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Abstract: As one of the typical negative factors affecting the vortex structure and flow characteristics
of hydraulic machinery, the TLV has a non-negligible impact on the energy performance. In order
to improve the utilization efficiency of hydraulic machinery in marine energy, the parallel grooves
structure is proposed and applied to the NACA0009 hydrofoil. Subsequently, an exhaustive numerical
analysis is carried out adopting the SST k-w turbulence model, and the effects of the position and
spacing on the suppression effect and flow characteristics are investigated. The presence of the
parallel grooves leads to a decrease in the lift-to-drag ratio of the hydrofoil within 5%, but it can
effectively suppress the development of TLV and reduce the area of TLV. The parallel grooves
destroy the structure of PTLV and STLV, and the spacing and position have a greater influence on
the flow characteristics of the hydrofoil. In order to take the TLV suppression effect and the energy
performance of the hydrofoil into account, the L3T1 structure is recommended.

Keywords: marine energy; hydrofoil; tip clearance; parallel grooves; vortex suppression

1. Introduction

Marine energy is an important source of energy for human development in the future,
and the efficiency of utilization in marine energy affects the development of the energy
industry, of which hydraulic machinery plays an important role in the exploitation and
utilization of marine energy [1,2]. As a significant component of hydraulic machinery, the
hydrofoil is not only one of the main topics in hydrodynamic engineering and research [3,4],
but also gradually represents great impact in the development of marine energy. In
the field of renewable energy, tidal energy relies on turbines to achieve the conversion
from gravitational potential energy of the current to electrical energy, so the hydrofoil
is widely adopted in the design of mechanical equipment such as turbines [5,6] and
oil-gas multiphase pump [7]. Different structures and design schemes of hydrofoil will
affect the hydrodynamic performance of hydraulic machinery due to the factors such
as the interaction between ocean currents and marine equipment, which can produce
uneven stress distribution [8,9], noise [10,11], and tip leakage vortex [12]. In order to
improve the energy characteristics of hydraulic machinery and enhance the efficiency of
marine energy utilization, it is necessary to explore how to eliminate the negative effects of
hydraulic machinery.

For the purpose of investigating the impacts on energy characteristics caused by
structure and operating conditions of hydrofoil, scholars have carried out studies around
the effects brought by the shape of the hydrofoil [13], different attack angles and inlet
flow velocity [14], and found that the tip clearance had an important impact on the energy
characteristics of hydraulic machinery [15,16]. TLV is generated and developed in the
blades of hydraulic machinery. In order to improve the energy performance of hydraulic

Processes 2021, 9, 816. https:/ /doi.org/10.3390/pr9050816

https:/ /www.mdpi.com/journal /processes


https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr9050816
https://doi.org/10.3390/pr9050816
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9050816
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9050816?type=check_update&version=1

Processes 2021, 9, 816

20f 17

machinery, many scholars have conducted in-depth research on the mechanism of the
tip leakage vortex (TLV) generated from the tip clearance. It had been shown that the
size of the tip clearance would affect the TLV generation [17], and a smaller tip clearance
made less flow rate and generated a smaller TLV, resulting in less energy loss. In terms
of numerical solutions, scholars have conducted calculation using RANS and LES meth-
ods [18], which meticulously demonstrated the flow structure from the gap between the
tip of the NACAO0009 hydrofoil and the wall, analyzed the moving trajectory of the TLV
and the effect of gap widths on the generation of TLV. The unsteady RANS equation was
also employed to study the TLV under unsteady incoming flow conditions [19], and it was
found that the time-averaged entropy generation in the unsteady case was reduced by
18% compared with the steady incoming flow conditions, indicating that the flow stability
also affected the energy characteristics of the hydrofoil. Wavelet analysis had also been
applied to the analysis of TLV [20], and by analyzing the instabilities and the corresponding
frequencies, it was possible to understand whether there existed irregularities in the flow
field and explored the relevant factors affecting the flow pattern of hydrofoil. TLV leads to
a reduction in efficiency [21], indicating that the tip clearance of hydrofoil and the TLV are
issues worth focusing on.

