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Abstract

The blockage effect is one of the drawbacks in the use of cavitation tunnels, which may considerably interfere in

the measurements of the hydrodynamics of model-scale propellers. The literature presents some methods to correct

the acquired values, such as the Glauert method, but the deduction of this method does not consider the cavitation

effects. This paper aims to use CFD tools to compare and analyze the effect of different levels of blockages on the

thrust, torque, hydrodynamic efficiency, and cavitation on two model-scale marine propellers. Five different blockage

ratios (from 1% to 41%) and three test cases are simulated, varying the advance ratio to compose the propeller

performance diagram. The simulations have shown that the Glauert formula satisfactorily corrected thrust, torque,

and hydrodynamic efficiency, even in moderate cavitation. When cavitation is intense, it is observed that the blockage

decreases the thrust and torque, not being recommended to use the Glauert formula. It is observed that the cavitation

is sensitive to blockage, and it can affect its pattern on the blade surface.
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Nomenclature

Cp Pressure coefficient

Dp Propeller diameter

d Dimension of the numerical cavitation tunnel

E Comparison error

h Characteristic length

J Advance ratio

KT Thrust coefficient

KT,s, KT,p, KT,h Thrust coefficient from the suction face, pressure face, and hub

KQ Torque coefficient

n Rotation rate

Ne Number of elements

pcav Percentage of the propeller suction face covered by cavitation

ph Hydrostatic pressure

ps Saturation pressure

Q Torque

Rep Propeller-based Reynolds number

r Cell size ratio, r = h/hfinest

Uval Validation uncertainty

T Thrust force

va Advance velocity

α Blockage ratio

η0 Hydrodynamic efficiency

µ Dynamic viscosity

ρ Density

σ Cavitation index

1. Introduction1

Cavitation tunnels are used in naval and ocean engineering to investigate the hydrodynamics of propellers and2

rudders, including conditions with significant cavitation. One of the main drawbacks of these devices is the so-3

called blockage effect, which is when the streamflow is affected by the presence of tunnel walls, interfering with the4

hydrodynamics of the studied body. One way to estimate the blockage influence is to compare the measured force5

and torque from the cavitation tunnel with those obtained on a large towing tank. However, as the majority of towing6

tanks do not control the static pressure of the experiments, it is not possible to predict the cavitation pattern for low7
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hydrostatic conditions.8

The blockage effect is well-known and studied in several experimental fields these days, such as the blockage into9

the ventilated tunnel fires (Meng et al., 2020) or in the automotive industry, when testing vehicles with wind tunnels10

(Fischer et al., 2010; Collin et al., 2016). More recently, Ljungskog et al. (2020) discusses and compares the effect11

of the blockage of the strolled wall wind tunnel test section geometry to a sedan car using CFD (Computational Fluid12

Dynamics) simulation. For the wind turbines, the topic is present in several parts of the project: assessing the blockage13

of an analytical wind farm (Segalini, 2021), tip vortices (Soto-Valle et al., 2020), or in test with micro wind turbines14

(Shirzadeh et al., 2021). Branlard and Meyer Forsting assesses the blockage of wind farms, discussing that neglecting15

blockage effects typically leads to an overestimation of the production. However, the blockage can be explored to16

enhance the turbine performance, such as in rivers and tidal channels (Espina-valdés et al., 2020). Ross and Polagye17

(2020) states that the research of blockage effect into the field of wind turbines is motivated because turbine testings18

conducted in laboratory facilities or numerical simulations usually have finite domains.19

In towing tank tests, aiming to test a model-scale vessel, the International Towing Tank Conference (ITTC, 2011a)20

describes three methods, Schuster, Scott, and Tamura (further described in the reference), to correct the blockage21

effect for deep-water resistance, sinkage, and trim results. It is discussed the preference for correction expressed as22

an adjustment of speed, showing that the Scott correction tends to fit most of the data best, being recommended for23

general use of towing tank experiments, with some limitations related to the Froude number, model length, and depth24

ratio.25

Glauert (1983) proposes a one-dimensional potential formulation to correct the effect of wind tunnel interference26

when a propeller is tested, being widely used for blockage correction (Barlow et al., 1999; Deters et al., 2014). More27

recently, Mikkelsen and Sørensen (2002) and Sorensen et al. (2006) applied CFD techniques to model the wind tunnel28

blockage effects to compare the results with Glauert’s blockage correction. The conclusions show that the correction29

