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Abstract: A jet pump is used to transport a variety of working media and is especially suitable for
dredged soil transporting. In this study, a three-dimensional numerical study of a jet pump that is
used for slurry delivery was carried out. The characteristics of the internal flow field of the mixing
chamber with different working parameters were comprehensively analyzed. The results indicate
that the pressure of the axial line decreases with increasing flow ratio (ratio of suction flux and inlet
flux) while the pressure of the injected slurry shows a downward trend. With the increase in the
flow ratio, the pressure ratio (difference between inlet pressure and suction pressure divided by
the difference between exit pressure and suction pressure) falls off while the efficiency presents a
parabolic distribution. The pressure ratio can be promoted by properly increasing the length of the
mixing chamber so that the available efficiency is broadened. When the mixing chamber length is
L = 2.5Dn ~4.0Dn (Dn is nozzle outlet diameter), the highly efficient area is wide; in particular, when
L = 3.5Dn , the jet slurry pump with the highest efficiency of 27.6% has the best performance.
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In dredging projects, slurry and sand are the main operating objects. Slurry transport
systems are complicated and a key component in dredging systems [1]. The concentration
distribution, deposition rate and mixing effect of the slurry, a mixture of sand and water,
are strictly controlled in transportation processes, which are closely related to dredging
efficiency and dredging benefits [2,3].
Due to its simple structure, a jet pump is used to transport the majority of working
media, and it is especially suitable for dredged soil transport [4–6]. Its working principle is
transferring mass and heat through turbulent diffusion between the primary and secondary
flows [7]. The advantages of reliable operation, low cost and easy maintenance [8] make
it widely used in many industrial fields, such as the refrigeration industry [9], water
conservancy engineering [10], aerospace engineering [11], chemical industry [12] and
fish farming [13]. Previous studies have shown that the performance of the jet pump is
greatly affected by the construction dimensions [14–16] and operating conditions [17–19].
Furthermore, the two-phase flow in a jet pump is a complex turbulent flow with an irregular
flowing discipline [20]. Therefore, it is necessary to deeply illuminate the flow state in the
jet slurry pump for more efficient utilization.
In terms of the internal flow field, a series of studies on jet pumps have been conducted,
and outstanding results have been obtained by researchers from various countries. Mallela
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R. et al. [21] conducted a numerical study and found that the energy loss of a jet pump was
mainly caused by improper mixing of the primary and secondary streams, which formed
recirculation near the throat inlet. Based on this, the standardized length of the mixing tube
was proposed to be 7 to 9 times the diameter. Girgidov A.D. [22] conducted an experimental
study on a jet pump used for liquid transportation according to the hydraulic configuration,
and pointed out the optimization interval of the independent variables to guide the design
of jet pumps. Banasiak K. et al. [23] proved that the efficiency of the jet pump greatly
depends on the length and diameter of the throat and the divergence angle of the diffuser.
Compared with the conventional expansion valve system, the maximum increase in the
coefficient of performance was 8%. Long X.P. et al. [24] conducted a numerical study
on the thickness of the nozzle outlet tip in the structure of the jet pump and found that
the distribution of turbulent kinetic energy was affected. The results revealed that the
vortex was promoted when the nozzle outlet tip thickened or the flow ratio increased. The
performance of the jet pump was optimal when the thickness was 0.2~0.6 mm. Yang X.L.
and Long X.P. [25] studied the effects of different turbulence models and wall boundary
treatment methods on jet pump performance and the internal flow field. The results showed
that when the flow ratio became quite high, the numerical errors of various combinations
were greater than 10%, but the errors of some combinations could be reduced by modifying
the turbulence model constants. The area ratio of the 0.25 jet pump was investigated by
Kumar R.S. et al. [26]. The performance of the jet pump was analyzed by generating equal
efficiency curves on various primary flows, which found the optimal mixing chamber
length for the jet pump and the corresponding maximum efficiency.
In terms of numerical computation, many relevant works have been done. Yasmin H.
and Iqbal N. [27–30] performed a series of fruitful studies on the numerical simulation of
peristaltic fluid flow. Du W. et al. [31] numerically investigated the interaction effects of the
latticework duct and jet cooling structures on the flow structure and heat transfer. Results
showed that the flow field and heat transfer characteristics were sensitive to the jet nozzle
location, shapes and mass flow ratios. Zhou L. et al. [32] studied a high-speed electrical
submersible pump with different end clearances, which showed that an increase in the end
clearance led to a decrease in the head and efficiency of the electrical submersible pump.
The above research results demonstrate some progresses, but the research has mainly
focused on water suction, while there is little research on slurry delivery by jet pump. A jet
pump has its unique advantages in some contexts because there are no rotating parts. Some
already use jet pumps to pump mud in dredging projects. Based on this, we calculated the
internal flow details and operating performance curve of a jet slurry pump of a certain size
by drawing from previous research ideas on jet pumps.
In this paper, the jet pump used for slurry was numerically investigated based on
the k-ε turbulence model and Mixture two-phase flow model. By changing the structure
parameters and working conditions, the flow details in the jet pump were comprehensively
analyzed and discussed. Finally, the operation curve and efficiency curve within the scope
of this paper were obtained. The research results can be used as the theoretical basis for the
selection and design of jet slurry pumps in dredging engineering.
2. Numerical Method
2.1. Jet Pump Parameters
Because there are no moving parts (impellers, etc.), the efficiency of jet slurry pumps
is usually not high [33,34]. However, they have unique applications in some particular
circumstances. Except for the working environments being different, there are some
operating characteristics of jet slurry pumps that are the same as ordinary single-phase jet
pumps, and the efficiency still depends on a few main parameters in jet pump theory, such
as the nozzle structure [8], area ratio [35] and flow ratio [36]. These parameters [37] of the
area ratio m, flow ratio M, pressure ratio H and efficiency η of the jet pump are defined as
follows:
St
m=
(1)
Sn
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Qs
Qo

