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Abstract – Efficient mining operations rely on effectively transporting slurry and minerals, directly impacting cost, productivity, and 

sustainability. Annular Jet Pumps (AJPs) offer a robust solution due to their simple design, absence of moving parts, and minimal 

maintenance requirements. This study investigates the flow behavior of a sand-water slurry through an AJP, focusing on optimizing 

Specific Energy Consumption (SEC) to promote energy-efficient mining. A CFD approach, i.e., the mixture model, this analysis captures 

intricate interactions between solid particles and the carrier fluid, and the Realizable k-ɛ turbulence model complements the mixture 

model to visualize key turbulence parameters. A parametric study explores the effects of sand particle size, volume fraction, and 
geometric parameters (such as nozzle radius and convergence angle on slurry suction and pressure distribution). Findings reveal that 

optimizing these parameters significantly enhances suction capacity while reducing SEC, reinforcing the energy efficiency of AJPs for 

mining applications. Validation against established literature, including experimental and numerical studies, demonstrates excellent 

agreement, confirming the model’s accuracy in predicting slurry flow behavior. This work highlights the potential of AJPs as sustainable 

and efficient solutions for mining, ensuring reduced energy consumption, minimal resource wastage, and enhanced system performance.  

 

Keywords: Slurry transport, mixture model, realizable k-ɛ turbulence model, Specific Energy Consumption (SEC), Annular 
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1. Introduction 
Due to the complex interactions between solid particles and the carrier fluid, efficient sand-water slurry transport is 

crucial in industries like mining, dredging, and petroleum. Annular Jet Pumps (AJPs) are favored for transporting multiphase 

mixtures without mechanical parts, reducing maintenance costs. However, optimizing AJPs for slurry transport requires 
understanding parameters like particle size, concentration, rheology, and geometrical features (e.g., throat dimensions, nozzle 

angles). Key flow characteristics, including velocity profiles, pressure distribution, and phase mixing efficiency, are vital for 

reliable performance. (1).  

CFD models, including Eulerian-Lagrangian, Eulerian-Eulerian, and mixture models, are essential for studying slurry 
flows. The Eulerian-Lagrangian model offers detailed particle-scale insights but is computationally intensive for high particle 

concentrations. The Eulerian-Eulerian model handles dense flows efficiently but lacks particle-level detail. The mixture 

model balances the slurry as a single continuum with averaged properties, which is ideal for well-mixed phases and less 
critical particle-fluid interactions. (2). Extensive research has been conducted on slurry transport systems, including their 

integration into jet pumps. Jet pumps are broadly classified into Centre Jet Pumps (CJPs) and Annular Jet Pumps (AJPs), 

with literature indicating that AJPs offer higher efficiency. However, significant opportunities remain to enhance the design 
and performance of AJPs.  

Shimizu (3) demonstrated that AJPs can achieve efficiencies up to 36%, comparable to Central Jet Pumps, and 

highlighted the impact of swirl on performance. Kökpinar & Gögus (4) optimized water jet pumps for slurry transport, 

achieving 33% efficiency and introducing a bypass system to reduce wear on centrifugal pumps. Xinping Long and his team 
at Wuhan University have extensively studied slurry transport through AJPs over the past two decades. They investigated 

cavitation initiation and development under varying flow rate ratios and optimized AJP design using Design of Experiments 

(DOE), CFD, and experiments. They analyzed cavitation in jet pumps with different area ratios. They employed Large Eddy 
Simulations (LES) to study flow characteristics and turbulent coherent structures (5), revealing vortex behavior in 

recirculation regions and boundary layers. Later, they examined cavity-length pulsation characteristics in jet pumps (6) and 
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cavitation behavior under negative flow ratios (7), providing insights into pressure ratio effects on cavitation areas and 

enhancing AJP design and performance understanding.  
Singh et al. (8) employed CFD to study slurry flow, comparing their two-phase mixture model, incorporating 

algebraic slip and turbulent dispersion, with the models proposed by Kaushal et al. (9), in 2012. Their model 

demonstrated accurate pressure drop predictions, challenging earlier results despite variations in solids concentration 
profiles. They emphasized the model's simplicity and suitability for engineering applications, highlighting its potential 

for pressure drop prediction. They also called for further research to enhance solids concentration profile accuracy in 

slurry flow pipelines.  

