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Abstract: [Objective] This paper aims to explore the suitability of grid density and subgrid-scale (SGS) models in
the numerical simulation of cavitation of a three-dimensional (3D) twisted hydrofoil. [Methods] The large eddy
simulation (LES) method and Schnerr-Sauer (S-S) cavitation model are used to simulate the unsteady cavitating flow
field of a Delft Twist11IN 3D twisted hydrofoil. Three sets of grids with different densities and three SGS models,
namely, algebraic wall-modeled LES (WMLES) model, Smagorinsky-Lilly (SL) model, and wall-adapting local
eddy-viscosity (WALE) model are mainly studied to identify their influence on the cavitation evolution process,
cavitation shedding frequency, and time averaged lift and drag coefficients of the hydrofoil. [Results] The results
show that appropriate grid refinement can not only capture more unsteady cavitation evolution phenomena such as
the shedding of small-scale cavities and the inception and collapse of horseshoe-shaped cloud cavities but also obtain
more precise cavitation shedding frequency, time averaged lift and drag coefficients, and time averaged pressure
distribution. Compared with WMLES and SL models, the WALE model better captures the evolution of sheet and
cloud cavities and has better accuracy in predicting the cavitation shedding frequency, time averaged lift and drag
coefficients, and time averaged pressure coefficient. [Conclusion] It is recommended to adopt the LES method based
on the WALE model for the numerical simulation of unsteady cloud cavitation.
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ies at different radii due to its three-dimensional

(3D) twisted shape. In order to accurately predict

In terms of ships, propeller cavitation not only de- the propeller's cavitation erosion and cavitation
teriorates propulsion performance but also leads to noise, it is necessary to discuss the inception and
severe noise, vibration, and cavitation erosion. In collapse mechanisms of unsteady cloud cavitation.
addition, the cavitation pattern of the propeller var- Numerous researchers have carried out numerical

0 Introduction

Received: 2021 - 05 - 24 Accepted: 2022 - 03 - 13
Supported by: Fundamental Research Funds for the Central Universities of China (215202001, 2019111076GX); Major Interna-
tional (Regional) Joint Research Project of NSFC (51720105011); Key Program of National Priority Research Ar-
ea Foundation (61402070105)
Authors: HE Pengpeng, male, born in 1991, Ph.D. candidate. Research interest: hydrodynamic performance of ship propulsion.
E-mail: hepengpengemail@163.com
LI Ziru, female, born in 1983, Ph.D., associate professor. Research interest: hydrodynamic performance of ship propul-
sion. E-mail: lisay333@163.com
ZHANG Xiaowang, male, born in 1994, master degree candidate. Research interest: hydrodynamic performance of
ship propulsion. E-mail: 836221248@qq.com
HE Wei, male, born in 1982, Ph.D., associate professor. Research interest: hydrodynamic performance of ship propul-
sion. E-mail: hwcudca@163.com
*Corresponding author: HE Wei



CHINESE JOURNAL OF SHIP RESEARCH,VOL.17, NO.3, JUN. 2022 2

simulations and experiments on 3D twisted hydro-
foils with varied angles of attack in the spanwise di-
rection to better observe and understand the evolu-
tion process of unsteady cloud cavitation.

