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 a b s t r a c t

This paper investigates how scale effects affect the cavitating flow for two test cases of marine interest, using 
numerical simulations. The first is the Delft Twist 11 hydrofoil. Results show a larger cavity extent at full scale 
with earlier shedding; this behavior is related to changes in the pressure recovery on the foil at the closure region 
and a re-entrant jet that appears thicker and with higher momentum. Further modal analysis shows that scale 
effects are more pronounced in smaller-scale vapor structures while the large scale shedding dynamics is similar 
in both scales.
 The second case investigates a cavitating propeller operating in a ship wake, assessing both scale effects and 
cavitation test blockage using small and large domains. The wakefield is strongly influenced by scale and blockage 
effects, which modifies the transient propeller loading. Less sheet and tip vortex cavitation are predicted at full 
scale or with a larger domain at model scale. This leads to lower predicted pressure fluctuations and pulse levels. 
Finally, assessment of using wall function approach for full scale simulations shows it underpredicts sheet and 
tip vortex cavitation.

1.  Introduction

For a marine propeller to operate efficiently, it is optimized to gener-
ate high thrust while minimizing power input. Thus, propellers typically 
operate in a cavitating regime to minimize blade area and maximize the 
pressure difference between the suction and pressure sides. Cavitation 
refers to the formation of vapor pockets which can take many forms such 
as sheet, bubble, or tip vortex cavitation. It has several negative effects, 
causing induced vibrations from pressure fluctuations, material erosion, 
and underwater radiated noise that impacts marine life (van Terwisga 
et al., 2021). As a result, it is considered an important constraint dur-
ing the design phase and is commonly investigated through model scale 
numerical predictions or experimental tests.

However, one of the main limitations of model testing in cavitation 
tunnels is the issue of scaling where it is not possible to achieve sim-
ilarity with full scale condition (Billet and Holl, 1981). In cavitation 
tunnels where the free surface is not present, non-dimensional parame-
ters including the Reynolds and cavitation numbers are considered for 
achieving flow similarity with the full scale condition. The cavitation 
number (𝜎) is used to match pressure conditions and achieve cavitation 
dynamics similarity. The Reynolds number (𝑅𝑒) accounts for viscous 
effects including boundary layer development and skin friction. How-
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ever, achieving 𝑅𝑒 similarity in model tests is often impractical due to 
limitations in scale and velocity, which lead to discrepancies relative 
to ship scale (Billet and Holl, 1981; Larsson and Raven, 2010; Szantyr, 
2006). The mismatch leads to variations in viscous forces and bound-
ary layer development characteristics (Amromin, 2000). Furthermore, 
in addition to direct viscous scale effects on cavitation, the wakefield 
distribution upstream of the propeller will be affected. Differences in 
𝑅𝑒 will influence both boundary layer development and the wakefield’s 
spatial characteristics (Farkas et al., 2019). This is important as the spa-
tial and temporal distribution of the wakefield play a significant role in 
the unsteady loading on the propeller and subsequently on cavitation 
(Regener et al., 2018).

The operation of propellers at a low Reynolds number in model 
scales promotes the formation of a laminar boundary layer over the 
blade surfaces. However, cavitation typically incepts in regions of in-
stability such as the transition region in the boundary layer (Franc and 
Michel, 1985; Wang et al., 2001; Amromin, 2021). When laminar flow 
develops on the blade, it tends to delay and suppress cavity inception 
(Kuiper, 1978; Arakeri and Acosta, 1981; Ge et al., 2021). As a result, 
cavitation in model tests often appears unstable and intermittent (Dut-
tweiler and Brennen, 2002). In contrast, at full scale, the flow over 
the blade is predominantly turbulent, and the laminar flow influence
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becomes negligible. While the transition phenomena depend on the 
Reynolds number, the interaction of inertial and viscous forces is 
also significantly influenced by freestream turbulence. This is relevant 
to both scale effects and reliability of model tests as variations in 
freestream turbulence levels between testing facilities affect the cavi-
tation inception (Korkut and Atlar, 2002).

Beyond viscous effects, water quality is also of importance in the con-
text of cavitation. This refers to the distribution of nuclei and dissolved 
gas content within the liquid medium, where concentration and distri-
bution of nuclei affect the formation and growth of cavitation bubbles 
(Holl, 1970). The presence of nuclei or dissolved gas has been found to 
reduce water tensile strength leading to cavitation inception at higher 
pressures compared to pure water (Apfel, 1970). In seawater, Gowing 
and Shen (2001) observed that nuclei size and number decrease with 
depth while oxygen content remains relatively stable. Therefore, achiev-
ing nuclei content similarity remains a challenge due to practical limi-
tations and missing data on seawater in other areas.

Numerous model scale studies showed that nuclei content influences 
various cavitation types. Gindroz and Billet (1998) found that inception 
patterns of tip vortex cavitation are particularly sensitive to changes in 
nuclei concentration. The nucleus size is also shown to affect the vor-
tex trajectory (Zhang et al., 2016). In hydrofoil experiments, the sheet 
cavity topology and shedding mechanisms have also been shown to be 
sensitive to nuclei content. Lower concentrations are shown to result 
in higher frequency shedding modes (Venning et al., 2017, 2018). Hilo 
et al. (2024) reported that air injection near the leading edge of a cav-
itating hydrofoil can reduce vapor content and noise, particularly in 
high frequency regions. They also report that as the cavitation num-
ber is reduced, noise reduction from air injection becomes less effective 
but shifts to lower frequencies. Similar findings are presented by Kami-
irisa (2001), who reported that higher air content increases noise levels 
from cavitating propellers at lower frequencies but reduces them above 
10 kHz. Such complexities of achieving nuclei content and distribution 
indicate that replicating seawater cavitation in test facilities requires 
precise control during tests. In addition to scale effects consideration, 
the reliability of model scale tests also suffers from variations in water 
quality (Tani et al., 2017). In a later study, Tani et al. (2020) reported 
results and measurements from seven different facilities, and large dis-
crepancies were found in the cavitation due to many factors, including 
water quality.

The influence of object size on static pressure distribution is also of 
importance to scale effects for propellers. The similarity in the cavita-
tion number between model and full scale can only be achieved at one 
given location, which is recommended to be close to the blade tip (ITTC 
7.5-04-04-01, 2024). However, the static pressure distribution along the 
blade span will vary for different geometrical scales. The hydrostatic 
pressure contribution at full scale will be greater due to the larger depth 
which leads to different cavitation numbers along the blade span and 
affects cavitation inception (Szantyr, 2006). In addition, geometrically 
larger objects generate broader low pressure zones increasing the like-
lihood of nuclei initiating cavitation making full scale propellers more 
prone to cavitation inception than smaller models under similar con-
ditions (Keller, 2001). Variations in time and velocity scales have also 
been shown to influence cavitation inception. Higher flow speeds pro-
mote cavitation due to stronger dynamic pressure fluctuations, lowering 
the threshold for nuclei destabilization (Keller, 2001).

Apart from experimental challenges associated with scale effects, ef-
forts at numerical predictions for full scale cavitating propellers remain 
scarce within the research community. One of the earliest numerical 
studies on cavitation at full scale is presented by Ji et al. (2010) where 
the viscous RANS framework is used for a propeller in a non-uniform 
inflow condition. Comparisons with experimental pressure pulse mea-
surements and cavitation observations showed good agreement for first-
order levels which is associated with the good prediction of the sheet 
cavitation. However, the numerical models fail to predict the tip vor-
tex cavitation due to limitations with numerical resolution, as well as 

the turbulence and mass transfer models. Similar underprediction of 
tip vortex cavitation is found even when using the higher fidelity De-
tached Eddy Simulation (DES) (Ponkratov, 2015). Li et al. (2018) in-
vestigated the full scale ship under cavitating conditions with a focus 
on hydroacoustic assessment using DES in combination with the FW-H 
acoustic analogy. While sheet cavitation was well predicted and reason-
ably agreed with full scale observations, the strength and extension of 
the tip vortex were underpredicted leading to discrepancies in the noise 
signature.

Yang et al. (2013) investigated scale effects on cavitation using three 
geometrically similar propellers of different scales operating under non-
uniform inflow conditions. They found that both the cavitation incep-
tion number and cavity area ratio increased with larger geometrical 
scales. In addition, the predicted noise spectrum levels increased and 
the dominant tonal noise frequencies shifted under identical conditions. 
However, the chosen time-step corresponding to 2 degrees of blade ro-
tation may lack resolution to resolve cavitation dynamics. Soydan and 
Bal (2021) reported similar findings on the cavitation extent for a pro-
peller operating in a uniform flow. Sakamoto and Kamiirisa (2018) in-
vestigated a cavitating propeller at model and full scales using DES, 
and later Brown’s semi-empirical approach for estimation of the broad-
band noise upper bound. Their study showed that scale effects on cav-
itation strongly affect noise predictions as higher Reynolds number in-
creases cavitation extent, dynamics, and resulting noise compared to 
model scale. Viitanen et al. (2020) performed numerical simulations for 
a propeller in open water conditions. While a grid sensitivity study is 
performed, the resolution of grids may potentially underpredict the cav-
itation, its dynamics, and the small scale structures at full scale. This is 
indicated by the observed higher rate of dissipation for the tip vortex 
at the full scale condition. In this study, a larger extent of cavitation for 
higher Reynolds number is also reported. Sezen and Atlar (2022) car-
ried out full scale CFD simulations for a propeller operating in-behind 
while primarily focusing on underwater radiated noise prediction and 
comparison against sea trial data. Again, the tip vortex and its dynamics 
were underpredicted but no comparisons with model scale condition are 
presented.

