© smp chair committee (Kourosh Koushan and Sverre Steen)
DOI:10.15480/882.9337

Eighth International Symposium on Marine Propulsors
smp’24, Berlin, Germany, March 2024

Scale Effects on Cavitation on a Hydrofoil

Qais Khraisat," Martin Persson,> Marko Vikstrom,’ and Rickard E. Bensow'

!Department of Mechanics and Maritime Sciences, Chalmers University of Technology, Gothenburg, Sweden

2Kongsberg Hydrodynamic Research Center, Kristinehamn, Sweden

ABSTRACT

In this work, a study on the scale effects on cavitation for
the TU Delft Twist 11 hydrofoil is presented. The numeri-
cal simulations were performed with RANS, and cavitation
is modeled by the mixture approach with the Schnerr-Sauer
mass transfer model. Results are validated with model
scale experimental data provided by TU Delft and EPFL.
The numerical predictions show that scale effects have an
influence on the cavity length, shedding behavior, vortical
structures, and the re-entrant jet. In comparison with model
scale observations, the attached cavity length extends fur-
ther in the downstream direction. In addition, the vortical
structures appear weaker at full scale which initiates in-
termittent cavities that collapse at an earlier stage during
a shedding cycle relative to model scale. Analysis of the
re-entrant jet shows different behaviors at model and full
scales, which has been attributed to the jet momentum and
how it travels to the leading edge. In addition, the possibil-
ity of using wall function at full scale is studied and shows
promising results when compared with the results of the
wall resolved approach.

Keywords Scale effects; RANS; Cavitation; Cloud shed-
ding; Re-entrant jet

1 INTRODUCTION

A generic definition of cavitation is the development of va-
por within the liquid medium at which the local static pres-
sure drops below the saturation threshold. In the case of
marine propellers and hydrofoils, it has adverse effects on
performance, vibration, erosion, and noise. Depending on
the operating condition, mainly angle of attack and cavita-
tion number, one or several forms of cavity patterns may
develop (Franc & Michel, 1985). However, only certain
types are considered harmful and that is when the cavity
behaves dynamically with transient growth and collapse.
Bark et al. (2009) classified erosive cavitation to fall into
five categories. It includes isolated traveling bubbles, the
shedding of an attached cavity due to a re-entrant jet, sec-
ondary cavities that develop by flow and pressure fields, a
detached cavity due to a change in condition, and the col-
lapse of an attached/ sheet structure.

In the case of the TU Delft Twist 11 hydrofoil, the observed
cavitation behavior falls within the second and third cate-
gories as a periodic shedding behavior of the attached cav-

ity occurs. This is attributed to the re-entrant jet flowing up-
stream to the leading edge and the shear interaction with the
external flow (Foeth, 2008). As the detached cavity/cloud
is transported downstream, secondary vortical cavitation
structures develop as well. This test case was introduced
as a benchmark study during the workshop at the Second
International Symposium on Marine Propulsors. The pur-
pose of introducing the benchmark test case was to com-
pare the results of involved participants and evaluate differ-
ent numerical approaches. Bensow (2011) performed sim-
ulations using RANS, DES, and LES techniques. A better
agreement with the experiments and more flow structures
are resolved with the LES approach, while a lack in the
shedding mechanisms is found with RANS. Similar con-
clusions were drawn by Whitworth (2011) when comparing
DES and RANS results. Maquil ez al. (2011) studied the
case with the RANS approach, and expressed “a fair level
of predictive agreement with experimental observations”.
Since then, work has been published on the test case study-
ing various topics such as grid resolution requirements (As-
naghi et al., 2018), the influence of leading edge roughness
(Asnaghi & Bensow, 2020), and cavitation erosion (Wang
etal.,2023).

In this work, a study on the scale effects on cavitation with
the RANS approach is performed. The main reason be-
hind the choice of the RANS method rather than a scale re-
solving approach is the anticipated requirement for spatial
resolution when dealing with high Reynolds number flows
which yields to an unfeasible computational time. The ob-
jectives are to gain insights into how the cavity behavior
changes in comparison with model scale observations and
to perform a systematic grid study to understand resolution
requirements for such cases.