For instance, by using laser doppler velocimetry
(LDV), high-speed photography, and particle image
velocimetry (PIV) technologies, researchers in
Refs. [1-3] investigated the cavity shapes, angles of
attack, cavitation number, and cavity inception and
shedding of 3D hydrofoils in cavitation water tun-
nels. In the experiments, horseshoe-shaped cavities
were observed, and it was found that the angles of
attack and the cavitation number have the most to
do with the flow characteristics of cavitation. The
side-entrant jet was introduced in the investigation
of a Delft Twist11N 3D twisted hydrofoil in Ref. [4],
and the experimental results were used to analyze
the role of the side-entrant jet and the re-entrant jet
in cavity shedding. In Refs. [5-8], the cavitation
phenomenon around the Twistl1N hydrofoils was
numerically simulated by utilizing turbulence mod-
els such as SST k-w and RNG k-¢ modified by tur-
bulent viscosity and cavitation models including
Schnerr-Sauer (S-S), Singhal, and Zwart, and large-
scale cavity shedding was simulated by using the
Reynolds-Averaged Navier-Stokes (RANS) method
modified by viscosity. However, there was a consid-
erable discrepancy between the cavitation shedding
frequency and the experimental results, and the
cloud cavity shape was much smaller than the experi-
mental observations. The fundamental reason was
that the RANS method performed Reynolds averag-
ing on the characteristic parameters of turbulence at
all scales and less described fine cavity structures
and unsteady transient characteristics. For the incep-
tion of tip vortex cavities around the 3D hydrofoils,
the SST k-w, detached-eddy simulation (DES), and
large-eddy simulation (LES) models were used to
calculate the tip vortex flow field around such hy-
drofoils in Ref. [9]. The results demonstrated that
the calculated results based on the LES method are
in good agreement with the experimental values. The
unsteady cavitation turbulence around a NACA 66
hydrofoil was analyzed numerically by using the
LES method with high accuracy in Ref. [10]. The
result confirmed that pressure pulsation is associat-
ed with cavity shedding and that cavity volume ac-
celeration is the primary source of the pressure pul-
sation around the hydrofoil with cavities. In Ref. [11],
the influence of grid resolution on the numerical
simulation of cloud cavitating flow around a 3D

twisted hydrofoil was studied by using two sets of
grids with different densities. The experiment dem-
onstrated that in terms of the cavitating flow simula-
tion, the accuracy of fine grids is remarkably higher
than that of coarse grids. On the basis of the La-
grangian viewpoint, the cavitating flow of a 3D
twisted hydrofoil was analyzed in Ref. [12], and the
results showed clear trajectory lines of the re-en-
trant jet and side-entrant jet. In Ref. [13], the venti-
lated cavitating flow around a NACA 66 hydrofoil
was numerically studied, and the effectiveness of
the numerical method was verified by comparison
with experimental results. In conclusion, the divi-
sion of grids and selection of SGS models still rely
on the researchers' priori knowledge and lack objec-
tive evidence, though numerous numerical simula-
tions of the cavitation around 3D twisted hydrofoils
based on the LES method have been performed.

Therefore, this paper explores the suitability of
grid density and SGS models in numerical simula-
tions of cavitation phenomena around 3D twisted
hydrofoils by investigating the cavitation around a
Delft Twist11N twisted hydrofoil through the multi-
phase viscous flow numerical method based on the
LES method. The paper focuses on the predictability
and suitability of different grid densities and SGS
models for the characteristics of such cavitating
flows and analyzes the unsteady transient character-
istics of the cloud cavitation around the hydrofoil.
The results are expected to serve as a reference for
the division of grids and selection of SGS models
when the LES method is used to predict cavitation
around 3D hydrofoils and propellers and facilitate
the analysis of the unsteady cavitating flow field in
ship propellers.

1 Mathematical models

1.1 Governing equations

In this paper, the cavitating flow including vapor
and liquid phases is regarded as a single liquid with
variable density, and the two phases are described
by the homogeneous mixture model based on the
homogeneous equilibrium flow theory. The continu-
ity and momentum equations for the cavitating flow
field with mixed vapor and liquid are as follows.

0 ]
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where u; and u; are the velocity tensors.in the i and j
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direction of the axis, respectively; p is the pressure;
pm and ,, are the density and dynamic viscosity of
the mixed flow, respectively, and their relationship
with the volume fraction of vapor phase « is de-
fined as

Pu=apy+(l-a)p (3)

M = apy + (L - )y (4)
where subscripts m, v, and | represent mixed vapor
and liquid phases, vapor phase, and liquid phase, re-
spectively.

1.2 LES method

As cavitating flow belongs to complex turbulent
flow, this paper employs the LES method with high
accuracy to study it. The LES method utilizes a fil-
ter to filter the Navier-Stokes (N-S) equation and di-
rectly solves the filtered equation to obtain physical
quantities of solvable scales. The physical quanti-
ties of filtered SGS are solved by corresponding
SGS models. For incompressible flow, the continu-
ity and momentum equations processed by filtering
are derived as follows.

apm a Y
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ot 3x,- (plnu,) 0 (5)
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(6)

where components with over bars are filtered large-
scale physical quantities; z;is SGS stress and 7 =
p(wu; — ;). Based on the Boussinesq hypothesis,
SGS stress is expressed as

1
Tz/ = ngk()f/_zlltsi/ (7)

where |, is the turbulent viscosity of SGS stress; 7,
is the isotropic part of the SGS stress; J; is the Kro-
necker delta function;S,«; is the rate-of-strain tensor
for the solvable scale. The influence of the turbulent
viscosity on SGS stress is simulated by using SGS
models such as Smagorinsky-Lilly (SL) 4, wall-
adapting local eddy-viscosity (WALE) ¥, and alge-
braic wall-modeled LES (WMLES) models [,
which can be found in corresponding studies.

