. This trend is consistent with Fig. 10(i), confirming a 
relatively stable and laminarized entry region. In the throat wall (ii), 
turbulence intensifies sharply, peaking near the downstream edge 
(~0.75 m2/s2), aligning well with the high shear rates and slip velocity 
spikes noted earlier in Figs. 10(xvi) and 12(xiv). In the diffuser wall (iii), 
TKE grows again due to deceleration and flow separation, a classic jet 
pump behavior where eddy formation enhances mixing but may also 
degrade efficiency.

Turbulent dissipation rate (TDR) plots (Fig. 13(iv–vi)) follow a 
similar trend, with minimal dissipation in the converging section and 
intense dissipation in the throat and diffuser zones. In the throat wall 
in13(v), TDR peaks above 90,000 m2/s3, reflecting intense energy loss 
due to high momentum exchange between phases and strong velocity 
gradients which is consistent with elevated drag and wall shear stress in 
Fig. 10 and 9. The diffuser region in 13(vi) shows continued, though 
lower, dissipation, highlighting turbulence decay as the flow expands 
and slows. The dynamic viscosity variation along the AJP wall (Fig. 13
(vii–ix)) reflects effective mixture rheology. The converging wall in 13 
(vii) maintains a low and uniform viscosity (~0.0012 Pa⋅s), implying 
well-mixed and low-shear flow. However, in the throat wall 13(viii), 
viscosity rises steadily, reflecting increased particle concentration and 
energy dissipation due to wall interactions and turbulence (trends also 
visible in Fig. 10(xiii–xvi)). The peak viscosity coincides with elevated 
slip velocity and shear rate, reinforcing the non-Newtonian-like 
behavior emerging in dense slurry transport. In the diffuser (ix), vis
cosity declines, consistent with flow expansion and partial relaxation of 
shear-induced mixing. Shear rate (Fig. 13(x–xii)) maps the velocity 
gradient near the wall. The throat wall (xi) shows the steepest gradient, 
rising sharply to ~35,000 s− 1, consistent with the mixing core and 
turbulent eddies seen in Figs. 9 and 10. This region also aligns with 
elevated drag coefficients (Fig. 13(xvii)) and wall shear stress (xiv), 
marking it as the most critical zone for energy dissipation and wear risk. 
The converging nozzle (x) and diffuser (xii) show more moderate shear 
rates, reflecting more stable and less aggressive flow regimes. Wall shear 
stress (Fig. 13(xiii–xv)) reflects force transfer from the fluid to the 
boundary. As expected, the throat wall again dominates (xiv), with 
stress rising to 75 Pa, confirming the throat as the hotspot for erosion 
risk, consistent with field concerns in mining applications where coarse 
particles contact surfaces at high velocities. The diffuser (xv) shows a 
gradual rise in wall shear stress near the outlet, likely due to radial 
redistribution of momentum and continued phase slip.

