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ABSTRACT: Jet pumps often suffer from efficiency losses due to the intense mixing of power and suction fluids,
which leads to significant kinetic energy dissipation. Enhancing the efficiency of such pumps requires careful
optimization of their structural parameters. In this study, a computational fluid dynamics (CFD) model of a hydraulic
jet sand-flushing pump is developed to investigate the effects of throat-to-nozzle distance, area ratio, and throat
length on the pump’s sand-carrying performance. An orthogonal experimental design is employed to optimize
the structural parameters, while the influence of sand characteristics on pumping performance is systematically
evaluated. Complementary indoor experiments are used to validate the numerical results, yielding an optimized
configuration with a throat-to-nozzle cross-sectional area ratio of 4, a throat length five times the throat diameter, and
a throat-to-nozzle distance equal to the nozzle diameter. Under a power fluid flow rate of 1.7 m3/h with this area ratio,
the sand-carrying efficiency reaches its peak, achieving a sand transport rate of 290 g/min (6.7 L/h). Comparison of
CFD predictions with experimental data across different area ratios demonstrates excellent agreement, with an average
relative error of 2.44% and an average absolute error of 3.56%, confirming the reliability of the simulation approach.
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1 Introduction

As a type of fluid machinery, jet pumps have been widely used in downhole oil production and
sand-carrying operations due to their advantages, including a lack of moving parts, simple operation, and
stable performance. However, the kinetic energy loss caused by the intense mixing of the power fluid and
suction fluid inside the pump can also lead to inefficiency.

Numerous theoretical studies on jet pumps have been conducted by scholars worldwide. For example,
Sadia et al. investigated the effects of hybrid models [1] and structures [2–4] on annular jet pumps [5–7]
using the computational fluid dynamics (CFD) method [8]. Other studies have employed 2D models
to investigate jet pumps [9–11]. In comparison, there has been limited research on their sand-flushing
applications. Jet pump technology for crude oil production is well established; its sand-transport applications
constitute a liquid-solid two-phase jet for conveying solid particles. This mean that the characteristics and
governing principles of jet pumps differ significantly from those of single-phase jets.

At present, research into the properties of liquid-solid two-phase jet pumps remains scarce. Thus
far, studies primarily have employed CFD methods [12–15], which offer advantages such as reduced
computational time and convenient parameter adjustments. The current paper employs a physics-based
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CFD model, which is more advantageous because of its inherent interpretability. This stands in stark
contrast to data-driven models, such as coupled CFD-machine learning optimization of inlet water-jet
orifices in jet impact negative pressure reactors [16], and represents an alternative approach to complex
system modelling.

Despite their formidable capabilities, data-drivenmodels are often regarded as “black boxes” due to their
insufficient physical interpretability. This precisely highlights the advantages of employing physics-based
CFD methods, which offer direct physical interpretability to achieve research design optimization objectives.
While alternative data-driven approaches, this limitation reinforces the value of using the physics-based
approach adopted in the present study to achieve a mechanistic understanding and design optimization of
a jet pump’s structural parameters.

Therefore, the current study established a CFD numerical model of hydraulic jet sand-flushing pumps
to analyze the effects of nozzle-to-throat distance (NTD), area ratio, and throat length on the sand-carrying
efficiency of jet pump. In particular, the structural parameters of the jet pump were optimized based on
an orthogonal experimental design. Furthermore, the influence of sand parameters on jet pumps’ sand
transport performance was investigated, and laboratory experiments on jet-driven sand transport were
conducted to validate the reliability of the CFD simulation results.

2 Methods

2.1 Geometric Jet Pump Model

The jet pump structure consists of four main components: the suction section, nozzle, throat, and
diffuser section. A standard jet pump configuration with the following dimensions was adopted (Fig. 1).

(a) 

(b) (c) 

Figure 1: Schematic diagrams of a Jet Pump: (a) cross-sectional dimensions; (b) diagram of jit pump gird; (c) jet
pump mesh and boundary layer refinement.

