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The position of the nozzle in the jet mechanism of the impulse turbine may cause an
eccentric jet due to size processing and installation deviations. To study the effect of jet
needle eccentricity on the jet, this article first analyzes the jet characteristics of the jet
mechanism with different openings (20, 40, 60, 80, 100%) under 4.8% eccentricity, verify
the reliability of the research method in this paper. Then the focus is on the jet
characteristics of the jet mechanism at different eccentricities (0, 1, 2.1, 4.8, 8, and
14%) at 40% opening. The results show that as the eccentricity of the nozzle increases, the
jet appears to be asymmetrical, and the shape of the jet at the inlet section of the runner
gradually changes and becomes an irregular shape. The eccentricity of the water jet
increases with the increase of the eccentricity of the needle; the efficiency of the injection
mechanism gradually decreases, and the energy loss gradually increases. Before the
eccentricity of 4.8%, the efficiency decreases more slowly, and after the eccentricity of
4.8%, the rate of efficiency decrease is accelerated.
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1 INTRODUCTION

Hydropower is the most abundant renewable energy source in the world, accounting for about 20%
of the total global electricity production (Mulu, et al., 2012). Among them, the high-head hydraulic
resources are very rich in the western region of my country, and the exploitable water head is between
200 and 2000 m (Yang, 2009; Guo et al., 2020). The pelton turbine applied to the high water head has
become the first choice, and the jet mechanism is an important part of the pelton turbine, which has
an important impact on the overall efficiency of the turbine. The jet of the impingement turbine
nozzle is a complex unsteady multiphase flow (Han et al., 2005). If there is a deviation in the size of
the injection mechanism, wear of the support device, or unstable system pressure, the central axis of
the injection needle will deviate from the central axis of the nozzle, resulting in an eccentric jet (Park
et al., 2021; Wang et al., 2021). Deviating from the original jet trajectory, reducing the flow rate of
water injected into the bucket, resulting in water flow loss, thereby affecting the jet efficiency of the jet
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mechanism. Therefore, it is of great significance to study the
eccentric jet of jet mechanism of the impingement turbine to
improve the efficiency of the impingement turbine.

Research on gas-liquid two-phase free jets (Sun et al., 2021;
Zhang et al., 2021; Ouyang et al., 2021; Zhang et al., 2021) is
widely used in fluid mechanics calculations. However, most of
them focus on the research fields of jet cutting technology and
jet atomization (Li et al., 2019; Deng et al., 2016), and the
research on jets ejected from nozzles in impingement turbines
is still very limited. Li et al. (2003) studied the influence of
nozzles of different shapes on the jet performance, Wei et al.
(2001) analyzed the influence of jet interference on the
efficiency of the runner, providing a basis for the selection
and design of impingement turbines. The research on jet
eccentricity is mostly the research on the eccentric jet of the
pump (Yan and Long, 2010; Du, 2019)and the eccentricity of
the needle valve in the injector (Guo et al., 2015). For the
research on the eccentricity of the injection needle in the
impingement turbine, foreign scholars In Jung, et al. (2019)
studied the eccentricity of the injection needle of the
impingement turbine, which caused the jet to spread and
increased the loss of the nozzle. The quality has a
significant effect, but there is no relevant research on the
effect of eccentricity and efficiency characteristics.

In this paper, the jet mechanism of the impingement turbine is
modeled by UG, and the jet flow under different eccentricities of
the nozzle is calculated and analyzed based on FLUENT, To
provide a reference for improving the efficiency of the
impingement turbine. To study the influence of the
eccentricity of the nozzle of the injection mechanism on the
jet flow, according to the literature (Jung et al., 2019), it can be
seen that the smaller flow rate has a greater impact on the
eccentricity of the nozzle, and 20% opening, 40% opening, 60
opening, and 80% opening are selected., The model of injection
mechanism with the eccentricity of 4.8% at 100% opening is
verified and analyzed. Select 0, 0.22, 0.45, 1, 1.72, 3 mm
eccentricity at 40% opening, that is, 0, 1, 2.1, 4.8, 8, 14%
eccentricity. Calculate and discuss the influence of different
eccentricities of the nozzle on the jet characteristics.