2 TEST CASE

The test case chosen to achieve those objectives is the TU
Delft Twist 11 foil. The hydrofoil geometrical profile is
based on the NACAO009 with a chord length of C' = 150
mm and a span of S = 300 mm. The geometry was de-
veloped with a symmetric varying angle of attack in the
spanwise direction from 0 deg on the sides up to 11 deg
at the centerline. The reasoning behind the design choice
is to create a loading variation on the foil and to initiate
a three-dimensional cavity. To diminish the influence of a
developing laminar boundary layer on the cavity formation,
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rough elements were applied to the leading edge of the hy-
drofoil. The roughness height is estimated to be 120 um,
and covers up to 4% of the chord length. The tests were
conducted at the cavitation tunnels of TU Delft University
of Technology and Ecole Polytechnique Fédérale de Lau-
sanne (EPFL). Note that the tests at EPFL were performed
on a hydrofoil at a smaller geometrical scale. In this paper,
the numerical set-up is a representation of the TU Delft test
for wetted and cavitating conditions at an angle of attack
—2 deg.

3 NUMERICAL SETUP

3.1 Computational Domain and Boundary Conditions
The computational domain is created based on the recom-
mendations outlined for the workshop. The foil is placed
2 chord lengths from the inlet to the leading edge, and 4
chord lengths from the trailing edge to the outlet as shown
in Figure 1. Slip wall boundary conditions are applied to
the tunnel side, top, and bottom walls. To reduce the com-
putation time, only half of the foil is considered with a sym-
metry boundary condition imposed at the centerline plane
of the tunnel. The foil is modeled with no-slip wall bound-
ary condition, and roughness is applied to the leading edge
to mimic the experiments. The implemented roughness
function is based on Schultz & Flack (2007) with con-
stants k7, oo = 35 kpugn = 15, and C = 0.26. Consid-
ering that the mass transfer is pressure driven, it expected
that the roughness model will not affect cavitation incep-
tion. Fixed velocity inlet and pressure outlet boundary con-
ditions are applied. Since the objective is to study the scale
effects on cavitation, a geometrically scaled model is cre-
ated with a scaling ratio A = 20 and will be referred to
as “full scale”. Wetted and cavitating simulations are per-
formed for both model and full scales.

Velocity Inlet

Figure 1: Domain and boundary conditions

At model scale, the tunnel has a fixed inflow condition
of 6.97 m/s. Under the cavitating condition, the domain
has been depressurized to a reference pressure level of 29
kPa. This matches the experimental cavitation number of
o = 1.07. Based on these conditions, the foil operates with
a Reynolds number of Re = 1.1 x 10°.

The full scale simulations are performed on a geometrically
scaled foil as mentioned previously. The non-dimensional

cavitation number is maintained the same as that of the
model scale condition by adjusting the pressure. However,
Reynolds number has increased to Re = 2.6 x 107. Such
condition for Re is chosen based on typical full scale ma-
rine propeller operation. It is worth noting that water and
vapor properties are the same for both scales which match
the provided values in the workshop.

Figure 2: Grid at the symmetry plane

3.2 Grid Generation and Numerical Method

The grids are generated using the commercial software
package Simcenter STAR-CCM+ 2022.1.1 with the built-
in trimmer mesher which is predominantly hexahedral
cells. Three grids are created for each of the cases with an
additional one to study the influence of wall function (G4)
at full scale as shown in Tables 1 and 2. The grid refinement
is performed following the outlined procedure for unstruc-
tured meshes (Crepier, 2017) to generate as geometrically
similar grids as possible. In addition, the suction side grid
resolution is similar for each corresponding grid at model
and full scale conditions. For example, note that the num-
ber of suction side surface cells for G3 is approximately
53.8 x 103 at both model and full scales. Furthermore, to
ensure a smooth transition from the last prism layer and
the volume mesh, approximately 1 : 1 ratio is maintained
in this region.

Table 1: Generated grids for the model scale condition

Gl G2 G3
Cell count (millions) 1.9 5.7 12.8
Suction side surface cells 14,891 31,403 53,829
Prism layers 24 36 48
Prism growth ratio 1.3 1.19 1.14
Mean y ™ 0.54 0.36 0.26

Table 2: Generated grids for the full scale condition

Gl G2 G3 G4

Cell count (millions) 2.2 6.7 15.3 4.0
Suction side surface cells 14,820 31,032 53,863 31,101
Prism layers 34 51 68 20
Prism growth ratio 1.3 1.19 1.14 1.19
Mean 3 0.6 041 029 96

The boundary layer is resolved for all grids, except G4, by
ensuring the non-dimensional mean value of y™ of 0.6 or
less. The additional grid G4 is generated for the full scale



case to evaluate the performance of using wall function for
such cases, hence a mean y+ = 96. The all y* wall treat-
ment is used in all the cases.