Drag coefficient profiles (Fig. 13(xvi–xviii)) are particularly 
revealing. The throat wall 13 (xvii) exhibits multiple sharp spikes 
(values up to 8), indicating unsteady local interactions between the 
dispersed phase and wall. These drag peaks correspond to local increases 
in shear and slip velocity and are consistent with turbulence bursts (as in 
Figs. 10 and 12). The converging 13 (xvi) and diverging 13 (xviii) walls 
show fewer but more distributed peaks, reflecting areas where reat
tachment or particle rebound may occur, particularly in the diffuser as 
expansion causes velocity gradients to interact more with the boundary 
layer. Wall friction velocity (Fig. 13(xix–xxi)) is a derived metric directly 
linked to shear stress, turbulence generation, and erosion potential. The 
throat wall again shows the highest friction velocity (~0.6 m/s), a direct 
indicator of intense near-wall turbulence. The similarity between this 
profile and the wall shear stress curve 13(xiv) reinforces the reliability of 
the CFD predictions and confirms the throat section as the most turbu
lent and mechanically loaded part of the AJP. Fig. 13 offers a compre
hensive view of the turbulence, wall interaction landscape in the AJP. It 
builds directly upon the turbulence (Fig. 9), viscosity and shear rate 
(Fig. 10), and wall stress (Fig. 11) findings. Specifically, the throat re
gion emerges as the critical design and wear zone due to maximum TKE, 
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shear rate, and wall forces. This supports earlier interpretations that 
identified this section as the suction core and entrainment driver. Also, 
the converging nozzle stabilizes and conditions the inflow, reducing 
turbulent disturbances and facilitating efficient momentum transfer at 
the throat. Moreover, the diffuser wall, while showing moderate tur
bulence and wall stress, plays a key role in pressure recovery and needs 
to be optimized to avoid excessive recirculation or drag buildup. Fig. 13
completes the wall-based diagnostic narrative of the AJP by quantifying 
how turbulence and shear interact with geometry and dispersed phase 
properties. The results reaffirm that wall-resolved turbulence modeling 
is essential for optimizing slurry jet pumps in mining and dredging ap
plications. High-resolution profiles of TKE, drag, and friction velocity 
provide actionable insights for material selection (e.g., ceramic linings 
in throat), nozzle shape optimization, and energy efficiency improve
ments. The consistent alignment between Figs. 7–13 confirms both the 
robustness of the numerical strategy and the physical coherence of the 
observed flow phenomena.

The results presented across Figs. 7 to 13 provide a comprehensive 
understanding of the internal multiphase flow dynamics in an Annular 
Jet Pump (AJP) under slurry transport conditions. The modular design 
of the AJP enables a plane-by-plane and wall-based spatial resolution of 
critical parameters that govern performance, phase behavior, turbu
lence, and material interaction. This level of detail not only validates the 
physical accuracy of the numerical model but also offers actionable in
sights into optimizing the AJP’s geometry and operating parameters for 
industrial applications such as mining and dredging. A consistent 
pattern observed across the analysis is the dominance of the throat re
gion in controlling key phenomena such as pressure collapse, jet accel
eration, turbulence intensification, and particle stratification. Peak 
turbulent kinetic energy (~0.75 m2/s2), turbulent dissipation rate 
(~90,000 m2/s3), and shear rate (up to ~55,000 1/s) all concentrate in 
the throat or immediately downstream. These are accompanied by high 
slip velocities (~0.045 m/s) and strong gradients in dispersed phase 
volume and mass fractions, indicating robust phase decoupling. From a 
design standpoint, this confirms that the throat is the most critical zone 
for mixing and entrainment, but also the most vulnerable to wear due to 
high wall shear stress and drag coefficients. Material selection (e.g., 
ceramic lining) and geometric refinement (e.g., optimizing throat length 
and diameter) must therefore be prioritized for this zone. The 
converging section serves as a momentum build-up region, where rela
tively low turbulence and shear prepare the flow for transition into the 
high-energy throat. Conversely, the diverging section, while facilitating 
pressure recovery and energy diffusion, shows incomplete re- 
homogenization of phases and retains high wall friction velocity and 
shear stress near the outlet walls. This suggests the need for flow- 
conditioning elements or extended diffuser designs to improve down
stream mixing before pipeline transport. Crucially, wall-based di
agnostics such as drag coefficient, wall shear stress, and wall friction 
velocity reveal localized peaks at the throat wall and diffuser exit, which 
correlate directly with the observed high shear rate and viscosity dis
tributions. These findings are essential for predicting erosion hotspots 
and designing effective anti-wear strategies in real-world mining oper
ations. For example, Figs. 11 and 13 indicate that drag coefficients can 
peak above 8 and wall shear stress exceeds 75 Pa, making these areas 
susceptible to material degradation.

