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The objective of this paper is to improve the understanding of the influence of multiphase flow on the turbulent closure model,
the interplay between vorticity fields and cavity dynamics around a pitching hydrofoil. The effects of pitching rate on the sub-
cavitating and cavitating response of the pitching hydrofoil are also investigated. In particular, we focus on the interactions
between cavity inception, growth, and shedding and the vortex flow structures, and their impacts on the hydrofoil performance.
The calculations are 2-D and performed by solving the incompressible, multiphase Unsteady Reynolds Averaged Navier
Stokes (URANS) equations via the commercial CFD code CFX. The k-@ SST (Shear Stress Transport) turbulence model is
used along with the transport equation-based cavitation models. The density correction function is considered to reduce the
eddy viscosity according to the computed local fluid mixture density. The calculation results are validated with experiments
conducted by Ducoin et al. (see Computational and experimental investigation of flow over a transient pitching hydrofoil, Eur
J Mech/B Fluids, 2009, 28: 728-743 and An experimental analysis of fluid structure interaction of a flexible hydrofoil in vari-
ous flow regimes including cavitating flow, Eur J Mech B/fluids, 2012, 36: 63-74). Results are shown for a NACA66 hydro-
foil subject to slow (quasi static, & =6°s, & =0.18) and fast (dynamic, ¢ =63°s, ¢ =1.89) pitching motions from
a=0° to a=15°. Both subcavitaing (0 =8.0) and cavitating (c=3.0) flows are considered. For subcavitating flow (o =8.0), low
frequency fluctuations have been observed when the leading edge vortex shedding occurs during stall, and delay of stall is ob-
served with increasing pitching velocity. For cavitating flow (0=3.0), small leading edge cavities are observed with the slow
pitching case, which significantly modified the vortex dynamics at high angles of attack, leading to high frequency fluctuations
of the hydrodynamic coefficients and different stall behaviors compared to the subcavitating flow at the same pitching rate. On
the other hand, for the fast pitching case at 0=3.0, large-scale sheet/cloud cavitation is observed, the cavity behavior is un-
steady and has a strong impact on the hydrodynamic response, which leads to high amplitude fluctuations of the hydrodynamic
coefficients, as well as significant changes in the stall and post-stall behavior. The numerical results also show that the local
density modification helps to reduce turbulent eddy viscosity in the cavitating region, which significantly modifies the cavity
lengths and shedding frequencies, particularly for the fast pitching case. In general, compared with the experimental visualiza-
tions, the numerical results with local density correction have been found to agree well with experimental measurements and
observations for both slow and fast transient pitching cases.
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1 Introduction

The transient pitching hydrofoil problem is related to gen-
eral performance of turbomachineries, rudders, hydrofoils,
and general control surfaces, where a sudden change in the
flow field is introduced by a rapid change in the effective
angle of attack. In particular, when cavitation develops on
the hydrofoils, unsteady shedding and breakdown occur
violently, which leads to highly unsteady fluid forces on the
hydrofoil, and hence may lead to strong transient hydrody-
namic instabilities [1-3]. In such cases, it is important to
understand the dynamic interactions and consequences of
high amplitude load fluctuations with active/passive pitch-
ing/oscillating motion in both subcavitating and cavitating
flows. The motivation is to improve the understanding of
loads variations in unsteady conditions, such as off design
condition, which can help the general design of marine
structures to avoid structure failures, or to exploit the fluid
structure interaction to improve performance and harvest
energy [4].

Early studies of unsteady aerodynamics have been moti-
vated mostly by the effects to avoid or reduce such unde-
sirable effects as flutter, vibrations, and dynamic stall. A
substantial number of experimental and numerical investi-
gations on the flow structures and dynamic stall of the
pitching and plunging airfoil have been conducted.
McCroskey [5], Carr [6], Carr and McCroskey [7] and
Ohmi [8] et al., experimentally examined the starting flow
past a two-dimensional oscillating airfoil, and found that the
reduced frequency was the dominant parameter of the flow.
The experimental flow visualizations by Oshima and Nats-
ume [9], Freymuth [10] and Koochesfahani [11] illustrate
the formation and development of large vortical structures
created by pitching and plunging airfoil. Lorber and Carta
[12] performed experiments to study the aerodynamics of
dynamic stall penetration at constant pitching rate and high
Reynolds number. They demonstrated the influence of
leading edge vorticity on the unsteady aerodynamic re-
sponse during the stall regime. The vortex was strengthened
by increasing the pitching rate and was weakened by in-
creasing the Mach number. Lee and Gerontakos [13] con-
ducted an experimental analysis of characteristics of the
boundary layer and stall developing on an oscillating
NACA 0012 airfoil at Re=135000. They found that for the
static airfoil, the static-stalling mechanism was attributed to
the bursting of a leading-edge laminar separation bubble,
but for deep-stall oscillations, the leading-edge dynamic
stall was found to originate with the sudden turbulent
breakdown at a short distance downstream of the leading
edge.