Despite the extensive research on cavitation, studies on scale effects 
on the cavitating flow through comparison between model and full scale 
conditions remain limited. In this paper, a numerical investigation is 
performed with a focus on the influence of scaling between typical ship 
cavitation tests and the full scale ship on the characteristics of the result-
ing cavitating flow. The objective is not to resolve the fundamental scale 
effects on cavitation and associated physical mechanisms, but rather to 
perform a global analysis within the practical limitations of the chosen 
numerical methods and study the effects on propeller cavitation simula-
tions. Two test cases and geometries are considered where each features 
different types of cavity structures.

The first geometry is the Delft Twist 11 hydrofoil where cavita-
tion is characterized by unsteady shedding behavior (Foeth, 2008). This 
flow is well studied in model scale, and while large scale data are not 
available we use it here to represents an idealised flow that is famil-
iar to the community. Here, the analysis focuses on the influence of 
scale on pressure distribution, developed vapor structures, shedding be-
havior, and modal decomposition of the cavitation dynamics using the 
Proper Orthogonal Decomposition (POD) technique. Results are com-
pared with model scale tests done at Delft University of Technology (TU 
Delft) and École Polytechnique Fédérale de Lausanne (EPFL) cavitation
tunnels.

The second case is a propeller operating within the wakefield the 
ship hull where sheet and tip vortex cavitation develop. The analysis is 
focused on scale together with blockage effects on cavitation. Results 
on wakefield, pressure distribution on propeller blades, cavitation dy-
namics, pressure fluctuations, and pressure pulse levels are presented. 
Finally, a brief evaluation on computational efficiency at full scale is 
provided by comparing results from wall-resolved and wall-function ap-
proaches.
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Fig. 1. Delft Twist 11 hydrofoil geometry (top) and computational domain with 
boundary conditions (bottom).

2.  Case description

2.1.  Delft twist 11 hydrofoil test case

The Delft Twist 11 hydrofoil geometry was extensively investigated 
by Foeth (2008) and first studied numerically by Huuva (2008). It was 
later also introduced at the Second International Symposium on Marine 
Propulsors (smp’11). The geometrical profile of the foil is a NACA0009 
with a chord length of 150 mm and a span of 300 mm. A key feature of 
the foil design is the symmetric spanwise variation in the angle of attack 
(AOA) which ranges from 0𝑜 at the foil side edges to 11𝑜 at the centerline. 
This gradual change in the angle of attack induces load variations across 
the upper side resulting in a three-dimensional cavity. Further details on 
the geometry are presented in Foeth and van Terwisga (2006). Exper-
imental studies were conducted in the cavitation tunnels at TU Delft 
and on a geometrically smaller model at École Polytechnique Fédérale 
de Lausanne (EPFL). To mitigate the influence of a developing laminar 
boundary layer on cavity inception, rough elements were applied to the 
leading edge of the foil. These elements have an estimated height of 120
µm and cover up to 4% of the chord length. Both wetted and cavitating 
flow experiments were performed across a range of different angle of 
attacks. In this paper, the numerical simulations focus on the specific 
case where the foil is set at an AOA of −2𝑜.

The computational domain dimensions follow the guidelines pro-
vided for the workshop at smp’11, which in turn were based on the 
dimensions of the cavitation tunnel at TU Delft. As shown in Fig. 1, 
the foil is positioned two chord lengths from the inlet boundary to the 
leading edge and four chord lengths from the trailing edge to the outlet 
boundary. Slip wall boundary conditions are applied to the top, side, 
and bottom walls. Fixed velocity and pressure conditions are specified 
at the inlet and outlet boundaries. To reduce computational cost, only 
half of the foil is modeled with a symmetry boundary condition at the 
centerline plane. No-slip wall boundary conditions are imposed on the 
foil surfaces. To investigate scale effects on cavitation, a geometrically 
scaled-up model with a scale ratio of 𝜆 = 20 is used. The computational 
domain dimensions are scaled by the same ratio.

Table 1 
Tanker characteristics at full scale.

 Ship Data
 Length between perpendiculars, Lpp  144.3m
 Ship draught, T  8.7m
 Number of propellers  1
 Number of blades, Z  4
 Direction of rotation  Left hand
 Propeller diameter, D  5.7m
 Blade area ratio, 𝐴𝐸∕𝐴𝑂  0.376
 Design pitch ratio, P/D  0.978
 Blade tip clearance  0.28 × D
 Chord length 0.75R  1.25m

At the small scale, the numerical boundary and operating conditions 
are aligned with the experiments. A fixed inlet flow velocity of 6.97 m/s 
is applied with water density and dynamic viscosity set to 998 kg/m3

and 9.27 × 10−4 Pa⋅s, respectively. With these conditions, the smaller 
scale operates at a Reynolds Number of 1.1 × 106. At the large scale, 
the Reynolds number increases to 2.58 × 107. For both scales, the refer-
ence pressure is adjusted to maintain a cavitation number of 𝜎 = 1.07, 
similar to the experiments. With these conditions, non-dimensional lift 
coefficient similarity is achieved between the two scales with a relative 
difference of 1.1%. Throughout the paper, the smaller and larger scale 
conditions for the foil case are referred to as the model scale and full 
scale, respectively.

2.2.  Propeller behind ship hull test case

A moderately skewed, controllable-pitch, four-bladed propeller is 
mounted behind the hull of a chemical tanker as shown in Fig. 2 (Left). 
The main characteristics of the ship, including the propeller, are sum-
marized in Table 1.

Model scale pressure pulse measurements were conducted by RISE 
in their cavitation tunnel following ITTC recommended procedures and 
guidelines for model scale cavitation tests. Tunnel Section 3 was used 
and has dimensions of 8.0 m in length, 2.10 m in width, and 1.22 m 
in height. The hull draft is increased compared to the fully loaded de-
sign condition at ship scale. Tunnel pressure is adjusted to achieve the 
desired cavitation number based on pressure measurements at the pro-
peller shaft centerline. To ensure non-dimensional similarity of thrust 
and torque coefficients, the propeller rotation rate is modified during 
the tests. Due to operational constraints at the experiments, it was not 
possible to replicate the full scale Continuous Service Rating (CSR) con-
dition. As a result, two sets of model scale numerical simulation are 
performed that match both the experimental and CSR conditions.

Cavitation patterns and behavior are captured using camera record-
ings with a frame rate synchronized to the shaft rotational frequency. In-
duced pressure pulse fluctuations are measured with eight piezoelectric 
pressure sensors, and their configuration is presented from a top-view 
perspective in Fig. 2.

Fig. 2. Ship mounting in RISE cavitation tunnel (left) and top view for the pres-
sure transducers placement during the model tests.
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Table 2 
Non-dimensional similarity for cavitating propeller at model and full scale conditions.

 RISE Experiment  CFD RISE Cond.  CFD TS (CSR)  CFD LD (CSR)  CFD FS (CSR)
 N (rps)  24  24  20  20  20
𝐾𝑇  0.171  0.174  0.188  0.187  0.181
𝐾𝑄  0.0265  0.0273  0.0289  0.0289  0.0298
𝜎0.7𝑅  7.84  7.84  6.86  6.86  6.86
 Re (propeller)  5.0⋅105  5.0⋅105  4.2⋅105  4.2⋅105  2.3⋅107

Numerical simulations at model scale are performed based on the 
operating conditions during the experiments as well as the continuous 
service rating at full scale. The geometrical scaling ratio 𝜆 is 27.14. At 
model scale, the computational domain dimensions are set to match the 
RISE cavitation tunnel, whereas the full scale domain is extended based 
on the ship length between perpendiculars to simulate free-field condi-
tions and mitigate the influence of boundaries on the solution. As shown 
in Fig. 3 (bottom), the inlet is extended 2𝐿𝑝𝑝 from the bow, 3𝐿𝑝𝑝 from 
the stern, and the domain total depth and width are also set to 3𝐿𝑝𝑝. 
While the hull draft is increased at the model scale experiments, the 
design draft is simulated at the full scale condition. Based on the oper-
ating conditions summarized in Table 2, the propeller Reynolds number 
at model and full scale conditions are 5.0 ⋅ 105 and 2.3 ⋅ 107, while it is 
2.1 ⋅ 107 and 9.3 ⋅ 108 for the hull.