To model cavitation, the single fluid approach is used
which treats the liquid and vapor as one homogeneous mix-
ture. The flow is assumed to be incompressible and the
mixture density varies depending on the local volume frac-
tion c. This means that the continuity and momentum
equations are solved for the mixture rather than for each
phase. The mixture density and dynamic viscosity are de-
fined by,

Pm = OyPy + (1 - av)pla (1)
Mm = Oy + (1 - O‘v)/”’lv (2)

where subscripts m, v, and [ denote mixture, vapor, and liq-
uid. p is the density, « is the volume fraction, and  is the
dynamic viscosity.

Since two phases will occupy the domain, only one addi-
tional transport equation is needed to solve for the volume
fraction a,

% + V(au) = %,
where 7 is the mass transfer rate source term for vaporiza-
tion and condensation. In the literature, a few mass trans-
fer models have been proposed and studied. In this work,
the Schnerr-Sauer model is used which is a simplified ver-
sion of the Rayleigh-Plesset equation (Schnerr & Sauer,
2001). Viscous effects, bubble growth acceleration, surface
tension, and slip between vapor bubbles and liquid are all
neglected. The mass transfer source term can be obtained
as,
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The initial number of bubbles per unit volume of liquid n
and diameter are set 10'2 m~ and 10~% m, respectively.
While tuning parameters relating to bubble density and di-
ameter of the mass transfer model may influence the pre-
dicted cavity, this analysis is not performed due to com-
putational and timeline limitations. Also, the condensation
C. and vaporization terms C, have both been set to 1.0,
which is the default setting in the code.

The Reynolds-averaged Navier-Stokes (RANS) approach
is used to run the simulations. Turbulence is modeled with
the k — w SST model (Menter et al., 2003) which uses the
strain rate .S to calculate the eddy viscosity ur as,

k
pr = —— ®)
mm(U,SFQ)

where p is the density, a; and a* are model constants, k
is the turbulent kinetic energy, w is the specific dissipation
rate, and F5 is a blending function.

In cases of multiphase flows (cavitation), it has been shown
that the eddy viscosity models tend to predict high turbu-
lent viscosity near the cavity closure (Reboud et al., 1998;
Coutier et al., 2003; Bensow, 2011). As a result, this will
prevent the formation of the re-entrant jet and it will not
travel underneath the cavity and upstream to the leading
edge. In the case of the TU Delft Twist 11 foil, the shedding
behavior of the cavity is mainly dependent on the re-entrant
jet, therefore, a correction is needed. A proposed idea to re-
duce the turbulent viscosity for such cases is shown in the
equation below which was developed empirically, and is
known as the Reboud correction (Reboud et al., 1998),

1(0) = po+ (5_;) (o1 = po),

where n is a constant and is set to the recommended value

of 10. It is worth mentioning that this correction for the
eddy viscosity is only active in the mixture regions.

€))

Steady-state simulations were performed for the wetted
flow condition, and the solution was subsequently used to
initialize the unsteady cavitating flow simulations. All un-
steady simulations were performed at a time step level of
At = 3 x 10~° s, which results to a mean CFL < 0.1 for
both model and full scale conditions.

4 RESULTS AND DISCUSSION

4.1 Wetted Flow Condition

Results of the predicted pressure coefficient —C), dis-
tribution are shown in Figure 3 for 40% and 50% of
the total spanwise length. The y-axis shows the non-
dimensional pressure coefficient, and the x-axis shows the
non-dimensional chord length. As all grids predict similar
pressure distributions, and to avoid cluttering, the results
are presented only for simulations of the finest grids G3,
the grid with wall function G4, and the experimental data
from the TU Delft and EPFL tests.

The numerical results show good agreement with the ex-
perimental measurements. A slight underprediction rel-
ative to the TU Delft data is present, but a better match
with the EPFL test is obtained. Comparing the numerically
predicted pressure distribution for both scales, similar lev-
els are obtained. Even when using the wall function, the
relative difference to the finest grid is on average approx-
imately 0.5%. Such difference is minor and indicates that
the wall function seems to give good results under wetted
flow conditions for such case.

