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Abstract: This paper presents a detailed numerical study of cavitating flow over a NACA66 hydrofoil at a cavitation number of 0.99.
Validation against experimental data demonstrated accurate prediction of cavity dynamics, lift and drag forces, and shedding frequency.

The effects of surface roughness were analyzed, showing performance degradation with increased roughness, where a smooth surface
yielded the best hydrodynamic efficiency and stable cavitation behavior. The study underscores the potential of the surface texture as
a passive control method to mitigate cavitation-induced instabilities while preserving hydrofoil performance, providing valuable
insights for the design of efficient cavitating hydrofoils and propulsors.
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1. Introduction

Cavitation, a complex and multifaceted phenomenon
in fluid mechanics, has been a subject of extensive
research due to its significant implications in various
engineering applications, including hydraulic turbines,
pumps, and marine propellers. The associated
instabilities, arising from the nucleation, growth, and
violent collapse of vapor bubbles, are known to cause
structural erosion, acoustic emissions, and significant
losses in hydraulic efficiency. Understanding and
controlling these instabilities are crucial for optimizing
the performance and longevity of hydraulic machines.

Cavitation instabilities manifest in two primary
regimes: an unstable regime characterized by cloud
cavitation shedding and a stable regime with a
pulsating sheet cavity. The unstable regime is
particularly detrimental as it leads to violent bubble
collapses, causing erosion and noise. In contrast, the
stable regime, though less aggressive, still poses
challenges in maintaining consistent system
performance. The transition between these regimes is

influenced by various factors, including the geometry
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of the system, operating conditions, and surface
roughness [1,2].
studies that

instabilities are not isolated to specific components but

Recent have shown cavitation
can propagate through the system, affecting overall
performance. For instance, in hydro turbines, overload
surge and surge mode oscillations at part load have
been linked to the diffuser effect of the draft tube.
These instabilities are further exacerbated by the
interaction of the local flow near the cavity trailing
edge with the leading edge of the next blade, as
observed in turbopump inducers [1, 3, 4].

The study of cavitation instabilities requires a
combination of experimental and numerical approaches
to capture the complex dynamics of bubble formation
and collapse. Experimental techniques such as Laser
Doppler Velocimetry, visualizations, and pressure
measurements have been instrumental in understanding
cavitation behavior in various geometries, including
Venturi-type obstacles and hydrofoils [5,6,7].

Complementing experimental studies, numerical
methods, particularly Computational Fluid Dynamics
(CFD), have emerged as powerful tools for simulating

cavitation phenomena. CFD enables detailed analysis
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of flow fields, pressure distributions, and vapor
structures under various operating conditions. Both
two-dimensional and three-dimensional models have
been successfully applied to investigate cavitation
instabilities [8,9,10].

Controlling cavitation instabilities is essential to
mitigate their adverse effects on hydraulic systems.
Passive control methods, which modify surface
conditions, have shown strong potential in reducing
cavitation intensity [11,12,13]. Among these methods,
surface roughness plays a crucial role in determining
cavitation behavior. Roughness can alter the flow field
by enhancing turbulence and modifying the boundary
layer structure. These effects may either suppress or
intensify cavitation depending on the roughness
Studies that
structured roughness, such as longitudinal grooves, can

characteristics. have demonstrated
reduce sheet cavity length and suppress cloud
cavitation shedding. In contrast, random roughness

tends to promote more aggressive cavitation due to

increased turbulence and pressure fluctuations
[14,15,16].
Active control methods, involving real-time

adjustments of operating conditions such as pressure
and flow rate, can also stabilize cavitation regimes.
However, these approaches are often complex and
require advanced control systems. Passive strategies
based on surface modification remain attractive due to
their simplicity, although they must be carefully
designed to avoid performance degradation [17,18,19].

