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Abstract
The low pressure regions on hydrofoils causes cavitation which results in a change of fluid dynamics characteristics. To
understand the effect of cavitation on hydrofoil performance, a numerical study has been performed in this work using Zwart–
Gerber–Belamri cavitation model and Realizable κ −ε turbulence model. Computations were performed for two-dimensional
unsymmetrical MHKF-180 and NACA4418 hydrofoils. The performance of the hydrofoils at different angles of attack and
cavitation numbers was studied based on the lift coefficient, drag coefficient, pressure coefficient and cavity length. The results
of MHKF-180 were compared with that of NACA4418. From the comparison, it was found that under cavitating conditions
the lift coefficient ofMHKF-180 at different angles of attack is higher than NACA4418. Also, the cavity length onMHKF-180
is found to be smaller than that of NACA4418.
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List of symbols
c Chord length of hydrofoil, m
Re Reynold’s number based on chord length
A Area of hydrofoil, m2

Cl Lift coefficient
Cd Drag coefficient
Cp Pressure coefficient
l/d Lift to drag ratio
ui Reynold’s averaged velocity, m/s
U∞ Freestream velocity, m/s
p Local static pressure, Pa
pv Vapor pressure of liquid, Pa
p∞ freestream pressure, Pa
Re, Rc Evaporation and condensation rate, kg/(m3 s)
α Angle of attack, ◦
σ Cavitation number
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μ Molecular viscosity, Pa s
μl Viscosity of water, Pa s
μv Viscosity of water-vapor, Pa s
μt Turbulent viscosity, Pa s
μeff Effective viscosity, Pa s
κ Turbulent kinetic energy, m2/s2

ε Rate of dissipation of turbulent kinetic energy,m2/s3

αv Vapor volume fraction
ρl Liquid density, kg/m3

ρv Vapor density, kg/m3

ρm Mixture density, kg/m3

1 Introduction

Cavitation, which is defined as a phenomenon of the forma-
tion of vapor bubbles in a liquid flow, has been a subject of
intensive research because of its complex multiphase flow
dynamics and the destruction it can do to the adjacent solid
surfaces (Brennen 2014). Cavitation occurs in flow regions
where the hydrodynamic effect reduces the local pressure
below the saturation vapor pressure of the liquid, causing
the formation of vapor bubbles. When these vapor bubbles
enter the region of higher pressure, they collapse violently
producing enough force to damage the solid body. Cavitation
can be commonly seen around the propellers, hydrofoils, and
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impellers in marine applications. In marine applications, the
shape of the propellers is designed in away that it can provide
enough lift to keep the ship’s hull on the water surface. The
required lift can be achieved if the fluid on the top surface of
the propeller flows at a higher velocity than its bottom sur-
face, which in turn, reduces the pressure on the top surface
(Štigler and Svozil 2009). However, the reduced pressure on
the top surface makes it prone to cavitation.

In past, several theories were proposed to analyse the
effects of cavitation on hydrofoils, some focusing on the
analytical techniques, while others on the experimental
observations and numerical simulations. Wu (1954) formu-
lated the theory of finite span using lifting line theory to
calculate the lift and drag force on the hydrofoil moving
with constant velocity inside the incompressible and nonvis-
cous liquid at a fixed depth. Fabula (1962) calculated the lift
and drag force on the cavitating hydrofoil in steady incom-
pressible flow as a function of cavitation number by applying
the thin-airfoil theory and by conducting the experiment. He
found good agreement between experimental and theoreti-
cal values. Woods (1964) extended the thin-airfoil theory to
study the unsteady behaviour of cavitating and supercavitat-
ing flow on the two-dimensional hydrofoil and symmetrical
wedge. Furuya (1975) also analysed the supercavitating
hydrofoil, operating in the free surface to determine the grav-
ity effect using three-dimensional non-linear free streamline
theory and found that the shape of the cavity does not depend
much on the gravity.