is in particularly good agreement with the computation, ensuring the reliability of the one-dimensional momentum30

theory wall correction. Ryi et al. (2015) discusses the blockage effect of a horizontal-axis wind turbine and proposes31

a correction algorithm for the original Glauert method to process the data with three different wind tunnel sizes. It is32

observed that the correction method is appropriate for low-thrust conditions, but not with perfect correction for higher33

thrust conditions. For the maritime field, ITTC (2017, 2016) describe some recommended procedures and guidelines34

for model-scale propeller tests, such as blockage ratios less than 20%. Zilic de Arcos et al. (2020) uses CFD tools to35

compare six different blockage correction methods for axial-flow tidal turbines.36

Regarding the blockage effect into the cavitation phenomena, Balachandar and Ramamurthy (1991) discusses the37

cavitation inception considering two-dimensional bluff bodies subjected to wall interference effects and providing38

some experimental results. It is concluded that for sharp-edged bluff bodies the cavitation inception is weakly de-39

pendent on the Reynolds number and closely related to blockage effects. For marine propellers, a condition of high40

thrust in low hydrostatic pressure may lead to cavitation. Thus, it is also important to consider the blockage effect41

for the cavitation pattern analysis. Using a lifting-surface vortex-lattice method, Choi and Kinnas (1999) resolves42
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an unsteady flow of a cavitating propeller considering the blockage effect, comparing the results with experimental43

results. Watanabe and Brennen (2003) investigates the unsteady dynamics and instabilities of cavitating propellers44

operating in a cavitation tunnel, analyzing the effect of tunnel walls on the promotion of the surge of instabilities.45

Lee and Kinnas (2005) applies the boundary element method to a marine propeller subject to a non-axisymmetric46

inflow with the blockage effect. Besides the increase of thrust and torque coefficients, the blockage effect also affects47

the volume of cavitation. Using CFD tools, a previous study was started in Katsuno and Dantas (2017), but a deep48

analysis of the blockage effects into cavitating propellers was not approached, especially on the condition of severe49

cavitation.50

Deep analysis on the blockage correction for marine propeller applications in cavitating conditions is relevant51

as most of the cited blockage corrections were developed and studied for wind applications. Thus, cavitation is not52

considered in these analyses, being important to check if the blockage correction is valid, and up to which conditions,53

for cavitating operations. Indeed, for tidal turbines rotors, Wimshurst et al. (2018) states that the blockage effect is54

currently not accounted for cavitation analysis.55

Aiming to evaluate the effectiveness of the blockage correction on a marine propeller in cavitation tunnel tests,56

especially when cavitation is considerable, this paper aims to use CFD tools to analyze the effect of different blockage57

ratios on the thrust, torque, hydrodynamic efficiency, and cavitation area. Experiments are conducted at the Institute58

for Technological Research’s (IPT) Cavitation Tunnel to ensure that the adopted numerical method is accurate, by59

conducting the Verification and Validation (V&V) procedure, estimating the experimental and numerical uncertain-60

ties. Then, the investigation is conducted using CFD to simulate two different propellers in three different test case61

scenarios and five blockage ratios, changing the cavitation indices and the advance velocities, observing the blockage62

influence on the propeller performance indicators and cavitation on the blade. The results are compared before and63

after applying the blockage correction, evaluating its effectiveness to minimize distortions due to the blockage.64

2. Methods65

2.1. Test case propellers and coefficients66

Two propellers are tested, being named in this paper as P104 and P107, as shown in Fig. 1.67

The propeller P104 is a 1:7 model-scale propeller for a 200-ton boat, designed to operate between 10 and 16 knots68

in fresh and salt water. The propeller design is based on a Gawn-Burril (KCA) systematic series (Gawn and Burrill,69

1957). P104 has three blades, and the full-scale propeller has a diameter of 1400 mm. This model-scale has a diameter70

of 200 mm, pitch-to-diameter ratio of 0.86, expanded area ratio of 0.50, and axis diameter of 0.038 m, as shown in71

Fig. 2 and Fig. 3. Note that the propeller has a rounded tip, smoothing out the propeller edges. The hub and axis are72

represented in all simulations to get higher similarity with experimental tests.73

The propeller P107 is a 1:1.588 model-scale propeller, designed using the nominal wake of the DARPA Suboff74

Submarine (Groves et al., 1989), aiming to have a maximum diameter of 59% of the diameter of the resistant hull. The75
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Figure 1: Test case propellers, named P104 (left) and P107 (right).
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Figure 2: Profile, transverse and expanded view of the propeller P104 (units in m).