A computational model of the jet pump was developed based on its structural parameters, and mesh
generation was performed using Workbench software. Next, a 3D model was established, and the boundary
layer was refined. The Eulerian multiphase model was also selected for the multiphase flow simulation. This
approach is consistent with established methods for modeling jet-based systems, in which the interaction
between fluid flow and mass transfer is critical. The RNG k-ε model was adopted for turbulence modeling.
As this model is relatively sensitive to the influence of streamline curvature, it is considered well suited for
jet pump applications. The power fluid inlet and suction fluid, inlet were set as velocity inlets, water was
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used as the power fluid and a sand–water mixture (10% sand concentration) served as the suction fluid.
The mixture outlet was set as a pressure outlet. The pressure-velocity coupling was resolved using the
SIMPLEC algorithm, with all residual convergence criteria set to 10−6. Furthermore, transient simulation
was conducted using a time step of 0.001 s.

Next, to ensure computational accuracy, a grid independence verification was conducted. Simulation
results for five models with different grid densities are shown in Fig. 2, In which the error bars represent
deviations from the preceding data. The result indicates that increasing the mesh size from 500,000 to
600,000 elements caused only a marginal efficiency variation of 0.144%. Thus, considering computational
precision and time efficiency, a grid size of 500,000 elements was selected for the present study.
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Figure 2: Grid independence verification.

Jet pump efficiency is defined as: the ratio of the energy gained by the suction fluid to the energy
supplied by the motive fluid. It is expressed as follows:

𝜂 =
𝐸𝑒
𝐸𝑛

=
𝑝𝑑 − 𝑝𝑠
𝑝𝑛 − 𝑝𝑑

𝑄𝐿

𝑄𝑛
(1)

where 𝜂 represents jet pump efficiency, Ee is the energy acquired by the drawn fluid, En is the energy
provided by the power fluid, pd is mixed fluid outlet pressure (MPa), ps is the suction fluid inlet pressure
(MPa), pn is the pressure at the inlet of the motive fluid (MPa), QL is the Suction fluid inlet volumetric flow
rate (m3/d), and Qn is the power fluid inlet volumetric flow rate (m3/d).

Three turbulence models were selected for validating the jet pump simulations. While keeping the
other parameters constant, the nozzle diameter varied from 3 to 5 mm in increments of 0.5 mm (specifically:
3, 3.5, 4, 4.5, and 5 mm). Fig. 3 presents a comparison of jet pump efficiencies under the three turbulence
models at varying nozzle diameters.

2.2 Laboratory Sand-Carrying Experiment

To verify the reliability of the CFD simulations, a jet pump sand-carrying experimental setup was
designed (Fig. 4). The experimental system consisted of a test pipe section and a measurement/control
system. The test pipe section had a total length of 4 m and featured a jet pump connected to 2 m pipe
segments at both the inlet and outlet. A side pipe section was linked to a centrifugal pump, and the bottom
pipe included a casing pipe with a diameter of 120 mm and a wall thickness of 10 mm. The power fluid was
continuously supplied by the centrifugal pump drawing from a water tank, which the jet pump generated
suction at the bottom to extract the sand-fluid mixture. The sand particles used in the experiment were



2948 Fluid Dyn Mater Process. 2025;21(12)

spherical, with a particle size of 0.3 mm and a density of 1.6 g/cm3. Once the liquid flow stabilized, the
mixture was collected at fixed intervals, and sand discharge was measured under steady-state conditions.
Furthermore, the measurement/control system included a liquid flow meter to monitor the inflow rate. All
data were recorded by a paperless recorder and transmitted to a computer for subsequent analysis.
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Figure 3: Jet pumps efficiencies under three turbulence models at varying nozzle diameters.

  
(a) (b) 

Figure 4: Jet Pump Experimental Diagram: (a) experimental flowchart; (b) experimental setup diagram.

Physical diagrams of the diffuser and throat sections of the jet pump are shown in Fig. 5.