While some aspects of cavitation were successfully cap-
tured by the thin-airfoil theory, there was a need to further
improve the understanding of cavitating flows, specifically in
turbulent flows. For this purpose, Kermeen (1956) performed
an experiment in high speed water tunnel on 3-DNACA4412
hydrofoil and modified circular arc, flat plate hydrofoil
named Walchner profile 7. Lift force, pitching moment and
drag force were calculated for both non-cavitating and cav-
itating flow. Lohrberg et al. (2002) performed numerical
simulation on the cascade of two-dimensional hydrofoils
with a semi-circular nose using the RNG κ − ε turbulence
model. They found cloud cavitation on the topmost hydro-
foil of the cascade while on the remaining two hydrofoils
the sheet cavitation was observed. Through their simulation
results, they had been able to determine the two dominant
frequencies and their dependence on the cavitation number.
These results were then complemented by the experiment
that they conducted in a water tunnel. Billet and Holl (1981)
conducted experiments on hydrofoil families consisting of
NACA0015 and a cambered (asymmetrical about chord line)
NACA0010. Through these experiments, they demonstrated
the existence of other types of cavitation, like bubble ring cav-
itation, traveling cavitation, tip-vortex cavitation and sheet
cavitation. Kubota et al. (1992) studied two-dimensional
NACA0015 for experimental and numerical simulation at

8◦ and 20◦ angles of attack to develop Bubble Two-Phase
Flow (BTF) model to understand the interaction between
cavitation bubbles and viscous effects including large scale
vortices. Kinnas and Fine (1993) analysed partial cavitation
on 2D and 3DNACA16006 hydrofoils using BTFmodel and
non-linear boundary element method (BEM) for two differ-
ent cases. In the first case, length of cavitywas determined for
the known cavitation number while for the second case cav-
itation number was computed for the known cavity length.
Comparing both models, they found that the BTF model has
better convergence than the velocity-based BEM method.

In the above studies clearly, a large amount of experimen-
tal and numerical work have been reported related to flow
around the NACA hydrofoils. The key quality observed in
NACA44 series is its large leading radius providing advan-
tage of good cavitation resistance (Phillips et al. 2012).While
its sharp trailing edge leads to certain disadvantageswhen put
in application like low structural efficiency, susceptibility to
singing due to flexural vibration of the trailing edge. These
vibrations are caused due to formation of vortices. These
vortices are formed at a dominant frequency depending on
water velocity and recirculation in the flow region. When
the frequency of these vortex shedding matches the flexural
resonance frequency of the hydrofoil the highly oscillat-
ing vibration occurs, named as singing (Blake et al. 1976).
To minimize these problems recently, researchers at Sandia
National Laboratories developed Marine and Hydrokinetic
(MHKF) hydrofoils by providing finite thickness to the trail-
ing edge of different hydrofoils of the NACA44 series. They
assessed the performance of MHKF at a different angles of
attack for non-cavitating flow using XFOIL and unsteady
RANS solver named as OVERFLOW and found that hydro-
dynamic performance of MHKF hydrofoil is higher than
NACA4418 for marine applications (Shiu et al. 2012). How-
ever, about MHKF, other relevant questions have not been
reported yet, like how the performance of MHKF-180 is
different from NACA4418 under cavitating conditions for
various cavitation numbers and at a different angles of attack.

With this motivation, we present the computational anal-
ysis on MHKF-180 hydrofoil using the single fluid URANS
method based on the equilibrium homogeneous mixture of
two-phase flow in commercial software ANSYS Fluent. For
cavitating flows, the Realizable κ − ε turbulence model
been used along with the Zwart–Gerber–Belamri cavitation
model. To establish our test procedure and to understand the
physics of the cavitation process, initial simulation is con-
ducted on NACA4412 hydrofoil at different angles of attack
and at various cavitation numbers and results for this are
validated with the results of experimental work (Kermeen
1956).

This paper is arranged in six sections. In Sect. 2, the com-
plete description of hydrofoil terminology is given. In Sect. 3,
we present the mathematical formulation defining govern-
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ing equations, turbulence model equations and cavitation
model equations. In Sect. 4, we discussed the computational
domain, grid generation and boundary conditions. In Sect. 5,
we validated our model and evaluated the performance of
MHKF-180 hydrofoil and compared it with NACA4418.
Section 6 finally concludes the paper with new findings and
brief summary.

2 MHKF-180 and NACA4418 hydrofoil
profiles

Figure 1 shows the 2-D profiles of NACA4412, NACA4418
and MHKF-180 hydrofoils. Here, NACA4412 hydrofoil is
described as having maximum camber of 4% located at 40%
of chord from the leading edge with the maximum thickness
of 12%of the chord. Similarly,NACA4418 has themaximum
camber of 4% located at 40% (0.4 chords) from the leading
edge with the maximum thickness of 18% of the chord. Both
the NACA4412 andNACA4418 have the sharp trailing edge.