Since TLV has a significant impact on the energy performance and efficiency of
hydrofoil and hydraulic machinery, methods to suppress TLV need to be explored. In
terms of experimental research, scholars have mainly adopted high-speed camera and
instantaneous pressure measurement techniques to analyze the performance of hydraulic
machinery [22], and the effect of TLV on the flow field had been systematically studied
through the pressure pulsation. In recent years, scholars have found that a certain groove
design for the hydrofoil can effectively improve its lift-to-drag ratio [23,24], and the intrinsic
mechanism was that the groove changed the flow structure of the fluid and integrally
improved the energy performance of the hydrofoil [25]. On this basis, special curves such
as the bimodal Gaussian function curve were used to design and optimize the groove
of the hydrofoil [26] in order to explore the solutions to improve the flow pattern and
energy performance.

The Lagrangian method [27] can also be employed to evaluate the calculation method
based on Helmholtz’s concept of strong vortex dynamics. Similarly, Pereira et al. [28]
established the pure Lagrangian model to simulate convection and proposed a method to
simulate the diffusion of vorticity on the surface of research objects, in order to reveal the
unsteady aerodynamic characteristics of a horizontal axis wind turbine. The establishment
and verification of a time-accurate Lagrangian vortex wake model [29], and the Lagrangian
numerical simulation method [30] can be employed to analyze the flow around a circular
cylinder. Furthermore, a meshless three-dimensional flow simulation method [31] based on
boundary integral and vortex method of Lagrangian differential equation was constructed.
The propose of a new large eddy simulation method [32] can directly distinguish the sub
grid motion of concentrated vortices.

In this paper, a kind of new parallel groove design scheme based on NACA0009
hydrofoil is proposed, numerical simulations are performed using the SST k-w model, and
the accuracy of the numerical method is validated. On this basis, the vortex structure and
flow field of various groove configurations are compared, the mechanism of suppression
on hydrofoil TLV by parallel groove is explored, and the analysis of energy characteristics
and flow characteristics in hydrofoil is carried out to obtain the best optimized structure.

2. Computational Fluid Domain and Groove Design
2.1. Computational Fluid Domain

In this paper, the NACAO0009 hydrofoil is selected for numerical simulation based
on the previous experimental basis [33], and a three-dimensional model is established
according to the experimental conditions, of which the model structure is shown in Figure 1.
The basic parameters of the geometric model are as follows: the total length of the water
tank [ is 750 mm, the distance from the inlet to the leading edge of the hydrofoil is 200 mm,
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the distance from the outlet to the trailing edge of the hydrofoil is 450 mm, the width of the
water tank w is 150 mm, the height of the water tank # is 50 mm, the chord length of the
hydrofoil c is 100 mm, the span of the hydrofoil b is 146 mm, and the maximum thickness
of the hydrofoil is 9.9 mm. The attack angle of the hydrofoil « is 10°, the incoming flow
velocity We is 10 m/s, and the tip clearance ¢ is 0.4 mm.

<« The flow direction

\ Rotary axis

/=750 mm

Figure 1. Computational fluid domain.

2.2. Design Scheme of Parallel Groove

Regarding the research on the optimal design of hydraulic machinery, previous au-
thors adopted relevant methods such as multi-objective and multi-parameter design to
optimize the flow pattern and enhance the energy characteristics [34]. As regard to the
study of flow control in hydrofoil, Huang et al. [35] proposed a C-groove design, a structure
that can reduce quadrupole noise as well as suppressing TLV. On this basis, the role of
C-groove for hydrofoil energy performance enhancement was also investigated [36]. A
new type of groove suspended at the tip of the hydrofoil was also proposed [37], which
was composed of a transverse groove along the direction of the chord and multiple sets
of oblique grooves, and the suppression effect on TLV of the grooves was validated by
experiments and numerical simulations.