1.3 Cavitation model

The S-S model, which is based on the mass trans-
port equation, is used to describe the conversion be-
tween the two phases. The cavitation model is de-
veloped based on a simplified Rayleigh-Plesset dy-
namics equation.

The transport equation of «a is

0 d
E(pva)"_a_xj(pva’uv,j)_se_sc (8)

where u, represents the flow velocity of the vapor
phase; S, and S, are the sources terms of mass trans-
port during the evaporation and condensation, re-
spectively, and they are related to the growth and
collapse of cavities.

When vapor pressure p, = p, growth (evapora-
tion) occurs.

3a(1 - 2p,—
5. = PP a(l-a) 2p,—p (9)
pm RB 3 Pl

When p, < p, collapse (condensation) occurs.

3a (1 - 2p-—
Sc _ PvPr (l( CY) _p Dy (10)
Pm RB 3 O

where Ry is the cavity radius, and its relationship
with o can be expressed as follows.

4 4
a’_l’lbaﬁRsv(l"'nb;nRB}) (11)

where n, is the cavitation number density and
equals 102,

2 Models and settings

A Delft Twistll twisted hydrofoil is taken as the
research subject in this paper. As described in Ref. [4],
its sections at different positions in the spanwise di-
rection are featured with a NACA 0009 shape. After
the angle of attack is designed, the angle of attack
ranges from -2° at the end section to 9° at the mid-
section. Several views of the hydrofoil are shown in
Fig. 1. Specifically, the origin of the coordinate sys-
tem is located at the midpoint of the chord length of
the end section of the hydrofoil, with XC, YC, and
ZC indicating inflow direction, spanwise direction,
and vertical direction, respectively. LE and TE rep-
resent the leading edge and trailing edge of the hy-
drofoil, respectively. The chord length C equals
0.15 m, and the span length I equals 0.30 m.

The calculated domain is shown in Fig. 2. Since
the geometrical model of the Twist11 twisted hydro-
foil is symmetric, only half the model is considered.
The distance between the midpoint of the chord

(a) 3D view (b) Front view
zC
N
(c) Side view (d) Top view

Fig.1 = Geometrical views of Twist11N hydrofoil
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length of the section of the side wall boundary and
the upper and lower wall boundaries is C, and the
spanwise direction is shown by C. The distance be-
tween the inlet and the leading edge is 2C, and that
between the outlet and the leading edge is 5C.

Symmetry plane s
Wall boundary !M' 3
= |

"i\// ¥ Outlet, -
Inlet __,,,’f’_"‘x)] I
e _—7C
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Fig. 2 Calculated domain of half of Twist11 twisted hydrofoil

Hexahedral grids employing the O-H topology
are utilized, with the details depicted in Fig. 3.
Three sets of grids with different densities are gen-
erated by changing the number of nodes on the con-
tour line, including G1 (coarse grid), G2 (medium
grid), and G3 (fine grid). The number of nodes in
each set of grids is 2.9 million, 3.66 million, and
4.71 million, respectively. In order to reduce the re-
quirement for computing resources, the growth rate
of the number of nodes is set to be ¥/2. The grid di-
vision parameters are shown in Table 1. Specifically,
Y*ax denotes the maximum height of the first grid in
the wall boundary, Ax+ represents the average non-
dimensional grid spacing in the chord length direc-
tion and equals k/[(1,-1)/2 + (I;-1)], with k = 1122,
I;-1, is the number of nodes along the topological
line of the hydrofoil.