Messa (2) conducted a comprehensive review of CFD methods for slurry transport, including the Eulerian-Eulerian, 
Eulerian-Lagrangian, and Mixture models, emphasizing the mixture model's versatility across diverse solid volume 

fractions. Over the past decade, Messa and Matoušek (10),(11) advanced research on pipeline slurry transport using 

CFD and experiments. They employed the β-σ two-fluid model (12) , an extension of the Eulerian approach to study 
horizontal pipe flows under various conditions, such as differing solid sizes and slurry types. Kai et al. (13) studied 

multi-nozzle AJPs using CFD simulations, focusing on nozzle geometry and pump performance. Their work, validated 

experimentally, also optimized AJPs using the Kriging model (14) with CFD and experimental data. Wang et al. (15) 

introduced the Streamlined Annular Jet Pump (SAJP) to improve flow smoothness and minimize energy loss in the Early 
Annular Jet Pump (EAJP), using the realizable k-epsilon and Schnerr-Sauer cavitation models in separate simulations 

for both pump types. 

This study employs a multiphase mixture model to simulate the complex interactions between solid particles and 
the carrier fluid within an AJP. The objective is to develop a robust and efficient AJP design tailored for sand and water 

slurry transport, addressing challenges posed by multiphase flow dynamics and providing practical solutions for 

industrial applications, particularly in mining and mineral processing. In this research, a mixture model (16) with 
realizable k-ɛ is employed to study the slurry flow in AJP to optimize its SEC. A detailed parametric study shows the 

effect of the primary fluid`s volumetric flow, convergence angle, throat diameter, secondary flow inlet diameter, sand 

particle size, and volume fraction. These parameters can improve the suction pressure of the AJP, and consequently, the 

SEC will be reduced, which is the focus of this paper.  
Sadia et al. (17) recently examined the structural factors influencing suction performance in AJPs, focusing on the 

primary fluid’s flow rate, convergence angle, and throat diameter. Numerical simulations using the Realizable k-ε 

turbulence model were validated experimentally, showing strong agreement with a mean absolute error (MAE) of 1.71 
kPa and a root mean square error (RMSE) of 2.02 kPa. Optimizing the convergence angle (27°) and throat diameter (10 

mm) enhanced suction capacity at a flow rate of 10 m³/h, achieving 34% efficiency at flow ratios of 0.4 to 0.6. These 

results confirm the model's reliability and the AJP's suitability for energy-efficient industrial applications. They also 
studied Specific energy consumption optimization for AJP using mixture model. Same researcher (18) studied AJP 

geometric design for slurry transport major and testing of the full-scale prototype has been executed in an opencast oil-

shale mine under (partly) submerged conditions. During the field tests, the working principle of the Venturi ore transport 

system could be proven by successful transport of excavated oil-shale up to a certain grain size. In a related study, 
Berners et al. (18) explored the optimization of specific energy consumption in AJPs using the Mixture Model. 

Additionally, they examined the geometric design of AJPs for slurry transport and conducted full-scale prototype testing 

in an opencast oil-shale mine under partially submerged conditions. Field tests successfully demonstrated the working 
principle of the Venturi-based ore transport system, effectively transporting excavated oil shale up to a certain grain 

size, confirming the practical feasibility of the AJP system in real-world mining applications.  

As this study is a step towards efficient mining, the reduced energy consumption plays a crucial role in utilizing 

AJP in mineral extraction. This work is compared with research by (14) for the AJP modeling. The results are also 
benchmarked against the numerical analysis of Singh et al. (8), as well as the combined numerical simulations and 

experimental investigations carried out by Kaushal (9). The validation of the results demonstrates that this model is 

highly suitable for simulating slurry flow through AJPs, as it balances computational efficiency and accuracy, making 
it a preferred choice for practical applications. The existing literature primarily uses efficiency as the sole metric for 
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evaluating system effectiveness. However, this article expands on this by conducting a parametric study on design variables 

and presenting results for reduced SEC. This metric has not been previously addressed in the literature. 
 