To elucidate the mechanism behind the turbulence peak in the throat 
and its impact on phase distribution, a correlation analysis is performed 
between turbulent kinetic energy (TKE) and two key parameters: par
ticle volume fraction and slip velocity. These correlations are evaluated 
at three key locations: (a) along the axial centerline, (b) along the radial 
profile at the throat, and (c) along the throat wall. The resulting plots are 
shown in Fig. 14 (i)-(iii), volume fraction vs. TKE, and Fig. 14 (iv)-(vi), 
slip velocity versus TKE. As shown in Fig. 14 (i–iii), in the converging 
section, where TKE is low (< 0.05 m2/s2), the particle concentration 
remains close to its inlet value. As the jet accelerates through the throat, 
the TKE increases sharply, and a corresponding reduction in local par
ticle concentration is observed, confirming that intense turbulence 
causes particles to migrate away from the jet core. The radial profile at 
the throat shows that the largest TKE values (up to 1 m2/s2) occur in the 
shear layer between the high-speed jet and the entrained secondary 
flow, and these zones exhibit the lowest particle volume fractions, while 
solids accumulate in adjacent low-TKE regions closer to the walls. Along 
the wall, TKE remains moderate (0.4–0.8 m2/s2), but the dispersed- 
phase fraction stays below 0.05, showing that high turbulence near 
the wall inhibits particle accumulation. In Fig. 14 (iv-vi), slip velocity 
shows a strong positive correlation with TKE. Along the axial centerline, 
slip remains negligible in the converging section but increases rapidly 
with rising turbulence, reaching 4–5 m/s in the diffuser where TKE is 
0.4–0.8 m2/s2. At the throat cross-section, local slip peaks (~0.45 m/s) 
are found within the high-TKE shear layer (0.5–1 m2/s2), demonstrating 
that particle–fluid decoupling is most pronounced where turbulence is 
strongest. Near the wall, slip velocities are small but non-zero, with the 
maximum just outside the boundary layer where moderate turbulence 
persists. The observed throat turbulence peak is driven by shear-layer 
instability and particle–fluid interaction. The rapid acceleration of the 
primary jet creates a strong velocity gradient with the entrained sec
ondary flow, which amplifies TKE. Suspended particles in this region 
experience fluctuating drag and lift forces, leading to enhanced slip and 
phase decoupling. As a result, solids are expelled from the high-TKE 
zones and migrate into lower-TKE regions, forming an annular distri
bution of solids downstream. This segregation reduces momentum ex
change efficiency, contributing to a lower flow ratio and higher specific 
energy consumption when the throat is not optimized. These results 
confirm that high-TKE regions are responsible for both the migration of 
particles away from the jet core and the rise in slip velocities. Conse
quently, the throat region plays a decisive role in controlling phase 
distribution, erosion-prone wall loading, and the overall efficiency of the 
AJP. This detailed analysis underscores the utility of combining volume- 
averaged field variables with wall-based diagnostics to fully charac
terize the multiphase behavior in jet pumps. The ability to dissect and 
visualize such detailed flow physics using a modular and computation
ally efficient Mixture Model framework significantly advances the un
derstanding of solid-liquid transport systems and supports the 
development of more robust, efficient, and maintainable AJP systems for 
industrial slurry applications.

5. Conclusion

This study presents an in-depth numerical investigation of multi
phase slurry flow within a modular Annular Jet Pump (AJP) 

Fig. 13. (i) 1D visualization of turbulence kinetic energy along AJP converging nozzle wall (ii) 1D visualization of turbulence kinetic energy along AJP throat wall 
(iii) 1D visualization of turbulence kinetic energy along AJP diverging nozzle wall (iv) 1D visualization of turbulent dissipation rate along AJP converging nozzle (v) 
1D visualization of turbulent dissipation rate along AJP throat wall (vi) 1D visualization of turbulent dissipation rate along AJP diverging nozzle wall (vii) 1D 
visualization of dynamic viscosity along AJP converging nozzle wall (viii1D visualization of dynamic viscosity along AJP throat wall (ix) 1D visualization of dynamic 
viscosity along AJP diverging nozzle wall (x) 1D visualization of shear rate along AJP converging nozzle wall (xi) 1D visualization of shear rate along AJP throat wall 
(xii) 1D visualization of shear rate along AJP diverging nozzle wall (xiii) 1D visualization of wall shear stress along AJP converging nozzle wall (xiv) 1D visualization 
of wall shear stress along AJP throat wall (xv) 1D visualization of wall shear stress along AJP diverging nozzle wall (xvi) 1D visualization of drag coefficient along 
AJP converging nozzle wall (xvii)) 1D visualization of drag coefficient along AJP throat wall (xviii) 1D visualization of drag coefficient along AJP diverging nozzle 
wall (xix) 1D visualization of wall friction velocity along AJP converging nozzle wall (xx)) 1D visualization of wall friction velocity along AJP throat wall (xxi) 1D 
visualization of wall friction velocity along AJP diverging nozzle wall.