(2)

H=

Pe − Ps
Po − Ps

(3)

η=

MH
1−H

(4)

M=

where the subscript s is the suction chamber, o is the nozzle inlet, n is the nozzle outlet, t is
the throat, and e is the pump exit.
2.2. Governing Equations and Turbulence Models
Because the hydraulic transport contains the relative velocity between the two phases,
the two-phase jet pump is simulated by using the Mixture method [38] to establish the
governing equation of the liquid–solid two-phase inside the jet slurry pump to study the
incompressibility of the two phases. The fluid mixing process mainly solves the continuity
equation, the momentum equation and the energy equation [39].
The continuity equation for the mixture is
 → 
∂
(ρm ) + ∇· ρm v m = 0
∂t

(5)

→

where v m is the mass-averaged velocity and ρm is the mixture density.
The momentum equation for the mixture can be expressed as
 

 → → 
→
→
→T
→
∂ → 
ρm v m + ∇· ρm v m v m = −∇ p + ∇· µm ∇ v m + ∇ v m
+ ρm g + F + ∇·
∂t

n

→

→

∑ αk ρk v dr,k v dr,k

!
(6)

k =1

→

where n is the number of phases, F is the body force, µm is the viscosity of the mixture, and
→
v dr,k is the drift velocity for secondary phase k.
The energy equation for the mixture takes the following form:



n 
→
∂ n
(αk ρk Ek ) + ∇· ∑ αk v k (ρk Ek + p) = ∇· k e f f ∇ T + SE
∑
∂t k=1
k =1

(7)

where k e f f is the effective conductivity (∑ αk (k k +kt )), where kt is the turbulent thermal
conductivity, defined according to the turbulence model being used. SE includes any other
p

v2

volumetric heat sources. Ek = hk − p + 2k for a compressible phase, and Ek = hk for an
k
incompressible phase, where hk is the sensible enthalpy for phase k.
The standard k-ε model is selected. The turbulence kinetic energy, k, and its rate of
dissipation, ε, are obtained from the following transport equations:
"
#

∂
∂
µt ∂k
∂
(ρk) +
µ+
+ Gk + Gb − ρε − YM + Sk
(8)
(ρkui ) =
∂t
∂xi
∂x j
σk ∂x j
and
∂
∂
∂
(ρε) +
(ρεui ) =
∂t
∂xi
∂x j

"

µt
µ+
σε



#
∂ε
ε
ε2
+ C1ε ( Gk + C3ε Gb ) − C2ε ρ + Sε
∂x j
k
k

(9)