2 MODEL SETUP AND MESHING

2.1 Model Parameters
In this paper, the injection mechanism of the impingement
turbine with the model CJC601-L-45/2 × 3.5 is used for
research. The structural parameters of the model and the
experimental data are shown in Table 1.

2.2 Meshing and Mesh Independence
Verification
The purpose of fluid meshing is to realize the discretization of the
fluid computational domain. The quantity and quality of the
meshes will greatly affect the convergence and accuracy of the
numerical calculation. The model in this paper is relatively
simple, so the structured grid division method is adopted,
which has the characteristics of good grid quality, short
calculation time, and high calculation accuracy. The injection
mechanism model was meshed by ICEM CFD, as shown in
Figure 1.

To ensure the accuracy and efficiency of the calculation, it is
necessary to verify the grid independence of the grid. The six
grid division schemes of the injection model under normal
conditions are shown in Table 2. Based on the FLUENT
platform, the digital-analog calculation of the six grid
division schemes is carried out, and the results are shown
in Figure 2. It can be seen that with the increase of the number
of grids, the maximum velocity of the jet mechanism is
increasing, but after 2.631 million and the number of grids
is increased, the increase of the speed does not exceed 0.78%,
while the amount of calculation is greatly increased. Therefore,
to save the calculation amount while ensuring the calculation
accuracy, the fourth grid division scheme is selected, and the
number of grids is 2.631 million.

3 COMPUTATIONAL FIELD SETTINGS

3.1 Model Settings
3.1.1 Fluid Basic Governing Equations
For incompressible fluids, the density is constant and the
equation is as follows.

Continuity Equation

z(ρvi)
zxi

� 0 (1)

Momentum equation

ρ
Dvi
Dt

− ρFi − zpij

zxj
� 0 (2)

TABLE 1 | Model parameters.

Water
Inlet Diameter d

125 mm

Nozzle outlet diameter d0 43 mm
Jet outlet air domain d1 130 mm
Water inlet area s 0.0116m3

FIGURE 1 | Structure grid of jet mechanism model.
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Where ρ is the fluid density; vi(1 � 1, 2, 3) is the velocity
component; xi, xj(i, j � 1, 2, 3) represents each coordinate
component; ρFi is the mass force per unit volume; divp � zpij

zxj
is the divergence of the stress tensor per unit volume.

3.1.2 VOF Multiphase Flow Model
At present, there are two numerical calculation methods for
dealing with the multiphase flow, namely the Euler-Lagrange
equation and the Euler-Eulerian equation. The calculation in this
paper is that the water jet is injected into the air domain, and the
motion of the particles is not involved, so the Euler-Eulerian
multiphase flow model in which different phases are processed
into an interpenetrating continuum is adopted. In FLUENT, the
Euler-Eulerian multiphase flow model is divided into three types,
namely the volume of the fluid model (VOF), the Euler model,
and the mixture model. The free jet at the nozzle outlet is a two-
phase flow of water and air (Ge et al., 2021a). In this paper, water
and air are regarded as continuous phases, so the VOFmultiphase
flow model that can track the free liquid surface of the jet is
adopted (Ge et al., 2021b). The model has the advantages of easy
implementation, low computational complexity, and high
precision. Its governing equation (Ge et al., 2021c) is as follows:

ρ � α1ρ1 + α2ρ2 (3)
μ � α1μ1 + α2μ2 (4)
α1 + α2 � 1 (5)

z

zt
(α1ρ1) + ∇ · (α1ρ1v1→) � 0 (6)

z

zt
(α2ρ2) + ∇ · (α2ρ2v2→) � 0 (7)

Where, subscripts 1 and 2 represent the gas phase and the
water phase, respectively; ρ represents the physical density; α
represents the volume fraction; �v represents the average
velocity.

3.1.3 RNGk − ε Model
The turbulence model is the most widely used in engineering
(Han et al., 2021). It includes three types: the standard model, the
RNG model, and the achievable model. Compared with the
standard model, the RNG model adds a condition to the
equation and takes into account the turbulent vortex, which
improves the accuracy, so this paper adopts higher confidence
and accuracy in a wider range of flows. Accurate RNG model.