MHKF-180 (Marine Hydrokinetic Foil) is the modi-
fied NACA4418 hydrofoil having maximum camber of 4%
located at 40% of the chord length and having maximum
thickness of 18% of the chord with finite thickness of 1.88
mm at the trailing edge as shown in Fig. 1.

3 Mathematical formulation

3.1 Governing equations

The most common model used to solve the cavitating flow is
the homogeneous mixture model. In this model, the pressure,
temperature, and velocity between the phases are consid-
ered to be equal. The justification is given by assuming that
the mass and momentum transfer is fast enough to reach
equilibrium (Hanimann et al. 2016). The governing equa-
tions for this mixture model involve solving the unsteady
Reynold’s Navier–Stokes (URANS) equations using the tur-
bulence model. The URANS equations for two-phase flow
(Saha 2014), are expressed as below:

∂ρm

∂t
+ ∂

(
u jρm

)

∂x j
= 0, (1)

∂(ρmui )

∂t
+ ∂

(
ρmuiu j

)

∂x j
= − ∂ p

∂xi

+
∂
[
μeff

(
∂ui
∂x j

+ ∂u j
∂xi

− 2
3

∂ui
∂xi

)]

∂x j
, (2)

where ρm is the fluid mixture density,ui is the Reynold’s
averaged velocity, p is the local static pressure, μeff is the

effective viscosity and it is expressed asμeff = μ+μt , where
μ is the molecular viscosity and μt is the turbulent viscosity
which ismodelled using different turbulencemodel. For κ−ε

turbulence model μt is expressed as:

μt = ρmCμ

κ2

ε
(3)

where κ is the turbulent kinetic energy, ε is the rate of dis-
sipation of kinetic energy and Cμ is the model parameter
for which required details are given later in Sect. 3.2. In the
above equation, ρm is calculated using different cavitation
models and it is related to the vapor volume fraction αv, to
vapor density ρv, and to liquid density ρl as:

ρm = αvρv + (1 − αv) ρl (4)

3.2 Turbulencemodel

There are various models available which are used to solve
the turbulent viscosity (μt) like standard κ − ε model, RNG
κ − ε model, Realizable κ − ε model, standard κ −ω model,
SST κ −ω model etc. However, in cavitating flows, the Real-
izable κ − ε model found to be more effective than other
models (Shih et al. 1995). The modelled transport equations
for turbulent kinetic energy (κ) and its rate of dissipation (ε)
for Realizable κ − ε model are (Shih et al. 1995):

∂(ρmκ)

∂t
+ ∂

(
ρmκu j

)

∂x j
=

∂
[(

μ + μt
σκ

)
∂κ
∂x j

]

∂x j
+Gκ − ρmε − YM (5)

∂ (ρmε)

∂t
+ ∂

(
ρmεu j

)

∂x j
=

∂
[(

μ + μt
σε

)
∂ε
∂x j

]

∂x j

−ρmC2
ε2

κ + √
νε

(6)

where Gκ is the turbulent kinetic energy due to the mean
velocity gradients, YM is the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissipa-
tion rate, C2 = 1.9, σκ = 1.0 and σε = 1.2 are the model
constants. Realizable κ − ε model does not assumes Cμ as
constant as it is accepted in other κ−ε models rather, it varies
according to the flow field to satisfy the physics of turbulent
flows (Reynolds 1987).

3.3 Cavitationmodel

InEq. (4), the vapor volume fraction (αv) on the hydrofoil can
be determined using various cavitationmodels. Thesemodels
are Singhal et al., Schnerr–Sauer model and Zwart–Gerber–
Belamri cavitation model. Based on internal assessment we
found that for such type of applications both Schnerr-Sauer

123



246 Journal of Ocean Engineering and Marine Energy (2021) 7:243–259

Fig. 1 NACA4412, NACA4418
and MHKF-180 profiles (Shiu
et al. 2012)

model and Zwart–Gerber–Belamri model are giving close
results but people in the literature have preferred Zwart–
Gerber–Belamri model (Saha 2014; Niedźwiedzka 2017).
Hence, Zwart–Gerber–Belamri cavitation model is used to
determine the vapor volume fraction. The transport equation
for this model is given as (Niedźwiedzka 2017):

∂ (αvρv)

∂t
+ ∂

(
u jρvαv

)

∂x j
= Re − Rc (7)

where Re and Rc are the source terms related to evaporation
and condensation of vapor bubbles, respectively. For Zwart–
Gerber–Belamri model source term are given as:

Re = Fvap
3αnuc (1 − αv) ρv

Rb

√
2

3

(p − psat)

ρl
(8)

Rc = −Fcond
3αvρv

Rb

√
2

3

(psat − p)

ρl
(9)

where Rb is the radius of bubble, psat is the saturation
pressure of the liquid, Fvap and Fcond are the evaporation
and condensation coefficients having values 50 and 0.001,
respectively. For Zwart–Gerber–Belamri the bubble radius
(Rb = 10−6 m) and αnuc = 5×10−4.