In these equations, GK represents the generation of turbulence kinetic energy due
to the mean velocity gradients. Gb is the generation of turbulence kinetic energy due to
buoyancy. YM represents the contribution of the fluctuating dilatation incompressible
turbulence to the overall dissipation rate. C1ε , C2ε and C3ε are constants. σk and σe are
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the turbulent Prandtl numbers for k and ε, respectively. Sk and Sε are user-defined source
terms.
2.3. Modeling and Meshing
2.3.1. 3D Geometrical Model
Based on the requirements of the two-phase jet pump and the references [40,41], the
cone straight nozzle was used, while the suction tube was simplified. The schematic
diagram and main parameters of the jet pump is shown in Figure 1. The three-dimensional
model of the calculation domain was completed as shown in Figure 2, and the main
geometrical parameters are shown in Table 1.

Figure 1. Schematic diagram and main parameters of the jet pump.
Table 1. Geometric parameters of the jet slurry pump.
Nozzle Inlet
Di (mm)

Nozzle Inlet
Angle α (◦ )

Nozzle
Outlet
Diameter Dn
(mm)

Mixing
Chamber
Length L
(mm)

Throat
Diameter Dt
(mm)

Mixing
Tube Length
Lt
(mm)

Angle of
Diffuser
Inlet β (◦ )

Diffuser
Length Ld
(mm)

Area Ratio
m

16

13.8

8

8

32

192

8

180

16

Figure 2. The 3D computational domain and boundary conditions of the jet pump.

2.3.2. Gridding
To reduce the calculation cost and ensure calculation accuracy in the simulation, a
structured grid was generated. In addition, the geometrical model appropriately extends
the length of the jet pump outlet. In particular, the grid density of the area with a large
pressure and velocity gradient (nozzle outlet and mixing chamber and throat upstream)
was increased for local adaption [42] (shown in Figure 3).
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Figure 3. Grid of computational domain and cross-sections.

2.3.3. Grid Independence Test
In this study, the outlet pressure Pe of the model was selected as a reference value, and
the model was meshed with different quantities of grid elements. Then, the same boundary
conditions were used for the simulated calculation. The data results can be seen in Table 2.
It is evident that when the number of elements in the grid increases to 1,327,280, the Pe no
longer decreases obviously, and the flow field simulation solution is basically stable and
reliable. In line with the principle of accuracy and cost-saving calculation, approximately
1.32 million grids were selected for all the cases.
Table 2. Changes in the outlet pressure in different elements of the grid.
Elements of the Grid

Outlet Pressure Pe (Pa)

Deviation

637,845
883,452
1,030,459
1,327,280
1,548,932
1,762,390

−119,145
−149,350
−164,324
−176,020
−176,002
−176,045

32.32%
15.16%
6.66%
0.014%
0.024%
–

2.4. Boundary Conditions
The working fluid medium was liquid water, and the injected fluid slurry was defined
as a 20% volume fraction of a sand water mixture, while the density of sand was 2.65 kg/m3 .
The Mixture model was adopted to solve the two-phase flow. The boundary conditions of
the working fluid were the velocity inlet, the secondary flow slurry was the velocity inlet
and the pump exit was the outflow. The independent variable M was adjusted by changing
the two-phase flow rate. The PISO algorithm was used to solve the coupling of the velocity
and pressure, and the second-order upwind scheme was used to reduce the effect of false
dissipation. The time step was 5×10−4 s. The residual error of each calculation condition
was less than 10−4 , and the relative error was less than 0.5% as the convergence standard.

Processes 2021, 9, 2053

6 of 17

3. Results and Discussion
3.1. Validation
Yu G.L. et al. [43] conducted experimental research on a liquid and liquid–gas jet
pump and the performance curves were obtained through characteristic experiments.
The numerical investigation results were compared with the experimental data in the
literature [43] to verify the reliability of the simulation results in this paper. The jet pump
with an area ratio of m = 1.92 was selected to simulate the working condition with a gas
content of 0 (liquid–liquid), and the relationship between the dimensionless parameter
H-M is shown in Figure 4. As shown in the figure, the simulated value is in good agreement
with the experimental value, and the range of error is −7.7%~1.5%. It is proven that the
numerical simulation can be considered reliable.