2. Mathematical Model 
An AJP consists of three key components: the converging section, the diverging section, and the throat. In the 

converging section, the primary fluid (water) creates an annulus, generating a vacuum at the throat to suction the secondary 

fluid (slurry). The AJP in this study is modular, allowing for interchangeable nozzle designs with a single core, as shown in 

Figure 1 (17). Pressure is measured at four critical points: the primary and secondary fluid inlets, the throat, and the diffuser. 
Key geometric parameters, such as throat length, diameter, and convergence angle, are critical for pump efficiency, affecting 

mixing, friction, and vacuum generation. The volumetric flow rate of the primary fluid also influences slurry suction. The 

AJP is 3D printed for physical testing, supporting material optimization by fabricating only the nozzle for different designs. 

 
 

The Mixture model is employed to simulate the flow within the internal flow field of AJP, ensuring compliance with 

the hydrodynamic equations, primarily the continuity and momentum conservation equations. The pressure distribution is 

calculated from a mixture averaged continuity equation, and the velocity of the dispersed phase is described using a slip 
model. The volume fraction of the dispersed phase is tracked by solving a transport equation for the volume fraction. 

Turbulence effects are modeled using the realizable two-equation k-ε model. Flow close to walls is modeled using wall 

functions.  

Table 1: Mixture model equations (16) 

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) 

Figure 1:  Cut section of the proposed Venturi pump design showing different sections along 

the flow direction. 
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𝐣slip = ∅dρc𝐮slip (5) 

3

4

𝐶𝑑

𝑑𝑑

|𝐮slip|𝐮slip = −
(𝜌 − 𝜌𝑑)

𝜌𝑐
(−𝐣𝑡 − (𝐣 ∙ ∇)𝐣 + 𝐠 +

𝐅

𝜌
) 

(6) 

𝜌
𝜕𝑘

𝜕𝑡
= +𝜌𝐮 ∙ ∇𝑘 = ∇ ∙ ((𝜇 +

𝜇𝑇

𝜎𝑘
) ∇𝑘) + 𝑃𝑘 − 𝜌𝜀 

(7) 

𝑃𝑘 = 𝜇𝑇 (∇𝐮: (∇𝐮 + (∇𝐮)𝑻) −
2

3
(∇ ∙ 𝐮)2) −

2

3
𝜌𝑘∇ ∙ 𝐮 

(8) 

𝜌
𝜕𝜀

𝜕𝑡
+ 𝜌𝐮 ∙ ∇ε = ∇ ∙ ((𝜇 +

𝜇𝑇

𝜎𝜀
) ∇ε) + 𝐶1𝜌𝑆𝜀 − 𝐶𝜀2𝜌

𝜀2

𝑘 + √𝜈𝜀
 

(9) 

 

The mixture density is given in equation (1), where ∅𝑐 and ∅𝑑 denote the volume fractions of the continuous 

phase and the dispersed phase, respectively, 𝜌𝑐 is the continuous phase density (SI unit: kg/m3), and 𝜌𝑑 is the 

dispersed phase density (SI unit: kg/m3). In the Mixture Model interfaces it is assumed that the densities of both 

phases, 𝜌𝑐 and 𝜌𝑑, are constant. Therefore, equation (3) is the alternative form of the continuity equation for the 

mixture. Equation (4) is the momentum equation for the mixture where j is the velocity vector (SI unit: m/s), ρ is 

the density (SI unit: kg/m3), p is the pressure (SI unit: Pa), ε is the reduced density difference (SI unit: kg/kg), Dmd 

is a turbulent dispersion coefficient (SI unit: m2/s), mdc is the mass transfer rate from the dispersed to the 

continuous phase (SI unit: kg/(m3·s)), g is the gravity vector (SI unit: m/s2), and F is any additional volume force 