Table 3 shows the lift coefficient for all grids at both model
and full scale. Minor differences for the predicted C, are
obtained when comparing the results for the different grid
resolutions. This is expected based on the predicted pres-
sure distribution as it is the dominant component for lift.
The relative difference to the experimental measurement is
at an acceptable range approximately —3% at model scale.
On the other hand, the lift coefficient at full scale shows a
better agreement to the experiment. This means that with
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the non-dimensional similarities, i.e, Cy, and o, a fair as-
sessment on the scale effects can be performed in the sub-
sequent sections.

Table 3: C}, at wetted flow condition

Grid Model scale Difference Full scale Difference
Gl1 0.440 -3.49% 0.456 -0.1 %
G2 0.441 -3.31% 0.456 0.1 %
G3 0.441 -3.18% 0.457 0.23 %
G4 - - 0.452 -0.87 %
Exp. (TU Delft) 0.456
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Figure 3: Predicted wetted flow pressure coefficient distri-
bution at 40% span (top) and 50% span (bottom) along with
experimental data.

Table 4: Components of C'p at wetted flow condition

Model scale Full scale
Grid Pressure Shear Pressure  Shear
Gl 0.056 0.067 0.047 0.041
G2 0.052 0.070 0.043 0.044
G3 0.050 0.071 0.041 0.045
G4 - - 0.045 0.046

Table 4 shows the predicted drag coefficient decomposed
into its pressure and friction components for both model
and full scales. The total drag coefficient at full scale is
lower, and this is attributed to the difference in Reynolds
numbers at which the viscous forces are more dominant at

model scale. Analyzing the components of Cp, one can
also observe a change in the contributions of the pressure
and shear components to the total drag depending on the
grid resolution. At model scale, the predicted shear com-
ponent is more dominant in all the grids and contributes
to approximately 55% to 59% depending on the grid res-
olution. On the other hand, the predicted full scale drag
components distribution is more sensitive to the grid res-
olution. G1 predicts the pressure component to be more
dominant, while the opposite is predicted for finer grids
(G2 & G3). While the mean T is similar to the other finer
grids, this indicates that the surface resolution is not suffi-
cient in the coarsest grid. Also, the contribution from each
component to the total drag is more balanced at full scale
as predicted by G3 where the shear component contributes
to only approximately 52%. G4 (wall function) provides
a satisfactory prediction for the shear component relative
to G3 but overpredicts the pressure component by approx-
imately 10% relative to the finest grid.

4.2 Cavitating flow

4.2.1 Pressure Distribution

Figure 4 shows the numerically predicted averaged pres-
sure coefficient distribution over multiple shedding cycles
along with the experimental measurements at TU Delft and
EPFL. Acceptable agreement with slight underprediction is
obtained by the numerical results and the EPFL measure-
ments while significant underprediction relative to the TU
Delft data is present.

The results highlight the impact of surface and wall nor-
mal resolution, which is mutually dependent on the wall
treatment as well. Near the leading edge z/C < 0.1 at
the mid span location, the coarse grid G1 yields a slightly
worse prediction in comparison to the finer grids and ex-
periments. Since G1 has similar mean y™ to finest grids, it
indicates to the influence of the surface mesh resolution in
this region. In addition, comparing G2 and G4 highlights
the influence of wall normal grid resolution and boundary
treatment. Although G2 and G4 have the same surface res-
olution, G4 with wall function predicts a worse pressure
distribution. On the other hand, such differences are not
as pronounced at the 0.4 spanwise location where the local
angle of attack is smaller with lower pressure gradient.

In the region near the cavity closure, 0.3 < z/C < 0.45,
the wall function approach predicts very similar pressure
distribution to G3 and G2. This indicates that the cavity
length in the chord direction will also be of similar mag-
nitude. Here, the resolution is important to capture the
vortical structures and their interaction with the transported
cloud cavity. This is further supported when looking at the
predicted pressure distribution for the coarse grid G1. A
worse prediction is obtained here as the coarse grid does
not resolve the small-scale structures with sufficient qual-
ity. Also, numerical diffusion is mitigated with higher grid
resolution which helps maintain the vortices as they travel
in the downstream direction. Finally, at the cavity closure
region where 0.45 < x/C < 0.55, higher pressure is ob-
tained with finer grids. This region is influenced by both
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Figure 4: Predicted wetted flow pressure coefficient distribution at 40% span (top) and 50% span (bottom) along with

experimental data.

wall-normal and surface resolution. In this case, grids have
similar wall normal resolution when the boundary layer
is resolved, but further surface refinement predicts higher
pressure as similarly observed by (Asnaghi et al., 2018).