The turbulent kinetic energy and dissipation rate equations for
the RNG k − ε model are as follows:

z

zt
(ρk) + z

zxi
(ρkui) � z

zxj
(αkueff

zk

zxj
) + Gk + Gb − ρε − YM

+Sk (8)

TABLE 2 | Meshing scheme.

case Case1 Case2 Case3 Case4 Case5 Case6

Number of grids (×104) 14.85 85.6 169.5 263.1 356.6 459.4

FIGURE 2 | Grid independence verification.

FIGURE 3 | Model boundary condition setting.

FIGURE 4 | Eccentric model of the injection mechanism.
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z

zt
(ρε) + z

zxi
(ρεui) � z

zxj
(αεueff

zε

zxj
) + C1ε

ε

k
(Gk + G3εGb)

−C2ερ
ε2

k
− Rε + Sε (9)

3.2 Boundary Conditions
The model boundary conditions are shown in Figure 3.

Inlet boundary conditions: the water inlet is set as the pressure
inlet: the pressure is 0.49MPa, the jet inlet is the air domain, and
the relative pressure is 0Pa.

Outlet boundary conditions: the outlet is also an air domain,
set as a pressure outlet, and the relative pressure is 0Pa.

Wall: The no-slip boundary condition is used for the wall, and the
standard wall function is used for the flow in the near-wall region.

3.3 Parameter Definition
(1) Define the eccentricity as the distance between the central

axis of the needle and the central axis of the nozzle, as shown
in Figure 4 (the eccentricity in this paper is the radial
direction of the needle). The coordinate system and
monitoring surface layout are shown in Figure 5.

(2) The eccentricity is defined as the ratio of the eccentric
distance to the nozzle radius, as in Formula 10, where l is
the eccentric distance and d0 is the nozzle outlet diameter.

e � 2l
d0

(10)

(3) To reduce the computational resources, it can be seen from
the literature (Li et al., 2003; Liu, 2005) that the jet area is
generally set to be about 7 times the diameter of the nozzle
outlet. According to the size of the test model used in this
paper, 7.4 d0 (y = 30 mm) is defined as the runner inlet.

(4) The pelton turbine is a turbine that uses the kinetic energy of
water to do work. The water flow is accelerated through the
nozzle and then injected into the atmosphere. Since the jet has
no potential energy, all the energy of the water flow is converted
into the kinetic energy of the water. Therefore, the theoretical
velocity of the jet can be calculated from the head as:

vc �
����
2gH

√
(11)

The specific energy loss of the injection mechanism is:

ΔE � Ec − E (12)
In the formula: E is the water flow specific energy at the jet

outlet (runner inlet), and Ec is the water flow specific energy at the
nozzle inlet.

The jet efficiency of this jet mechanism (Liu, 2005) can be
defined as

η � E

Ec
� v2

v2c
(13)

In the formula: v is the jet outlet (runner inlet) velocity, and vc
is the theoretical runner inlet velocity value.

FIGURE 5 | Coordinate system and monitoring surface layout.

FIGURE 6 | Gas-liquid two-phase cloud diagram of the eccentric jet at
different opening.
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The energy loss rate of the injection mechanism is:

ξ � 1 − η (14)

(5) The jet eccentricity is defined as the ratio of the distance from
the center of the outgoing water flow from the center axis of
the model to the radius of the jet area obtained from the water
volume fraction program.

3.4 Solve Settings
This paper is for the unsteady calculation of water-gas two-
phase flow, and the time step is set to 0.001s. The solution
method adopts the SIMPLE algorithm, which is a semi-implicit
method for solving the pressure coupling equation and is also
an algorithm generally adopted by various commercial CFD
software. The discrete format adopts the first-order upwind
discrete format. When setting the relaxation factor, set
pressure to 0.3 and momentum to 0.2 to ensure
convergence. Since both Fr and We of unsteady flow are
relatively large, the influence of gravity and surface tension
on the mainstream characteristics is small, so the influence of
these forces is ignored in the calculation process in this paper
(Ge et al., 2020).