Due to the different locations of the primary tip leakage vortex (PTLV) and secondary
tip leakage vortex (STLV) [38], a single groove can block only one kind of the TLV, while
too many grooves can drastically affect the performance of the hydrofoil. Therefore, a
parallel grooves structure is proposed in this paper, and the location of the groove is mainly
concentrated at 5-30% of the chord length, the location where the tip leakage vortex is
mainly generated. The shape of the single groove is a linear groove, the inclination angle of
the groove is 45°, the depth of the groove 47 is half of the tip clearance, the vertical length
of the groove d; is 3 mm, and the maximum length of the groove boundary d; is v/2d1,
which is 1/23c. The distance between the center of the first groove and the leading edge is
x1, and the distance between the center of the second groove and the leading edge is x,.

In contrast, the structure of the parallel grooves proposed in this paper as shown in
Figure 2 chose a double groove configuration, which can destruct the flow pattern of STLV
while suppressing the development of PTLV, thus playing a significant role in suppressing
the tip leakage vortex of the tip clearance. At the same time, the parallel grooves structure
does not change the overall structure of the hydrofoil to a large extent, thus has relatively
little negative effect on its hydrodynamic performance.
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Figure 2. Structure parameter illustration of parallel groove.

In order to concentrate on the effect of parallel grooves on vortex suppression and
flow characteristics, the qualitative and quantitative study is conducted on the location
and spacing of parallel grooves. The distance between the center of the first groove and the
leading edge x; is defined as the position, and three schemes are designed for the positions
of the groove, which are located at 2/23, 3/23 and 4/23 of chord length, corresponding to
L2, L3 and L4. Since the TLV is mainly located at the 0-30% chord length, to ensure the
suppression effect of the grooves and also consider the interaction between the parallel
grooves, the design of spacing is extremely important. The spacing of parallel grooves in
this paper are mainly chosen as 1/23,2/23, and 3/23 of chord length, corresponding to T1,
T2, and T3. Overall, it is necessary to ensure that the parallel grooves have a suppressing
effect on both PTLV and SPLV, and the vortex structures of the two grooves will not be
sucked by each other to produce a larger vortex structure. The specific configurations are
shown in Table 1.

Table 1. Design scheme of parallel grooves.

Spacing

. 1/23¢ 2/23¢ 3/23¢
Location

2/23c L2T1 L2T2 L2T3

3/23c L3T1 L3T2 L3T3

4/23c L4T1 L4T2 L4T3

3. Mesh Generation and Numerical Method
3.1. Mesh Arrangement

The commercial software ANSYS ICEM 18.0 has been employed to generate structured
meshes, and meanwhile, in order to ensure the calculation accuracy and reduce the calcu-
lation error, the mesh number irrelevance verification is carried out in this paper. Three
sets of meshes are established, which are Mesh1, Mesh2 and Mesh3 with the mesh number
4.2 x 10°,5.2 x 10° and 6.2 x 10°, respectively. The lift-to-drag force of the NACA0009
hydrofoil with different mesh number is shown in Table 2. The calculation results reveal
that the value of lift-to-drag force remains stable when the mesh number reaches 5.2 x 10°,
which can be assumed that the mesh above 5.2 x 10 has reached the accuracy requirement.
In order to capture the TLV in the tip clearance with as much detail as possible, Mesh3 has
been chosen for subsequent calculations.
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Table 2. Lift-to-drag under different mesh number.

Mesh Scheme Mesh1 Mesh2 Mesh3

Mesh number 4.2 % 100 5.2 x 100 6.2 x 10°
Lift 852.21 860.85 861.05
Drag 40.82 39.91 39.79
Lift-Drag 20.88 21.57 21.64

The details of node distribution of Mesh3 are represented in Figure 3. To improve
the quality of the mesh, the surrounding grid of hydrofoil is treated with an O-block
topology [39], and the mesh layer on the hydrofoil surface is 73, with y* values between
1-10 on the hydrofoil. Since the study in this paper focuses on the TLV and to capture the
TLV structure as accurately as possible, the mesh of tip clearance is refined with 58 layers.
The presence of the groove structure leads to the emergence of a nascent groove leakage
vortex (GLV) inside the groove. In order to observe the development of the GLV, the interior
mesh of the groove is refined with 20 layers. Furthermore, 138 layers are arranged along
the chord length of the hydrofoil, and 78 layers are sped along the span of the hydrofoil.