Fig. 3 Division of O-shaped grids around Twist11N hydrofoil

Table 1 Grid parameters of Twist11N hydrofoil

Grid I l /, L Ymax Ax+
Gl 25 63 101 90 0793 112
G2 30 75 1200 90 0.789 94
a3 36 89 143 90 0.803 80

Numerical analysis is carried out by ANSYS
FLUENT 19.0. For the numerical calculation of the
unsteady cavity flow around the Twist11N hydro-

foil with a cavitation number ¢ of 1.07, the bound-
ary conditions are set as follows: the inlet velocity
V,equals 6.97 m/s; the outlet is defined as pressure
outlet, and the pressure p,, equals 29.0 kPa accord-
ing to o = (Pou— Py)/0.50,V2. A slip plane is applied
to the upper, lower, and side wall boundaries of the
calculated domain, and a non-slip plane is applied
to the hydrofoil surface. Furthermore, a symmetry
plane is utilized in the midsection of the span. The
density, dynamic viscosity coefficient, and vapor
pressure of the liquid and vapor phases are set when
temperature T equals 24 °C. The time step is deter-
mined according to (At = T,/ 200, T, = C/V,) in
Ref. [17]. The calculated time step At equals 1.076 x
10 s, and 1.0 x 10™* s is chosen as the final time
step. 100 iterations per time step are used to balance
calculation accuracy and efficiency.

3 Results and discussion

The lift and the drag coefficients are defined as
C.=F. /(0.5pV_2A) and Cp=F/(0.5p,V,2A), respec-
tively. In addition, the pressure coefficient charac-
terizing the pressure distribution on the upper and
lower surfaces of the hydrofoil C, equals (p—poyu)/
(0.5pV,.2), where F_ and Fp represent the lift and
drag, respectively, and A is the projected area. In
view of the random oscillation characteristic of lift,
drag, and pressure coefficients calculated by the
LES method, the time averaged lift coefficient C,,
time averaged drag coefficient C,,and time averaged
pressure coefficient C, in multiple periods are de-
fined for comparative analysis. The error between
experimental and numerical results is denoted as
(Calculated value-experimental value)/experimental
value x 100%.

Before the simulation, the convergence ratio R,
recommended by the 22nd ITTC is adopted to ex-
amine the grid convergence simulated by the wet
flow field around the Twist11N hydrofoil based on
the LES method. According to calculated results,
the time averaged drag coefficients of the three sets
of grids with different densities converge monotoni-
cally, while the time averaged lift coefficients con-
verge with oscillations, which meets the demands
for grid convergence.

3.1 Influence of grid density on numeri-
cal simulation of cavitation

On the basis of the WALE model and the LES
method, when ¢ equals 1.07, the cavitation around
the Twist11N hydrofoil is simulated by using G1,
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G2, and G3, so as to examine the influence of differ-
ent grid densities on the cavitation shedding fre-
quency, cloud cavity shapes, and the pulsation char-
acteristics of lift and drag coefficients.

As illustrated in Fig. 4, the variation curve of the
cavity volume is estimated by using the three sets
of grids, and the cavitation shedding frequency f is
derived through the Fourier transform. The results
show that the cavitation shedding frequency calcu-
lated by the three sets of grids are 30.14, 31.78, and
31.24 Hz, respectively, with an error of -7.40%,
-2.37%, and —4.02% from the experimental results
(f =32.55 Hz). It can be seen that in terms of the
cavitation shedding frequency of coarse grids in
G1, there is a large error between the calculated val-
ue and the experimental value, and errors of the cav-
itation shedding frequency in G2 and G3 are consid-
erably smaller. In addition, under the current calcu-
lation settings, grid refinement does not minimize
the error of the cavitation shedding frequency but
makes the frequency deviate more from the experi-
mental value.
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Fig. 4 Cavitation shedding frequency under different grid
densities
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Fig. 5 shows the predicted cavitation evolution
under different grid densities in one period. The
cloud cavity shapes at typical Moments 1-9 with «
equaling 0.1 are adopted and compared with the ex-
perimental results (. As shown in the top view, the
inflow direction is from top to bottom.

Compared with the experimental results, it can be
seen that the three sets of grids can basically simu-
late the typical characteristics of the evolution pro-
cess of the unsteady cloud cavitation, and the steps
are as follows:

1) Primary shedding. When attached sheet cavi-
ties develop to a certain degree, they will break and
produce a large-scale cavity cloud.