To evaluate blockage effects caused by the confined space of the tun-
nel section, an additional model scale simulation at the CSR condition 
is performed using a larger domain that extends the inlet, outlet, side, 
and bottom boundaries. In this work, the tunnel section and large do-
main are abbreviated as TS and LD, respectively. Due to the increase of 
the domain size in the LD condition, the inlet velocity is adjusted while 
maintaining a fixed rotation rate to ensure similarity in propeller load-
ing. A summary of the operational conditions is provided in Table2. In 
the numerical simulations, to achieve non-dimensional similarity and 
match the propeller loading conditions relative to the full scale condi-
tion and model tests, the thrust coefficient 𝐾𝑇 , torque coefficient 𝐾𝑄, 
and cavitation number 𝜎 are defined as follows, 
𝐾𝑇 = 𝑇

𝜌𝑛2𝐷4
, (1a)

𝐾𝑄 = 𝑄
𝜌𝑛2𝐷5

, (1b)

𝜎 =
𝑃𝑠 − 𝑃𝑣 + 𝑃ℎ

0.5𝜌𝑉 2
𝐴

, (1c)

where 𝑇  is propeller thrust, 𝜌 is water density, 𝑛 is propeller rotation 
rate, 𝐷 is propeller diameter, 𝑄 is propeller torque, 𝑃𝑠 is static pres-
sure, 𝑃𝑣 is vapor pressure, 𝑃ℎ is hydrostatic pressure, and 𝑉𝐴 is advance 
velocity, calculated based on the propeller advance coefficient 𝐽 .

3.  Numerical approach

All simulations are carried out using the commercial software pack-
age Simcenter STAR-CCM+. The built-in meshing tools are used for do-
main discretization. The Trimmer Mesher is applied to discretize the 
computational domains in all cases, except for the rotating propeller re-
gion, where the Polyhedral and Advancing Layer Mesher (ALM) is used. 
A mean 𝑦+ value below 1.0 is maintained to resolve the boundary layer 
on the hydrofoil, propeller, and hub. However, the wall function ap-
proach is adopted for the hull and rudder at full scale condition. The 
wall boundary is modeled using the all-𝑦+ approach, which employs 
blending functions for turbulent kinetic energy production and dissipa-
tion.

In the hydrofoil case, the grid resolution is refined on the upper side 
and extended downstream within the core mesh, as shown in Fig. 4 
(top), to capture the dynamics of the transported cloud cavity. Similarly, 
in the propeller in-behind case, a curved cylindrical control volume is 
used to resolve the tip vortex cavitation with high spatial resolution. 
A summary of the generated grids for both the hydrofoil and propeller 
cases is provided in Tables 3 and 4, respectively.

Fig. 3. Computational domains for model scale tunnel section (TS) that is sized 
to match the RISE cavitation tunnel (top), and full scale domain designed to 
mimic open waters condition (bottom).

Cavitation is modeled using a single fluid approach, where the liquid 
and vapor phases are treated as a homogeneous mixture. The fluid is 
assumed to be incompressible with the mixture density varying based 
on the local volume fraction 𝛼𝑣, represented by a ratio of the vapor 
and liquid content. The continuity and momentum equations are solved 
for the mixture as a whole, rather than for the individual phases. The 
mixture density and dynamic viscosity are defined as,
𝜌𝑚 = 𝛼𝑣𝜌𝑣 + (1 − 𝛼𝑣)𝜌𝑙 , (2)

𝜇𝑚 = 𝛼𝑣𝜇𝑣 + (1 − 𝛼𝑣)𝜇𝑙 , (3)

where 𝜇 is the dynamic viscosity. Subscripts 𝑚, 𝑣, and 𝑙 correspond to 
the mixture, vapor, and liquid phases, respectively.

An additional transport equation is needed to solve for the local vol-
ume fraction 𝛼𝑣,
𝜕𝛼𝑣
𝜕𝑡

+ ∇(𝛼𝑣𝑢) =
𝑚̇
𝜌
, (4)

where 𝑚̇ represents the mass transfer rate source term for vaporization 
and condensation. The Schnerr-Sauer mass transfer model is used (Schn-
err and Sauer, 2001), and the local volume fraction 𝛼𝑣 is defined as the 
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Fig. 4. Cross-section views of the grids for Delft Twist 11 hydrofoil (top) and 
Propeller (bottom) cases.

Table 3 
Delft Twist 11 grid details for model and full scale 
conditions.

 Small Scale  Large Scale
 Mean 𝑦+  0.25  0.35
 Number of prism layers  48  66
 Growth ratio  1.14  1.14
 Cell count (million)  16.55  37.2

Table 4 
Grid details for the ship at model and full-scale conditions.

 Model Scale  Full Scale
 Hull mean 𝑦+  0.55  75
 Propeller mean 𝑦+  0.28  0.08
 Number of prism layers (propeller)  47  83
 Growth ratio  1.15  1.15
 Cell count (million)  59.8  63.5

ratio between the local vapor volume and the cell volume,

𝛼𝑣 =
𝑉𝑣
𝑉𝑐𝑒𝑙𝑙

=
𝑛0

4
3𝜋𝑅

3

1 + 𝑛0
4
3𝜋𝑅

3
. (5)

Here, 𝑛0 represents the initial number of bubbles per unit volume of 
liquid, and 𝑅 is the bubble radius. All bubbles are initially assumed to 
be of equal size. The rate of change of the volume fraction is given by,
𝑑𝛼𝑣
𝑑𝑡

= 𝛼𝑣(1 − 𝛼𝑣)
3
𝑅

𝑑𝑅
𝑑𝑡

. (6)

Effects of bubble acceleration, viscous forces, surface tension, and ve-
locity slip between vapor bubbles and the liquid are neglected. The re-
sulting rate of change for bubble growth and collapse is reduced to,

𝑑𝑅
𝑑𝑡

= −sign(𝑃 (𝑅) − 𝑃∞)

√

2
3
|𝑃 (𝑅) − 𝑃∞|

𝜌𝑙
, (7)

where 𝑃 (𝑅) represents the internal pressure of the bubble and 𝑃∞ is the 
far-field pressure. The mass transfer source term for vaporization and 
condensation is defined as,

𝑚̇ =

⎧

⎪

⎨

⎪

⎩

𝐶𝑐
𝜌𝑙𝜌𝑣
𝜌𝑚

𝑑𝛼𝑣
𝑑𝑡 , if 𝑃 (𝑅) > 𝑃𝑣

𝐶𝑣
𝜌𝑙𝜌𝑣
𝜌𝑚

𝑑𝛼𝑣
𝑑𝑡 , if 𝑃 (𝑅) ≤ 𝑃𝑣

(8)

The condensation 𝐶𝑐 and vaporization 𝐶𝑣 constant terms are both set 
to 1.0 which is the default setting. The initial number of bubbles per 
unit volume of liquid 𝑛0 and diameter are set 1012 m−3 and 10−6 m, 
respectively.

The Reynolds-Averaged Navier-Stokes (RANS) approach is used in 
the simulations. Mass and momentum equations for the mixture are de-
fined as follows,
𝜕(𝜌𝑚)
𝜕𝑡

+ ∇ ⋅ (𝜌𝑚𝑈𝑚) = 0, (9)

𝜕(𝜌𝑚𝑈𝑚)
𝜕𝑡

+ ∇(𝜌𝑚𝑈𝑚𝑈𝑚) = −∇𝑝 + ∇(𝜏 − 𝜌𝑚𝑢′𝑢′) + 𝑓. (10)

Here, 𝑈𝑚 is the average mixture velocity, 𝑝 is the pressure, 𝜏 is the vis-
cous stress tensor, 𝑓 is body forces, and −𝜌𝑚𝑢′𝑢′ is the Reynolds stress 
tensor. In the case of the hydrofoil computations, the Boussinesq ap-
proximation is used for the Reynolds stresses which assumes a linear 
constitutive relation with the mean strain rate 𝑆,

−𝜌𝑚𝑢′𝑢′ = 2𝜇𝑇𝑆 − 2
3
𝜌𝑚𝑘𝐼, (11)

where 𝑘 is the turbulent kinetic energy, and I is the identity matrix.
For the in-behind propeller case, the Boussinesq approximation is 

extended to account for turbulence anisotropy using a Quadratic Con-
stitutive Relation (QCR) (Spalart, 2000; Software, 2023). This modifica-
tion introduces non-linear terms based on the strain and vorticity rate 
tensors, and improves turbulence predictions in flows with strong sec-
ondary motions, high streamline curvature, or highly non-equilibrium 
conditions (Sabnis et al., 2021; Su and Yuan, 2017; Software, 2023). 
The additional computational cost from the extra gradient terms is neg-
ligible.