In addition to the dynamic response of pitching/plunging
airfoil, the transient response of heaving/pitching hydrofoil
has also been investigated. Triantafyllou et al. [14] con-
ducted a series of tests to measure the forces and map the
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flow around a harmonically oscillating foil at zero average
angle of attack, and special attention was paid to the para-
metric combination that results in the optimal formation of
vortical patterns. Jumper et al. [15] performed wall pressure
measurements on a rigid hydrofoil with different pitching
velocities ¢ and upstream velocities V,. The results
showed that the unsteady nature of the hydrodynamic load-
ing was related to the non-dimensional similarity parameter
a*=qac/V,, where c is the chord length. They reported

that the relatively slow pitch rates had dramatic effects on
both the delay of stall and the magnitude of the maximum
lift coefficient. In addition, the dynamic stall was delayed
with the increasing pitching velocity. Ducoin et al. [16] also
conducted the joint computational and experimental inves-
tigation of flow over a transient NACAG66 hydrofoil at
Re=135000 for different pitching rates. They found that
increasing the pitching velocity tended to delay the laminar-
to-turbulence transition and even to suppress it for highest
pitching velocity during the pitching up motion. During the
pitching down motion, strong hysteresis was observed in
hydrodynamic loading at the highest pitching rate.

It is well known that unsteady cavitation is an undesira-
ble phenomenon because it usually implies negative design
effects such as hydrodynamic losses, noise, vibration and
efficiency reduction [17, 18], particularly when operating in
spatially or temporally varying flow. Hence, it is necessary
to understand the influence of unsteady cavitation on oscil-
lating hydrofoil/blades. Recent work has explored the ef-
fects of unsteady cavitation on a stationary hydrofoil
through experiment [19-23]. In the last few decades, the
numerical simulation methods were developed to investi-
gate the cavitating flow [24-32]. Cavitating flows are gen-
erally relatively high Reynolds number flows and hence the
turbulence modeling plays an important role in the capture
of prediction of the onset, growth, break-up and scale shed-
ding of unsteady cavitating. In recent years, significant ef-
forts have been made in the development of turbulence
model for transient cavitating flows [26, 28, 33, 34].

There exist very limited experimental studies of cavitat-
ing flows around oscillating hydrofoils. Shen and Peterson
[35, 36] conducted experimental studies to investigate the
effect of pitching motion on the cavitation inception, growth,
and collapse. They demonstrated that the development of
the boundary layer of hydrofoil and cavitation inception was
delayed with increasing oscillation frequency, the formation
of cloud cavitation is suppressed at small reduced frequen-
cies but intensified at higher reduced frequencies. Franc and
Michel [37] investigated cavitating flow around an oscillat-
ing hydrofoil, experimentally. They found that in both
steady and unsteady flow conditions, a cavity detached be-
hind the laminar separation of the boundary and that transi-
tion to turbulence swept away an attached cavity. In addi-
tion, the primary effects of oscillation were convection and
delay. Hart et al. [38] also conducted experimental studies
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of unsteady cavitating flow around a 3D oscillating hydro-
foil. They reported increasing hysteresis between cavitation
inception and desinence with increasing the reduced fre-
quency, and the effect was attributed to the changes in the
hydrodynamic angle of attack of the leading edge moving
relative to the freestream flow. Kato et al. [39] investigated
the changes in dynamic loads and flow structure of a pitch-
ing hydrofoil with different pitching frequencies. They
showed that the response was significantly different in the
unlocked, quasi-locked, and locked-in range, where locked-
in corresponds to the case when the cavity breakdown fre-
quency is synchronized with the pitching frequency. Com-
pared to experimental studies of cavitating flows around
oscillating hydrofoils, even fewer numerical studies could
be found in the open literature. Uchiyama [40] solved the
isothermal mixture flow equations by approximating the
fluid interfacial forces to simulate the bubbly flow around a
pitching hydrofoil, but no experimental validations were
presented.

Until now, there exist very limited numerical studies of
cavitating flow around a pitching hydrofoil, which is a
challenging problem because of uncertainty of the validity
of turbulence models for transient flows, and needs to ac-
commodate the transient body motion in turbulent, multi-
phase flows. The numerical simulations can help to com-
plement experimental studies to provide a more comprehen-
sive understanding of the complex physics involving a hy-
drofoil oscillating/ pitching in cavitating flow.

In this paper, the numerical models are firstly presented.
The transport equation-based cavitation model and the k-@
SST (Shear Stress Transport) turbulence model are summa-
rized, followed by description of a density correction model
to take into account the local effects of compressibility in
the cavitation. The foil geometry, fluid mesh, and boundary
conditions are presented, followed by a brief summary of
the experimental setup [41] used for validation of the com-
putations. The results are then analyzed for a NACA 66
hydrofoil at two pitching rates (named the slow pitching

velocity & =6°/s, @ =0.18 and the fast pitching velocity
a=63/s, & =1.89) from a=0° to a=15°. To study the
influence of turbulence models and their interaction with the
unsteady cavity behavior, results are compared with and
without the turbulent viscosity modifications. The variation
of the predicted dynamic coefficients and flow structures for
cavitating flows are compared with subcavitating flow for
both slow pitching and fast pitching velocities, respectively.