2) Formation of horseshoe-shaped cavities. The
broken attached sheet cavities are concave-shaped
and will continue to develop, while the produced
cavity cloud rolls up and forms a horseshoe-shaped

Cavity closure curve

Primary sheddin
3 g 93

a H_""Earlobe" [

(%3

4 4 4
_ Horseshoe-shaped cloud cavit)* -
5 5 S|
L] V4 Sheet cavity
6 6 6
_' Gécond;mA 3
® $# shedding
Z 7 7 4

(a) G1 (b) G2 (c) G3

(d) Exp. resultstl

Fig. 5 Comparison of cavitation evolution simulated by
different grids and experimental results

structure.

3) Secondary shedding. The horseshoe-shaped
cavity cloud goes downstream under the action of
the main flow, and the attached sheet cavities shed
their small-scale structures at the earlobe position.

4) Cavity collapse. The small-scale cavity cloud
that has undergone the secondary shedding will col-
lapse, and the concave-to-convex transition of the
attached sheet cavities occurs. In addition, the large-
scale horseshoe-shaped cloud cavities collapse in
the downstream high-pressure area, while the devel-
oped attached sheet cavities break again, and a new
period begins.

It can be observed from Fig. 5 that the surface of
the sheet cavities that will undergo the primary
shedding is relatively rough at Moments 1 and 9
due to re-entrant jets, while that of the sheet cavities
at other moments is smoother. The three sets of
grids all roughly simulate the phenomenon above.
In addition, as the grids get refined, structures of
the sheet cavities' upper surfaces get more refined
and are similar to that of relevant regions observed
by experiments. However, there are still some dis-
crepancies in cavity shapes between numerical and
experimental results. For instance, experiments
have revealed that sheet cavities have a striped or
vesicular shape that does not appear in numerical
simulations. This is mostly because the calculated
shape is defined by continuous fractions.

Due to different grid densities, there are some dis-
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crepancies in cavity shapes captured during the nu-
merical simulation of cavitation evolution, and they
are described as follows:

1) Cavity length L, (Moment 8 in Fig. 5(b)). Ac-
cording to the variation of L/C values calculated
under different grid densities over one period in
Fig. 6, it can be observed that the growth rate of L,
tends to slow down over time, which can be ex-
plained by the fact that as the sheet cavities reach a
certain length, the sheet cavities in the middle of the
low span are lifted and rolled over under the influ-
ence of re-entrant jets and the main inflows, which
prevents the sheet cavities from developing down-
stream. Moreover, the L /C values predicted by G1
are much lower than those predicted by G2 and G3
at corresponding moments, and the values predicted
by G2 and G3 are more in line with experimental re-
sults ™. Specifically, the L/C values predicted by
G3 deviate more from the experimental results at
most moments than those predicted by G2, which
can be seen from cavity shapes in Fig. 5.

0.6 B Exp_value —m Gl --a--G2 —G3
— .n"r".'-an -
L 04 pa it e
I
=3 03 .a‘-,_"_";" -
0.2 o g
0.1 T
& m

o L i I i J
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035
/s

Fig. 6 Comparison of L /C values calculated under different
grid densities

2) Secondary shedding. As can be seen from the
cavity evolution, G1 results in simple cavitation at
the earlobe position, while G2 and G3 result in a
pronounced secondary shedding in the same posi-
tion. According to the arrowed positions at Mo-
ments 1 and 8 in Fig. 5(c), more refined cavitation
is captured after grid refinement.

3) Scale of horseshoe-shaped cloud cavities. As
shown in Fig. 5, the horseshoe-shaped cloud cavi-
ties generated by the primary shedding can be ob-
served in the three sets of grids. Besides, the cloud
cavities after shedding all have a V-shaped structure
in the upper section at Moment 3, and their shapes
are similar. At Moment 4, the initial state of the
horseshoe-shaped cloud cavities is visible, with the
cloud cavity inclination in numerical results of G3
different from that of G1 and G2.

In general, the cloud cavitation simulated by the
three sets of grids is consistent during Moments 1-4.
After Moment 4, the evolution of cloud cavitation
is'accompanied by shrinkage iand collapse, and the

small-scale cavities formed by the collapse are clos-
er to the grid scale magnitude. In addition, different
grid scales result in changes in the precision of pre-
dicting turbulent flow characteristics, including the
vortex scale that can be captured in the flow field. It
can be seen that after Moment 4, the shape differ-
ences in the horseshoe-shaped cloud cavities are ap-
parent. Besides, the spanwise scale at the stable
state simulated by G1 is smaller than the experimen-
tal results, while the simulated results of G2 and G3
are both similar to the experimental results.