4.2.2 Lift and Drag Coefficient

Table 5 presents numerical predictions of the mean lift co-
efficient for model and full scale conditions, along with
the experimental measurement. All grids underpredict the
lift coefficient in comparison with the experimental data
by more than 11%. In wetted flow condition, the same
grids showed notably better agreement with the experi-
ments. Such large discrepancy is attributed to the overpre-
diction of the pressure distribution along the foil suction

contributes to more than 72% of the total drag. Such in-
crease is explained by the low in pressure inside the cavity
which also drives the main flow to re-circulate and split to
form the re-entrant jet. In addition, the shear component of
drag is reduced by the re-entrant jet flowing in the oppo-
site direction of the main flow as well as the low shear in
the vapor region. Finally, G4 with wall function approach
gives results for the components of drag that are in good
agreement with the finer grids.

Table 6: Components of C'p at cavitating flow condition

side surface shown in Figure 4 across the different grids.

Table 5: C, at cavitating flow condition

Grid Model scale Difference Full scale Difference
Gl 0.438 -14.8% 0.447 -12.3%
G2 0.443 -13.2% 0.450 -11.75%
G3 0.444 -12.9% 0.450 -11.73 %
G4 - - 0.448 -12.2 %
Exp. (TU Delft) 0.456

Model scale Full scale
Grid Pressure Shear Pressure  Shear
Gl 0.158 0.056 0.160 0.034
G2 0.156 0.058 0.158 0.036
G3 0.154 0.059 0.157 0.037
G4 - - 0.156 0.038

4.2.3 Cavitation Pattern and Shedding Behaviour
Analysis of the cavity pattern and shedding behavior is pro-

Table 6 shows the pressure and shear components of the
drag coefficient at the model and full scales. In compar-
ison with the wetted flow condition, the pressure compo-
nent of drag is significantly increased making it the more
dominant component. In fact, the pressure component now

vided at different time instants in one typical shedding cy-
cle T. The figures show the predicted cavity for the finest
grids at both model and full scale conditions. It is visual-
ized with an iso-surface for the volume fraction of vapor
a, = 0.5, along with the normalized Q-criterion, Q*, col-
ored by vorticity. Q* is calculated as %/02, where ¢ and
U are the chord and free-stream velocity. The constrained
streamlines of the wall shear stress are also shown in yel-
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low.

A typical example for the shedding behavior of a partial/
attached cavity is the instability that is driven by the re-
entrant jet. As the attached cavity develops, the pressure
gradient drives the main flow to curve toward the closure
region and separates into two main components. The first
component is what’s called the re-entrant jet which travels
in the opposite direction and toward the leading edge, while
the second component re-attaches itself to the foil surface
downstream of the closure region. When the re-entrant jet
nears the leading edge, this initiates the break-off/ detach-
ment of the attached cavity and turns into a cloud that trav-
els in the downstream direction.

In the case of the TU Delft Twist 11 foil, the re-entrant
jet has two components (Foeth, 2008). The first part in-
cludes the component of the jet that travels in the upstream
direction and perpendicular to the cavity closure. While
the other component is given the name the side-entrant jet,
which is driven into the sides of the sheet cavity. Although
it also travels upstream toward the leading edge, the side-
entrant jet is characterized by a strong spanwise velocity
component.

The side re-entrant jet can be visualized in the first snap-
shot shown in Figure 5. Similar to the experiments, it is
well predicted at this instant by the numerical model for
both scales. Looking at the iso-surface of the Q*, in prox-
imity to the side-entrant jet, the region is rich with small-
scale vortical structures that remove vapor content from the
attached sheet and entrain them in the downstream direc-
tion. The volume of the entrained vapor is underpredicted
by the numerical models which could be attributed to spa-
tial resolution. In addition, a cloud structure appears down-
stream of the cavity closure. While it is not clear in this
snapshot from the experiments, the numerical models pre-
dict the cloud to have a horse-shoe vortex structure. This
can be clearly seen for both model and full scale condi-
tions. However, one difference is the intermittent cavity
structure at full scale for this horse-shoe vortex. It appears
weaker based on the non-dimensional vorticity which in-
duces higher pressure levels at the vortex core. Therefore,
in our full scale simulations, the cloud tends to collapse at
arelatively earlier stage during the shedding cycle.