Cavitation instabilities remain a critical challenge in

hydraulic systems, requiring a comprehensive
understanding of their mechanisms. Through a
combination of experimental and numerical

approaches, this study investigates the effects of
surface roughness on cavitation dynamics, providing
valuable insights into the control of cavitation
instabilities. The findings offer important perspectives
for the design and optimization of efficient and durable
hydraulic systems.
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Nomenclature

o: Cavitation number (-)
C.: k- model constant
Cv: Lift coefficient (-)
Cp: Drag coefficient (—)
f: Shedding frequency (Hz)
Fvap, Feona:  Evaporation and condensation
coefficients

Gy, Gp: Turbulence production terms

k: Turbulent kinetic energy (m?/s?)

ks: Sand-grain roughness height (um)

Cs: Roughness constant (—)

L: Cavity length (m)

C: Chord length (m)

n: Bubble number density (m™)

P: Static pressure (Pa)

Prei: Reference outlet pressure (Pa)

Pyap: Vapor pressure (Pa)

Rg: Bubble radius (m)

Str: Strouhal number (—)

Vr: Reference inlet velocity (m/s)

Vm: Mass-averaged mixture velocity (m/s)

ox: Volume fraction of phase k (-)

€: Turbulent dissipation rate (m?/s®)

Um: Mixture dynamic viscosity (Pa-s)

i Turbulent viscosity (Pa-s)

Pm, P, Pv: Mixture, liquid, and vapor densities
(kg/m?)

2. Numerical model
2.1 Numerical method

Computational Fluid Dynamics (CFD) simulations
were performed using ANSY'S Fluent, under turbulent
flow conditions. The software employs a finite volume
method to discretize and solve the Navier-Stokes
equations, allowing for a detailed examination of the
flow characteristics. The simulation setup mirrors the
experimental configuration of Wang et al. (2020),
which features a NACA66 hydrofoil inclined at 8° with
a chord length of 0.07 m.
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At the inlet, a reference velocity V.. is prescribed,
while the outlet is defined by a pressure boundary
condition. The outlet pressure Py..r is calculated using
the cavitation number o, defined as:

o = P ref — P vap
R 6]
7:0 ref
where Py, is the vapor pressure of water. This
dimensionless parameter serves to evaluate the
propensity for cavitation, representing the ratio of the
static-to-dynamic pressure difference. It is a key
indicator in the analysis of cavitating flows and is
essential for the design and reliability of hydraulic
systems.
Accordingly, the outlet pressure is determined as:

1
Prof = 0.5 PVier + Poap ()

The boundary conditions and mesh structure of the
computational domain are illustrated in Figure 1.

Fig.1 Meshing of the xcoﬁtroi vblume and iioulidary
conditions

To ensure reproducibility, the thermophysical
properties of the working fluid and the operating
conditions used in the simulations are explicitly
summarized in Table 1. The working fluid is liquid
water at a reference temperature of 25°C, with
dissolved non-condensable air included as a third
phase. Incompressible and isothermal flow is assumed
throughout all simulations.

Table 1 Fluid properties and operating conditions

Values
pr = 998.2 kg/m?

u, = 1.003 x 1073Pa-s
py, = 0.5542 kg/m?
U, = 9.8 x 107%Pa-s

T=25°C

Properties

liquid water density
liquid dynamic viscosity

water vapor density
vapor dynamic viscosity

reference temperature

2.2. Mathematical formulation

The flow exhibits multiphasic behavior comprising
three distinct phases: liquid water, vapor, and air. In our
study, we have employed the mixture model to simulate
this complex interaction.

Continuity equation:

The continuity equation governing the mixture flow
is expressed as:

0 -
ot (pm) + V. (pme) =0 €)
Where I7m is the mass-averaged velocity:
- n
Vm — Zk—l kVk (4)
Pm
Here p,, denotes the mixture density:
n
Pm = Z A Pr (5)
k=1

a 1is the volume fraction of phase k.
Momentum equation:

The momentum equation for the mixture is derived
by summing the momentum equations for all individual
phases and is expressed as:

%(pme) + V. (pmeVm) =-Vp+

V. [tm(VVp + VD) + pd + F —
V. Xk=1 %PxVariVark)

(6)

Here n is the number of phases, Fisa body force,
and p, is the viscosity of the mixture :
n

Hm = Z AUk (7

k=1
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Turbulence model
A modified k-¢ RNG turbulence model is employed
in this study. The turbulent viscosity is expressed as:

k2
= f(p) Cn— ®)

Where
f=p, + 1 = )" (py — py) ©))
n is set to the value of 10, as recommended by
Coutier-Delgosha et al. in 2003.
The transport equations for the k- RNG model are

given by:
% () + 7= (ol ) = (e o) +
(10)
Gk+Gb—pe—YM+Sk
% (06) + - (e ) = o (achers o) +
(an

2
Grer (Gye + C36Gp) = Cocp - — Re + Se

In these equations:

- Gy, is the production of turbulence kinetic energy
due to the velocity gradients.