Eddy viscosity is modeled with the 𝑘 − 𝜔 𝑆𝑆𝑇  turbulence model 
(Menter et al., 2003) which uses the strain rate 𝑆 to calculate the eddy 
viscosity 𝜇𝑇 ,

𝜇𝑇 =
𝜌𝑘

min( 𝑎
∗

𝜔 , 𝑎1
𝑆𝐹2

)
, (12)

where 𝑎1 and 𝑎∗ are model constants, 𝑘 is the turbulent kinetic energy, 
𝜔 is the specific dissipation rate, and 𝐹2 is a blending function. The 
calculation of the eddy viscosity remains unchanged when using the 
QCR formulation.

Standard Reynolds-Averaged Navier-Stokes (RANS) models were 
originally developed for single-phase flows. One limitation when ap-
plying them to multiphase flows is their tendency to predict excessive 
eddy viscosity levels in mixture regions (Reboud et al., 1998). This is-
sue is particularly relevant in cases of shedding cloud cavitation where 
the excessive eddy viscosity suppresses the formation of the re-entrant 
jet, a mechanism important for unsteady cavity dynamics. Without a 
correction, the solution converges to a steady and fully attached cavity 
(Coutier-Delgosha et al., 2003; Bensow, 2011), not representative for 
the dynamics of sheet cavitation.

To address this limitation, the empirically proposed Reboud correc-
tion (Reboud et al., 1998) is applied. It modifies the turbulent viscosity 
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in the mixture region and has been used in both hydrofoil and propeller 
cases. The correction function is defined as,

𝑓 (𝜌) = 𝜌𝑣 +
(

𝜌𝑣 − 𝜌
𝜌𝑣 − 𝜌𝑙

)𝑛
(𝜌𝑙 − 𝜌𝑣), (13)

where 𝑛 is a constant set to the recommended value of 10. The correction 
is only active in the mixture regions.

The flow is assumed to be incompressible, and the segregated 
solver is used to solve for the mass and momentum equations using 
the pressure-based SIMPLE algorithm for pressure-velocity coupling. 
Second-order convection schemes are applied for both velocity and tur-
bulence quantities. A steady-state solution is first obtained and then used 
to initialize the transient computations.

For the hydrofoil case, the time step is set to 5 × 10−5 s for the model 
scale and 2 × 10−4 s for the full scale. This corresponds to approximately 
616 time steps per shedding cycle for the model scale and 2642 for the 
full scale. A finer time resolution is required at full scale to maintain 
numerical stability and to resolve the cloud cavity dynamics. For the 
propeller in-behind, the time step size at both model and full scale is 
selected to match a propeller rotation increment of 0.25𝑜 per time step. 
In both propeller and hydrofoil cases, 20 inner iterations per time step 
were used.

4.  Results and discussion

4.1.  Cavitating delft twist 11 hydrofoil

4.1.1.  Pressure distribution on foil upper side
The predicted time-averaged pressure distribution is presented in 

Fig. 5 for spanwise locations at 40% and 50% of the total span to-
gether with experimental measurements. The y-axis represents the non-
dimensional pressure coefficient (-Cp), defined the local static pressure 
normalized by hydrodynamic component 0.5𝜌𝑉 2, where 𝑉  is the veloc-
ity magnitude. The non-dimensional chord length (x/C) is shown on the 
x-axis with zero corresponding to the leading edge of the foil. In the nu-
merical simulations, statistics of the pressure distribution were collected 
and averaged over 15 shedding cycles. While averaging over longer time 
intervals would improve statistical convergence, 15 shedding cycles are 
deemed sufficient for the analysis of the unsteady phenomena presented 
here. Reasonable agreement between numerical predictions and EPFL 
measurements is obtained with a slight overprediction in pressure lev-
els from the numerical results at both span locations. However, larger 
differences are obtained when compared to the TU Delft measurements. 
These measurement points are however questionable as they present 
pressure levels that are significantly below the vapor pressure for the 
studied condition. The exact reason for the consistently overprediction 
of pressure levels in the numerical results is difficult to assess from avail-
able results. As this represents time-averaged pressure, the values are af-
fected by the predicted cavity development and extent which has been 
shown to be influenced by the tripping used in the experiments (Asnaghi 
and Bensow, 2020) and inflow turbulence (Klapwijk et al., 2021), nei-
ther which is considered in this study. The differences between model 
and full scale at the closure of the cavity at the centreline can however 
plausibly be connected to different development of the re-entrant jet in 
the two conditions.

At 50% span, it is interesting to note the gradual increase in the pres-
sure level by the numerical predictions from the leading edge up to 0.15 
x/C at both model and full scale conditions, which is not as pronounced 
in the experiments. This may be due to the sandgrain roughness along 
the leading edge in the experiments, but possibly also not detectable due 
to missing pressure probe data in that region. In addition, the increase 
in pressure levels in that region is not clear at 0.4 span, pointing to a 
possible connection with the re-entrant jet interfering with the forma-
tion of the sheet cavity. Another key observation related to scale effects 
is at the cavity closure region (0.45 < x/C < 0.55). Here, the pressure 
levels at full scale are different than at model scale which will influence 

Fig. 5. Pressure distribution on the Delft Twist 11 upper side: 40% span (top) 
and 50% span (bottom).

the pressure-driven re-entrant jet. This appears to result in a re-entrant 
jet with higher momentum shifting the shedding frequency as shown in 
the subsequent section.

4.1.2.  Cavitation pattern and shedding behavior on the hydrofoil
Analysis of the cavity pattern and shedding behavior is provided at 

different time instants for one typical shedding cycle in Fig. 6. The 
instantaneous snapshots are shown for the predicted cavity for both 
model (middle) and full scale (right) conditions together with experi-
ments from TU Delft (left). The vapor structures are visualized with an 
isosurface for the volume fraction of vapor set at 𝛼𝑣 = 0.5. Vortical struc-
tures are shown with the normalized Q-criterion, Q∗ = Q

𝑈∞∕𝑐2  where 𝑐
and 𝑈∞ are the chord and free-stream velocity. The limiting streamlines 
represent the vector direction of the wall shear stress.

The shedding of the attached cavity is due to the instability driven 
by the re-entrant jet. As the attached cavity develops, higher stagnation 
pressure develops at the closure of the sheet as the main flow curves 
toward foil surface. As a result, a small layer of liquid flows underneath 
the cavity and towards the leading edge. In the case of the Delft Twist 
11, the re-entrant jet has two components, as described by Foeth and 
van Terwisga (2006). The first component travels upstream and per-
pendicular to the cavity closure and is called the re-entrant jet. The 
second folds around the sides of the sheet cavity and is called the side-
entrant jet. While it also moves upstream toward the leading edge, the 
side-entrant jet is characterized with a spanwise velocity component. As 
both jet components near the foil leading edge, they cause the attached 
cavity to break off, forming a traveling vapor cloud in the downstream 
direction.
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Good agreement is obtained between the numerical predictions and 
experiments for the global cavitation shedding behavior and mecha-
nisms. The side-entrant jet can be seen in the first four snapshots in 
Fig. 6. In this region, the isosurface of 𝑄∗ shows that it is rich with 
small-scale vortical structures. These structures remove vapor from the 
attached sheet and entrain them in the downstream direction. The nu-
merical predictions appear to underpredict the volume of entrained va-
por. In addition to the previously mentioned differences in set-up re-
lated to tripping and free stream turbulence, the RANS framework may 
contribute. Comparing model and full scale conditions, the cavity ex-
tension is slightly larger at full scale. This is linked to lower pressure 
levels near the cavity closure region, which also affects the pressure-
driven re-entrant jet as discussed below. In addition, a cloud structure 
appears downstream of the cavity closure. The numerical models pre-
dict a horse-shoe vortex structure in the cloud in both model and full 
scale conditions. While it is not clear in these experimental snapshots 
in this view, this structure has previously been noted in model scale 
experiments and now shown to appear also in full scale.

The fourth time instant shows a comparison for the detachment of 
the cavity. As mentioned earlier, the re-entrant jet causes the attached 
cavity to separate from the surface as it nears the leading edge. It is 
observed that the time instant of the detachment is different and oc-
curs slightly earlier at the full scale condition. At that same time instant 
at model scale, the jet has not yet reached the leading edge, and the 
cavity remains attached. This is believed to be associated with two as-
pects. First, the observed pressure level and pressure gradient at the 
cavity closure at full scale , with a higher pressure downstream the 
cavity closure and lower pressure in the closure region, drives the re-
entrant jet underneath the cavity with higher momentum leading to ear-
lier detachment; the mechanisms for this development is detailed by 
e.g. Arabnejad et al. (2019). Second, the difference in Reynolds num-
ber and the ratio of inertial to viscous forces makes viscous effects more 
pronounced at model scale. As a result, the viscous losses on the jet 
at model scale are more significant. This is visualised by the instanta-
neous pressure distribution (-Cp) collected near the cavity closure as 
shown in Figs. 7 and 8. Data is collected using a line probe that is per-
pendicular to the foil surface and positioned at 0.3 of the chord. The 
pressure levels near the wall are lower at full scale and up to the va-
por structure, reflecting that the re-entrant jet is driven with higher
velocity.