  
(a) (b) 

Figure 5: Jet pump partial structure diagram: (a) physical diagram of the diffuser section; (b) physical dia-gram of
the throat section.
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3 Results

3.1 Optimization of the Jet Pump Structural Parameters

3.1.1 Influence of Nozzle-to-Throat Distance on Efficiency

The NTD(d) is defined as the length from the nozzle exit to the throat inlet, typically expressed in
multiples of the nozzle diameter. In the present study, simulations were conducted for NTD of 0.5, 1, 1.5, and
2d (where d represents the nozzle diameter). The contour maps of the jet pump cross-section at different NTD
are presented in Fig. 6. At the NTD of 0.5, the close proximity of the nozzle to the throat prevents uniform
fluid mixing and leads to inefficient kinetic energy transfer, thus resulting in low pump efficiency. At the
NTD of 1, the fluid velocity at the throat outlet stabilizes with minimal fluctuation, indicating that the motive
and suction fluids have been thoroughly mixed, along with minimal sand accumulation and optimal pump
performance. However, when the NTD exceeds 1, the increased distance leads to premature mixing of the
high-speed motive fluid, causing early kinetic energy dissipation and a consequent drop in pump efficiency.

 
(a) 

  
(b) (c) 

Figure 6: Contour maps of the jet pump cross-section at NTD: (a) liquid phase velocity; (b) sand particle trajectories;
(c) sand phase distribution.

A comparison of jet pumps efficiencies at different NTD is shown in Fig. 7. The figure shows that, as
the NTDincreases, the efficiency first increases and then decreases, reaching its maximum value of 13.89%
at a NTD of 1d.
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Figure 7: Jet pumps efficiencies at different NTD.

3.1.2 Influence of Area Ratio on Efficiency

The area ratio (m) is defined as the ratio of the throat cross-sectional area to the nozzle outlet
cross-sectional area. With the nozzle diameter fixed, the throat diameter was varied to 6, 8, 10, and 12 mm,
corresponding to simulated area ratios of 2.25, 4, 6.25, and 9, respectively. The pressure characteristics of
the jet pump under these area ratios were analyzed. Furthermore, pump efficiency during sand-carrying
operation was calculated based on the flow ratio and pressure ratio, facilitating an assessment of the area
ratio’s influence on jet pump performance. Fig. 8 shows the contour maps of the jet pump cross-section
at different area ratios. As can be seen, when the area ratio is 2.25, the liquid flow velocity is relatively
high, and the power and suction fluid are not fully mixed, resulting in poor pump performance. A smaller
area ratio (m = 2.25) creates a high-velocity core but fails to entrain the suction fluid effectively, while
a very large ratio (m = 9) slows the mixture and increases frictional losses. In comparison, the optimal
ratio (m = 4) appears to balance these effects, maximizing momentum transfer from the power fluid to the
sand–water mixture. This principle of tuning jet geometry to control process outcomes is a central theme
in related jet-based technologies. Similarly, the CFD model in the present study simulates the distribution
of velocity and sand concentration to predict the overall pump efficiency. The results indicate that jet
pump efficiency initially increases and then decreases. In all these cases, the fluid dynamics established
immediately downstream of the nozzle determine system performance, demonstrating a shared underlying
physical principle despite the different engineering goals.

 
(a) 

  
(b) (c) 

Figure 8: Cont.
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(a) 

  
(b) (c) 

Figure 8: Contour maps of the jet pump cross-section at different area ratios: (a) liquid phase velocity; (b) sand
particle trajectories; (c) sand phase distribution.

Fig. 9 illustrates the jet pump efficiencies at different area ratios. Within the range of area ratios from
2.25 to 9, efficiency first increases and then decreases as the area ratio increases, reaching its maximum
value of 13.89% at an area ratio of 4.
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Figure 9: The efficiency of jet pumps at different area ratios.

3.1.3 Influence of Throat Length on Efficiency

Here throat length is represented by L. Based on the area ratio simulation results, the area ratio was
set to 4, while keeping other parameters unchanged. Following the literature, simulations were conducted
with throat lengths ranging from 5 to 8 times the throat diameter. The simulated throat lengths were 40, 48,
56, and 64 mm. The contour maps of the jet pump cross-sections at different throat lengths are shown in
Fig. 10. At L = 40 mm, the fluid velocity at the throat outlet stabilizes with minimal fluctuation, indicating
efficient energy transfer, thorough mixing, and consequently, excellent pump performance. As the throat
lengthens, the already mixed fluid continues to flow through it unnecessarily, delaying its entry into the
diffuser. An excessively long throat increases frictional losses, which escalate with its length, as a result, jet
pump efficiency decreases.
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(b) (c) 

Figure 10: Contour maps of the jet pump cross-section at different throat lengths: (a) liquid phase velocity; (b) sand
particle trajectories; (c) sand phase distribution.