Figure 3: Propeller P104 inside the IPT’s Cavitation Tunnel.

5



Radial
position

0.25
0.3

0.4

0.5

0.6

0.7

0.8

0.363
0.366

0.371

0.380

0.389

0.387

0.348

0.245
0.164

0.9

0.95

B

B

c/R

Profile view
(Section B-B) Transverse view Expanded view

0 10 20 30 40

4

P/D

0.900
1.053
1.093

1.147

1.196

1.214

1.216

1.203

1.114
1.098
1.046

Pitch distribution

Figure 4: Profile, pitch-to-diameter (P/D) distribution, transverse, and expanded view of the propeller P107 (units in m).

design procedure can be found in Sbragio (1995). P107 has seven blades, and the full-scale propeller has a diameter76

of 300 mm. This model-scale has a diameter of 189 mm, pitch-to-diameter ratio of 1.216, expanded area ratio of77

0.60374, skew angle of 28°, as shown in Fig. 4.78

The operating conditions are expressed through three coefficients: advance ratio J, cavitation index σ, and79

propeller-based Reynolds number Rep:80

J =
va

nDp
, σ =

ph − ps

1
2ρ

(
nDp

)2 , Rep =
ρnD2

p

µ
. (1)

The analyzed outputs correspond to typical propeller performance indicators, namely thrust coefficient KT , torque81

coefficient KQ, and hydrodynamic efficiency η0. These properties are expressed as:82

KT =
T

ρn2D4
p
, KQ =

Q
ρn2D5

p
, η0 =

Tva

2πnQ
. (2)

In those equations, va is the advance velocity; n, rotation rate; Dp, propeller diameter; ph, hydrostatic pressure;83

ps, saturation pressure; ρ, fluid density; T , thrust force; and Q, torque.84

The percentage of the propeller suction face covered by cavitation, named pcav, is evaluated by the surface-integral85

of volume fraction of the water on the suction face, expressed as:86

pcav =

∑
Ωs
αi Ai∑

Ωs
Ai

, (3)

in which Ωs is the suction face of the propeller; αi, the volume fraction of the vapor; and Ai, the element area.87

The pressure coefficient Cp is defined as:88
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Cp =
2 p

ρ
(
n Dp

)2 , (4)

in which p is the relative pressure.89

2.2. Validation procedure90

The validation procedure consists in checking if the numerical model is correctly and accurately predicting the91

experimental results, based on an acceptable uncertainty. This work follows the proposed validation method in ASME92

(2009), describing the validation uncertainty Uval and the validation comparison error E, summarized as:93

U2
val = U2

num + U2
exp + U2

par,

U2
num = U2

iter + U2
grid,

(5)

E = S − D, (6)

in which Unum is the numerical uncertainty; Upar, parameter uncertainty; Uexp, experimental uncertainty; S , numerical94

prediction; D, experimental value; and E, comparison error. The numerical uncertainty can be divided in two terms:95

iteration uncertainty Uiter and discretization uncertainty Ugrid. In this work, the discretization uncertainty is based on96

grid refinement studies (Eça and Hoekstra, 2014); the experimental uncertainty is described in Sec. 4, and the iteration97

and parameter uncertainties are assumed to be neglectable compared to the discretization uncertainty.98

If the comparison error |E| is considerably larger than the validation uncertainty Uval, it can be concluded that the99

comparison error is dominated by modeling errors, indicating that the adopted numerical model should be improved.100

In the case of the comparison error lower than the validation uncertainty, |E| < Uval, the modeling error is in between101

the noise level, due to the numerical or experimental uncertainties. It can mean two possibilities: if |E| is considered102

sufficient small, the numerical error and the experimental solution can be validated, with precision given by Uval;103

otherwise, the quality of the numerical solution or the experimental method should be increased before stating any104

conclusion about the adequacy of the numerical model.105

The grid refinement studies based on steady-state simulations are applied in this work because, although the106

implicit unsteady model is used, the focus of this study is on the mean value of each output, not on the evolution107

of a value over time. Even though the unsteady approach would be recommended, the steady one is adopted for108

simplification purposes.109

2.3. Potential blockage correction110

Glauert (1983) proposes a one-dimensional potential formulation to correct the effect of tunnel interference when111

a propeller is tested. The adopted hypotheses are: the fluid is inviscid and incompressible; any fluid rotation inside112

the streamtube is neglected; and the fluid velocity is considered uniform along each cross-section of streamtube.113
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Figure 6: Correlation developed by Glauert (1983) between blockage ratio α, τ and λ, defined in Eq. (7).