3.4 Variables of interest

There are various non-dimensional parameters that define
the hydrodynamic performance of hydrofoil, like cavitation
number (σ ), pressure coefficient (Cp), lift coefficient (Cl)

and drag coefficient (Cd). The cavitation number (σ ) is a non-
dimensional number that determines the cavity formation on
the hydrofoil. It is expressed as the ratio of the difference

between local absolute pressure and fluid vapor pressure to
the dynamic pressure (Brennen 2014).

σ = p − pv
1
2ρU

2∞
; (10)

where,U∞ is the free-stream velocity (m/s), ρ is the density
of water (kg/m3), p∞ is the pressure at freestream condition
(Pa), p is the local static pressure (Pa), and pv is the vapor
pressure of the liquid (Pa).

The pressure coefficient (Cp) is defined as the ratio of the
pressure difference on the hydrofoil to the dynamic pressure
which is given by

Cp = p − p∞
1
2ρU

2∞
· (11)

The negative and the positive values of (Cp) indicates the
suction surface and pressure surface respectively, while the
maximum value of (Cp) is obtained as unity at the lead-
ing edge (Abbott and Von Doenhoff 2012). The difference
in pressure on the suction and the pressure side results in
the net upward force which is known as lift force. In non-
dimensional form the lift force is represented by the lift
coefficient given as (Cl). Similarly, there is resistive force
developed in the opposite direction of fluid flow known as
drag force, which is quantified using non-dimensional num-
ber (Cd) which is given by:

Cl = Lift
1
2ρAU

2∞
; (12)

Cd = Drag
1
2ρAU

2∞
; (13)
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Fig. 2 a Computational domain dimensions and b meshing around NACA4412, α = 8◦

where A is the area of the hydrofoil (m2).

4 Grid generation and boundary conditions

4.1 Computational domain and grid generation

Two-dimensional cambered NACA4412, NACA4418 and
MHKF-180 hydrofoils having 0.1 m chord length (c) are
simulated using rectangular computational fluid domain. The
inlet is C type inlet which provides the advantage of reduced
computational cost as compared to rectangular type inlet
(Berntsen et al. 2001; Ghadimi et al. 2018; Mokhtar and
Zheng 2006; Huang et al. 2010; Karim and Ahmmed 2012)
as shown in Fig. 2. The size of domain is taken as 25.5c in
x-direction and 15c in y-direction. The dimension are cho-
sen such that negligible effect of wall boundary conditions
reflect on the flow near the hydrofoil (Procedures 2014). The
inlet is having 7.5c radius located at 13.5c in the upstream
and outlet is at 12c in downstream from the leading edge of
hydrofoil.

The quadrilateral mesh elements are generated in the fluid
domain as shown in Fig. 2. Quadrilateral elements are higher
order elements that are always preferred for two-dimensional
geometries for better results (ITTC and Procedures 2011). To
capture the flow behaviour on the hydrofoil boundaries, the
mesh around the hydrofoil is progressively refined within a
circular region andmore fine grids are used at the edges of the
hydrofoil in the form of inflation layers as shown in Fig. 3.
The inflation layer meshing is provided to accurately capture
the boundary layer regions on the hydrofoil.

Since numerical results depend on the grids,we performed
grid independence test using five different grid numbers:
50,000, 60,000, 70,000, 96,000 and 115,000. The results
based on the grid independence test is discussed later in
results and discussion Sect. 5.

Fig. 3 Inflation layers around the hydrofoil, α = 8◦

4.2 Boundary conditions

A uniform x-component velocity of 7 m/s is specified at
the inlet while the outlet pressure is specified based on the
required cavitation numbers. The Reynold’s number (Re)
based on the inlet velocity and chord length is taken as
0.7×106. The hydrofoil edges and upper and lower walls of
computational domain are set as no slip conditions. All these
boundary conditions are shown in Fig. 2 and the reference
values used are mentioned in Table 1.