S. Riaz et al.                                                                                                                                                                                                                                     Powder Technology 467 (2026) 121574 

21 



configuration using the Mixture Model and the Realizable k-ε turbulence 
model. The focus of the analysis was to capture the spatial evolution of 
critical flow, turbulence, and phase distribution variables across stra
tegically defined planes (inlet, throat, and outlet) and along the inner 
wall contours of the converging nozzle, throat, and diffuser. By incor
porating both field variable distributions and wall-resolved data, the 
study provides a high-resolution view of the internal hydrodynamics 
and delivers quantitative insights for AJP design and optimization in 
industrial slurry transport applications.

The simulation framework employed a structured mapped mesh 
(77,350 elements, average element quality 0.9815, average skewness 
0.0185) with a target y+ value of 50. Grid sensitivity and mesh refine
ment analyses confirmed that the results are mesh independent, with 
less than 1.5 % variation in flow parameters and < 3 % in wall shear. 
This ensured that near-wall shear and turbulence were captured with 
high fidelity.

Key parameters analyzed include pressure distribution, mixture ve
locity, dispersed phase mass fraction, slip velocity, turbulent kinetic 
energy (TKE), turbulent dissipation rate (TDR), turbulent dynamic vis
cosity, shear rate, wall shear stress, drag coefficient, and wall friction 
velocity. The results confirm that the throat region acts as the primary 

control zone where along the throat length, the mixture velocity ranges 
from 2.5 to 9 m/s, pressure drops by − 40 kPa, slip velocity peaks at 0 to 
9 m/s, TKE reaches 0 to 0.8 m2/s2, and TDR reaches a maximum of 
10e− 3 m2/s3. In this region, shear rates rise above 2.4 × 105 s− 1, wall 
shear stress exceeds 75 Pa, drag coefficients approach 8, and friction 
velocity reaches 0.6 m/s, in the throat centre in radial direction while 
along the wall, variation in shear rate is from 10e3 to 60e3, drag coef
ficient from 0.5 to 0.85, and wall friction velocity from 0.3 t0 0.7 m/s 
identifying the throat and early diffuser as the most erosion-prone 
regions.

In contrast, the converging section stabilizes the inflow with low 
turbulence and nearly zero slip velocity, while the diffuser provides 
partial static pressure recovery but fails to fully re-mix the phases: solids 
remain concentrated near the centreline, with local slurry density 
decreasing to nearly 1150 kg/m3 at the outlet compared to 1450 kg/m3 

at the inlet. These results highlight the need for diffuser modifications to 
reduce phase separation.

The high drag coefficients and wall shear stresses concentrated near 
the throat and outlet walls point to critical zones where material rein
forcement (e.g., ceramic liners) should be implemented in real-world 
applications. The use of a modular AJP geometry, where only the 

Fig. 14. Correlation between turbulent kinetic energy (TKE) and dispersed-phase volume fraction: (i) along the axial centreline, 
(ii) along the radial profile at the throat, (iii) along the throat wall. Correlation between turbulent kinetic energy (TKE) and slip velocity:(iv) along the axial cen
treline, (v) along the radial profile at the throat,(vi) along the throat wall.
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