After the main and side-entrant jet components reach the leading 
edge, the cavity detaches forming a traveling cloud as shown in the 
sixth time instant. The cloud is characterized by a spanwise vortex 
structure at both model and full scale conditions. A secondary vortex, 
with its axis of rotation in the wall-normal direction, starts to develop 
in the seventh snapshot. This wall-normal vortex then evolves into a 
horse-shoe structure that carries vapor within its core, which is visi-
ble in the last two snapshots. In the final snapshot, the spanwise vor-
tex structure has diminished and appears similar at both scales. The 
irregular nature of the cloud makes averaged observations of scale ef-
fects difficult. Despite this, scale effects appear to not change the global 
behavior or shedding mechanism of the hydrofoil. However, smaller 
scale vortical structures are more pronounced at the full scale condition, 
which is due to the differences in Reynolds number and broader energy
spectrum.

To identify the shedding frequency of the cloud, the Fast Fourier 
Transform FFT is applied to the collected vapor volume data over 15 
shedding cycles. The predicted frequency at model scale shows good 
agreement with experimental measurements. In the TU Delft tests, the 
reported shedding frequency is 32.5 Hz, which closely matches the nu-
merical predictions at 32.48 Hz. This corresponds to a Strouhal number 
of 0.699 at model scale, calculated based on foil chord. At full scale, the 
predicted shedding frequency is 1.89 Hz, resulting in a Strouhal number 
of 0.71. The change in the Strouhal number suggests a shift in the shed-
ding frequency due to scale effects on the cavity extent and the dynamics 
of the re-entrant jet.

Fig. 6. Instantaneous snapshots for the time evolution of the shedding cloud. 
Left column shows experiments, middle shows model scale, and right shows full 
scale.

4.1.3.  Proper orthogonal decomposition: modal analysis on vapor 
structures

To investigate further the scale effects on the vapor structures, 
Proper Orthogonal Decomposition (POD) (Moin, 1992) is applied to a 
series of two-dimensional snapshots of the transient cavitation. Here, the 
goal is to decompose the dataset into a set of orthogonal basis modes 
that represent the dominant spatial structures and their corresponding 
temporal evolution. The decomposition allows to identify coherent va-
por structures and the key dynamics of the cloud shedding which corre-
spond to the highest energy contributions. The separation of the spatial 
and temporal variables is achieved by,

𝑌 (𝑥, 𝑡) =
𝑁
∑

𝑖=1
𝑎𝑖(𝑡)𝜙𝑖(𝑥), (14)
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Fig. 7. Instantaneous pressure distribution near the cavity closure region. Top 
shows the model scale and bottom is full scale. Data is collected using a line 
probe (shown in black) positioned close the closure region.

Fig. 8. Pressure distribution (-Cp) near the cavity closure for the instant shown 
in Fig. 7.

where 𝑌 (𝑥, 𝑡) is the matrix of the collected dataset, 𝑎𝑖(𝑡) are the temporal 
coefficients, and 𝜙𝑖(𝑥) are the spatial modes ordered in descending order 
of their energy content. In this context, 𝑌 (𝑥, 𝑡) represents the collected 
two-dimensional snapshots of the attached cavity and cloud.

The snapshot method as formulated by Sirovich (1987) is used to 
compute the functions and coefficients. This approach uses Singular 
Value Decomposition (SVD) and the decomposition is expressed as,
𝑌 (𝑥, 𝑡) = 𝜙𝑖(𝑥)Σ𝑉 𝑇 . (15)

Here, Σ is a diagonal matrix with entries corresponding to the singular 
values of the energy content of the modes in decreasing order. 𝑉 𝑇  is 
the transpose of the matrix 𝑉 , where the columns represent the tem-
poral evolution of the corresponding spatial modes. The programming 
language MATLAB is used to perform the decomposition and the proce-
dure is as follows,

• The data matrix is constructed from flattened grayscale images of 
the vapor structures. Here, each column entry represents a single 
snapshot, and each row corresponds to a pixel across all snapshots. 
The resolution of the images corresponds to 512 x 256 with more 
than 4000 images.

• The mean is subtracted from each column before computing the co-
variance matrix 𝐶 = 1

𝑛𝑌
𝑇 𝑌 , where 𝑛 is the number of snapshots.

• Eigen decomposition is applied on matrix 𝐶 to obtain the eigenvalues 
𝜆𝑖 and eigenvectors 𝑉 .

• The temporal coefficients in matrix 𝑎𝑖(𝑡) are computed as 𝑎𝑖(𝑡) = Σ𝑉 𝑇 , 
where Σ is a diagonal matrix of √𝜆𝑖.

• Finally, the spatial modes 𝜙𝑖(𝑥) are reconstructed using Eq. (15).

Fig. 9 presents the obtained first five spatial modes for both model 
and full scale conditions. The percentages represent the cumulative en-
ergy contribution relative to the total energy. In the first two modes, 

Fig. 9. Dominant POD spatial modes 1 through 5 (Percentages represent cumu-
lative energy).

large-scale coherent spanwise rolling vortex and horse-shoe structures 
are dominant and contribute the highest energy. The region where the 
side-entrant jet interacts with the attached cavity is dynamic and present 
in all of the first five modes. For higher-order modes beyond the sec-
ond one, coherent smaller-scale vapor structures are observed including 
vortices associated with the transported cloud. It is worth noting here 
that the relative cumulative energy distribution differs between the two 
scales. The lower percentages at full scale do not imply lower energy 
levels. Instead, it points to a broader energy distribution across the spec-
trum of the spatial modes due to the higher Reynolds number. Never-
theless, the first four modes are almost identical at both scales, which 
suggests that large-scale structures are not significantly influenced by 
scale effects.

Although large-scale structures are not influenced by scale effects, 
higher-order spatial modes presented in Fig. 10 indicate otherwise. 
Smaller-scale structures are now more pronounced but appear less co-
herent. While similarities appears between both scales at mode 7, other 
modes show more structures at full scale. For instance, in the last three 
modes, there are differences that appear near the leading edge and fur-
ther downstream in the vicinity of the trailing edge, where more isolated 
structures are present. While this is associated with the Reynolds num-
ber, it indicates that on average the cloud is transported further down-
stream at full scale due to enhanced mixing effects from the small-scale 
structures. To summarize, scale effects are more pronounced in small-
scale structures while the shedding mechanism and dominant structure 
remain similar.

4.1.4.  Power spectral density of induced pressure fluctuations
The shedding of the attached cavity, its dynamics, and the collapse of 

the vapor structures will induce hydrodynamic pressure fluctuations. To 
evaluate the influence of scale effects on these fluctuations, three virtual 
pressure transducers were mounted on the top wall of the computational 
domain at the midspan of the foil. The transducers are located at 10%, 
50%, and 100% of the chord length. Pressure data was collected for 15 
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Fig. 10. Higher-order POD modes (6–10) (Percentages represent cumulative 
energy).

shedding cycles and normalized to obtain the pressure coefficient. The 
Fast Fourier Transform (FFT) is then applied to the pressure coefficient 
data to compute the Power Spectral Density (PSD) in decibels per Hertz 
(dB/Hz). In addition, the frequency is normalized by 𝑓 ∗ = 𝑓𝑐

𝑈 , where c 
and U are the foil chord length in meters and free stream velocity in 
meters per second.

Fig. 11 presents the computed PSD of the induced pressure fluctu-
ations for both model and full scale conditions. Data from the virtual 
transducer positioned at the mid chord is only presented here as similar 
results are obtained with the others. Results indicate the influence of the 
scale effects on the energy content of the pressure fluctuations which is 
greater at the full scale condition across the entire frequency spectrum.

The first peak in the signal corresponds to the predicted shedding fre-
quency with difference of approximately 15 dB/Hz. It is interesting to 
point out that the peak is also slightly shifted between both scale condi-
tions. Other smaller peaks follow which are possibly associated with the 
collapse of the smaller scale cavitation structures. However, it is inter-
esting to see that those higher frequency peaks are still very similar be-
tween both scales, say for instance at 1.5 and 2.9 of the non-dimensional 
frequency. This indicates that the global behavior of the shedding mech-
anism is not significantly changed by scale effects. However, the overall 
power is higher at full scale, suggesting a more energetic and intense 
cavitation collapse. At high frequencies, the PSD levels are higher for 
the full scale conditions due to the higher Reynolds number and more 
pronounced smaller-scale structures.