Figure 4. Comparison of the CFD results and the experimental data [43]. (The data points were
extracted from the reference).

3.2. Flow Field Analysis at the Axis of the Jet Slurry Pump
3.2.1. Pressure Distribution
Figure 5 shows the axial pressure distribution from nozzle inlet to exit. The pressure
continued to decrease after the fluid entered the mixing chamber. This is because the highspeed working fluid and low-speed slurry exhibited a certain angle of convergence, which
caused a large amount of energy loss. The lowest pressure was at X/Dt = 4~9 in the mixing
tube. The pressure then increased slowly due to the gradual mixing of the two-phase flow.
It is worth noting that the pressure increased faster at a low flow rate and mainly occurred
downstream of the mixing tube. When M = 7.40, the minimum negative pressure was Pmin
= 2.5 × 10−5 Pa, the negative pressure in the suction chamber was strengthened, and the
suction performance of the slurry was optimized. When M ≥ 8.46, the pressure from the
throat to the diffuser continued to decrease. The lowest pressure appeared at the tail of
the mixing tube. This is because when the flow ratio was too high, the slurry flow rate
increased faster, thus losing more kinetic energy during the mixing process, resulting in a
continuous pressure decrease [44] and the growing distance of the mixing process.
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Figure 5. Axial pressure distribution from nozzle inlet to exit (M = 2.11, 3.17, 4.23, 5.29, 6.34, 7.40,
8.46, 9.52).

3.2.2. Turbulent Kinetic Energy Distribution
The distribution of turbulent kinetic energy along the axis direction at different flow
ratios is shown in Figure 6. Under the low flow ratios of M = 2.11 and 3.17, the turbulent
kinetic energy was mainly distributed in the middle of the mixing tube and near the pipe
wall. As the flow ratio increased, the turbulent kinetic energy distribution began to narrow
and elongate once it expanded downstream. When the flow ratio further increased, it
appeared along the diffuser, and the flow field near the wall became unstable. This is
because the difference in the velocity of the two fluids became more significant, and it was
not completely mixed when reaching the diffuser.
The distribution of the axial turbulent kinetic energy is presented in Figure 7. The
turbulent kinetic energy in the mixing chamber was 0. Intense momentum exchange
happened in the middle of the mixing tube, with the turbulent kinetic energy rising sharply.
Then, the turbulent kinetic energy started to decrease until it gradually stabilized in the
diffuser. As the flow ratio increased, the peak value of the turbulent kinetic energy curve
dropped. After reaching the peak, the turbulent kinetic energy decreased rapidly at a
low flow ratio. At a high flow ratio, the turbulent kinetic energy decreased more gently
compared to that at a low flow ratio. When the flow ratio was M ≥ 7.40, a secondary peak
appeared in the diffuser, and the turbulent kinetic energy was consistent with the results
in Figure 7. This is because the sudden change at the large cross-area of the mixed fluid
entering the diffuser will cause a higher turbulent kinetic energy [45], which will interfere
with the normal operation of the jet slurry pump.
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Figure 6. Turbulent kinetic energy distribution of lengthwise section (M = 2.11, 3.17, 4.23, 5.29, 6.34, 7.40, 8.46, 9.52).

Figure 7. Turbulent kinetic energy distribution of the shaft axis from nozzle inlet to exit (M = 2.11,
3.17, 4.23, 5.29, 6.34, 7.40, 8.46, 9.52).
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3.2.3. Velocity Distribution
In Figure 8, the velocity distribution of the shaft axis from nozzle inlet to exit is
presented. When the high-speed fluid was at the front of the mixing chamber, the velocity
core remained unchanged, but it began to decrease significantly after the mixing process
through the mixing tube. The mixed energy of the two fluids became larger as the secondary
flow rate increased, and the primary flow continued to accelerate in the mixing chamber.
For low flow ratios, such as M = 2.11 and 3.17, the velocity at the mixing tube outlet was
unchanged. This means that the mixing tube had a small effect on reducing the flow rate,
which led to more flow losses by increasing the length of the mixing tube in this case.