(SI unit: N/m3).𝐮slip is the slip velocity vector between the two phases (SI unit: m/s),𝐣slip is the slip flux (SI unit: 

m/s), τGm is the sum of the viscous and turbulent stresses (SI unit: kg/(m·s2)). The slip flux is defined for in 

equation (5) where, 𝐮slip (m/s) denotes the relative velocity between the two phases. For more details of the model 

(19) is referred. The Schiller-Naumann model is used for the relative velocity between the two phases, 𝐮slip which 

uses the relationship for the slip velocity as shown in equation (6), where 𝐶𝑑 (dimensionless) is the particle drag 

coefficient (20). Essentially, the relation is interpreted as a balance between viscous drag and buoyancy forces 

acting on the dispersed phase. For the turbulence modeling, the realizable k- ε model is used. The realizable k-ε 

turbulence model is an extension of the standard k-ε model. Compared to the standard k-ε model, the realizable k-

ε model yields better predictions for specific flows. One example is the round jet, for which the standard k-ε model 

overestimates the spreading rate. Since the realizability conditions are approached asymptotically, the turbulence 

characteristics are more consistent than the standard k-ε model. The realizable k-ε model introduces two additional 

transport equations and two dependent variables: the turbulent kinetic energy, k, and the turbulent dissipation rate, 

ε. The transport equation for the turbulent kinetic energy is the same as for the standard k-ε model where the 

production term is shown in equation (8). Equation (9) shows the transport equation for the turbulent dissipation 

rate. As the details of the model are available in books and online tutorials, readers are referred to references. (19) and (20).

        

3. Results and Analysis 
 This section demonstrates the result and analysis section for the proposed mixture model coupled with realizable 

k-ε turbulence model.  Figure 2 validates the model developed in this study by comparing the predicted pressure drop per 

unit length (kPa/m) with inlet bulk velocity (Vin in m/s) against benchmark data from previous literature, including Kaushal's 

experimental and numerical models (2012) and Singh's numerical model (2023). Kaushal's experimental data (blue line) 

demonstrates a linear increase in pressure drop with inlet velocity, attributed to heightened viscous and inertial effects. The 

orange line, representing Kaushal's mixture model, slightly overpredicts the pressure drops, indicating an overestimation of 
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particle-fluid interaction resistance. Kaushal's Eulerian model (grey line) aligns well with experimental results at lower 

velocities but diverges at higher velocities, revealing limitations in capturing turbulence at elevated flow rates. Singh's model 

(yellow line) closely follows Kaushal's experimental and mixture model trends, affirming its reliability in predicting slurry 

flow behavior. The current study's model (dark blue line) exhibits excellent agreement with Kaushal's experimental data and 

Singh's model across the entire velocity range. This consistency validates the accuracy and robustness of the model in 

capturing key physical phenomena, including turbulence, particle-fluid interactions, and wall shear effects. These results 

confirm the reliability of the proposed model as a valuable tool for designing and optimizing Annular Jet Pump systems for 

efficient slurry transport. 

 

 

This section presents the result and analysis of the mixture model for the slurry flow in AJP. Here, water is the primary 

fluid, which provides the volumetric flow rate (Q) for the suction of slurry (sand and water), which is the secondary fluid. 

Table 2 shows the simulation parameters that are used to conduct this simulation: 

Table 2: 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 

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

concentration in slurry 
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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 

The dispersed phase volume fraction 0.2 

Maximum packing concentration 0.62 

Average concentration 0.35 

Particle diameter (Dp) 0.3 mm 

 

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

at the throat and gradually recovering towards the outlet. This behavior, characteristic of jet pumps, results from fluid 

acceleration in the nozzle (causing low pressure) and deceleration in the diffuser (facilitating pressure recovery). The 

3D contour plot complements this by visualizing the spatial pressure distribution, with the throat exhibiting the lowest 
pressure zones essential for entraining the secondary slurry flow. The gradual pressure recovery downstream ensures 

proper discharge dynamics. These insights are crucial for optimizing AJP design for efficient slurry transport. 