Figure 6 shows a comparison of the predicted sheet cavity
detachment at both scales. As mentioned previously, the
re-entrant jet is responsible for the separation of the attach-
ment from the surface as it nears the foil’s leading edge.
Comparing the results at model and full scale, two main
differences are observed. First, the time instant at which
the detachment occurs is not the same. At 0.3T of the full
scale condition, the side and re-entrant jet components have
reached to the leading edge and caused the cavity to sepa-
rate from the surface of the foil. On the other hand, for that
same time instant at model scale, while the side-entrant has
reached the leading edge, the re-entrant jet does not initiate
the detachment yet. In fact, the cavity detaches at approx-
imately 0.4T for the model scale case. One explanation is
that the jet momentum appears higher at full scale; further
details on this are provided in the next section. The second

difference comes from detachment length in the spanwise
direction. Comparing the instances at which the cavity sep-
arates, the detachment length in the spanwise direction at
full scale appears shorter and more compact. It is still un-
clear as to why this behavior occurs, and more detailed in-
vestigation is needed.

After the main/side components of the jet reach the leading
edge, the cavity is detached, and a traveling cloud struc-
ture is formed as shown in Figure 7. The top row shows
a snapshot of the predicted cloud just after detachment at
0.6T. The cloud is characterized by a spanwise rolling vor-
tex structure at both scales. In addition to this structure, a
secondary vortex with its axis of rotation in the wall-normal
direction starts to develop as well. While the strength of
the spanwise vortex appears similar at both scales, the lat-
ter is weaker and thinner at full scale. This is evident by
the smaller and thinner cavity structure within that vortex
at the full scale condition.

This wall-normal vortex then evolves into a horse-shoe
structure that carries a cavity within its core. This can
be seen in the next snapshot at 0.8T. At this instant, the
spanwise vortex has diminished and appears similar at both
scales. On the other hand, the horse-shoe vortex appears
weaker at full scale. The cavity structure looks thinner and
less compact. As a result, it dissipates at a faster rate as
shown in the next time instant at 1.0T. It appears that the
vortex is too weak to maintain the cavity structure as it is
transported in the downstream direction. While the cloud
is being transported, a newly attached cavity develops to
continue the shedding cycles.

Table 7: Predicted shedding frequency and Strouhal num-
ber at model and full scale

Grid Model scale Full scale
f St f St
Gl 315 0.678 1.67 0.626
G2 326 0.702 1.67 0.626
G3 326 0.702 1.67 0.626
G4 - - 1.67 0.626
Exp. (TU Delft) 32.5 0.699

To identify the shedding frequency of the cloud, the Fast
Fourier Transform FFT is applied to the collected data of
the cavitation volume over time. The FFT is applied on 30
and 6 shedding cycles for the model and full scale condi-
tion, respectively. The dominant frequency i.e. shedding
frequency along with the Strouhal number for the different
grids is shown in Table 7. The characteristic length is taken
to be chord of the foil in the computation of the Strouhal
number. Good agreement to the experiments is obtained
especially with G2 and G3 where the relative difference is
below 0.5%. While grid refinement provides better predic-
tion at the model scale, it does not influence the predicted
shedding frequency at full scale. In addition, when com-
paring the Strouhal number, different values are obtained
for both scales. This indicates to a change in the re-entrant
jet behavior from model to full scale, and will be further
explored in the subsequent section of this paper.



Figure 5: Comparison between the model scale (middle) and full scale (right) predicted cavity at 0.0 T for the finest grids
G3, along with instantaneous snapshots of the experiments (left); cavitation is visualized with an iso-surface o = 0.5;
vortical structures are visualized with the normalized Q-criterion colored by non-dimensional vorticity.

Figure 6: Comparison between the model (middle) and full scale (right) predicted cavity at 0.3T and 0.4T for the finest
grids G3, along with instantaneous snapshots of the experiments; cavitation is visualized with an iso-surface o = 0.5;
vortical structures are visualized with the normalized Q-criterion colored by non-dimensional vorticity.