4.2.  Cavitating propeller behind ship hull

4.2.1.  Scale and blockage effects on wake field distribution upstream 
propeller

The operation of a propeller within the wakefield induces spatial and 
transient load variations on the propeller blades which affects the de-
veloped cavitation. Accurately simulating the wake distribution is then 
obviously essential for reliable predictions of propeller performance and 

Fig. 11. Power spectral density of the induced hydrodynamic pressure fluctua-
tions at model and full scale conditions.

cavitation dynamics. One of the main limitations of model scale tests 
is the impracticality of obtaining Reynolds number similarity with full 
scale conditions as mentioned earlier. As a consequence, the difference 
in the development in the boundary layer relative to full scale results 
in significant changes to the wakefield and loading conditions on the 
propeller. Understanding the scale effects on wakefield distribution is 
important as these effects are directly linked to the cavitation develop-
ment and its characteristics. In addition to scale effects, model tests are 
typically performed in small or medium-sized cavitation tunnels. The 
restrictions from the tunnel walls will also directly influence the veloc-
ity and pressure distributions, a phenomenon known as blockage. The 
definition of blockage takes the ratio of the maximum cross-sectional 
area of the model ship and the cavitation tunnel section. As described 
previously, the model scale experiments are performed by RISE in their 
cavitation tunnel, and blockage for this case is 10.15%. While this value 
remains well below the 20% threshold recommended by ITTC guide-
lines for model scale testing, numerical results suggest that even at 10%, 
blockage effects remain significant as discussed in the following section.

Fig. 12 presents the predicted axial velocity distribution, normalized 
by the free stream velocity, at a cross-sectional plane located at 0.48R 
upstream of the propeller plane for both model scale (Tunnel Section 
and Large Domain) and full scale conditions. A comparison of the ve-
locity distribution at the wake peak region corresponding to the blade’s 
12 o’clock position shows the strong influence of scale effects. The wake 
peak region refers to the region of the lowest axial velocity magnitude, 
colored in blue in the contour plots. Here, the wake peak region is slim-
mer at full scale. This variation is attributed to the difference in the 
Reynolds number that influences the development and thickness of the 
boundary layer. At model scale, the lower Reynolds number leads to a 
thicker boundary layer which increases the displacement effect for the 
velocity field in this region. Another interesting observation away from 
the wake peak region that appears more pronounced at full scale is the 
asymmetry in velocity distribution between the angular positions of 90◦
and 270◦. The flow appears to have a higher velocity magnitude at the 
90◦ position. This asymmetry is due to the favorable flow direction com-
ing from the hull’s underbody and opposing the direction of the blade 
rotation. As a result, the apparent velocity over the blade suction side 
is higher, leading to a stronger pressure drop on the blade surface and 
generating higher suction force. At the model scale Tunnel Section (TS), 
the wakefield is affected by the domain size due to blockage effects. 
The velocity field distribution is changed significantly in all positions 
when compared with the Large Domain (LD). The space constraint from 
the side and bottom walls of the tunnel accelerates the flow into the 
propeller plane. This is particularly more pronounced in the region at 
the angular positions between 90◦ and 270◦ where the wakefield ap-
pears broader with the LD condition. While the LD condition provides 
a closer approximation of the full scale wakefield, scale effects remain 
significant enough to influence the velocity distribution.

Fig. 13 provides additional details on the predicted axial wake dis-
tribution across propeller radial positions from 0.3R to 1.0R, where R 
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Fig. 12. Axial wakefield distribution on a cross-section positioned 0.48R up-
stream the propeller plane for Tunnel Section (TS), Large Domain (LD), and Full 
Scale (FS) conditions.

is the propeller radius. While the wake peak region shows similar ve-
locity distributions between the TS and LD conditions, the TS condition 
has a slightly larger velocity deficit at the wake peak. This means that 
the blade will experience slightly higher loading in this region with TS 
conditions. The weak peak differs more significantly at full scale which 
features a smaller velocity deficit, indicating less loading on the pro-
peller blade. Away from the wake peak, velocity recovery is slower at 
full scale. Here, velocity recovery refers to the rate at which axial veloc-
ity increases radially outward from the wake peak. As a result, the blade 
is expected to experience increased loading at these positions compared 
to the model scale. When comparing LD with TS, velocity recovery is 
slower with the former due to the diminished effect from the tunnel 
walls. These variations will directly influence the blade loading distri-
bution as discussed in the subsequent section.

In addition to the axial wake component, the vertical component at 
various radial positions is presented in Fig. 14 on a plane 0.48R away 
from propeller disc. The influence of the vertical component on the pro-
peller performance becomes more pronounced away from the peak re-
gion when it is nearly tangential to the blade surface, particularly when 
the blade is at the 90◦ and 270◦ positions. As mentioned previously, the 
flow direction at 90◦ relative to the blade rotation is favorable whereas 
it is unfavorable for the 270◦ position. Differences between the TS, LD 
and FS conditions are pronounced. Beyond 0.7R, the vertical velocity 

magnitude is lowest at the full scale condition relative to model scale. 
This scale effect may be associated with the weaker vortical structures 
(bilge vortices) entering the propeller plane at higher Reynolds number 
(Fu et al., 2011), which could influence the vertical velocity magnitude 
as observed.

4.3.  On the influence of blockage on propeller performance

Fig. 15 presents the pressure distribution on the blade suction side 
(top) and back side (bottom) for both TS and LD conditions. The limit-
ing streamlines shown in black represent the vector direction of the wall 
shear stress. In addition, the developed cavitation appears at the 0◦ posi-
tion and is represented by a white transparent isosurface set at 𝛼𝑣 = 0.5. 
Results are shown for four angular positions: 0𝑜 , 90◦, 180◦, and 270◦. 
Here, 0◦ corresponds to when the blade is at the 12 o’clock position and 
rotates clockwise from upstream.

On the suction side, the flow behavior over the blade surface re-
mains broadly similar between the TS and LD conditions. Flow separa-
tion occurs near the trailing edge, and extends from the blade root to 
approximately 0.85R in both cases. At the 0◦ position, the presence of 
the sheet cavity influences the flow as the re-entrant jet is being driven 
underneath the cavity by the pressure gradient. More pronounced dif-
ferences appear on the suction side pressure distribution. The blade in 
the TS condition has a lower pressure level across all different angular 
positions. This discrepancy in pressure level will influence cavitation in-
ception, particularly where local pressure magnitude falls below vapor 
pressure. In addition, while the lower pressure magnitude might suggest 
higher loading in the TS condition, such a conclusion is premature with-
out accounting for the back side, as shown in the lower part of Fig. 15.

The pressure distribution on the back side is also influenced by block-
age. Across all angular positions, the pressure level is higher in the LD 
condition. Since the thrust magnitude generated by the blade depends 
on the pressure difference between the suction and back sides, the over-
all mean loading on the propeller remains similar between the two con-
ditions with thrust similarity achieved as shown in Table 2. At the 0◦
position, the flow on the pressure side remains attached to the blade 
surface and is largely not affected by blockage. However, as the blade 
rotates away from the wake peak region toward the 90◦ position, a back-
side vortex develops starting at approximately 0.5R. This vortex struc-
ture is associated with separated flow at the leading edge. The vortex 
becomes more pronounced at the 180◦ and 270◦ positions and is stronger 
in the TS as indicated by greater pressure drop in that region.

To investigate the influence of the back side vortex, Fig. 16 presents 
the pressure coefficient distribution at the 270◦ blade position for radial 
locations from 0.3R to 0.95R. On the y-axis, the mean is subtracted from 
the pressure coefficient to account for the induced shift by blockage ob-
served in Fig. 15. The x-axis shows the chord position, with 0 and 1 
representing the leading and trailing edges, respectively. The pressure 
distribution on the blade is similar between TS and LD conditions. How-
ever, more significant differences appear close to the leading edge. At 
0.3R, the blade at TS conditions is more heavily loaded, as indicated by 
the larger area under the curve from the leading edge to about 0.5 of the 
chord length. At radial positions of 0.5R and 0.7R, the influence of the 
pressure side vortex is more pronounced. At these radial positions and 
up to 0.05 of the chord length, a drop in pressure occurs on the blade 
back side which is lower than the levels on the suction side. The effect is 
more pronounced at 0.9R and 0.95R where the drop in pressure is larger 
and induces a reverse thrust in that specific region, affecting the blade 
performance. This adverse effect from the back side vortex is greater at 
TS condition. In addition, at 0.95R and between chord positions 0.1 and 
0.3, the LD condition indicates an earlier pressure recovery on the back 
side which increases the generated thrust from the blade.

Fig. 17 presents the thrust coefficient for a single blade across two 
blade passages. Model (TS and LD) and full scale conditions are shown 
together to highlight the influence of blockage and scale effects on tran-
sient thrust generation by one propeller blade. Results show a significant 

Ocean Engineering 351 (2026) 124310 

10 



Q.S. Khraisat et al.

Fig. 13. Details of the axial wake distribution at different radial positions for Tunnel Section (TS), Large Domain (LD), and Full Scale (FS) conditions.