Figure 8. Velocity distribution of shaft axis from nozzle inlet to exit (M = 2.11, 3.17, 4.23, 5.29, 6.34,
7.40, 8.46, 9.52).

3.3. Slurry Flow State
3.3.1. Slurry Pressure Changes
The pressure at the suction is P1 , and the pressure distribution of the slurry is shown in
Figure 9. The continuous pressure loss was caused by the shear friction of the low-velocity
slurry along the wall. Due to the negative pressure caused by the high-velocity working
fluid, the slurry pressure was greatly reduced in the suction chamber. Then, it diffused
through the diffuser and finally reached the straight outlet pipe. As the flow ratio increased,
the slurry pressure continued to decrease, while the pressure at the throat inlet was greatly
reduced. This is mainly because the higher flow rate of the slurry supplied a larger range
of velocity and pressure fluctuations [46], resulting in more energy loss. In addition, by
comparing the pressure distribution of the outlet pipe, it can be found that when the flow
ratio M = 2.11 to 8.46, the outlet pressure Pe of the slurry was greater than the initial
pressure P1 of the slurry. When M = 9.52 and Pe < P1 , the slurry constantly consumed
energy in the jet pump, and the high velocity made it difficult for the slurry to obtain
energy from the working fluid during the mixing process.
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Figure 9. Wall pressure distribution of slurry from nozzle inlet to exit (M = 2.11, 3.17, 4.23, 5.29, 6.34,
7.40, 8.46, 9.52).

3.3.2. Slurry Velocity Change
The slurry velocity contours of the lengthwise section are shown in Figure 10. With the
increase in the flow ratio, the jet core of the slurry became longer and extended downstream
from the mixing tube. In summary, the overall velocity of the slurry was apparently
increased. The wall velocity distribution of the slurry from nozzle inlet to exit is shown in
Figure 11. The slurry velocity reduced because of the wall energy loss; then, it accelerated
rapidly to the first peak. In the mixing tube, there was a minimum value of the slurry
velocity, and the position where the lowest velocity appeared also moved behind. When
M = 7.40, the minimum slurry velocity Vmin = 6.33 m/s appeared in the middle sections
of the mixing tube, which left sufficient space for the acceleration of the mixed fluid, and
then the second peak Vmax2 = 7.60 m/s, and the velocity difference between the two phases
flows at this time became small. In the diffuser, the kinetic energy was smoothly converted
into pressure energy, and then it was stably delivered to the downstream pipeline.
3.4. Mixed Transportation of Two-Phase Flow
To analyze the flow state of the mixed fluid, ten cross-sections from X1 to X10 were
intercepted uniformly along the X direction in the jet pump, which is shown in Figure 12.
We took the cross-sections X3 ~X10 to draw the velocity profile along this trajectory, as
shown in Figure 13. The flow velocity along the trajectory gradually decelerated from the
protruding peak when entering the mixing tube, and the jet velocity gradient decreased
so that the stratification phenomenon weakened in the middle of the stream. When
it reached the outlet of the mixing tube, a good arc-shaped distribution of the mixed
fluid was exhibited, and the overall velocity reduction also became more uniform after
passing through the diffuser. When the flow rate was quite high, the slurry velocity near
the mainstream of the mixing tube appeared to decrease because there was a forward
acceleration caused by the working fluid and a reverse pressure gradient between the
two-phase flow that interacted [47]. However, in the diffuser, the flow velocity of the tube
wall layer was substantially reduced under the high flow rate, which was consistent with
the distribution of turbulent kinetic energy in the diffuser.
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Figure 10. Slurry velocity contours of lengthwise section (M = 2.11, 3.17, 4.23, 5.29, 6.34, 7.40, 8.46, 9.52).

Figure 11. Wall velocity distribution of slurry from nozzle inlet to exit (M = 2.11, 3.17, 4.23, 5.29, 6.34, 7.40, 8.46, 9.52).