The variation curves of the lift and drag coeffi-
cients over one period simulated by the three sets of
grids are depicted in Figs.7 and 8, respectively. In
the figures, the non-dimensional time t/T is the hori-
zontal coordinate axis, and T is the period of the cor-
responding grid density. According to the figures,
the lift and drag pulsation characteristics calculated
by G1 are relatively small, and the transient pulsa-
tions of the lift and drag coefficients in the three
sets of grids are relatively consistent and centered
in the intervals of t/T=[0.2, 0.3] and [0.8, 1.0]. The
difference in calculated lift and drag pulsations be-
tween the three sets of grids mainly appears in the
second half of the period and is closely related to
the collapse of the horseshoe-shaped cloud cavities.
In addition, by comparing the evolution process of
the horseshoe-shaped cloud cavities simulated by
the three sets of grids, it can be found that the col-
lapse and rebound of the horseshoe-shaped cloud
cavities simulated by G2 and G3 are more obvious
than those by G1 (e.g., Moments 5-8 in Fig. 5),
which also explains the violent lift and drag pulsa-
tions predicted by G2 and G3.

0.55 —= Gl e G2 G3
0.50

045 . o e T N T Ny,
O .40 [H et 'f"._._--" "

0.35

030
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Fig. 7 Variation curves of lift coefficients under different grid
densities in one period

0 0.1 02 03 04 05 06 07 08 09 1.0
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Fig. 8 \Variation curves of drag coefficients under different

grid densities.in one period



HE P P, et al. Influence of subgrid-scale models on cavitation phenomenon around a 3D twisted hydrofoil 7

Table 2 shows the time averaged lift and drag co-
efficients of multiple periods calculated by the three
sets of grids, which are compared with the experi-
mental lift coefficient 18 (C,=0.51) and the calcu-
lated results based on the LES method in Ref. [19].
According to the table, as the grids get refined, the
time averaged lift coefficient is closer to the experi-
mental values. The error between the predicted and
experimental value of C, in G3 is 11.71%, with a
deviation of 2.34% from the results in Ref. [19]. In
addition, there is a large error between the calculat-
ed and experimental value of the time averaged lift
coefficient, which may be explained by the fact that
the sensor is damaged under the cavitation collapse,
which results in a failure of some experimental re-
sults (29,

Table 2 Comparison of time averaged lift and drag
coefficients under different grid densities

Item Gl G2 G3 LES™
100Ch 2,117 2.084 2.116 -
CL 0.4412 0.4458 0.4503 0.4400

Cy error/% —13.49 -12.59 -11.71 -13.73

Figs. 9 and 10 display the time averaged pressure
coefficient —-C, around the hydrofoil at YC = 0.12 m
and YC = 0.15 m in the spanwise direction, as well
as the comparison of the results by two experiments
(i.e., the experiments conducted by Delft and EPFL
that are two different cavitation water tanks) under
different grid densities in the cavity flow. Notably,
the size of the Delft hydrofoil is twice that of the
EPFL hydrofoil, and they both are examined at the
same Reynolds number. Due to the unreliability of
the experimental data at some pressure monitoring
stations [®, C, in the experimental results of the
Delft 81 and the EPFL 18 with the same size are
compared. According to the figures, at the two sec-
tions of hydrofoil in the spanwise direction, the cal-
culated time averaged pressure coefficients on the
pressure surface with different grid densities are es-
sentially the same, but those on the suction surface
are slightly different. This is reflected primarily in
the following aspects.

1) In the region of 0 < x/C < 0.4, the pressure is
low, and there are attached sheet cavities. The prob-
ability of violent cavity collapse is low, and the dis-
tribution and change trend of —C, in the two sec-
tions are relatively consistent.

2) In the region of 0.4 < x/C < 0.5, which is the
end of the sheet cavities, the pressure distribution in

157
- == = Delft
1.0k e meisa +  EPFL
[y X
e (32
Y
0.5t e =3
63
Yool . Seesna
—05¢
-1.0}
0 0.2 04 0.6 0.8 1.0
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Fig. 9 Cp distribution around hydrofoil surface at YC = 0.12 m
in the spanwise direction
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Fig. 10 Cp distribution around hydrofoil surface at YC =0.15m
in the spanwise direction

the chord length direction varies significantly, and
for the spanwise position with YC=0.12 m, the pres-
sure transition trend predicted by G3 is closer to the
experimental result, while for the spanwise position
with YC=0.15 m, G2 better simulates the pressure
transition trend at x/C=0.4.