Fig. 14. Vertical component of wake distribution at different radial positions for Tunnel Section (TS), Large Domain (LD), and Full Scale (FS) conditions.

influence of both effects on thrust. Between angular positions of 0◦ and 
90◦, the blade is most heavily loaded in the TS condition, followed by 
LD and full scale conditions. This trend matches the wakefield distri-
bution characteristics discussed earlier. Sheet and tip vortex cavitation 
develops within the wake peak region and up to 50◦. As a result, the 
variations in the thrust and blade loading will influence the developed 
cavitation. After the blade exits the wake peak region, a shift in thrust 
magnitude is observed. The blade in the TS condition produces lower 
thrust compared with LD and full scale conditions between the 90◦ and 
270◦ positions. This shift is associated with the variation in the spatial 
distribution of velocity due to the presence of the walls. In summary, 
while the mean loading on the propeller remains similar between the 
different conditions, the transient loading is affected by blockage and 
scale effects. These differences will influence cavitation inception, dy-
namics, and collapse, as discussed in Section 4.5.

4.4.  Wetted flow pressure pulse levels

Before presenting scale effects on cavitation, it is useful to first con-
sider scale effects on the pressure pulse levels for the wetted flow condi-
tions. The pressure fluctuation time histories were collected for all eight 
transducers. To compare model and full scale results, pressure levels are 
non-dimensionalized using the scaling relation for the coefficient 𝐾𝑝(𝜙). 

This coefficient is assumed constant for each blade rate harmonic at both 
scales,

𝐾𝑝(𝜙) =
𝑃𝜙

0.5𝜌𝑛2𝐷2
, (16)

where 𝑃𝜙 is the pressure amplitude at the 𝜙 blade rate harmonic compo-
nent obtained through the Fast Fourier Transformation (FFT) , 𝜌 is the 
density, 𝑛 is the rotation rate, and 𝐷 is the propeller diameter.

Fig. 18 shows the predicted wetted flow 1st-order Blade Passing Fre-
quency (BPF) pressure pulse levels for model scale (TS and LD) and full 
scale conditions together with experimental measurements. Small dif-
ferences are observed among the CFD results. The full scale condition 
generally shows the lower levels, followed by the LD and TS conditions. 
The spatial distribution of pressure pulse levels is generally consistent 
with the measurements. The highest levels are at transducers G, D, and 
C. However, the deviation from experimental measurements varies by 
transducer location.

4.5.  Predicted cavitation pattern on the propeller

The cavitation behavior during the model tests was observed to be 
unstable and intermittent for each blade passage. While dynamic wake-
field and water quality contribute to this variability, the intermittency 
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Fig. 15. Pressure distribution on the blade suction (top) and back (bottom) 
sides at model scale for Tunnel Section and Large Domain conditions. Limiting 
streamlines shown on black represent the vector direction of the wall shear stress 
and cavitation is visualized with isosurface 𝛼𝑣 = 0.5.

is primarily due to the low Reynolds number at which the blade oper-
ates. The laminar boundary layer suppresses cavitation inception, even 
when local pressure falls below the vapor pressure threshold. Due to this 
intermittency in model tests, comparing instantaneous snapshots with 
numerical predictions is not suitable. Instead, sketches are prepared as 
shown in Fig. 19 for comparison with numerical results. Cavitation pat-
terns from the numerical results are generated using an isosurface de-
fined by 𝛼𝑣 = 0.5. Figures are presented for blade positions starting at 
0◦ (the 12 o’clock position) and rotating clockwise as viewed from up-
stream.

As the blade enters the wake peak region at the 0◦ position, an at-
tached sheet cavity develops on the blade suction side. In the experi-
ments, the sheet surface is smooth with isolated structures at varying 
inception points near the leading edge. Numerical prediction for the 
same condition predicted a continuous sheet structure that incepts at a 
lower radial position. For the CSR condition, the model and full scale 
cavitation patterns demonstrate the influence of scale and blockage ef-
fects on the developed cavitation. Cavitation extends the most and cov-
ers the largest area of the blade for TS condition, which is most heavily 
loaded at the wake peak. A smaller area is covered by the sheet cav-
ity with the LD condition, followed by the full scale condition. Such 
variations are associated with discrepancies in the wake and pressure 
distribution, as previously discussed. As the blade rotates and reaches 
the 10◦ position, the sheet structure continues to grow in radial and tan-
gential directions. In both experiments and numerical predictions, the 
sheet surface is smooth, but features an uneven surface with a convex 
shape at the closure region. A small tip vortex cavity starts to develop at 
this position for the CSR condition and appears more pronounced at the 
model scale relative to the full scale. By the 20◦ position, the sheet cav-
ity begins to roll into a vortex structure in the experiments, with good 
agreement obtained from the numerical predictions. Both experiments 

and predictions also show a developing tip vortex cavity structure at this 
position. At CSR condition, the sheet has not collapsed yet, but similar 
comments on the extent scale and blockage effects on the extent of the 
sheet cavity can be made.

At the 30◦ position, the tip vortex cavity becomes more pronounced 
in all conditions. While the experiments show a continuous tip vortex 
structure, the numerical predictions show more broken up cavitation in 
the vortex. At the CSR TS condition, the sheet collapse is delayed due to 
its larger size, but the tip vortex is most dynamic with multiple bursting 
events. At full scale, the sheet collapses earlier, leaving a smaller and 
isolated tip vortex structure. By the 40◦ position, the sheet cavity has 
fully collapsed across all conditions and only tip vortex structures re-
main. In the experiments, the dynamic tip vortex is observed until the 
60◦ position but has dissipated before 50◦ in the numerical predictions. 
The tip vortex is highly dynamic at the CSR condition with multiple 
events of growth and collapse. Although the CSR TS snapshot at this 
position shows no tip vortex vapor structure, multiple cycles of events 
occur later. At this specific position, the tip vortex structure appears 
more pronounced at the LD which reflects the influence of the change 
in the wakefield on the tip vortex dynamics. At full scale, the tip vor-
tex appears thinner, less dynamic and collapses earlier than at model 
scale. While this is possibly related to the sharper wakefield, the spatial 
resolution also affects the numerical diffusivity of the tip vortex struc-
ture. Furthermore, the numerical models do not account for the laminar 
boundary layer on the blade surface at the model scale which influences 
the tip vortex strength.

4.6.  Cavitation induced pressure fluctuations and pulse levels

Pressure fluctuation time history due to the cavitation dynamics and 
collapse are presented in Fig. 20 for model and full scale CSR condi-
tions for two blade passages. The influence of blockage and scale effects 
are reflected in the characteristics of the induced pressure signal. The 
first peak in the pressure signal comes from the collapse of sheet cav-
itation, which occurs around the 27◦ position. The amplitude and tim-
ing of this collapse differ across the three conditions. The highest first 
peak amplitude is recorded from the TS with the collapse occurring at 
a slightly delayed time compared to the LD and full scale conditions. 
This delay and higher intensity are due to the larger sheet cavitation 
predicted. In contrast, the sheet cavitation collapse in the LD condition 
happens slightly earlier with a much lower intensity. At full scale, the 
blade experiences the lowest loading at this position, and the sheet col-
lapse shows the lowest peak amplitude which occurs at a time closer to 
the LD condition.

After the sheet cavitation collapse, a series of pulsating events follow 
from the dynamic behavior and bursting of tip vortex cavitation. The in-
tensity and timing of these tip vortex dynamics vary across the TS, LD, 
and full scale conditions. The tip vortex bursting shows the highest peak 
amplitude and a noticeable delay for the TS condition. The amplitude 
of the tip bursting event is nearly as intense as the sheet collapse. In-
terestingly, the tip vortex appears more affected by blockage than scale 
effects. However, it’s worth noting again that the modeling approach as-
sumes fully turbulent flow over the blade surfaces. Between the LD and 
full scale conditions, the amplitudes of the first and second tip vortex 
bursting events are similar, but their timing shifts slightly across blade 
passages. Although the tip vortex cavitation at full scale appears smaller 
than at the LD condition, their induced pressures are nearly equivalent 
in magnitude.

Numerical predictions for the harmonic components of the pressure 
pulse levels under cavitating conditions are presented in Fig. 21 together 
with experimental measurements. The results are presented for all eight 
transducers across all conditions. During the experiments, the pulsating 
levels showed little influence from cavitation and were similar to those 
obtained in the wetted flow conditions. In contrast, numerical simula-
tions indicate an increase in pressure pulse levels of about 20%, depend-
ing on the transducer location.
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Fig. 16. Pressure distribution for various radial locations along the blade at the 270◦ position.

Fig. 17. Thrust coefficient history for a single blade at model scale (tunnel sec-
tion and large domain) and full scale conditions.

Fig. 18. First-order pressure pulse levels at wetted flow condition for all trans-
ducers.