Figure 12. Schematic diagram of ten cross-section positions (X1 -X1 to X10 -X10 ).
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Figure 13. Velocity profile of cross-sections X3 -X3 ~X10 -X10 (M = 2.11, 3.17, 4.23, 5.29, 6.34, 7.40, 8.46, 9.52).
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3.5. Overall Working Performance of the Jet Slurry Pump
3.5.1. Pressure Ratio H
In Figure 14, the operation curve of the jet slurry pump under different mixing chamber
lengths L is shown. As the flow ratio increased, the pressure ratio of the jet slurry pump
continuously decreased. The pressure ratio greatly decreased when the flow ratio was high
because, at a high flow rate, the velocity of the injected slurry increases faster, and more
losses are generated in the suction pipe and the mixing chamber. However, as the length
of the mixing chamber L increased, the pressure ratio curve moved up, especially under
the condition of a high flow ratio. At the same time, there was an approximate parabolic
mathematical relationship between the pressure ratio and the flow ratio [1]. In this study,
the data of L = 3.5Dn were selected for fitting, and the function of H regarding M could be
obtained:
H = 0.113 − 3.92 × 10−3 · M − 7.449 × 10−4 · M2
(10)

Figure 14. Operation curves at different mixing chamber lengths (L = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0 Dn).

This formula can be used for the selection calculation of jet slurry pumps. It has certain
reference significance for jet pumps with specific requirements.
3.5.2. Efficiency of Jet Slurry Pump
The efficiency curve at different mixing chamber lengths is shown in Figure 15. The
mixing chamber length and ejection flow ratio of the jet slurry pump had a significant
influence on the working performance. As the flow ratio increased, the efficiency showed a
parabolic trend with peak efficiency and negative efficiency regions. Due to the absence
of moving parts and low energy conversion rate, the overall efficiency of the jet slurry
pump did not exceed 30%, but there was a high-efficiency flow ratio section. As the length
of the mixing chamber increased, the efficiency of the jet pump gradually increased, the
peak moved to the right, and the high-efficiency area was available at a higher flow ratio.
There is an optimal length of the mixing chamber. In this study, L = 3.5Dn was selected,
the efficiency curve was relatively broad, and the maximum efficiency was η max = 27.6%.
However, once the flow ratio is too high, the jet slurry pump will enter a reverse suction
area with negative efficiency [48], due to the fact that the slurry flow rate is too high to
replace the working fluid in the mainstream, and a large amount of momentum is lost in
the mixing process.
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Figure 15. Efficiency curves at different mixing chamber lengths (L = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0 Dn).

4. Conclusions
The present study attempts to illuminate the flow details of a jet pump used for slurry
transporting by computational fluid dynamics methods, for the purpose of guiding the
design and application in the dredging field. The results show that the jet pump underwent
rapid jet decay, displayed a strong pressure attenuation in the throat and has a limited
range of efficient operation.
(1)

(2)

(3)

(4)

The mainstream and the secondary jet mixed strongly in the suction chamber, and
gradually mixed well in the throat tube. As the flow ratio increased, the jet pressures
along the axis showed a downward trend, and the turbulent kinetic energy in the
mixing tube dropped sharply.
As the flow ratio increased, the wall pressure continued to decline. When the outlet
pressure dropped below the suction pressure, the jet slurry pump was difficult to
operate normally.
The efficiency was greatly affected by the mixing chamber length and flow ratio and
presented a parabolic shape. When L = 3.5Dn , the best comprehensive performance of
the jet slurry pump was achieved, which could reach 27.6%.
Due to the lack of research on jet slurry pumps, a specific structure model was devised
and analyzed in this paper. In future work, the influence of structural parameters and
different slurry concentrations will be taken into account.
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Abbreviations
m
M
H
η
St
Sn
Qs
Qo
Pe
Ps
P0
→
vm
ρm
n

area ratio
flow ratio
pressure ratio
efficiency
throat area
nozzle area
suction flux
inlet flux
exit pressure
suction pressure
inlet pressure
mass-averaged velocity
mixture density
number of phases

F
µm
→
v dr,k
ke f f
kt
hk
k
ε
Di
α
Dn
L
Dt
Lt
β
Ld

body force
viscosity of the mixture
drift velocity for secondary phase k
effective conductivity
turbulent thermal conductivity
sensible enthalpy for phase k
turbulence kinetic energy
rate of dissipation
nozzle inlet diameter
nozzle inlet angle
nozzle outlet diameter
mixing chamber length
throat diameter
mixing tube length
angle of diffuser inlet
diffuser length

→
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