Fig. 11 shows jet pumps efficiency at different throat lengths. As shown in figure, as throat length
increases, pump efficiency gradually decreases, reaching its maximum value of 14.41% at a throat length of
40 mm. Furthermore, the optimal throat length corresponds to 5 times the throat diameter.
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Figure 11: The efficiency of jet pumps at different throat lengths.



Fluid Dyn Mater Process. 2025;21(12) 2953

3.1.4 Orthogonal Experiment

Simulations were conducted for three jet pump parameters, yielding 16 sets of orthogonal simulation
results, as presented in Table 1. An orthogonal experimental design was employed to systematically and
efficiently analyze the combined influence of the area ratio (A), throat length (B), and NTD (C), on jet
pump efficiency.

Table 1: Orthogonal experiment simulation results.

Numbering Area Ratio A Throat Length B (mm) NTDC (d) Jet Pump Efficiency (%)

A1B1C1 2.25 40 0.5 12.2
A1B2C2 2.25 48 1 11.35
A1B3C3 2.25 56 1.5 7.7
A1B4C4 2.25 64 2 4.72
A2B1C2 4 40 1 14.76
A2B2C3 4 48 1.5 13.41
A2B3C4 4 56 2 12.27
A2B4C1 4 64 0.5 13.04
A3B1C2 6.25 40 1 10.07
A3B2C3 6.25 48 1.5 9.53
A3B3C4 6.25 56 2 9.61
A3B4C1 6.25 64 0.5 9.37
A4B1C2 9 40 1 6.08
A4B2C3 9 48 1.5 5.84
A4B3C4 9 56 2 6.06
A4B4C1 9 64 0.5 6.17

Based on Table 1, we calculated the sum of the experimental data Kjm and the average kjm. The
orthogonal experiment results are analyzed using the range method, in which Rj represents the difference
between the maximum and minimum values of the factors in column j. The formula for calculating the
range is as follows:

R𝑗 = max(k1𝑗 , k2𝑗 , … , k𝑖𝑗 ) − min(k1𝑗 , k2𝑗 , … , k𝑖𝑗 ), (2)

where kij is the average value of the experimental indicator corresponding to the i-th level of the j-th factor.
The sum Kij and the corresponding average kij of the experimental indicator (jet pump efficiency)

under different levels of each factor were obtained, as shown in Table 2.

Table 2: Range analysis of orthogonal experiment results.

Factor A B C

K1 35.97 43.11 40.79
K2 53.48 40.12 42.25
K3 38.58 35.64 36.48
K4 24.15 33.3 32.66
k1 8.99 10.78 10.20
k2 13.37 10.03 10.56
k3 9.65 8.91 9.12
k4 6.04 8.33 8.17
R 7.33 2.45 2.40

Order of factor significance A > B > C
Optimal level A2 B1 C2

Optimal combination A2B1C2
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Based on the aforementioned research, the optimal structural parameters of the jet pump studied in
this work were determined as follows:

(a) the ratio of the throat cross-sectional area to the nozzle outlet cross-sectional area is 4, (b) the
throat length is 5 times the throat diameter, and (c) the NTD is 1 times the nozzle diameter.

3.2 Influence of Sand Parameters on Efficiency

Apart from the structural parameters of the jet pump, sand particles in the suction fluid can also lead
to a decline in the pump’s basic performance and efficiency. Therefore, the influence of different sand
parameters on the jet pump should also be investigated.

3.2.1 Sand Particle Size Sensitivity

The simulation conditions were set with a fixed sand density of 1.6 g/cm3 and a concentration of 10%,
while testing sand particle sizes of 0.3, 0.5, 0.8, and 1.2 mm. The contour maps of the jet pump cross-section
with different sand particle sizes are shown in Fig. 12. As shown in the figure, as the sand particle size increases,
the jet distance from the nozzle decreases Then, as the velocity obtained by larger particles significantly
decreases, sand accumulation at the throat inlet increases, thus resulting in decreased jet pump efficiency.