The Realizable κ −ε turbulence model along with Zwart–
Gerber–Belamri cavitation model are used in the simulation.
For pressure and velocity coupling, the Coupled scheme is
used. This scheme provides robust solutions by solving the
pressure andmomentumbased continuity equations together.
For pressure,we usedPRESTO (Pressure StaggeringOption)
which requires no assumption for the pressure gradients and
interpolation errors on the boundary as it solves the stagger-
ing pressure at the face of the control volume (ANSYS2013).
For volume fraction, momentum, turbulent dissipation rate
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Table 1 Reference values

U∞ = 7 m/s c = 0.1 m

ρl = 998.2 kg/m3 pv = 3540 Pa

ρv = 0.5542 kg/m3 Re = 0.7×106

μl = 1×10−3 Pa s μv = 1.34×10−5 Pa s

and turbulent kinetic energy QUICK (Quadratic Upstream
Interpolation for Convective Kinetics) scheme is used which
is higher-order differencing scheme.

5 Results and discussion

5.1 Grid independence test

To check the grid independency on the simulation results,
we used different grid numbers on three hydrofoils i.e.
NACA4412, NACA4418 and MHKF-180. In Fig. 4, we
present the cases that we have simulated in this work. Case A
has 50,000 grids, Case B has 60,000 grids, Case C has 70,000
grids, Case D has 96,000 grids and Case E has 115,000 grids.
For determining the difference between Cl values of all the
grids, percentage error is calculated with respect to the finest
grid (E) as shown in the Table 2. The minimum percentage
error for all three hydrofoils is found for grid D and val-
ues for the same are 0.067% for NACA4412, 0.356% for
NACA4418 and 0.058% for MHKF-180. Similarly, in Fig. 5
cavity length convergence is presented with the help of pres-
sure coefficient curve and cavity length on suction side of
NACA4418 at 4◦ and σ = 1 for different number of grids.
From Fig. 5a, we can clearly see that the pressure coeffi-
cient curve of 96,000 and 115,000 are almost overlapping
each other. In Fig. 5b the cavity length value of 96,000 and
115,000 grid is equal. Based on this comparison Grid D is
chosen for all other simulations. For the simulation we have
also tested the result’s dependency on the time step size for
which three time step sizes are used i.e. 10−2 s, 10−3 s and
10−4 s. From the comparison (the results not shown here), we
found that the time step 10−3 is sufficiently small to capture
the flow physics. Hence, 10−3 has been selected as a time
step for all the simulations. All the results presented are at
an instant of 5 s while time-averaging is performed after 2 s
i.e. when the flow has stabilised.

5.2 Validation of computational setup

Toensure the quality of the results generated by the numerical
solution it is necessary to perform model validation. For this
purpose, we compare our results with the experimental work
by Kermeen (1956). Kermeen performed his experiment on

NACA4412 hydrofoil at Re = 0.7×106 for different angles
of attack and at different cavitation numbers. Following Ker-
meen we simulated NACA4412 with varying α = 0◦–16◦.
The results are shown in Fig. 6

In Fig. 6, the lift coefficient results are compared at σ =
1 with changing angles of attack. Initially, with the increase
in angle of attack, the pressure difference on the hydrofoil
increases that results in increase of lift coefficient values.
After attaining maximum value, the lift coefficient starts
decreasing due to flow separation and formation of vortices
on the hydrofoil. Figure 7 shows the comparison of vapor
cavity formed on the NACA4412 hydrofoil at α = 8◦ for
two different σ . The comparison is made with the Kermeen
experimental work (Kermeen 1956). Clearly, from the above
comparison, it can be concluded that our numerical results
are reliable enough. Next we will evaluate the hydrodynamic
performance of MHKF-180 and NACA4418 hydrofoils.

5.3 Hydrodynamic performance of MHKF-180
hydrofoil with respect to NACA4418 at different
cavitation numbers

In Fig. 8, we present the time averaged lift coefficient of
MHKF-180 and NACA4418 at α = 12◦ for cavitation num-
bers ranging from0.6 to 3.5.Here, we see that there is gradual
increase in the lift coefficient value with the increasing cavi-
tation number. Further, at larger values of cavitation, we get
an almost constant value of Cl. At lower cavitation num-
ber, vapor cavity forms and as a results there is decrease in
pressure difference on the hydrofoil, leading to reduction in
lift coefficient values. However, on further increase in σ the
length of the vapor cavity decreases and so the Cl increases.
After certain value of σ , the cavity disappears. At this point
we get the maximum Cl which remains almost constant.
From Fig. 8, we can see that for MHKF-180 constant Cl

is obtained at σ >1.9 and for NACA4418 at σ >2.3.
On comparingCl of MHKF-180 and NACA4418 we have

observed that MHKF-180 gives higher Cl as compared to
NACA4418 at lower σ whereas, NACA4418 gives higher Cl

than MHKF-180 at higher σ when cavitation stops. Clearly,
we can say thatMHKF-180 performs better under cavitation.