Comparing the 1st-order pressure pulses, the numerical results un-
derpredict the levels compared to the experiments, with relative dif-
ferences varying by transducer placement. Even for the CSR condition 
where the propeller is slightly more loaded, lower levels are obtained 
relative to the experiments. This is associated with the stable wakefield 
predicted by the RANS approach, which affects the intensity of the cav-

itation collapse. Nevertheless, the spatial distribution of the recorded 
levels across the transducers aligns with the experimental data. As ex-
pected, the highest levels are recorded at the TS condition, followed by 
the LD and full scale conditions, which again reflect the influence of 
blockage and scale effects. For the LD, pressure pulse levels decreased 
by about 15% at the two highest recorded transducers (G and D). The 
predicted pressure pulse levels at the full scale condition are lower than 
the model scale across all transducers. For instance, the predicted pulse 
level at the full scale is about 32% lower than at the LD condition for 
transducer D. This trend is opposite to previous findings in the litera-
ture, which generally indicate that cavitation extent and the associated 
pressure pulse levels increase with scale. Note that our results for the 
hydrofoil are in line with observations in the literature. We believe the 
reason is that prior studies, as well as the foil here, were performed in 
open water configurations, while for the propeller in behind the scale 
effects on the wakefield and its interaction with the propeller dominate 
and thus yields reduced cavitation volume.

Higher-order pressure pulse levels are shown in Fig. 22 for trans-
ducer D for all conditions. While numerical simulations underpredict 
the 1st-order pressure pulse levels, they overpredict the higher-order 
components compared to experiments. The intermittent cavitation ob-
served in the experiments, where the cavitation occasionally does not 
develop, particularly for the tip vortex, will reduce the overall levels. 
This leads to larger discrepancies between numerical predictions and 
experimental measurements for these higher-order components. For the 
CSR condition, blockage and scale effects remain significant, consistent 
with the trends observed for the 1st-order pressure pulse levels discussed 
earlier.

4.7.  On the influence of wall functions for full scale simulations

Simulating high Reynolds number flows, such as those around full 
scale ships, is challenging due to the presence of thin boundary layers. 
Resolving the boundary layer requires maintaining 𝑦+ values below 1.0 
for the near-wall cell. This demands high spatial resolution in the wall-
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Fig. 19. Cavitation patterns arranged left to right: model scale experiments, CFD RISE Condition, CSR Tunnel Section (TS), CSR Large Domain (LD), and CSR Full 
Scale.

Fig. 20. Time history of induced pressure fluctuations at transducer D over two 
blade passages for model scale (Tunnel Section and Large Domain) and full scale 
conditions.

normal direction, leading to cells with high aspect ratios. Apart from 
potential numerical stability limitations, the increase in the total cell 
count requires high computational resources. An alternative approach 
to overcome these issues is the use of wall functions. Instead of resolv-
ing the boundary layer, wall functions apply semi-empirical formulas to 
estimate the near-wall flow field. However, this may compromise the ac-
curacy of the computed flow field due to the assumptions involved. Wall 

Fig. 21. First-order pressure pulse levels at cavitating flow condition for all 
transducers.

functions assume a universal logarithmic velocity profile, making them 
unsuitable for flows with adverse pressure gradients (Wilcox, 2006). 
This is important as re-entrant jets forming underneath attached cavities 
are typically driven by adverse pressure gradients. There is also the risk 
that the re-entrant jet flow will not be sufficiently resolved, while fur-
ther not be well characterized by the wall-function formula. In addition, 
wall functions are not suitable for separated flows and cases with strong 
curvature. While wall functions have been previously shown to achieve 
reliable predictions for propeller performance (Kim et al., 2021), this 
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Fig. 22. Pressure pulse levels of the first five BPF components at transducer D.

Fig. 23. Predicted cavitation patterns at full scale condition: Wall Resolved 
(left) and Wall Function (right).

study aims to assess their capability to predict the dynamics of sheet 
and tip vortex cavitation. The surface and tip vortex grid resolutions are 
kept constant, with only the wall-normal cell size adjusted to suit the 
wall function approach.

Fig. 23 shows instantaneous snapshots of the predicted cavitation 
patterns at the full scale condition using both the wall-resolved (WR) 
and wall-function (WF) approaches. Compared to WR, the WF approach 
underpredicts the vapor volume for both sheet and tip vortex cavitation. 
The difference is more pronounced for the tip vortex and its dynamics 
appear smaller and weaker. Given that the tip vortex spatial resolution 
remains similar in both approaches, the influence of wall treatment on 
the tip vortex characteristics is important to highlight. This is particu-
larly important in the context of underwater radiated noise, where the 
tip vortex dynamics forms a significant noise source. As the WF approach 
underpredicts the size and strength of the cavitation, it is likely to un-
derestimate underwater radiated noise levels.

To investigate the reason for the underprediction of the tip vortex 
with the WF approach, Fig. 24 shows pressure coefficient and non-
dimensional vorticity at various cross-sections for when the blade is at 
the 15◦ position. Tip vortex flow structures are represented with an iso-
surface of the Q-criterion set at 5000.

The isosurfaces of the vortex structures show clear differences based 
on the wall treatment. With the WR approach, three distinct tip vortex 
structures are predicted, two of which later merge into one. In contrast, 
the WF approach does not capture the bottom vortical structure. The 
non-dimensional vorticity planes further show that the vorticity magni-
tude with the vortex core is weaker with the WF. Comparing the maxi-
mum vorticity magnitude at each plane cut, the WF underpredicts vortex 

Fig. 24. Non-dimensional vorticity and Pressure coefficient at various cross-
sections for when the blade is at the 15◦ position: Compariosn of the Wall Re-
solved (top) and Wall Function (bottom) approaches.

strength by 12% in the first two cuts, where vapor structures develop. 
The minimum pressure within the vortex core is also consistently higher 
with the WF. As a result, a smaller and weaker tip vortex vapor struc-
ture with modified dynamics is predicted. Although the grid resolution 
for the tip vortex and blade surface remains similar, the wall-normal
resolution is different. This suggests that the underprediction of the 
tip vortex may originate from unresolved interactions between the re-
entrant jet flow over the blade surface and the tip vortex.

5.  Conclusions

In this study, numerical simulations are performed to investigate 
scale effects on cavitating flows for two test cases. The first case is the 
Delft Twist 11 hydrofoil, which is characterized by unsteady shedding 
and cloud cavitation. To study scale effects, a geometrically scaled hy-
drofoil that is 20 times larger than the model scale is used. The cor-
responding Reynolds numbers for model and full scale are 1.1 × 106

and 2.58 × 107, respectively. Numerical results are compared with model 
scale measurements from TU Delft and EPFL cavitation tunnels. The av-
erage pressure distribution on the upper surface of the hydrofoil is over-
predicted in the simulations compared to the experimental data, corre-
lating to an underprediction of the cavitation extent. Analysis of scale 
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effects shows a longer cavity extent at full scale, which is associated with 
different pressure levels near the closure region compared with model 
scale. At full scale, the cavity detaches at an earlier time instant. This 
is attributed to the re-entrant jet having larger momentum, partly due 
to the reduced viscous losses at the higher Reynolds number condition. 
Further analysis using Proper Orthogonal Decomposition on cavitation 
shows that scale effects are more pronounced in smaller-scale struc-
tures, while the shedding mechanism and dominant structures remain
similar.

The second test case focuses on scale and blockage effects on a cav-
itating propeller flow operating in a ship wake. Model scale tests were 
conducted by RISE in their cavitation tunnel and the results are used 
in a comparison with the numerical predictions. To assess blockage ef-
fects at model scale, two computational domains are used. The smaller 
domain is named Tunnel Section and is sized to match the dimensions 
of the test section during the experiments. The other is named Large 
Domain where the boundaries have been extended further away from 
the model ship. Although ITTC recommends blockage below 20%, the 
numerical results show that blockage as low as 10% still have signifi-
cant effect on the flow. The wakefield distribution is sensitive to both 
scale and blockage effects, which influences the transient loading on 
the propeller blades, even when the mean loading is similar. The influ-
ence of scale effect on the wakefield distribution is mainly attributed 
to the differences in the boundary layer development, while the in-
fluence of blockage is associated with the constraints from the tunnel 
walls accelerating the flow into the propeller disc. Cavitation patterns 
reflect these effects as the sheet cavity extends furthest and covers the 
largest blade area with the TS, where loading is highest at the wake 
peak. A smaller area is covered at the LD condition, and even less at 
the full scale condition. This is an opposite trend compared with find-
ings in the literature, where however previous studies were performed 
for an open water set-up and did not consider the influence of scales 
on the wakefield distribution and its interaction with the propeller. 
The tip vortex is also sensitive to both blockage and scale effects, ap-
pearing thinner at full scale. As a result, induced pressure fluctuations 
are lower at full scale compared to model scale conditions. Finally, 
a demonstration using wall function at full scale shows it underpre-
dicts both sheet and tip vortex cavitation, making it unsuitable for such
cases.

Our results indicate that there are effects on the cavitating flow on 
a propeller, working in behind conditions, from both model scale ex-
periments and computations that are not considered in current scaling 
procedures. The origin is primarily changes in the wake field, due to 
scale effects as well as blockage in cavitation tunnel tests. Admittedly, 
there are no full scale data available to validate our findings, but we ar-
gue that the current computational techniques used are mature enough 
to give qualitatively robust results. However, there is a clear need for 
further studies, both computational and experimental, to quantitatively 
study these phenomenon.
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