2 Numerical models

2.1 Conservation of mass and momentum

The multiphase URANS equations, in their conservative
form, for a Newtonian fluid without body forces and heat
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transfers, are presented below along with the mass transport
equation in the Cartesian coordinates:
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where, p,, is the mixture density, p is the liquid density, p,
is the vapor density, ¢, is the vapor fraction, ¢ is the liquid
fraction, u is the velocity, p is the pressure, u, is the mix-
ture laminar viscosity, 44 and 4, are respectively the liquid
and vapor dynamic viscosities, and g is the turbulent vis-
cosity. The subscripts (i, j, k) denote the directions of the
Cartesian coordinates. The source term ', and the sink

term m , in eq. (3) represent the condensation and evapo-
ration rates, respectively.

2.2 Merkle cavitation model

The cavitation model used in the present study is a popular
phenomenological transport-based model proposed by
Merkle et al. [42]. It was derived primarily based on dimen-
sional arguments for large bubble clusters, and not for a
single bubble. Both evaporation and condensation terms are
assumed to be proportional to the difference between the
local pressure and the vapor pressure. The mass fraction
form of the evaporation and condensation terms can be
written as

. CmidestplleIN<p —pV,O)(l—aV)
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In this work, the empirical factors are set to be Cy,_gest =1
and Cy_pr0e=80, the mean flow time scale is defined as
tw=c/Us [27], validation of Merkle model for the unsteady
cavitating flows around a stationary and a pitching
NACAG66 hydrofoil have been presented in refs. [41, 43].

2.3 Turbulence model with local compressibility cor-
rection

In this work, the k- SST turbulence model [44] is applied.
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The k-@ SST model switches to a k-& behavior in the free-
stream and therefore avoids the common k- problem that
the model is too sensitive to the inlet free-stream turbulence
properties. To account for the large density jump caused by
cavitation, Coutier-Delgosha et al. [26] proposed to reduce
the mixture turbulent viscosity based on the local vapor
volume fraction ay, hence, i 04 in the following equation
is used to replace x4 in eq. (2):

pt+l-a)(p-p,)
p+A=a,)p —p,)

S = s Hr_moa = Mo f (). (8)

The value of n depends on the desired physical resolution,
Huang et al. [45] demonstrated that the choice of n values
significantly affected the dynamic behavior of the unsteady
cavitation around a stationary hydrofoil. The variation of
the mixture density multiplied by f(n) given in eq. (8) with
the vapor volume fraction is shown in Figure 1 for n=1 (no
modification) and n=3.

3 Experimental setup and description

Numerical predictions are compared with experimental
measurements of a pitching NACA66 hydrofoil conducted
at the cavitation tunnel at the Research Institute of French
Naval Academy [16, 41]. The test section is 0.192 m” and 1

m long. The velocity ranges from 3 m s™ to 15 m s, and
1.0

0.8

06

f(n)

0.4

0.2
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0.0 0.2

0.4 06
Water vapor fraction

Figure 1 Variation of the mixture density correction with vapor volume
fraction for n=1 and 3 used in eq. (8).
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the pressure in the test section ranges from 30 mbar to 3
bars. The tunnel inflow turbulence intensity, defined as
V. ms!Vo at the inlet of the test section, is about 2%. The
chord length is ¢=0.15 m and the span length is s=0.191 m,
and the angle of attack is defined as a. The transient pitch-
ing motion is defined as a single upward-downward motion
from initial incidence of a=0° to the maximum incidence of
Omax=15°, then back to a=0°. The rotation axis is located at
the midchord, i.e. x/c=0.5 from the foil leading edge. The
mean angular velocity is defined as « =2er, /t,, where #

is the final time of the transient pitching motion. In this pa-
per, the slow angular velocity of 6°/s and fast angular veloc-
ity of 63°s are both considered in subcavitating (o =8.0)
and cavitating (o =3.0) flows. The nondimensional angular
velocity based on the chord length ¢ and the upstream ve-

locity Vo, is defined as ¢ =axc/V, . The variation of &

with time for V=5 m s~ at the slow and fast pitching rates
is given in Figures 2(a) and (b), respectively. The upward
phase of the pitching cycle will be denoted with «*and the
downward phase will be denoted with o .

4 Numerical setup and description

The 2D fluid domain is shown in Figure 3(a), which corre-
sponds to the height of the experimental test section at the
French Naval Academy. The computational domain has an
extent of about 5¢ upstream and 10c downstream of the foil
to simulate near-infinite boundary conditions at the inlet and
outlet. The 2D fluid mesh (shown in Figure 3(b)) is com-
posed of 120000 elements with 50 structured elements
across the foil boundary layer, which is selected to ensure
vy '=yu./ vy =1, where y is the thickness of the first cell from
the foil surface, and u, is the wall frictional velocity. The
regions outside the boundary layer have been discretized
with unstructured triangular elements. Mesh refinements are
performed at the foil leading edge, trailing edge, and in the
wake region. A no-slip boundary condition is imposed on
the hydrofoil surface, and symmetry conditions are imposed
on the top and bottom boundaries of the tunnel. The outlet
pressure is set to vary according to the cavitation number,
defined as o=(pe—py)/(0.5p sz), where po, is the tunnel
pressure. The hydrofoil motion is taken into account using a

14{(a) 1410)
12 12
10 10
Z 8 — 8
=1 6 % B
4 4
2 2
0 T T T T T T 0 T T T T T
0 1 2 3 4 5 0 0.1 0.2 0.3 0.4
Time (s) Time (s)

Figure 2 Variation of the measured geometric angle of attack a, with time for two pitching rates: (a) slow pitching & =6°/s, ¢" =0.18 ; (b) fast pitching:

a=63/s, &' =1.89.
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Figure 3 2D fluid mesh and boundary conditions.

changing boundary condition at the wall, the mesh is al-
lowed to deform with the hydrofoil at each time step [16].
The time derivatives are calculated using a second-order
backward Euler algorithm, and the spatial derivatives are
calculated using a second-order upwind algorithm. The time
step is chosen as Ar=1x10"* for the computation, which
gives an averaged CFL number of CFL= VA#t/Ax=1.