3.2. Numerical Setting

The commercial software ANSYS CFX18.0 is adopted for numerical simulation, and
the SST k-w turbulence model is selected. In this case, Reynolds number is computed
by Re = ocv/p, where v is the inlet velocity, ¢ is the fluid density, u is the viscosity, and
c is the chord length of the hydrofoil, and the value of Re is 1 x 10°. According to the
experimental results, the boundary conditions of the numerical simulation are set as
velocity inlet and static pressure outlet. In addition, a combination of high-resolution
convective discretization and high-resolution turbulence numerical simulation is used
in the calculation process. The convergence criterion is defined as the root mean square
residual, which is less than 1 x 1075.

Figure 3. Cont.
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Figure 3. Mesh arrangement of hydrofoil.

4. Results and Discussion
4.1. Numerical Method Validation

In order to verify the accuracy of the numerical method, the calculated results are
compared and analyzed with the experimental results in this paper, as displayed in
Figures 4 and 5. The relevant parameters and working conditions for the comparison
condition are as follows: 4 mm for tip clearance, 10 m/s for inlet velocity, and 10° for attack
angle of the hydrofoil. The vortex defined by the Q criterion (Q =2 x 107 s~2) and the
TLV trajectory portrayed in the experimental measurement can be seen in Figure 4. As the
vortex in numerical simulation basically match with the experimentally obtained PTLV
and SPLV trajectories, the numerical method is effective in predicting the location of the tip
leakage vortex.

—

Figure 4. Comparison of vortex in experimental and numerical results.
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Figure 5. Comparison of velocity field in experimental and numerical results.

Meanwhile, in order to intuitively compare the error range in more detail, the velocity
contour of the cross-section z/c = 1 are selected in this paper. As can be seen in Figure 5a,b,
the numerical simulation is relatively successful in predicting the basic positions of the
high-speed region and the low-velocity region. Although there is a certain error between
the numerical simulation and the experimental results, which may be caused by the fact
that the surface of the hydrofoil in the experiments is not absolutely smooth, but the error
range is not large, therefore it is convinced that the accuracy of the SST k-w turbulence
model is verified.

4.2. Comparison of Groove Location and Spacing

In this paper, the effect of parallel grooves on the TLV is investigated from two aspects,
the location and the spacing of the parallel grooves. Based on NACA0009 (MO0), nine sets of
different optimization schemes are designed, and Figure 6 represents the vortex structure
for each set of optimization schemes under the definition of Q criterion (Q =2 x 107 s~2).

As revealed in the figure, there exists two main vortex structures generated by the
hydrofoil in M0, the PTLV (primary tip leakage vortex) and the STLV (secondary tip leakage
vortex). When there is a groove at the top of the tip clearance, the structure of PTLV is
destructed and the vortex is cut off largely in the groove. Besides, the presence of the
groove induces a GLV (groove leakage vortex), the GLV and the TLV are induced together
to form BGLV (back groove leakage vortex). The interaction between GLV and PTLV also
induces NPTLV (new primary tip leakage vortex). However, it is obvious from the figure
that the GLV and BGLV are relatively small in diameter and length, while the area of
NPTLYV is reduced by half compared with PTLV due to the truncation effect of the grooves.
Therefore, it can be concluded that the parallel groove structure has a good suppression
effect on the tip leakage vortex.

As shown in configuration of L2T1, L2T2 and L2T3, the GLV and PTLV coil with
each other and induce the generation of BGLV. When spacing between grooves increases,
the diameter and length of BGLV gradually decreases and the vortex intensity becomes
smaller. At the same time, as represented in cases L4T1, L4T2 and L4T3, the delayed
grooves provide some space for the PTLV development, and entrainment with GLV to
induce the generation of NPTLV. Furthermore, the BGLV can be generated only when
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the groove spacing is small. As revealed in configuration of L3T1, L3T2, and L3T3, the
generation of PTLV is obviously suppressed, and its main vortex structure is produced
within the co-development of GLV and STLV.