- Gp is the production of turbulence kinetic energy
due to buoyancy.

- Yy accounts for the effect of fluctuating dilatation
in compressible turbulence on the dissipation rate

- a, and a, are the inverse effective Prandtl
numbers for k and e, respectively.

- Sp and S, are user-defined source terms.

In our study, we implemented a User Defined
Function (UDF) in ANSYS Fluent to incorporate the
modified k-epsilon RNG turbulence model expression
into the simulation.

Cavitation model

The equation for the vapor volume fraction has the

general form:

a —.
T (apy) +V.(apyV) = R, + R¢ (12)

In ANSYS Fluent, two widely used cavitation
models are available: the Schnerr—Sauer model and the
Zwart—Gerber—Belamri (ZGB) model. In this study, we
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adopted the Schnerr—Sauer model, which is defined as

follows:
When P, > P,
2 (Py—P)
Re = Foop ®Pa(1— @) = 2B - (13)
When P, <P,
3 [2(Py-P)
R = Feona pvpla(l a)— 28y (14)

Rp\3 pi

et are the empirical calibration

F, cond
coefficients of evaporation and condensation with the

I vap

default value of 1 and 0.2, respectively.
Rjp is the bubble radius, it is deﬁned by:

a 3 1\3
R, = (15)
B (1—0:47171)

n is the number of bubbles per volume of liquid.

3. Numerical results

To assess the reliability of the numerical predictions,
a grid independence study was carried out using three
successively  refined mesh  levels:  coarse
(approximately 40,000 cells), medium (approximately
80,000 cells), and fine (approximately 160,000 cells).
The monitored quantities included the time-averaged
lift coefficient CL, the cavity length ratio L/C, and the
shedding frequency f. Differences between the medium
and fine meshes were below 1% for all quantities;
consequently, the medium mesh was retained for all
subsequent simulations as the best compromise
between accuracy and computational cost. Regarding
temporal resolution, a time-step sensitivity study
that

At-Vref/C = 5 x 1074 ensures time-step-independent

confirmed a dimensionless time step of
results, with relative differences in shedding frequency
below 0.5% compared to a two-fold finer time step.
Convergence was monitored at each time step, with
scaled residuals required to drop below 1075 for
continuity and momentum equations before advancing

to the next step.
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3.1. Evolution of cavitation dynamics

This study presents numerical simulations of flow
over a NACAG66 hydrofoil at a cavitation number of
0.99. The cavitating flow was modeled using the
Schnerr and Sauer approach, which effectively captures
the phase change dynamics involved.

The primary objective was to compare the
development of the cavitation sheet along the suction
side of the hydrofoil against the experimental results
published by Wang et al. [28]. Rather than forming a
stable cavitation sheet, the simulations revealed the
emergence of an unsteady cavitation cloud, exhibiting
noticeable variations in size, shape, and position over
time, hallmarks of transient cavitation behavior (see
Fig. 2).

These unsteady characteristics are in strong
agreement with experimental findings available in the
literature, lending further credibility to the numerical
framework employed in this investigation.

The observed cavity dynamics are largely attributed
to the action of a re-entrant jet, which flows upstream
along the foil's surface within the boundary layer. This
jet induces hydrodynamic instabilities, ultimately
triggering the periodic shedding of vapor structures,
forming discrete vapor clouds.

The results provide key
hydrodynamic and cavitation behavior of the NACA66
foil. A lift-to-drag ratio (Cp/Cp) of 5.838 indicates
efficient performance, with a high lift relative to drag.

insights into the

The lift force and drag force, used to calculate this ratio,
are obtained from the numerical data shown in Figure
3 and Figure 4, respectively. The cavity length ratio
(L/C) derived from simulations is 0.689, which closely
matches the experimental value of 0.700, confirming
the validity and accuracy of the numerical model in
capturing steady cavitation characteristics. The
shedding frequency (f) of 17.4 Hz is determined based
on the time evolution of the lift force, capturing the
unsteady behavior of the cavitating flow. (Fig 5) The

corresponding Strouhal number is Str = 0.107.