Figure 5 shows the schematics of the actuator disc model inside a blocked volume, in which vt represents the tunnel114

velocity and v, the velocity inside the actuator disc (in this way, the actuator disc provides an increase of velocity of115

v − vt). Due to the confinement, the pressure upstream is not the same as in the downstream, being represented as p1116

and p2, respectively.117

By applying the continuity equation in the control volume, the Bernoulli equation along paths 1-2 and 3-4, and118

the momentum equation in the control volume, it is possible to obtain a correlation between the blockage and the119

equivalent far-field velocity. Figure 6 summarizes the correction by showing the correlation of λ, the ratio between120

the tunnel velocity and the equivalent far-field velocity; and τ, which is proportional to the thrust, being both expressed121

in Eq. (7).122

α =
Ap

At
, τ =

4J2KT

π
, λ =

vt

v∞
, (7)

in which α is the blockage ratio; Ap, propeller disc area; At, cross sectional area of the slipstream (cross section of the123

cavitation tunnel); vt, tunnel velocity; and v∞, equivalent far-field velocity.124
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Figure 7: Domain dimensions and boundary conditions of the numerical simulations.

3. Numerical approach125

The numerical simulations are conducted using the CFD software Siemens STAR-CCM+ 13 double-precision.126

As detailed in Siemens (2018), the software is based on the cell-centered finite volume method using an unstructured127

grid solver. STAR-CCM+ is also used for the mesh generator as for the post-processing.128

3.1. Domain dimensions and boundary conditions129

Two numerical regions are used: the rotor region, a cylindrical shape with rotational movement, which contains130

the propeller inside; and the stator region, representing the tunnel, with a void space to match the rotor region. Figure 7131

shows the dimensions of rotor and stator regions, and the adopted boundary conditions, noting that these two regions132

interact through the internal sliding interfaces.133

The numerical treatment for velocity inlet boundary conditions is that the velocity is specified, the pressure gradi-134

ent is zero, and turbulence kinetic energy and specific dissipation rate are also specified. For pressure outlet boundary135

condition, velocity gradient is zero, the relative pressure is imposed to be zero, turbulent kinetic energy and specific136

dissipation rate gradients are zero.137

3.2. Physical model and numerical setup138

Simulations are conducted in an implicit unsteady model, using the unsteady Reynolds-averaged Navier-Stokes139

(uRANS) equations with the k − ω SST turbulence model (Menter, 1994). The Volume of Fluid (VOF) model is140

used within the Schnerr-Sauer cavitation model (Sauer and Schnerr, 2001). This cavitation model is based on a141

reduced Rayleigh–Plesset equation and neglects the influence of bubble growth acceleration, viscous effects, and142

surface tension effects (Siemens, 2018). Segregated flow model is adopted, and the second-order convection is used143

in uRANS, SST, and VOF transport equations.144

Water and vapor are considered incompressible, and its densities are set as 998.16 kg/m3 and 1.7314 × 10−2 kg/m3,145

respectively; and the dynamic viscosities, 1.0016 × 10−3 Pa s and 9.7272 × 10−6 Pa s, respectively. Saturation pressure146
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Figure 8: IPT’s Cavitation Tunnel.

is set in the temperature of 20 °C, 2339.3 Pa. Turbulence intensity is set to 1%, the same value measured in the IPT’s147

cavitation tunnel using PIV (Particle Image Velocimetry) in the condition without the propeller. Turbulent length scale148

is set as 7% of characteristic length, defined as the chord on the 70% of propeller radius.149

The Courant number is maintained similar between simulations, defining the timestep as a function of the mean150

element size and the velocity, varying between 6.1 × 10−5 s and 9.0 × 10−5 s, compensating its increase in high advance151

ratio and high rotation conditions. The volume-average Courant number on the highest timestep is 0.71 in the rotor152

region.153

The simulations ran up to the physical time between 1.21 s and 1.76 s, depending on the monitoring of KT and154