5 Results

5.1 Unsteady cavitating flow around a slowly pitching
hydrofoil

Figure 4 shows the evolution of the lift ( CI=L/
(1/2pUZsc)) coefficients with the geometric angle of at-
tack for the slow pitching case (& =6°/s, &¢" =0.18) in
both subcavitating (0=8.0) and cavitating (o=3.0) condi-
tions. The influence of the local mixture density correction
on the turbulent eddy viscosity modification (eq. (8)) is in-

vestigated by applying n=1 and n=3. Also shown in Figure
4(a) are the measured lift coefficients for the same foil at

25¢ (@) —=8.0 (Num)
0=3.0 (Num, n=1)
20l —0=3.0 (Num, n=3)

& o=8.0 (exp)
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static, subcavitating (o =8.0) conditions, which compare
well with the numerical predictions at the beginning of the
upward rotation process. Figure 5 shows the evolution of
vorticity contours at the five representative times (from ¢ to
ts) for the slow pitching case in subcavitating flow.

For subcavitating flow with o=8.0, the hydrofoil re-
sponse at the different phases of the flow cycle is explained
below: from &'=0° to &'=4°, the lift coefficient increases
almost linearly because the flow is quasi-steady and laminar,
and then the change in slope or lift coefficient curve is ob-
served in this phase of a"=4° to a"'=6° coefficient which is
due to the laminar to turbulent transition (laminar-to-turbu-
lent transition occurs on the foil surface which affects the
pressure distribution and changes the lift coefficient. More
detail discussion of the laminar to turbulent transition can
be found in ref. [16]. Between o"=6° and &'=13°, a clock-
wise (“-") trailing edge vortex (TEV) develops on the suc-
tion side of the foil surface (as shown in Figure 5(b), which
corresponds to the time when the clockwise TEV is fully
attached and stable), and grows (expands toward the leading
edge) as « increases in the upward rotation process, which
is responsible for the reduction in the slope of the lift coef-
ficient curve. Small amplitude, high frequency fluctuations
are observed in the lift, drag, and moment coefficients be-
tween &'=11°-13° due to the fluctuations of the “~ clock-
wise TEV. Large amplitude, low frequency fluctuations of
the hydrodynamic coefficients are observed because of
leading edge (LE) stall at &"=13° to ¢=12.5°. The detail
developments of the LE vortex (LEV) are characterized by
four phases, as shown in Figure 4(b) and 5: #, (formation of
LEV on the suction side), 3 (maximum extent of LEV while
fully attached on the foil suction side), #, (partial shedding
of LEV due to interaction with the “+” TEV) and ¢5 (com-
plete shedding of the vortex). It should be noted that the
drop in load coefficients for subcavitating case in Figure 4
is due to the complete shedding of vortex at #5. From o =
12.5° to a"=0°, the light hysteresis effect could be ob-
served due to a delay in reattachment, which is evident via
the slight differences between the slopes at the correspond-
ing angles in the upward and downward phases. Notice that

25¢

(b)

Figure 4 Comparisons of the predicted lift (Cl) for subcavitating (0=8.0) and cavitating (0=3.0) flows with n=1 and 3 for Re=750000, V=5 m s,

a=6°/s, & =0.18. Also shown in (a) are the measured static lift coefficients at the fixed angle of attack. (a) Lift coefficient; (b) lift coefficient, zoomed

(a'=15°to o =12°).
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Vapor at 25°C vorticity Z (s

Figure 5 The predicted vorticity contours in the case of subcavitating for Re=750000, V=5 ms™, & =6/s, ¢ =0.18. (a) t;: @'=10; (b) t,: @ =14°; (c)

. a=13.75°;(d) t4: @« =13.5°% (e) ts: @« =13.25°.

the flow transitions back to laminar at & = 5°and the slopes
of the hydrodynamic coefficients from o =5° to 0° are al-
most the same as from "=0° to 5°.

In order to better understand the influence of multiphase
flow on the turbulent closure model, the interplay between
vorticity fields and cavity dynamics around a pitching hy-
drofoil is studied. Compared with the lift coefficients ob-
tained with n=1 and n=3 at 0=3.0 for the slow pitching case,
the hydrofoil response at the different phases of the flow
cycle in cavitating flow is explained below.

(i) a'=0° to a'=4°. The flow is subcavitation for both
0=3.0 and 0=8.0. Hence, the hydrodynamics responses in
subcavitation and cavitation conditions, predicted with n=1
and n=3 are quite the same at the beginning of the upward
rotation process.