 

The parametric study of the AJP shown in figure 4 highlights the flow rate, convergence angle, sand volume fraction, 

and particle size effects on axial pressure distribution. As shown in Figure 4(a), increasing the flow rate causes a more 

significant pressure drop at the throat due to the Venturi effect, with partial recovery in the diffuser. Figure 4(b) illustrates 
that larger convergence angles amplify the pressure drop at the throat and enhance recovery efficiency through stronger 

fluid acceleration and deceleration. In Figure 4(c), higher sand volume fractions lead to more significant pressure drops 

and reduced recovery efficiency due to increased drag forces and turbulence, disrupting flow stabilization. Lastly, Figure 

4(d) demonstrates that bigger particle size tends to increase the pressure distribution on axial length of AJP, emphasizing 
that the AJP's geometry and operating conditions primarily dictate performance. These findings showcase the AJP's 

robustness and adaptability under varying conditions and slurry compositions. 

Figure 3: Pressure distribution along axial length of AJP 
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Figure 4: (a) Pressure variation at different volumetric flow rates of primary fluid, (b) Variation of pressure along the axial 

length of AJP at different nozzle convergence angles, (c) Pressure distribution along the axial length of AJP at different volume 

fractions of sand particles, (d) Pressure distribution along the axial length of AJP at different sand particle sizes 

Figure 5 analyses the variation in SEC for an AJP handling a sand-water slurry influenced by operational and geometric 
parameters. In Figure 5(a), SEC increases with the primary fluid’s volumetric flow rate (Q), reflecting higher energy demands 

due to enhanced viscous losses and momentum exchange. Figure 5(b) shows that SEC decreases with smaller convergence 

angles (α) due to efficient mixing but rises sharply beyond an optimal angle due to turbulence and flow separation. In Figure 

5(c), SEC increases as the suction nozzle radius (Rin) grows, driven by greater entrained slurry volume, enhanced turbulence, 
and drag forces. Figure 5(d) highlights a decrease in SEC with increasing sand volume fraction (VF) from 0.1 to 0.5, 

attributed to improved energy transfer efficiency, though excessive concentrations could pose challenges. Finally, Figure 

5(e) demonstrates a steady rise in SEC with increasing sand particle size (Dp), linked to greater drag forces and flow 
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resistance. These results emphasize the interplay of pump design, operational conditions, and slurry properties in 

optimizing energy efficiency. 

 
 

 

Figure 5: (a) SEC against primary fluid volumetric flow rate, (b) SEC against convergence angle, (c) SEC against slurry inlet 

radius, (d) SEC against sand volume fraction, and (e) SEC against sand particle diameter 

 

 4. Conclusion 
This study demonstrates the effectiveness of AJPs in optimizing the transport of sand-water slurry, a critical 

component in efficient and sustainable mining operations. The complex interactions between solid particles and carrier 

fluid were analyzed using a CFD approach (a mixture model with the realizable k-ɛ turbulence model) to optimize SEC. 
The parametric study highlighted the impact of key factors, such as sand particle size, volume fraction, and geometric 

parameters, on the pump’s suction capacity and pressure distribution. Results showed that optimizing these parameters 
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significantly enhances pump efficiency and reduces Specific Energy Consumption. Validation against established literature, 

including experimental and numerical studies, confirmed the model's accuracy in predicting slurry flow behavior. The 
findings demonstrated strong agreement with prior work, further establishing the robustness of the proposed model. By 

addressing previously unexplored aspects, such as SEC reduction, this research contributes to designing and operating AJPs 

as energy-efficient and cost-effective solutions for mining and mineral processing. The insights gained from this work 
underscore the critical role of design optimization in maximizing AJP performance, emphasizing its potential to support 

sustainable mining practices through reduced energy consumption and enhanced operational efficiency. Future studies could 

extend this approach to explore additional multiphase flow scenarios and more complex geometries, further advancing the 

application of AJPs in industrial slurry transport systems. 
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