PTLV

el ——

L2T1 L2T2 L2T3

L3T1 L3T2 L3T3
BGLV NP LV NP TLV NPTLV
STLV STLV STLV

Figure 6. The vortex structure shown by Q criterion.

The vortex area and energy performance of different optimization schemes are listed in
Tables 3 and 4. It can be indicated from Table 3 that the schemes with obvious suppression
effect on TLV are L2T2, L2T3, L3T1, L3T2, and L3T3, among which the L3T1 scheme
has the best suppression effect on TLV. It can be seen from Table 4 that although the
configurations with the parallel grooves show a slightly decreasing trend in the lift-drag
ratio, the reduction ranges are all within 5%. Moreover, the lift shows an increasing trend,
and the lift-drag ratio decreases by only 2.35% in the L2T3, which has the best lift-drag
ratio performance among various optimized schemes. Considering the effect of parallel
grooves on the suppressing effect of the TLV and the energy performance of hydrofoil,
the schemes with better performance are L2T2, L2T3, L3T1 and L3T3. This is because the
parallel grooves structure can reduce the effect of TLV and improve the pressure gradient
distribution in the pressure and suction sides of the hydrofoil, thus improving the flow
pattern while causing less impact on the energy characteristics.

Table 3. Area of vortex for different schemes.

Scheme

2 MO L2T1 L2T2 L2T3 L3T1 L3T2 L3T3 L4T1 L4T2 L4T3
Area (mm~©)

Area of vortex 2514 2566 2501 2484 2440 2480 2473 2550 2553 2547
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Table 4. Energy performance for different schemes.

Item Mo L2T1 L2T2 L2T3 L3T1 L3T2 L3T3 L4T1 L4T2 L4T3

Lift-drag 21.64 20.78 20.74 21.13 20.69 20.63 20.68 20.53 20.47 20.70
Change of

Lift-drag (%) —4.00 —4.15 —2.35 —4.38 —4.62 —4.42 -5.13 —5.04 —4.35

Drag 39.79 41.36 41.42 41.03 41.54 41.60 41.51 41.76 41.86 41.46

Lift 861.1 859.2 859.1 867.0 859.5 858.6 858.6 857.3 856.9 858.1

Change of Lift (%) —-0.22 —0.35 0.45 —0.53 —0.75 -0.87 -1.13 -1.29 —-1.27

4.3. Analysis on Flow Characteristics and Vortex

Although four schemes represent better suppression effect on TLV, they also signif-
icantly affect the flow pattern around the hydrofoil. An undesirable structural design
may induce unstable flow field, which reduces the energy performance of the hydrofoil.
Therefore, it is necessary to investigate the flow characteristics of hydrofoils. As indicated
in Figure 7, the three-dimensional streamline is released from the edge of the pressure
surface of the hydrofoil. It can be seen from the figure that the starting position of PTLV is
about 10-20%c in the original structure MO, while STLV is formed near the pressure side
at 15%c, and the vortex intensity gradually decreases with the development of the TLV.
Comparing to the configurations of L2T2, L2T3, L3T1 and L3T3, the starting position of
the TLV tends to move forward significantly when the parallel grooves exist, the vortex
intensity in the high-speed area decreases significantly, and the high-speed area becomes
larger. For configurations of L2T3 and L3T3, when the spacing between the parallel grooves
is certain, the tendency of the TLV position to move backward decreases when the groove
positions move backward. The effect of increasing the area of the high-speed region is more
obvious when the spacing increases. At the same time, the flow in the low-speed region
is entangled with the PTLV in the high-speed region because of the stronger entrainment
effect, which reduces the flow velocity.

Comparing the configurations of L2T2, L2T3 and L3T1, L3T3, increasing the spacing
between the grooves affects the overall flow direction of the fluid at the tip clearance, with
a relatively small effect on the entanglement strength of the PTLV, and the location where
the fluid entangled into the PTLV is delayed. As for the MO condition, the velocity of the
fluid being entangled into the PTLV increases rapidly and then decreases gradually as
the flow develops. The presence of the groove allows the fluid being entangled from the
groove remains at low velocity.