(ii) a'=4° to a'=13°. Cavitation inception is observed at
the leading edge as shown in Figures 6(a) and 7(a), which is
responsible for the slight reduction in the slope of lift coef-
ficient compared with the subcavitation. Small amplitude
fluctuations could be observed due to the unsteady cavity
fluctuations, especially for n=3.

(iii) @'=13° to &'=10°. Due to cavitation at the leading
edge, at high angles of incidence, the hydrodynamic coeffi-
cients of cavitating flow experience much lower amplitude
than for sub cavitating case, especially for n=1, which sug-
gest that the flow vortex mechanism is changed due to cav-
ity. It should be noted that fluctuation in load coefficients in
cavitating case is due to stall, which is very different for the
large amplitude of hydrodynamic coefficients due to the
complete shedding of vortex in subcavitating flow.

(iv) @ =10° to & =0°. Similar to the subcavitating case,
the light hysteresis effect could be observed in the qua-
si-steady portion of the downward pitching phase.

Figures 6 and 7 show the predicted vapor fraction, turbu-
lent kinetic energy and vorticity obtained with n=1 and n=3
for the slow pitching case in cavitating flow. It shows glob-
ally that the cavitation is relatively low and stays around the

leading edge. The slope change and high frequency fluctua-
tions observed on the hydrodynamic response between
&'=8° and o'=12° in the cavitating cases, are due to the
formation of a thin leading edge cavity on the suction side,
which can be observed at the first rows of the pictures in
Figures 6 and 7. For n=1 the lift coefficient is flat because
the leading edge cavity is relatively stable, while it is seen
to fluctuate for n=3 because the cavity structures become
more unstable, inducing small partial shedding of vapor,
which is due to the reduction in turbulent eddy viscosity
when the density modification is applied. At higher angles
of attack, the vorticity patterns appear to be significantly
changed compared to subcavitating flow. For both n=1 and
n=3 of cavitating cases, there is no significant leading edge
vortex formed directly due to the presence of vapor at the
leading edge which does not motivate a LEV generation.
For n=1, the “=” clockwise TEV seems much more stable,
as shown between the third and fourth rows of the pictures
in Figure 6 and then fluctuates without detachment. For n=3,
as the turbulent kinetic energy is seen to decrease together
with higher vapor regions at the leading edge, this extends
the vorticity at the leading edge, as shown at the second row
of the pictures in Figure 7, and then eventually merges with
“~” clockwise TEV . It is globally observed that the vorti-
city level is much higher than for n=1. The “~” clockwise
vortex then covers the entire suction side of the hydrofoil
and interacts with another unstable “+” counterclockwise
TEV. As shown between the fourth and fifth rows of the
pictures in Figure 7, the two vortices interact with each oth-
er and shed to create more significant fluctuations than n=1,
which could be observed in hydrodynamic response (Figure
4). For cavitating flows, it should be noted that the vapor
region at the leading edge can significantly change the flow
structures and vorticity dynamic. From the above analysis, it
can be concluded that the cavitation and the eddy viscosity
modification change the vortex flow structures, which is
shown to significantly modify the hydrofoil performance.
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Figure 6 The predicted vapor fraction (a), turbulent kinetic energy (b), and vorticity (c) contours for a=3.0, Re=750000, Vo= 5 m s™', g =6° /s,

a"=0.18, n=l.

Figure 8 shows the predicted pressure coefficients and
evolution of the center of pressure at various angles of at-
tack o for subcavitating (0=8.0) and cavitating (o =3.0)
flows. The differences of vortex behavior between the sub-
cavitating and cavitating can be related to the differences in
adverse pressure gradient distributions at the leading edge.
For subcavitating flow, the pressure gradient is so strong
that it detaches the boundary layer at the leading edge to
form an unstable vortex that shed. Whereas, for cavitating
flow, the presence of vapor at the leading edge is seen to
decrease the adverse pressure gradient, as shown by the
constant pressure regions at #; in Figure 8, and hence it sta-
bilizes the vorticity when the angle of attack increases.

For subcavitating flow, the low-pressure zone of the suc-
tion side is released by the growth of LEV, which signifi-
cantly enhances the lift during pitching motion at #;. With
the vortex development, the center of pressure moves to-
ward the midchord. It is observed that the pressure distribu-
tion at the trailing edge then fluctuates, which is due to the

interaction and shedding of the vortex structures between 7,
and 75, where the centre of pressure gradually moves toward
the leading edge. For cavitating flows with n=1, the pres-
sure coefficient seems much more stable, with small fluctu-
ations at the trailing edge. With a turbulent viscosity modi-
fication (n=3), the pressure distribution is relatively unstable
as compared to that for n=1 along with the interaction of the
two contra-rotative vortices on the suction side.