KQ to achieve a constant value or a constant-oscillatory behavior with a constant mean value. Then, the mean value155

of the last 3500 time-steps is assumed as the resulted output.156

4. Experimental approach157

Experimental tests are conducted at the IPT’s Cavitation Tunnel, shown in Fig. 8. It has a square cross-sectional of158

d = 0.50 m with a rounded corner. The flow velocity is obtained using a transducer to measure the pressure difference159

between two positions of a geometry similar to a Venturi tube. The measurements of thrust and torque are carried out160

by two pendulum systems, connecting the drive motor and the load cells. More details of IPT’s Cavitation Tunnel can161

be found in Dantas et al. (2014).162

4.1. Uncertainties of the propeller coefficients163

To obtain the experimental uncertainty of the thrust and torque coefficients, defined in Sec. 2.1, each term that164

constitutes these expressions is assumed to be independent. Thus, the propagation of uncertainties is presented below.165

Obtaining each of these terms is discussed in further detail in the following sections.166

(
uKT

KT

)2

=

(uT

T

)2
+

(
uρ
ρ

)2

+

(
2

un

n

)2
+

(
4

uDp

Dp

)2

, (8)
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Figure 9: Apparatus of the lever arm used to measure the propeller thrust and torque at IPT’s Cavitation Tunnel.

(
uKQ

KQ

)2

=

(
uQ

Q

)2

+

(
uρ
ρ

)2

+

(
2

un

n

)2
+

(
5

uDp

Dp

)2

. (9)

4.2. Thrust and torque expressions and uncertainty expansion167

The load cells are previously calibrated to obtain a linear relation between the voltage and the added mass, given168

by U = β̂0 + β̂1m, in which U is the read voltage; m, mass; and β̂, linear coefficients. The measurement of thrust169

starts by reading the thrust load cell voltage, convert to its corresponding mass by using the inverse function of the170

one interpolated during calibration, and then convert to force by multiplying with the acceleration of gravity g. Due171

to a ratio of forces between the point of measurement of the load cell and propeller thrust, the value is multiplied by172

the lever ratio bT . Figure 9 show the schematics of the Cavitation Tunnel, observing that the lever ratio bT is the ratio173

between the distance of pivot-load cell measurement and the pivot-propeller axis.174

Torque measurement starts by reading the torque load cell voltage. However, unlike the procedure for thrust, this175

value is subtracted by the linearization of the voltage value due to the shaft bearing friction of the cavitation tunnel176

axis, using the coefficients β̂0,B and β̂1,B, assuming a linear relation between bearing friction and rotation rate. The177

equivalent mass value is multiplied by the acceleration of gravity g, and finally by arm ratio bQ, resulting in the178

propeller torque. Figure 9 also shows schematically the dimension bQ, which corresponds to the radius of the disc179

coupled to the motor.180

Based on the adopted linear correlations and described procedures, the equations that summarize the thrust T ,181

torque Q, and its respective uncertainty propagation uT and uQ are expressed by:182

T = bT

(
UT − β̂0,T

β̂1,T

)
g, (10)

Q = bQ

(
UQ − β̂0,Q − β̂0,B − β̂1,B n

β̂1,Q

)
g, (11)
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u2
T =

(
T
bT

)2

u2
bT

+

(
bT g
β̂1,T

)2

u2
UT

+

(
bT g
β̂1,T

)2

u2
β̂0,T

+

(
T
β̂1,T

)2

u2
β̂1,T

+

(
T
g

)2

u2
g, (12)

u2
Q =

(
Q
bQ

)2

u2
bQ

+

(
bQ g

β̂1,Q

)2

u2
UQ

+

(
bQ g

β̂1,Q

)2

u2
β̂0,Q

+

(
bQ g

β̂1,Q

)2

u2
β̂0,B

+

(
bQ gn

β̂1,Q

)2

u2
β̂1,B

+

(
bQ gβ̂1,B

β̂1,Q

)2

u2
n +

(
Q
g

)2

u2
g +

(
Q
β̂1,Q

)2

u2
β̂1,Q
. (13)

4.3. Obtaining the uncertainties183

The uncertainties of thrust and torque load cell voltages are composed by the measurement and resolution uncer-184

tainties:185

u2
UT

= u2
disp,T + u2

disc,T , u2
UQ

= u2
disp,Q + u2

disc,Q. (14)

The measurement uncertainty udisp is treated as a type-A uncertainty. According to the Vocabulary in Metrology186