 
(a) 

  
(b) (c) 

Figure 12: Contour maps of the jet pump cross-section with different sand particle sizes: (a) liquid phase velocity;
(b) sand particle trajectories; (c) sand phase distribution.

Jet pump efficiencies at different sand particle sizes are illustrated in Fig. 13. As shown in the figure, as
the sand particle size increases, the efficiency gradually decreases. Specifically, when the sand particle size
increases from 0.3 to 1.2 mm, the efficiency drops by 6.43%. This finding thus indicates that sand particle
size has a significant impact on jet pump performance.
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Figure 13: The efficiency of jet pump with different sand particle sizes.



Fluid Dyn Mater Process. 2025;21(12) 2955

3.2.2 Sand Density Sensitivity

The simulation conditions were configured with a fixed sand particle size of 0.3 mm and a concentration
of 10%, while testing sand densities of 1.6, 2.2, 2.6, and 3 g/cm3. The contour maps of the jet pump cross-section
with different sand densities are presented in Fig. 14. The figure shown that, as the sand density increases, the
jet distance from the nozzle decreases, and the velocity obtained by high-density sand significantly decreases.
In turn, as sand accumulation at the throat inlet increases, this leads to decreased jet pump efficiency.

 
(a) 

  
(b) (c) 

Figure 14: Contour maps of the jet pump cross-section with different sand densities: (a) liquid phase velocity; (b) sand
particle trajectories; (c) sand phase distribution.

Jet pump efficiencies at different sand densities are illustrated in Fig. 15. The figure shown that, as the
sand density increases, the jet pump efficiency gradually decreases. In particular, when the sand density
rises from 1.6 g/cm3 to 3 g/cm3, the efficiency drops by 2.53%.
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Figure 15: The efficiency of jet pump with different sand densities.
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3.2.3 Sand Concentration Sensitivity

The simulation conditions were set with a fixed sand density of 1.6 g/cm3 and a sand particle size
of 0.3 mm, The sensitive sand concentrations were set at 1%, 4%, 7%, and 10%. The contour maps of jet
pump cross-sections at different sand concentrations are shown in Fig. 16. As the sand concentration
increases, the jet distance from the nozzle shown minimal changes, while sand accumulation at the throat
inlet increases, thus leading to decreased efficiency.

 
(a) 

 
(b) (c) 

Figure 16: Contour maps of the jet pump cross-sections at different sand concentrations: (a) liquid phase velocity;
(b) sand particle trajectories; (c) sand phase distribution.

The efficiencies at different sand concentrations are shown in Fig. 17. As the sand concentration
increases, the efficiency gradually decreases. In particular, when the sand concentration increases from 1%
to 10%, the efficiency is reduced by 1.81%.
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Figure 17: The efficiency of jet pump under different sand concentrations.
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3.3 Experimental Verification Results

3.3.1 The Influence of Liquid Flow Rate on Sand-Carrying Capacity in Jet Flow

The experimental conditions were set with a casing inner diameter of 120 mm, a throat diameter of
8 mm, and a nozzle diameter of 4 mm. The sand-carrying diagrams of the jet pump under different liquid
flow rates are shown in Fig. 18. The figure shown that, at a flow rate of 1.2 m3/h, the sand–liquid mixture
in the casing fluctuated at a certain height, with partially agitated sand being drawn into the inner pipe. As
the liquid flow rate increased, more sand–liquid mixture was suctioned into the pipeline. Additionally, the
higher flow rate enhanced the velocity within the inner pipe, facilitating the transport of the sand-liquid
mixture into the jet pump.

    
(a) (b) (c) (d) 

Figure 18: Sand-carrying diagrams of jet pump under different liquid flow rates: (a) liquid flow rate is 1.2 m3/h;
(b) liquid flow rate is 1.5 m3/h; (c) liquid flow rate is 1.7 m3/h; (d) liquid flow rate is 2 m3/h.