Figure 9 shows the comparisons of the predicted vapor
fraction contours predicted with the turbulent viscosity
modification (n=3) with the observed cavitation patterns of
ref. [41], although the experimental photographs show cor-
respondence to a flexible hydrofoil, the deformations are
small enough such that its impact could be negligible. Both
the experimental visualizations and numerical results show
that the slow pitching velocity is characterized by small
cavities, as shown in Figure 9(a). The cavity length increas-
es up to 0.2¢ at "=13° and has a relatively stable behavior.
Small shedding of vapor structure is observed and tends to
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Figure 7 The predicted vapor fraction (a), turbulent kinetic energy (b), and vorticity (c) contours for 0=3.0, Re=750000, V=5 m s, oa=6° /s,

a" =0.18, n=3.

develop when the cavity length increases. For ¢"'=14°, the
cavitation induced by vortex shedding is observed.

5.2 Unsteady cavitating flow around a fast pitching
hydrofoil

Figure 10 shows the evolution of the lift coefficients with
the geometric angle of attack for the fast pitching case
(a@=63°/s, &" =1.89) in both subcavitating (c=8.0) and
cavitating (0=3.0) conditions. The influence of the local
mixture density correction on the turbulent eddy viscosity
modification (eq. (12)) is also investigated by applying n=1
and n=3. Figure 11 shows the evolution of kinetic energy
and vorticity contours at the five representative times (from
1, to t5) for subcavitating flow with the fast pitching case in
subcavitating flow.

For subcavitating flow with ¢=8.0, the hydrofoil response
at the different phases of the flow cycle is explained below:
from a'=0° to a'=13°, the lift coefficients increase ap-
proximately linearly with the angle of attack. It should be
noted that the change in slope observed near &'=5° in the

measured static lift coefficient is due to laminar to turbulent
transition, which was captured using the same CFD model
when the foil was pitched at the pitching rate of 6°s in sub-
cavitating conditions, as shown in Figure 4. At the pitching
rate of 63%s, the laminar to turbulent transition was sup-
pressed and hence the sudden change in slope was not ob-
served in the numerical predictions shown in Figure 10(a).
LEV forms and develops between o'=13° and o =14.5°
gradually on the suction side of the foil section, as shown in
Figures 11(a) and (b), which is responsible for the increase
on the slope of the lift and drag coefficient curves. From
a =14.5° to & =10°, the amplitudes of the lift, drag, and
moment coefficients all undergo a sudden drop when LEV
completely sheds. The details of the LE vortex (LEV) shed-
ding for fast pitching are characterized by the four phases,
as shown in Figures 10(b) and 11: #, (maximum extent of
LEV while fully attached on the foil suction side), 73 and #4
(partial shedding of LEV due to the interaction with the “+”
TEV) to 5 (complete shedding of LEV). It has to be noted
that only one shedding of vortex was observed due to the
fast pitching motion, which is very different from the slow
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Figure 8 Comparisons of the predicted pressure coefficients and evolution of the centers of pressure at various geometric angles of attack o for subcavi-
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pitching case.

From a = 10° to ¢ =0°. Strong hysteresis is observed
in response to the hydrodynamic loading, which is due to a
delay in reattachment of the flow.

Compared with the lift coefficients predicted with n=1
and n=3, for the fast pitching case at 0=3.0, the hydrofoil
response at the different phases of the flow cycle could be
explained below:

(i) From &= 0° to «'=8°. The flow is subcavitating for
both n=1 and n=3. Hence, the predicted hydrodynamic co-
efficients are the same as the subcavitating case, no differ-
ence could be observed.

(ii) From a'= 8° to «'=14.5°. Cavitation inception is

observed at the leading edge, and the extent of the sheet
cavity increases with a. The lift and drag coefficients in the
cavitating simulation with o=3.0 are higher than those from
the subcavitating simulation with o =8.0. For o =3.0, small
amplitude, high frequency fluctuations could be observed
due to cavity fluctuations, particularly near the cavity trail-
ing edge, as can be seen evidently in the second and third
rows of Figures 12 and 13. Higher frequency fluctuations
are observed for n=3 because the cavity structure becomes
more unstable due to the turbulent viscosity modifications.
(iii) From &*=14.5° to a "=13°. the amplitude of the lift,
drag, and moment coefficients all undergo a sudden drop
when the sheet cavity completely sheds and transforms to a
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Figure 9 Comparisons of the predicted vapor fraction contours and flow streamlines (second rows of (a)—(f)) with experimental observations (first rows of
(@)-(M)for =3.0, Re=750000, Vo=5ms™", ¢ =6°/s, " =0.18, n=3.(a) a'=10° (b) &'=13° (c) '=14°; (d) a'=15°; (e) @ =14°; (f) @ =12.5%

301 (a) —a=8.0 (Num) 3.0 (b)
4 a=3.0 (Num, n=1)
250 J1 o ----0=3.0 (Num, n=3) 25 o, 70
A'lin A 0=8.0 (Exp) v
5 154
10f
05t
00 1 1 1 J
12 13 14 15 14 13 12 11 10
o’ o

Figure 10 Comparison of the predicted lift (CI) coefficients for subcavitating (o =8.0) and cavitating (o =3.0) flows with n=1 and 3 for Re=750000, V=5
ms™, ¢ =63° /s, &" =1.89. Also shown in (a) are the measured static lift coefficients at the fixed angle of attack..(a) Lift coefficient; (b) lift coefficient,
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cloud cavity downstream, as shown between the third and
fourth rows of the pictures in Figures 12 and 13. It should
be noted that the drop in the load coefficients for the sub-
cavitating case is due to stall, which is very different, from
the drop due to complete shedding of the sheet cavity, and
occurs later.