3) In the region of 0.5 < x/C < 1, the pressure dis-
tribution at various positions along the span is al-
tered in the same manner. This is because there is a
specific distance between the position of YC=0.12 m
and the horseshoe-shaped cloud cavity shedding at
the center of the span, and the influence of its devel-
opment and collapse are quite small. The distribu-
tion of —C, is essentially the same. The area at YC=
0.15 m in the spanwise direction is where horse-
shoe-shaped cloud cavities develop and collapse,
and the predicted distribution of -C,, is a little dif-
ferent because the horseshoe-shaped cloud cavities
and vortex structures predicted by different grid
densities are different.

3.2 Influence of SGS models on numeri-
cal simulations of cavitation

Based on the G2-oriented LES method, this pa-
per adopts WALE, WMLES, and SL models to
carry out numerical simulations of cavitation
around the Twist11N hydrofoil at ¢ = 1.07 and ana-
lyzes the influence of SGS models on the cavitation
shedding.frequency, cloud cavity shapes, and the
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pulsation characteristics of lift and drag coefficients
of the hydrofoil.

Fig. 11 shows the cavitation shedding frequency f
calculated by the three SGS models. The results
show that the shedding frequency calculated by the
WALE, WMLES, and SL models are 31.78, 29.19,
and 34.87 Hz, respectively, with an error of -2.37%,
-10.32%, and 7.13% from the experimental results
(f = 32.55 Hz). The error of the shedding frequency
calculated by the WALE model is the smallest.

WMLES SL

Pulsation amplitude of
cavity volume/m?

0 30 60 90 120 150

fHz
Fig. 11 Cavitation shedding frequency calculated by different
SGS models

Fig. 12 shows the cavitation evolution process
predicted by different SGS models within a certain
period. Similarly, the isosurface with « = 0.1 is used
to show the shape of cloud cavities at typical mo-
ments, and the results are compared with the experi-
mental results.

Cavity closure curve

2

Primary shedding
3 3

!‘“Earlobe" = E h ww

4 4 4

5 Horseshoe-shaped 5

cloud cavnx 5 <t
i _U_
‘S@co dary o 6
5
n o

6 shedding 0

(2) WALE

(b) WMLES (c) SL
Fig. 12 Comparison of cavitation evolution simulated by
different SGS models and experimental results

(d) Exp. resultstl

As Fig. 12 shows, compared with the experimen-
tal results, the three models can basically simulate
the typical characteristics of 'the evolution of un-

steady cloud cavitation, but the simulated cavity
shapes vary greatly, which can be shown in the fol-
lowing aspects.

1) The closed curve contour of sheet cavities. By
comparing the chord length direction range of sheet
cavities (Moment 9 in Fig. 12), the paper found that
the results calculated by the WALE model are in
good agreement with the experimental results.
When the maximum size of the sheet cavities is
reached, the chord length direction can be increased
by approximately 50%. In addition, the results cal-
culated by the WMLES and SL models are relative-
ly small, and the chord length direction only in-
creases by around 40%. However, the length in the
spanwise direction of sheet cavities is consistent
near the leading edges of the three models. Further-
more, as depicted in Fig. 13, the L./C values calcu-
lated by several SGS models in one period vary
with time. It can be seen that the L./C values calcu-
lated by the WMLES and SL models are consistent
but much lower than the experimental results [“.
However, the L ,/C value calculated by the WALE
model is in good agreement with the experimental
results.

0.6 - —— WALE --=-- WMLES SL
0.5 F _a_ Exp. value 5-8
L 04
= 03
~]
0.2
0.1

h

0 L i i 1 i J
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035
/s

Fig. 13 Comparison of L /C values calculated by different
SGS models

2) Secondary shedding. The experimental results
from Moments 3-7 in Fig. 12 show that the area
that is unstable due to re-entrant jets in the earlobe
position of the sheet cavities expands gradually.
However, the cavitation structures in the area calcu-
lated by the WMLES and SL models are much
sparser compared with the experimental results, es-
pecially by the SL model. However, rich small-
scale cavitation structures in this area are observed
based on the WALE model.