In Fig. 9, we present the time-averaged drag coefficient
for MHKF-180 and NACA4418 at α = 12◦ for cavitation
number ranging from 0.6 to 3.5. Here, we see that initially
with the increase in cavitation number the Cd increases until
it attains the maximum value . Further, on increasing the σ

results in decreasing drag coefficient. The drag force on 2D
hydrofoil is the sum of the pressure drag and skin friction
drag. The pressure drag is mainly due to the shape and size
of the hydrofoil, more the thickness of the hydrofoil more
is the pressure drag while, skin friction drag is due to the
viscous drag (Anderson 2010). At lower cavitation number
there is larger cavity length and therefore, lower skin friction
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Fig. 4 Time averaged lift coefficient for a NACA4412, b NACA4418 and c MHKF-180 at different grid numbers

Fig. 5 Cp and cavity length on the suction surface of NACA4418 at α = 4◦ along different grid numbers

drag. But, as the cavitation number increases the skin friction
drag also increases and at σ = 1.1, the drag force become
maximum. After this value again with increase in cavitation
number the drag coefficient decreases and at σ = 2.3, the Cd

of both the hydrofoils become constant. By comparing the
drag coefficient ofMHKF-180 andNACA4418, we observed
that for all value of σ the Cd of MHKF-180 is higher due to
more pressure drag as a result of finite trailing edge thickness.

The other parameter for analysing the hydrodynamic per-
formance of hydrofoil is lift to drag (l/d) ratiowhich is shown
in Fig. 10. We can see that the l/d increases with increase in
σ until it attains the maximum value at σ = 2.3 and beyond
this the l/d value becomes constant. Though the two hydro-
foils show different l/d with respect to σ , the l/d ratio can
be seen to be close to each other for σ in the range 0.6–1.5.
Since, Cl, Cd, l/d depends on angle of attack also, so in next
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Table 2 Time averaged lift coefficients at different grid numbers

S. no. No. of grids Time-averaged lift coefficients, Cl Percentage error relative to 115,000 grids (%)

NACA4412 NACA4418 MHKF-180 NACA4412 NACA4418 MHKF-180

A 50,000 0.6562 0.5149 0.6875 12.167 12.738 9.269

B 60,000 0.6875 0.5402 0.7084 7.978 8.448 6.502

C 70,000 0.7248 0.5789 0.7419 2.985 1.892 2.088

D 96,000 0.7476 0.5879 0.7581 0.067 0.356 0.058

E 115,000 0.7471 0.5900 0.7577 – – –

Fig. 6 Time averaged lift
coefficient of NACA4412
hydrofoil for different angles of
attack at σ = 1 (Kermeen 1956)

Fig. 7 Comparison of vapor volume fraction of present numerical work and experimental work (Kermeen 1956) on NACA4412 hydrofoil at
σ = 0.6 and 1.8 for α = 8◦

123



Journal of Ocean Engineering and Marine Energy (2021) 7:243–259 251

Fig. 8 Cl of MHKF-180 and
NACA4418 at different
cavitation numbers, σ

Fig. 9 Cd of MHKF-180 and
NACA4418 at different
cavitation numbers, σ

Fig. 10 l/d of MHKF-180 and
NACA4418 at different
cavitation numbers, σ
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Fig. 11 Cl of MHKF-180 and
NACA4418 at different angles
of attack, α

Fig. 12 Cd of MHKF-180 and
NACA4418 at different angles
of attack, α

Fig. 13 l/d of MHKF-180 and
NACA4418 at different angles
of attack, α
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Fig. 14 Pressure coefficient and
vapor fraction for NACA4418
and MHKF-180, σ = 1.5 and
α = −20◦

Fig. 15 Pressure coefficient and vapor fraction for NACA4418 and MHKF-180, σ = 1.5 and α = −16◦

section we investigate our quantities of interest at σ = 1.5 but
at different angles of attack.