|~ -
e e =

(a) Numerical simulation with Schnerr and Sauer Model

(b) Experimental data of Wang et al. [28]

ik &3
s0 | 100 150

(c) Measurement of the maximal length of the
attached cavity

Re-entrant
jet

(d) Velocity vector field highlighting the
presence of a re-entrant jet

Fig.2 Temporal evolution of partial cavities, 6 =0.99, C =
0.07 m, the time instants shown correspond to one shedding
cycle of period T =1/f = 0.057 s.
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Fig 3 Time evolution of the lift force
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Fig 4 Time evolution of the drag force
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Fig 5 Power spectral density of the lift force signal; the
dominant peak at 17.4 Hz corresponds to the cavity shedding
frequency (Str = 0.107)
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3.2. Influence of surface roughness on cavitation

dynamics

In ANSYS Fluent, wall roughness is modeled by
specifying parameters such as the roughness height (ks)
and the roughness constant (Cs) at the wall boundary
conditions. These parameters account for the effects of
surface irregularities on turbulent flow and heat
transfer, especially within the near-wall region. Fluent
uses a sand-grain roughness model, where the
roughness height represents the size of the roughness
elements and modifies the logarithmic velocity profile
in the turbulent boundary layer.

Roughness Height (k): This is the primary input and
represents the equivalent sand-grain roughness height.
A value of zero corresponds to a hydraulically smooth
wall. In our simulations, the values reported in Table 2
directly correspond to the k; values specified in Fluent.
These were chosen to match the physical roughness
elements used in the experimental tests for consistency
and validation purposes.

Roughness Constant (Cs): This parameter relates to
the shape and distribution of the roughness elements. In
our case, we used the default Fluent value of C; = 0.5,
which is appropriate for uniform sand-grain-type

04695
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roughness. Values between 0.5 and 1 are typical for
engineering surfaces.

Fluent incorporates these parameters into the
modified wall-function formulation. The wall shear
stress and velocity profile are adjusted using the
roughness function.

While this method is an engineering approximation,
primarily developed for fully turbulent, attached
boundary layers, recent research has demonstrated its
relevance and effectiveness even in complex flow
conditions involving cavitation and flow separation.
For instance, Samadi-Boroujeni et al. [20] validated
roughness-based simulations of chute spillways against
measured cavitation indices, showing that the model
could reliably capture the effect of roughness on
cavitation inception. Similarly, Al Bishtawi et al.
[21,22] applied rough-wall models to centrifugal
pumps and reported that increased blade roughness
modified both the pressure field and -cavitation
behavior, including delayed inception and shifted
cavity location, with trends consistent with physical
expectations. These findings support the applicability
of wall-function-based roughness modeling to a
broader class of separated and cavitating flows.

In our simulations, roughness was applied uniformly
on the suction side of the airfoil surface, particularly in
the region susceptible to cavitation and boundary layer
separation, based on experimental observations. The
pressure side of the airfoil was kept hydraulically
smooth in all cases. This selective application allowed
us to isolate and investigate the effects of suction-side
roughness on flow behavior and cavitation control.

The table 2 presents the influence of surface
roughness on the hydrodynamic performance and
cavitation behavior, detailing the roughness levels
along with the corresponding lift-to-drag ratio (C;/Cp),
normalized cavity length (L/C), shedding frequency (f),
and Strouhal number (Str).

Figures 6, 7, and 8 show the evolution of maximum
cavity length (L;,q,/C), Strouhal number, and lift-to-
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drag ratio (C;/Cp), respectively, as functions of surface
roughness.

Table 2 Roughness effect on cavitation

Roughness  C;/Cp L/C f Str
0 5,838 0,689 17,400 0,107
100 5,790 0,614 16,2 0,089
200 5,590 0,582 16,700 0,087
400 5,440 0,571 16,800 0,086
1000 5,274 0,566 16,1 0,081
5.8
5.7
a 5.6
o
3
5.5
5.4
5.3
0 200 400 600 800 1000

Rugosity

Fig 6 Evolution of lift-to-drag ratio (C;,/Cp), as functions of
surface roughness
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Fig 7 Evolution of maximum cavity length (L,,,,/C), as
functions of surface roughness
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Fig 8 evolution of Strouhal number as functions of surface
roughness

The effect of surface roughness on hydrodynamic or
aerodynamic performance is evident through the
progressive changes observed in the lift-to-drag ratio
(C./Cp), the relative cavitation length (L/C), and the
Strouhal number (Str). For a smooth surface (roughness
= 0), the system operates at its peak efficiency, with a
C./Cp of5.838, indicating an optimal balance between
lift and drag. The cavitation length ratio (L/C) is also at
its highest, 0.689, meaning the low-pressure cavity
extends further along the chord. Simultaneously, the
Strouhal number is 0.107, which reflects a moderate
level of flow oscillations typically associated with
stable vortex shedding from the cavitating region.