The sand production rate of the jet pump under different liquid flow rates are shown in Fig. 19. At a flow
rate of 1.2 m3/h, although the jet pump’s mixing inlet could draw in the sand–liquid mixture, the combined
flow of the power fluid and the suction fluid was insufficient to carry the sand out. At this point, the power
fluid supply was stopped, causing the mixture in the jet pump to settle back. As the liquid flow rate increased,
the amount of sand carried out by the jet pump significantly increased, thus leading to inefficiency.
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Figure 19: Sand production rate of jet pump under different liquid flow rates.
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3.3.2 The Influence of Area Ratio on Sand-Carrying Capacity in Jet Flow

The experimental conditions were set with a liquid flow rate of 1.7 m3/h and a nozzle diameter of 4 mm.
The throat diameters varied at 6, 8, and 10 mm, resulting in area ratios of 2.25, 4, and 6.25, respectively.
The sand-carrying diagrams of the jet pump under different area ratios are shown in Fig. 20. At a flow rate
of 1.7 m3/h, all three area ratios enabled the jet pump to effectively draw in the sand-liquid mixture. The
primary factor affecting efficiency was the magnitude of energy loss resulting from the mixing of the power
fluid and the suction fluid.

   
(a) (b) (c) 

Figure 20: S and-carrying diagrams of jet pump under different area ratios: (a) m = 2.25; (b) m = 4; (c) m = 6.25.

The sand production rates of the jet pump under different area ratios are shown in Fig. 21. The figure
shown that, as the area ratio increases, the sand-carrying capacity first increases and then decreases. Among
the area ratios, the jet pump with an area ratio of 4 exhibits the highest sand-carrying efficiency, reaching
290 g/min (6.7 L/h).
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Figure 21: Sand production rate of the jet pump under different area ratios.

The detailed sand production rates of jet pumps with different area ratios under various liquid flow
rates are listed in Table 3.
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Table 3: Orthogonal experiment simulation results.

Area Ratio Liquid Flow Rate (m3/h) Sand Production Rate (g)

2.25 1 0
2.25 1.2 0
2.25 1.5 70
2.25 1.6 130
2.25 1.7 200
2.25 1.8 240
2.25 1.9 260
2.25 2 290
4 1 0
4 1.2 0
4 1.3 0
4 1.5 160
4 1.7 290
4 2 370
4 2.2 460

6.25 1 0
6.25 1.2 0
6.25 1.6 170
6.25 1.7 250
6.25 1.8 280
6.25 2 320

Jet pump efficiencies under different area ratios were analyzed based on CFD simulations. Specifically,
experimental tests were conducted for area ratios of 2.25, 4, and 6.25. The comparison between the
experimental results and numerical simulations is shown in Fig. 22. As can be seen, the average relative
error between the experimental values and the CFD simulated values for jet pump efficiencies across different
area ratios was 2.44%, with an average absolute error of 3.56%, thereby demonstrating the reliability of the
CFD simulations.
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Figure 22: Comparison between experimental and simulated values of jet pump efficiency at different area ratios.

4 Conclusions

(1) Based on jet pump efficiency as the evaluation parameter, the ranking of structural parameter influence
is as follows: area ratio > throat length = NTD. The optimal structural parameters for the sand-flushing
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jet pump designed in this article were as follows: area ratio of 4, throat length that is 5 times the throat
diameter, and NTD that is equal to the nozzle diameter.

(2) Our CFD simulations revealed that (a) as the sand particle size increased from 0.3 to 1.2 mm, efficiency
decreased by 6.43%, indicating that sand particle size has a significant impact on jet pump efficiency;
(b) when sand density increased from 1.6 to 3 g/cm3, jet pump efficiency decreased by 2.53%, indicating
that sand density has a relatively minor impact on pump performance; And (c) as sand concentration
increased from 1% to 10%, jet pump efficiency decreased by 1.81%, indicating that sand concentration
has a minor impact on pump performance.

(3) Furthermore, our laboratory sand-carrying experiments demonstrated that sand-carrying capacity
initially increased and then decreased as area ratio increased. Furthermore, at a power fluid flow rate of
1.7 m3/h, an area ratio of 4 yielded the highest sand-carrying rate among the tested area ratios, achieving
maximum sand-carrying rate of 290 g/min (6.7 L/h). Finally, comparative analysis revealead excellent
agreement between CFD and experimental results, with an average relative error of 2.44% and an average
absolute error of 3.56%, thus confirming the reliability of our proposed CFD simulation method.
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