5.4 Hydrodynamic performance of MHKF-180
hydrofoil with respect to NACA4418 at different
angle of attacks

In Fig. 11, we present the comparison of time-averaged lift
coefficient ofMHKF-180 andNACA4418 at angles of attack
ranging from−20◦ to + 20◦ at σ =1.5. For negative α, we are
getting negative values of Cl which is due to decrease in the
pressure on the lower surface of the hydrofoil as compared

to upper surface. At 0◦ Cl is not zero due to the fact that
hydrofoils are cambered. For positive α the lift coefficient
values are positive and at α = 6◦, Cl is maximum i.e. 1.06
for MHKF-180 and 0.92 for NACA4418. The condition at
which hydrofoil attains its maximum Cl is referred to as stall
condition (Abbott and Von Doenhoff 2012; Anderson 2010).
After α = 6◦, Cl again starts decreasing due to reduction in
pressure difference on the hydrofoil as a result of increasing
flow separation and formation of vortices (Marchand et al.
2017). When we compare the performance of MHKF-180
and NACA4418, we found that MHKF-180 performs better
for almost all angles of attack as it gives higher lift coefficient.
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Fig. 16 Pressure coefficient and vapor fraction for NACA4418 and MHKF-180, σ = 1.5 and α = −12◦

Fig. 17 Pressure coefficient and vapor fraction for NACA4418 and MHKF-180, σ = 1.5 and α = −8◦

Fig. 18 Pressure coefficient and vapor fraction for NACA4418 and MHKF-180, σ = 1.5 and α = 8◦
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Fig. 19 Pressure coefficient and vapor fraction for NACA4418 and MHKF-180, σ = 1.5 and α = 12◦

Fig. 20 Pressure coefficient and vapor fraction for NACA4418 and MHKF-180, σ = 1.5 and α = 16◦

In Fig. 12, we show computed time-averaged drag coeffi-
cient of MHKF-180 and NACA4418 at different angles of
attack ranging from −20◦ to + 20◦ for σ = 1.5. The Cd

decreases with increase in α and attains minimum value
and it remains constant till stall condition. After stall con-
dition again it starts increasing. The minimum value of Cd is
obtained at α = 0◦ for both the hydrofoils. The variation ofCd

with respect to α is parabolic in nature which is consistent
with the literature (Marchand et al. 2017; Abbott and Von
Doenhoff 2012; Jones et al. 2015). On comparing the drag
coefficient of MHKF-180 and NACA4418 hydrofoil for dif-
ferent angles of attack, we found that Cd of MHKF-180 is

higher for all values of α due to increase in the thickness of
the trailing edge.

In Fig. 13, we present the lift to drag ratio of hydrofoils at
different angles of attack forσ =1.5.The l/d initially increases
with the increasing angle of attack and reaches to maximum
value. Themaximumvalue of l/d is obtained at 4◦ forMHKF-
180 and at 6◦ for NACA4418 hydrofoil after which lift to
drag ratio decreases. By comparing the l/d of MHKF-180
and NACA4418, we found that for lower angles of attack
the MHKF-180 has higher lift to drag ratio i.e. MHKF-180
performs better than NACA4418 hydrofoil below stall con-
dition.
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Fig. 21 Pressure coefficient and vapor fraction for NACA4418 and MHKF-180, σ = 1.5 and α = 20◦

Fig. 22 Comparison of vapor volume fraction at a x/c = 0.1, b x/c = 0.15, c x/c = 0.2 and d x/c = 0.3 onMHKF-180 and NACA4418 hydrofoils
at α = 12◦ and σ = 1.5

5.5 Pressure distribution, vapor volume fraction and
velocity profiles onMHKF-180 and NACA4418 at
different angles of attack

The pressure coefficient curves along with the vapor cavity
on MHKF-180 and NACA4418 hydrofoils are shown in the
Figs. 14, 15, 16, 17, 18, 19, 20 and 21 for different α at σ =
1.5. The pressure coefficient curve is an important parame-

ter that tells about the pressure distribution on the hydrofoil
and helps us to understand the formation of vapor cavity on
the hydrofoil. As the suction side of the hydrofoil usually
has lower pressure as compared to the pressure side, mainly
cavitation takes place on the suction side. The constant value
on the pressure coefficient curve indicates the cavity forma-
tion, and the length over which Cp remains constant is the
length of cavity (Štigler and Svozil 2009; Huang et al. 2010;
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Fig. 23 Comparison of axial velocity profiles at a x/c = 0, b x/c = 0.2, c x/c = 0.4, d x/c = 0.8, e x/c = 0.9 and f x/c = 1.3 along the
MHKF-180 and NACA4418 hydrofoils at α = 12◦ and σ = 1.5