4.2.4 Re-entrant Jet

Here, the scale effects on the re-entrant jet are presented.
Figure 8 shows the time evolution of the re-entrant jet at
the midplane section for model scale (top), full scale G3
(middle), and full scale with the wall function approach G4
(bottom). The mid-plane is colored by the wall distance,
and the cavity pattern is shown in grey.

The first instant at 0.0T shows the time at which the re-
entrant jet just started making its journey toward the lead-
ing edge. Speaking in relative terms, the thickness of the
cavity and re-entrant jet at both scales seem to be quite
similar near the closure region. However, with the wall
function approach, a thin liquid film is observed in the up-
stream direction. Overall the maximum jet thickness is ap-
proximately 20% of the maximum cavity thickness. As it
starts moving upstream as shown at 0.1T, the jet thickness
at model scale appears to be diminishing rapidly which in-

dicates a considerable loss in momentum. On the other
hand, it is maintained at full scale as predicted with both ap-
proaches of resolving the boundary layer (G3) or with the
wall function approach (G4). At 0.2T, the same observation
about momentum loss at model scale can be said, all the
while the jet is steadily moving upstream at the full scale
condition. In the last presented time instant at 0.3T, the cav-
ity has detached at full scale and is about to begin its rolling
in the downstream direction. However, at model scale, it is
interesting to see that the jet seems to have stalled from the
previous time instant and is unable to break the attachment
at this moment in time. Although it eventually detaches just
after, clearly the jet has lost significant momentum before
managing to do so. The hypothesis to the greater loss of
momentum at model scale is attributed to the greater fric-
tional losses at model scale. The smaller Reynolds number
would result in a relatively thicker boundary layer, hence
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Figure 7: Comparison between the model (middle) and full scale (right) predicted cavity at 0.6T, 0.8T, 1.0T for the finest
grids G3, along with instantaneous snapshots of the experiments; cavitation is visualized with an iso-surface a = 0.5;
vortical structures are visualized with the normalized Q-criterion colored by non-dimensional vorticity.

affecting the re-entrant jet as it travels upstream.

To gain a better insight into the scale effects on the re-
entrant jet, the instantaneous non-dimensional velocity is
plotted with the non-dimensional wall-normal distance as
shown in Figure 9. Here, the velocity and wall distance are
non-dimensionalized by the free stream velocity and chord
length.

Looking at the velocity profile at 0.3 C' shown on the left
side of Figure 9, the jet velocity is of the same magnitude as
the free stream velocity. However, the profile at full scale
is much fuller. This is not as pronounced with the wall
function approach, but a similar profile can be seen. Mov-
ing closer the leading edge at 0.2 C' shown on the right
side, significant differences are present. At model scale,
the jet thickness has diminished more in comparison with
the full scale condition. As stated earlier, this is an indi-
cation in significant momentum loss as the jet approached
the leading edge of the the foil which explains the stalling
behaviour and the delay in the detachment. On the other
hand, the jet maintains a big part of its thickness at full
scale, with differences in the velocity magnitude when us-
ing the wall function approach. Nonetheless, this does not

appear to impact the shedding frequency.

5 CONCLUSION

In this work, a study on the scale effects is presented for
the TU Delft Twist 11 hydrofoil. Comparison and analysis
are performed on the foil performance, pressure distribu-
tion, cavitation shedding, and behavior of the re-entrant
jet. Regarding the cavitation shedding, it was observed that
the scale effects have an influence on the secondary vor-
tices that interact with the cavity structures. These vortices
appear weaker at full scale which results in intermittent
cavitation that dissipates at a higher rate in comparison
with model scale results. In addition, the analysis of the
re-entrant jet reveals differences between both scales. It
appears that the jet is relatively thicker at full scale, and
maintains its momentum as it travels toward the leading
edge. This was also well captured with the wall function
approach, but the jet appears slightly thinner relative to the
observation made when resolving the boundary layer. In
contrast, significant momentum loss is clearly present at
model scale which causes the re-entrant jet to stall before
breaking the attached cavity.
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Figure 8: Visualization of the cavity and re-entrant jet thickness and time evolution for model scale G3 (top), full scale G3
(middle), and full scale with the wall function approach G4 (bottom).
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Figure 9: Instantaneous plots of the re-entrant jet non-dimensional velocity with respect to the non-dimensional wall-
normal distance at 0.2 and 0.3 of the chord length