In order to analyze the flow field inside the tip clearance and groove with more details,
six cross-sections are selected at 10%c, 15%c, 20%c, 25%c, 30%c, and 40%c, respectively,
and Figure 8 reveals the swirling strength of the cross sections. The swirling strength A.;
is defined as A.; = Im[eig(V V)], where the imaginary part of eigenvalues of the velocity
gradient tensor will be calculated. It can be clearly seen from the figure that the presence of
parallel grooves enhances the developments of GLV compared with M0, but the swirling
strength of the GLV is smaller, and the influence range of the vortex is concentrated inside
the grooves. Moreover, the intensity of GLV is gradually weakened with the backward
movement of the groove position when the groove spacing is certain comparing with L2T3
and L3T3.
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Figure 7. Three dimensional streamlines of different schemes.

Additionally, the vortex intensity of PTLV and STLV with parallel grooves is remark-
ably reduced both around the hydrofoil and tip clearance. The trajectory of the PTLV in
MO is marked by the orange dashed line in the figure, and it can be seen from L2T2, L2T3,
L3T1, and L3T3 that the position of the vortex core in each cross-section is not significantly
shifted, and the presence of the parallel grooves does not change the trajectory of the PTLV,
but expands the vortex range. It can be assumed that the presence of parallel grooves
makes the structures of PTLV and STLV diverge, thus suppressing the TLV.



Processes 2021, 9, 816 11 0f 17

N
SIS LI
O AP N AT R Y AT oY o A
| ——

L B I —
Velocity. Swirling Strength [s"-1]

*

L‘.’—\ -

— ==

FTirr

| .
| N N -

PTLV trajectory
<
<

(b) L2T2 (c) L2T3

(e) L3T3

(d) L3T1
Figure 8. Distribution of velocity swirling strength on different sections.

Comparing M0 with the optimally designed configurations, the presence of the parallel
grooves helps the development of the GLV, as shown in plane 4 of L2T2 and L2T3, and the
swirling strength of the GLV is enhanced to some extent. With the backward movement
of the groove, as shown in plane 5 of L2T3, the swirling strength of GLV is enhanced.
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Comparing M0 with L3T1 and L3T3, the flow patterns shown in plane 1 are almost the
same, indicating that the groove does not affect the fluid that is about to flow into the
groove. Meanwhile, the presence of the groove makes the vortex intensity become lower,
and the vortex intensity is significantly reduced after plane 3.

Figure 9 shows the swirling strength comparison of the vortex core in the six cross-
sections within (b), (c), (d) and (e). It is obvious from the figure that the presence of the
parallel grooves reduces the swirling strength of vortex core in each section compared
with the MO0. The scope of this effect is mainly focused on the front position of 30%c of the
hydrofoil, among which the effect on Section 1 of L3T1 and L3T3 is the most prominent.
The effect of the groove on the swirling strength is the smallest when the cross section is
at 40%c position. Among the four configurations, the best comprehensive effect of vortex
core swirling strength reduction is L3T1.

30,000 |:| MO
- B 212
T 25,0001 [ Jror3
= | B 371
B B 1373
S 20,000H
&
N A
2
= 15,000
g
= B
n
2 10,0001
)
S A
©
” 5000
O -
sectionl section2 section3 section4 section5 section6
section

Figure 9. Swirling strength of vortex core comparison for different schemes.

In order to analyze the influence of parallel groove on the TLV in-depth, the central
cross-section of the parallel groove is selected for further analysis. Figure 10 reveals the
velocity distribution of the cross-section from (a) to (e), from which can be seen that an
obvious high-speed zone at 0-30%c of the leading edge appears in M0, which is also the
main distribution area of the TLV. The flow velocity of the TLV is high, and the velocity
reaches peak value from the leading edge to the front part of the hydrofoil, and then
gradually decreases but the existence of the parallel groove makes the area of high-velocity
region reduced, the high-speed zone only exists at 10%c of the leading edge, and the flow
velocity increases slowly after passing through the groove. A local low-velocity region
appears inside the groove, and the flow velocity inside the second groove is lower compared
with the first groove, therefore, the velocity of flowing through the grooves is significantly
affected, which has a more prominent effect on the flow field around the hydrofoil.
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Figure 10. Velocity distribution for different schemes.