(iv) From o =13° to  "=0°. Strong hysteresis could al-

so be observed in cavitating hydrodynamic load coefficients.

In the cavitating case with =3.0, the load coefficients are
not only affected by the delay in reattachment of the flow,
but also by the rebound and subsequent collapse of the sec-
ondary sheet/cloud cavitation, especially for n=3.

Figures 12 and 13 present the predicted vapor fraction,
turbulent kinetic energy and vorticity obtained with n=1 and
n=3 for the fast pitching hydrofoil. It is observed that the
fast pitching velocity is characterized by sheet/cloud cavita-
tion. Due to the sheet cavitation at the leading edge, the
slope change and relatively high frequency fluctuations are
observed on the hydrodynamic response between o= 8°
and &'=14.5° for the cavitating results, which can be ob-
served at the first row of the pictures in Figures 12 and 13,
the hydrodynamic response is seen to fluctuate more signif-
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icantly for n=3 because the cavity is more unstable than for
n=1. For n=1, as shown in Figure 12, the over prediction of
turbulent viscosity without the density correction reduces
the interaction between the vorticity and the cavitation, the
flow is characterized by a leading edge vortex that develops
through the suction side between the first and second rows
of the pictures in Figure 12, interacts with a trailing edge
vortex between the third and fourth rows and shed in the
wake at the fifth row. The over-predicted turbulent viscosity
near the wall reduces the vorticity magnitude, and the vor-
tex generates clouds at the trailing edge of the hydrofoil,
then the clouds convect in the wake between the third and
forth rows of the pictures in Figure 12. For n=3, the level of
turbulent kinetic energy in the cavity seems much lower,
resulting in a high vorticity near the wall and much higher
level of vapor in the unsteady sheet cavity that grows up to
the trailing edge between the first and second rows of the
pictures in Figure 13. Moreover, a re-entrant jet is observed
that allows the cavity to shed between the third and forth
rows, a large cloud is generated in the trailing edge vortex.
During the downward motion, after the shedding of the
primary sheet cavity, small-scale cavity structures were

— Y

t,: a=14.95°
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Figure 12 The predicted vapor fraction (a), turbulent kinetic energy (b), and vorticity (c) contours for 6=3.0, Re=750000, Vo= 5 m s™', & =63°/s,

a" =1.89, n=lI.
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Figure 13 The predicted vapor fraction (a), turbulent kinetic energy (b), and vorticity (c) contours for 0=3.0, Re=750000, Vo= 5 m s, & =63°/s,

a"=1.89, n=3.

predicted. The effect of turbulent viscosity modification is
responsible for the different time-history of the load coeffi-
cients between o=8.0 and 0=3.0 with n=1 and »n=3, as
shown in Figure 10. From the above analysis, it can be con-
cluded that for subcavitating flow, the separation of the
leading edge vortex over the suction side is accompanied by
a sudden loss of lift and a decrease in moment coefficient,
but for cavitating flow, the predicted cavity has an unstable
behavior, especially for n=3, the detachment and collapse of
cavity play a primary role in the sudden decline of the lift.
Figure 14 shows the predicted pressure coefficient and
evolution of the center of pressure at various angles of at-
tack « for subcavitating (0=8.0) and cavitating (o =3.0)
flows. For subcavitating flow, the adverse pressure gradi-
ents at the leading edge are relatively high and LEV forms
and develops along the suction of the hydrofoil. The devel-
opment of LEV globally decreases the pressure, which en-
hances the lift coefficient and the center of pressure moves
towards the midchord. From #; to s, the pressure distribu-
tions fluctuate at the trailing edge with the interaction be-

tween the leading edge and the trailing edge vortex, and the
center of pressure moves toward the leading edge accompa-
nied by the vortex shedding.

For cavitating flows with n=1, the pressure distribution in
the leading edge sheet cavity is flat and smooth due to the
influence of vortex structures at the leading edge at ¢,. From
1, to t5, the development and shedding of vortex structure
significantly influence the distribution of the pressure,
which is close to the subcavitating case. For n=3, the evolu-
tion of pressure distributions is largely dependent on the
unstable cavity behavior, including the development, de-
tachment and collapse of the sheet/cloud cavity. This results
in significant fluctuations of the center of pressure and high
variation of lift coefficients, as shown in Figure 10.

Figure 15 shows the comparisons of the predicted vapor
fraction contours with turbulent viscosity modification (n=3)
with the observed cavitation patterns of ref. [41] for the fast
pitching case. Both the numerical and experimental results
show that a relatively long sheet cavity which develops
from the leading edge up to 0.6¢ is observed at a=14°.
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Figure 14 Comparisons of the predicted pressure coefficients and evolution of the centers of pressure at various geometric angles of attack for subcavitat-
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Then, the sheet cavity breaks down into a large vapor-filled
structure and generates a large pounding sound, Figure 16
highlights the significance of the re-entrant jet to show the
representative unsteady behaviors between a'=14.5° and
a'=14.7°, the re-entrant jet interacts with the cavity as it
moves upstream. As the re-entrant flow reaches the vicinity
of cavity leading edge, the sheet cavity is lifted away from
the hydrofoil surface and sheds downstream in the form of a
cloud cavity. The numerical results are the same as the
analysis of the mechanics of typical cloud sheddings [45,
46]. This vapor filled structure is convected in the wake
leading edge vortex pattern at ¢ =14°. During the return
step to & "=0°, such as « =11.5°, the attached cavities ap-

pear at the leading edge again and disappear quickly to-
gether with the decrease of angle of incidence. Overall, the
numerical results perform better compared with the experi-
mental visualizations.