4 ANALYSIS OF NUMERICAL SIMULATION
RESULTS

4.1 Calculation Method Validation
It can be seen from the results of previous studies that the
eccentricity of the spray needle has a significant effect on the
flow at a small flow rate. In this paper, the flow rate is controlled
by the opening of the nozzle, and the eccentricity of the nozzle at
different openings is calculated to verify the accuracy of the model
and calculation method in this paper. The injection models of 20,

40, 60, 80, and 100% opening under 4.8% eccentricity are selected
for numerical calculation.

Figure 6 is the gas-liquid two-phase cloud diagram of the
eccentric jet of the jet mechanism under different opening
degrees, and the figure shows the flow state of water when the
jet is stable. The gas-liquid two-phase diagrams are consistent at
40, 60, 80, and 100% opening, and the water flow is stable and
symmetrical; but at 20% opening, the jet appears to diffuse
significantly, and a piece of air doped with a large amount of
air appears. area, which is consistent with the literature results.
Figure 7 shows the jet state of the runner inlet at different
openings. The water volume fraction on the upper side is
smaller at 20% opening, which corresponds to the lower side
in the cloud diagram. Due to the serious water flow diffusion,
some air is mixed in the middle, causing the water body a
reduction in the number of points. It can be seen from the
graph that the eccentricity of the nozzle has a greater influence on
the small flow rate. With the increase of the jet opening, the curve
gradually moves to the center, the two sides are gradually
symmetrical, and the influence of the eccentricity on the jet
gradually decreases.

Figure 8 is the velocity cloud diagram of the jet with a z =
0 mm section under three different openings of the selected jet
mechanism. It can be seen from the figure that when the
opening is 20%, the upper and lower boundaries of the jet
velocity of the cross-section appear in the middle of a low-
velocity area. This is because the development of the needle
boundary layer affects the jet velocity, resulting in a low-
velocity area in the middle. However, as the opening
increases, the needle The influence of the boundary layer on
the jet is gradually reduced, and the middle low-velocity area is
gradually reduced; the upper and lower high-speed jet areas are
different due to eccentricity, but due to different openings, the
influence of eccentricity on the jet is different, and it is more
obvious at small openings, while the smaller eccentricity has
almost no effect on the jet at large openings; the tail diffusion is
more serious at small openings, and the diffusion decreases
gradually as the opening increases.

The shape of the jet can be seen from the program of the
circular section, which reflects the influence of eccentricity on
the shape of the jet. Due to the existence of the spray needle, the
water flow shape of the jet outlet section should be annular, and
there is a certain distance between the nozzle outlet and the
runner inlet, and the annular water flow intersects to form a
circular jet area. However, due to the influence of the
eccentricity of the nozzle, the shape of the jet at several
openings is different. At 100% opening, the shape of the jet
is circular, and the influence of the eccentricity can be ignored.
At 60% opening, the shape of the jet is close to a circle, but the
shape deviation is large at 20% opening. With the continuous
development of the jet, the diffusion is serious. Due to the
influence of eccentricity, an irregular shape as shown in the
figure is formed. It can be seen that the eccentricity has a great
influence on the jet flow under the condition of small flow, but
has almost no effect under the condition of large flow, which is
in line with the previous research and verifies the accuracy of the
research method in this paper.

FIGURE 7 | The eccentric jet state on the z = 0 mm straight line on the y
= 30 mm section under different openings.
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4.2 Flow Characteristics at Different
Eccentricities
The quality of the jet directly affects the rotation of the bucket,
and the eccentricity of the jet will prevent all the water from

hitting the bucket, thereby reducing the efficiency of the turbine
and even causing the bucket to be damaged. To study the jet
characteristics of the jet mechanism under different eccentricities,
this paper selects the jet models with eccentricities of 0, 1, 2.1, 4.8,
8, and 14% at 40% opening for numerical calculation.