Comparing the L2T3 and L3T3, the area of the high-speed region shows a small
increase to the end of the first groove when the groove moves backward. The influence
of the low-speed region in the groove increases further, and a local low-speed region
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appears in the suction side. Compared with the L2T2 and L2T3, the grooves in the L3T1
and L3T3 are farther away from the leading edge of the hydrofoil, and the velocity in
the grooves is smaller, so it is indicated that the local area with smaller velocity can be
produced by appropriately moving the position of the first groove backward. The grooves
change the velocity distribution around the hydrofoil, resulting in a change in the pressure
difference between the suction side and pressure side, which affects the flow field around
the hydrofoil.

Figure 11 represents the static pressure distribution in the center cross-section of the
grooves, from which it can be seen that the parallel grooves have less influence on the
pressure surface from (a) to (e). Only a small high-pressure area exists on the pressure side
in the leading edge of the hydrofoil for MO. When the parallel grooves exist, a low-pressure
area appears inside the groove, while a small high-pressure area appears below the grooves.
As the spacing between grooves increases, the value in the low-pressure region inside
the grooves increases slightly. The influence of the grooves on the suction side is greater,
making the range and amplitude of the local low-pressure area at the leading edge decrease.

N S &
OO ORISR
o,w \'1» qw (\‘oQ > Y PEAT B 9 0O

“:_

Pressure [Pa]

~

(b) L2T2 (c) L2T3

Figure 11. Cont.
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Figure 11. Pressure distribution for different schemes.

The presence of the parallel grooves reduces the fluid velocity at the suction side,
decreases the dynamic pressure in this region, and thus reduces the pressure difference
between the pressure side and the suction side. The grooves decrease both the low-pressure
region at the suction side and the high-pressure region at the pressure side, which reduces
the static pressure difference between the two sides. Therefore, the existence of the parallel
grooves reduces the total pressure difference to a certain extent, thus affecting the energy
characteristics of the hydrofoil.

5. Expectation

In future research, the mechanism about the impact of the parallel grooves on the
tip leaking vortex can be more systematically studied and analyzed, so as to provide a
scientific basis for a more accurate understanding of the depth and position of the parallel
groove. Secondly, a more detailed parametric study of the groove spacing can be carried
out to explore the mechanism of groove—groove interaction in parallel grooves.

6. Conclusions

In response to the problem of performance degradation in hydraulic machinery due
to the existence of tip clearance, a parallel grooves structure is proposed in this paper
and applied to the NACAO0009 hydrofoil. Subsequently, an exhaustive numerical analysis
of parallel grooves is carried out using the SST k-w turbulence model, and the impact
of the position and spacing of the parallel grooves on the suppression effect and flow
characteristics are investigated. The main conclusions are obtained as follows.

(1) Compared with the structure without parallel grooves, the presence of the grooves
will lead to a decrease in the lift-to-drag ratio of the hydrofoil within 5%, but it can
effectively suppress the development TLV and reduce the area of TLV. This is of
great significance for improving the flow stability and studying the optimal design of
hydraulic machinery.

(2) The location and spacing of the parallel grooves have a greater effect on the flow
characteristics of the hydrofoil. With the backward movement of the groove location,
the tendency of TLV to move backward slows down, and the vortex intensity of
the GLV gradually decreases, which can produce a local area with smaller velocity.
With the increase of the spacing, the effect of increasing the high-speed region is
more obvious, and the flow in the low-speed region is mixed with the PTLV in the
high-speed region.
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(3) The parallel grooves destroy the structure of PTLV and STLV, and inhibits the de-
velopment of TLV. In order to balance the TLV suppression effect and the energy
performance of the hydrofoil, the L3T1 structure is recommended.

(4) The presence of parallel grooves leads to a local low-pressure area, which affects the
pressure difference between the pressure side and the suction side, which in turn
affects the work done by the hydrofoil and slightly reduces the lift-to-drag ratio.
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