6 Conclusions

The predictive capabilities is investigated for the prediction
of cavitation flow around a pitching NACA66 hydrofoil at
two frequencies (named the slow pitching velocity o = 6°/s
" =0.18 and the fast pitching velocity « = 63°/s

a" =1.89) at Re=750000 for subcavitaing (c=8.0) and
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Water vapor at 25°C volume fraction

Figure 15 Comparisons of the predicted vapor fraction contours and flow streamlines (second rows of (a)-(f)) with experimental observations (first rows
of (a)—(f)) for =3.0, Re=750000, Vo=5ms", ¢ =63° /s, a" =1.89, n=3.(a) a'=12° (b) a'=14°; (c) &'=14.5° (d) a'=15°; (e) @ "=14° (f) ¢ "=11.5°.

cavitating (o =3.0) conditions. In addition to the application
of different levels of density correction to the turbulent vis-
cosity and the possible effects of compressibility on the
cavitation dynamics, the effects on pitching rates on the
subcavitating and cavitation dynamics are also considered
to investigate the interaction between cavitation and turbu-
lent flows. Comparisons on the hydrodynamic coefficient
flow structures predicted for both subcavitating and cavitat-
ing are shown. The general conclusions of the paper are
drawn below.

1) For subcavitating flow (0=8.0), the hydrodynamic
coefficients are affected by the laminar to turbulent transi-
tion at low angles of attack in the case of a slow pitching

Vonex shedding
7 P V.
F ;&'_\r( £ X Jﬁ\a

(a) a*=14.5°

() a*=14.7°

Figure 16 The predicted development of re-entrant jet and detached
cavity for 0=3.0, Re=750000, Vo=5ms™, a=63"/s, ¢" =1.89, n=3.

velocity whereas the high pitching velocity suppresses this
effect. At high angles of attack, high fluctuations of the hy-
drodynamics coefficients with low frequency are observed.
This is due to the formation and development of leading
edge vortex. For the fast pitching velocity, the hydrofoil
response strongly significantly leads to high lift values at
stall together with a strong hysteresis effect during the
downward motion.

2) Cavitation behavior is observed (o =3.0). For the slow
pitching velocity, small leading edge cavities are observed,
and then leading edge vortex shedding occurs with residual
cavitation. The presence of cavity at the leading edge re-
duces the adverse pressure gradient, which modifies signif-
icantly the vortex shedding dynamic, and reduces the hy-
drodynamic coefficients fluctuations. There is significant
influence of transient pitching motion on the cavitation dy-
namics. For the fast pitching velocity, a relatively long sheet
cavity develops from the leading edge to the midchord of
the foil. The cavity has unsteady behavior, which induces a
strong impact on the hydrodynamic coefficients. The re-
bound and subsequent collapse of the sheet/cloud cavity
followed by cloud cavitation leads to the significant change
of the hydrodynamic magnitudes.

3) For the simulations of cavitating flows, the density
modification helps to reduce the turbulent viscosity in the
cavitating region, which decreases the turbulent kinetic en-
ergy in the cavity, as well as around the cavity closure, es-
pecially for the fast pitching hydrofoil. The decrease of tur-
bulent kinetic energy leads to an increase of vorticity near
the wall that decreases the pressure in the vortex, which
leads to increasing cavitation. The level of vorticity is
closely related to the vapor fraction contour and the distri-
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bution of turbulent kinetic energy. Overall, the Merkle cav-
itation model with a turbulent viscosity modification shows
a good agreement with the experimental visualizations.

This paper helps to improve the understanding of the
cavitation behavior occurring during a forced slow and fast
pitching motion. The impact of the density correction term
and its influence on the cavitation dynamics, vorticity field,
and the dynamic coefficients have been highlighted. The
paper shows the benefits of this modifications for RANS
methods, but also the strong dependence on the vorticity
and the generation of vapor, which can lead to unrealistic
cavitating behavior, in particular when interacting with vor-
tex dynamics at high angles of attack. The 2D RANS model
in the present study is used as a basis of comparison and as
a step towards a future 3D implantation. In addition to large
eddy simulation (LES) and direct numerical simulation
(DNS), hybrid approaches such as filter-based RANS model
[47] and partial averaged Navier-Stokes mthod [48, 49]
would be used to better illuminate the physical mechanics
of the flow structures around the pitching hydrofoil. Addi-
tional research is needed to better understand the influence
of the local compressibility and baroclinic torque on the
cavitation and wake dynamics, as well as turbulent vorticity
fields, particularly for cases with elastic body motions. Such
research is important because accurate prediction of the
cavity and load fluctuations is critical when analyzing the
hydroelastic stability, fatigue, noise, vibration, and erosion
characteristics of hydraulic machineries.
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