4.2.1 Efficiency and Energy Loss of Injection
Mechanism
The loss of flow in the pipe caused by the sudden reduction of the
nozzle outlet section, the friction loss of the nozzle, and the eccentricity
of the spray needle will lead to the eccentricity of the jet so that the loss
of water flow that cannot be completely shot on the bucket will lead to
a decrease in the efficiency of the spray mechanism. To accurately
reflect the efficiency of the eccentric injection mechanism, the average
velocity of the central circular section should be selected as the runner
inlet velocity. According to Figure 9 it can be seen from the numerical
results that the area enclosed by the black circle with the center as the
dot and the radius of 22mm is defined as the effective jet area, which
can include themain velocity of the jet. Therefore, the average speed of
the area is taken as the speed of the runner inlet.

The calculation conditions are that the nozzle opening is 40%,
the water head is 49m, and the theoretical velocity is 31 m/s. The
numerical calculation results are shown in Table 3.

Figure 10 shows the efficiency and energy loss rate of the
jetting mechanism under different eccentricities. It can be seen
from this that with the increase of the eccentricity of the
needle, the jetting efficiency of the jetting mechanism is
continuously decreasing. It decreases slowly before the
eccentricity is 4.8%, and then decreases more quickly. It can

FIGURE 8 | Jet velocity cloud diagram at different opening degrees.

FIGURE 9 | Effective jet area.
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be seen that the smaller eccentricity has little effect on the jet. It
can be seen from the above that the shape of the jet has only a
small change under the smaller eccentricity, but when the

eccentricity is large, the shape of the jet changes greatly,
resulting in The jet cannot be injected into the water bucket
according to the predetermined trajectory, resulting in the loss
of water flow energy. Therefore, with the increase of the
eccentricity of the spray needle, the efficiency of the spray
mechanism will decrease, and the energy loss will increase.

4.2.2 Jet Flow State Under Different Eccentricity
As shown in Figure 11, when the water flow reaches the bucket
position under 0, 1, 2.1, 4.7, 8, and 14% eccentricity, the center
eccentricity of the water column is 0, 0.5, 0.5, 1.5, 2.5, and 5.5 mm,
respectively., the jet area is a cylindrical area with a diameter of
130mm, that is, the jet eccentricity is 0, 0.77, 0.77, 2.31, 3.85, and
8.46%, respectively. Compared with normal without eccentricity,
with the increase of needle eccentricity, the jet eccentricity
gradually increases, as shown in Figure 12. The increase of jet
eccentricity will cause the water flow to fail to shoot on the water
bucket completely, resulting in a decrease in the efficiency of the
turbine. By fitting the trend line, the water flow eccentricity
formula (15) that changes with the change of the eccentricity
of the nozzle can be obtained. Because the eccentricity of the
nozzle will not increase indefinitely, assuming that the nozzle is
ideally attached to the other side of the nozzle outlet, the
maximum eccentricity of the nozzle is 42%, and this situation
is impossible, and a large eccentricity is easily affected. Found to
be overhauled, so only needles with smaller eccentricities will
have eccentric jets. Therefore, the eccentricity of 14% is relatively
large. The curves fitted by several eccentricities in this paper can

TABLE 3 | The efficiency and energy loss of the injection mechanism under different working conditions.

Eccentricity (%) Surface
Average Speed (m/s)

Efficiency of Injection
mechanism (%)

Energy Loss rate (%)

0 29.90 93.03 6.97
1 29.82 92.53 7.47
2.1 29.78 92.28 7.72
4.8 29.64 91.42 8.58
8 29.24 88.97 11.03
14 27.38 78.01 21.99

FIGURE 10 | The efficiency and energy loss rate of the injection
mechanism under different eccentricities.

FIGURE 11 | Jet state on the straight line of z = 0 mm on the runner inlet.

FIGURE 12 | Change of jet eccentricity.
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completely predict the eccentricity of jets with different
eccentricities at 40% opening, which provides a basis for the
design of the nozzle and bucket positions.

y � 0.0013x3 − 0.0078x2 + 0.4549x + 0.0749 (15)

4.2.3 Speed Characteristics at Different Eccentricities
Figure 13 is the velocity cloud diagram of the jet under three
different eccentricities of the selected jet mechanism. It can be seen
from the cloud diagram that the jet is divided into two high-speed
jets. Under normal conditions, the two jets are symmetrical, but in
the case of eccentricity, the two jets are no longer symmetrical. The
high-speed jet area on one side keeps getting narrower, while the
other side keeps getting thicker, and the greater the eccentricity, the
more serious the divergence of the tail, 14% of the eccentricity causes

the water flow to concentrate almost entirely on one side. The low-
velocity zone near the tip of the needle is due to the continuously
developing boundary layer on the surface of the needle, which affects
the velocity of the jet, resulting in a lower velocity at the center of the
jet, but along the direction of the jet, the effect is decreasing (Zeng,
2018).