Wu and Chen 2016). On analysing the cavitation on both
the hydrofoils, we found that for negative angles of attack
the NACA4418 has negligible cavity whereas, MHKF-180
has small cavity on the trailing edge with vapor fraction in
range of 0.1-0.2. For positive angles there is no cavity for-
mation for both the hydrofoils upto 4◦ and after 10◦ it starts
decreasing again. Hence, largest cavity length is observed at
8◦ for both MHKF-180 and NACA4418 hydrofoil. Overall
on comparing the pressure coefficient curves and vapor vol-
ume fraction, we found that MHKF-180 has a smaller cavity
length as compared toNACA4418, and thereforeMHKF-180
is less prone to cavitation at σ = 1.5.

For better understanding of the cavity formation on the
hydrofoils, we have drawn vapor volume fraction on the
normalized vertical lines at different chord-based locations
(x/c = 0.1, 0.15, 0.2, and 0.3) at α = 12◦ and σ = 1.5 which
is shown in Fig. 22. Themaximum vapor fraction is observed
near the leading edge on both the hydrofoils at x/c = 0.1 and
as we move towards x/c = 0.3, the cavity on theMHKF-180
hydrofoil starts decreasing and becomes negligible at x/c =

0.3. Therefore, we can say that at this particular value of σ ,
MHKF-180 is having smaller cavity length as compared to
NACA4418.

The comparison of normalized x-component velocity pro-
files on MHKF-180 and NACA4418 hydrofoils along the
vertical lines drawn on the suction side at six different chord-
based locations, i.e. x/c = 0, 0.2, 0.4, 0.8, 0.9 and 1.3 are
presented in Fig. 23, for 12◦ angle of attack at σ = 1.5. The
positive velocity gradient represents that flow is attached to
the hydrofoil surface, while the negative value represents the
flow separation. It is observed that flow remains attached to
both the hydrofoils till 0.4c as shown at location x/c = 0,
0.2, 0.4 after which reverse flow takes place causing nega-
tive velocity gradients as shown at x/c = 0.8, 0.9. Similarly,
at x/c =1.3 as the fluid leaves the hydrofoil surface there is
reverse flow due to the formation of vortices near the trailing
edge causing larger negative velocity gradients. The thicker
the cavity in the chordwise direction, the larger is the veloc-
ity gradient in the normal direction (Hong et al. 2017). The
maximum difference between the velocity profiles of both
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the hydrofoils is observed at x/c = 0.2, as MHKF-180 is
having the lower vapor fraction as compared to NACA4418
which can also be visualised from the vapor fraction contour
as shown in Fig. 19.

6 Conclusions

In this paper,we have studied the hydrodynamic performance
of MHKF-180 and NACA4418 hydrofoil under cavitation in
terms of lift coefficient, drag coefficient, pressure distribu-
tion and vapor volume fraction. For this purpose, we have
performed simulation on 2D hydrofoils at various angles of
attack and for different cavitation numbers. The turbulence
effect is solved using Realizable κ − ε model and vapor
volume fraction is calculated using Zwart–Gerber–Belamri
cavitation model. Based on the results, the major findings are
as follows:

(a) for lower values of cavitation number, the MHKF-180
hydrofoil is having higher lift coefficients as compared
to NACA4418 and hence performing better.

(b) for different angle of attack the lift coefficient val-
ues of MHKF-180 hydrofoil is more as compared to
NACA4418 hydrofoil under cavitating condition

(c) for σ = 1.5, the MHKF-180 is less prone to cavitation
as it is having lower vapor fraction than NACA4418 at
different values of α.

(d) the addition of thickness to the trailing edge of MHKF-
180 hydrofoil results in an increase of drag coefficient
both for different angles of attack and at different cavita-
tion numbers.

The abovementioned results are presented for cavitation phe-
nomenon on the 2D hydrofoils using URANS but the real
effect of cavitation on the hydrofoil can be understood by
studying two-wayFluid Structure Interaction (FSI) on hydro-
foils and we hope to present the analysis of FSI on hydrofoils
in our future work.
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