3) Horseshoe-shaped cloud cavities. From a top-
down perspective, the scale range of the horseshoe-
shaped cloud cavities obtained by the WALE and
WMLES models is in good agreement with the ex-
perimental results, while that calculated by the SL
model is significantly smaller than the experimental
results. For the development of horseshoe-shaped
cloud cavities in the middle of the span, the WM-
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LES model can simulate the phenomenon that the
horseshoe-shaped cloud cavities formed by primary
shedding in the preceding period are about to pass
the trailing edges on the hydrofoil surface at Mo-
ment 1, while the horseshoe-shaped cloud cavities
observed by the other two models collapse in advance.

Table 3 shows the time averaged lift coefficient
C, and drag coefficient C, of multiple periods cal-
culated by the three SGS models, which are com-
pared with the experimental lift coefficient 8! (C, =
0.51) and the calculated results based on the LES
method in Ref. [19]. For C, its value predicted by
the three models is too low, with the WALE model
yielding the lowest error from the experimental re-
sults, the WMLES model yielding the second low-
est error, and the SL model yielding the highest er-
ror. However, the results based on the WALE model
are closer to those presented in Ref. [19].

Table 3 Comparison of time averaged lift and drag
coefficients in different SGS models

Item WALE WMLES SL LES™
100Cp 2.084 2.582 2.564 -

Cr. 0.4458 0.4156 0.3660 0.4400

CL error/% -12.59 -18.51 —28.24 -13.73

Figs. 14 and 15 compare the time averaged pres-
sure coefficient C, calculated by different SGS
models with the experimental values 8 at YC =
0.12 m and YC = 0.15 m in the spanwise direction,
respectively. At YC = 0.12 m and YC = 0.15 m, the
distribution difference of —C, in the suction surface
calculated by different SGS models is reflected
mostly in the interval of 0.3 < x/C < 0.5. According
to the figures, the low-pressure region calculated by
the WALE model is longer than that by the WM-
LES and SL models, which indicates that the exten-
sion length of sheet cavities predicted by the WALE
model is longer, and this is consistent with the phe-
nomenon observed in the cavitation evolution pro-

cess. At the same time, the pressure coefficient pre-

i e = Delft
T . B + EPFL
B N v i S —— WALE
WMLES
0.5 SL
I
I 1] ——
—0.5
1.0}

0 0.2 0.4 0.6 0.8 1.0
x/C
Fig. 14 C, distribution around hydrofoil surface at YC = 0.12 m
in the spanwise direction

dicted by the WALE model varies in the interval of
0.3 < x/C < 0.4 and is in good agreement with the
experimental results.

- = Delft
1ol EPFL
. —— WALE
MLE
" WMLES
Sy
‘ (1B e ﬁmm;&
-0.5
—1.0F

0 02 04 06 08 )
x/IC
Fig. 15 Cp distribution around hydrofoil surface at YC =0.15 m
in the spanwise direction

4 Conclusions

Based on the LES method and the S-S cavitation
model, this paper investigates the cavitation evolu-
tion, cavitation shedding frequency, and the lift and
drag coefficients around a Delft Twist11N 3D twist-
ed hydrofoil by using three sets of grids with differ-
ent densities and three SGS models. The following
conclusions can be obtained.

1) On the premise of the maximum surface
boundary y* < 1, when the average non-dimensional
grid spacing in the streamwise direction meets the
condition of Ax+<94, the numerical simulation
with the specific grid density can not only capture
the unsteady cavitation evolution such as the shed-
ding of small-scale cavitation and the inception and
collapse of the horseshoe-shaped cloud cavities but
also obtain accurate cavitation shedding frequency,
time averaged lift and drag coefficients, and time-
averaged pressure distribution.

2) All three SGS models can reproduce the typi-
cal characteristics of the evolution process of un-
steady cloud cavitation. Compared with that by the
WMLES and SL models, the evolution of sheet and
cloud cavities captured by the WALE model are in
good agreement with experimental results, and the
predicted cavitation shedding frequency, time
averaged lift and drag coefficients, and pressure
coefficient are more accurate.

Therefore, the LES method based on the WALE
model is recommended for numerical simulation of
unsteady cloud cavitation.
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