Figure 14 shows the program of jet velocity in the y = 30mm
section under different eccentricities. The high-speed jet area in the
middle is all water phase, and the flow rate is high. The surrounding
high-speed area is doped with a lot of air, and the flow rate is low.
Therefore, the cloud image with a speed greater than 20m/s is
selected for analysis, and the shape of the jet can also be observed.Due
to the influence of the acceleration of the nozzle outlet, the
development of the boundary layer of the water flow on the
sidewall of the nozzle and the nozzle will be inhibited, forming a

FIGURE 13 | Cloud diagram of jet velocity under different eccentricity.

FIGURE 14 | Velocity cloud diagram of jet velocity greater than 20 m/s in y = 30 mm section under different eccentricity.
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flow in the center of the ring, so there will be an area with a small
speed in the middle of the cloud image.

However, due to the influence of the eccentricity of the spray
needle, with the increase of the eccentricity, the shape of the water
flow gradually changes and deviates from the center, and the area
with a small intermediate speed will alsomove in the direction of the
deviation of the spray needle, forming Figures 14C–E The effect of
moving downwards, the high-speed area above will also move
downwards closely. When the eccentricity is serious, the speed of
the side with the larger water flow will also be greater, and the high-
speed area will follow the middle low-speed area downwards. When
moving, it will pass through the low-velocity region, forming the
deformed shape of Figure 14F. When it hits the bucket, the water
flow in the high-speed area will be offset, resulting in waste of water
flow energy, thereby reducing the efficiency of the turbine.

Figure 15 shows the velocity distribution of the jet to the cross-
section of the water column on the surface of the bucket, fromwhich
we can see the effect of different eccentricities on the velocity that can
be jetted to the bucket section. When the eccentricity is small, the
velocity distribution is almost the same up and down. With the
increase of the eccentricity, the high-speed area of the water flow
gradually deviates from the center and moves in the negative
direction of the x-axis, and the low-speed area in the middle
gradually disappears. The upper and lower velocity distributions
are no longer consistent. The results of cloud map 14 are consistent.

5 CONCLUSION

For the Pelton turbine, the quality of the jet mechanism is the
key factor that determines the operation performance of the

turbine. Based on the fluent software, this paper uses the VOF
multiphase flowmodel and the RNG turbulence model to study
and analyze the eccentric jet characteristics of the jet
mechanism under different eccentricities of the needle and
different openings. The conclusions are as follows:

(1) The eccentricity has a great influence on the jet flow under
the condition of small flow but has almost no effect under
the condition of large flow, which is in line with the
previous research conclusions and verifies the accuracy
of the research method.

(2) With the increase of the eccentricity of the needle, the jet is
asymmetrical. When the eccentricity of the jet is small, the
jet is concentrated and symmetrical, and when the
eccentricity is large, the jet is dispersed; At 40%
opening, when the water flow reaches the water bucket
position with 0, 1, 2.1, 4.7, 8, and 14% needle eccentricity,
the jet eccentricity in the center of the water column is 0,
0.77, 0.77, 2.31, 3.85, and 8.46% respectively. Through
curve fitting, the water flow eccentricity formula that
changes with the change of the needle eccentricity is
obtained: y � 0.0013x3 − 0.0078x2 + 0.4549x + 0.0749.

(3) With the increase of the eccentricity of the needle, the jet
shape of the inlet section of the runner changes and
gradually becomes an irregular shape, the efficiency of
the injection mechanism gradually decreases, and the
energy loss gradually increases; before the eccentricity of
4.8%, the efficiency decreases relatively slowly. After 4.8%
eccentricity, the jet shape changes greatly, and the rate of
efficiency decrease is accelerated.
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