As surface roughness increases to 100, the C;/Cp
drops slightly to 5.79, signaling a small loss in
aerodynamic performance due to added skin friction
and turbulent effects. The L/C also decreases to 0.614,
indicating a shorter cavity length, possibly because the
rough surface disrupts the pressure gradient necessary
to sustain a longer cavitation zone. The Strouhal
number drops significantly to 0.089, suggesting a
reduction in the frequency or amplitude of oscillations
in the cavitating flow. This trend continues with
increasing roughness. At roughness = 200, C,/Cp
falls to 5.59, and L/C drops to 0.582. The Strouhal
number also slightly decreases to 0.087, showing that
the flow becomes marginally more stable or less prone
to high-frequency fluctuations.

With even rougher surfaces, such as roughness =
400, the negative impact on performance becomes
more pronounced.C; /C, reduces further to 5.44, and
L/C continues its downward trend to 0.571. The
Strouhal number decreases only marginally to 0.086,
indicating a stabilization of the flow, though not
necessarily beneficial, as it comes with a performance
cost. Finally, at roughness = 1000, the surface is
significantly aerodynamic
efficiency is at its lowest, with C,/Cp, = 5.274,
representing a substantial decrease from the smooth

roughened, and the

case. The cavitation length ratio is also at its minimum,
0.566, and Str drops to 0.081, the lowest value in the
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dataset, indicating the least unsteady behavior of the
cavity.

In summary, increasing roughness consistently
degrades aerodynamic efficiency (C,/Cp) due to the
higher skin friction and premature flow transition or
separation induced by surface irregularities. The
shortening of the cavitation zone (lower L/C) suggests
that roughness limits the development or sustainment
of low-pressure regions, which could either delay
cavitation inception or suppress its extent. Meanwhile,
the decreasing Strouhal number reflects a reduction in
the unsteadiness of the cavitating flow, possibly due to
a more diffuse and less energetic vortex shedding
process. While this might seem beneficial for flow
stability, it is accompanied by a clear loss in
performance. Thus, for applications where high lift,
low drag, and controlled cavitation are essential,
maintaining a smooth surface is critical. Even moderate
levels of surface roughness result in measurable and

consistent performance deterioration.
4.Conclusion

This study presented a comprehensive numerical
investigation of cavitating flow over a NACA66
hydrofoil using the Schnerr and Sauer cavitation model
at a cavitation number of 0.99. The simulation results
were validated against experimental data from Wang et
al. [28], showing strong agreement in terms of cavity
dynamics and cavity length. The model successfully
of
particularly the formation of unsteady vapor structures

reproduced key features cloud cavitation,
induced by a re-entrant jet mechanism.

In addition to model validation, the influence of
on cavitation behavior and

surface roughness

hydrodynamic performance was systematically
analyzed. The results demonstrated a clear degradation
of performance with increasing roughness. While low
to moderate roughness levels (e.g., 100200 pm) led to
a slight reduction in cavity length and unsteadiness,
higher roughness values consistently resulted in lower

lift-to-drag ratios and shorter cavities. Moreover,
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reduced Strouhal numbers indicated a damping of
periodic shedding activity.

The smooth surface configuration (roughness = 0)
was identified as the optimal case, providing the
highest hydrodynamic efficiency with CL/CD=5.838, a
cavity length ratio of L/C=0.689, and a Strouhal
number of Str=0.107. These results reflect a balance
between aerodynamic performance and controlled
cavitation dynamics.

Overall, the findings highlight the significant role of
surface roughness as a passive control parameter

influencing cavitation behavior. Proper surface

finishing can contribute to mitigating cavitation-
induced instabilities while preserving hydrodynamic
efficiency. These results provide valuable insights for
the design and optimization of hydrofoils and
propulsors operating under cavitating conditions,
emphasizing the importance of surface treatment in

achieving stable and efficient performance.
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