(BiPM et al., 2012) “type-A uncertainty is the evaluation of a component of measurement uncertainty by a statistical187

analysis of measured quantity values obtained under defined measurement conditions”. It is assumed that the digital188

data from acquisition systems represent several measurements with a Gaussian distribution, given by udisp = s, in189

which s is the standard deviation of the sample.190

To compute the resolution uncertainty udisc, it follows JCGM et al. (2008), which suggests a rectangular distri-191

bution when using digitally acquired systems, such as load cells and pressure transducers; or triangular distribution,192

when using analog equipment, usually performed through the eye of a human, such as reading a thermometer or193

barometer, Eq. (15).194

udisc, rectangular =
2a
√

12
=

Urange

2nbits

1
√

12
, udisc, triangular =

2a
√

24
, (15)

in which a is the half-width of the interval.195

The rotation is obtained by a rotary incremental encoder sensor. By performing acquisition through a computer,196

with high acquisition frequencies, the measurement uncertainty udisp is neglected. Propeller and cavitation tunnel197

geometry properties, such as diameter and areas, are assumed to have negligible uncertainties.198

The uncertainties of linear coefficients uβ̂ are given by evaluating the fitting quality during the calibration proce-199

dure. The water density is determined by the table presented in ITTC (2011b) that correlates these values with the200

water temperature. Note that the method assumes water with the same properties as in ITTC (2011b). In this way, the201

uncertainty of method is included, along with the temperature uncertainty.202

According to the gravimeter data from the Institute of Astronomy, Geophysics and Atmospheric Sciences (IAG)203

of the University of São Paulo, the measured gravity is g = 9.7864(3) m/s2. The value and its uncertainty are used for204

subsequent calculations, as the IAG is located less than 500 m from the Cavitation Tunnel.205
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Figure 10: Mesh topology and detail of the P104 tip, from the most coarse (top) to finest mesh (bottom).

5. Results206

5.1. Verification and Validation with experimental results207

The Verification and Validation (V&V) is conducted to validate the numerical part with the experimental results.208

To do so, the propeller P104 is studied only in the same blockage ratio of the experimental facility. The numerical209

uncertainties are estimated based on the grid refinement studies (Eça and Hoekstra, 2014), adopting five meshes with210

similar topologies and different refinements. Figure 10 shows the adopted meshes, with similar hexahedral topologies,211

and the detail on the propeller mesh tip, showing the prism layer used to accurately model the boundary layer and the212

tip vortex detachment. Table 1 shows key characteristics of the grids.213

The V&V procedure is carried out in four conditions: from low advance ratio (J = 0.25, a condition with sig-214

nificant cavitation) to the advance ratio close to the maximum hydrodynamic efficiency (J = 0.71). All cases have a215

Reynolds number of Rep = 1.06 × 106 and cavitation index of σ = 2.30. Figure 11 presents the results for each case216

over each mesh level, along with its numerical and experimental results and their respective uncertainties.217

13



Table 1: Number of elements Ne in each region; characteristic length h (average blade near-wall cell size); and cell size ratio r = h/hfinest.

Stator Ne Rotor Ne Total Ne h [10−3 mm] r

2.7 M 6.8 M 9.5 M 2.357 1.00

1.0 M 4.7 M 5.7 M 3.348 1.42

478 k 3.5 M 4.0 M 4.714 2.00

232 k 3.1 M 3.3 M 6.663 2.83

254 k 1.9 M 2.2 M 9.449 4.01

97 k 1.5 M 1.6 M 13.33 5.66
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Figure 11: Comparison between numerical results from each cell size ratio r (circle markers), the experimental results (square marker at r = 0),

and the curve to estimate the discretization error.
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Figure 12: Adopted rotor meshes for the P104 (left, rotor Ne = 6.8 M) and P107 (right, rotor Ne = 11.2 M) propellers.

The analyses show that most of the numerical results are in the range of the validation uncertainty Uval, making it218

validated with their respective uncertainties. Larger values of uncertainties in the experimental torque coefficients KQ219

are related to the shaft bearings friction uncertainties. Some of the results have shown that the comparison errors E220

are in the same order of magnitude of validation uncertainties Uval. The comparison errors for most of the presented221

cases indicate that the model errors are below the noise levels, suggesting that the numerical model can be considered222

valid for a comparative analysis of the blockage effect. Most of the order of convergence for KQ (J = 0.42, 0.54, 0.71)223

have an observed grid convergence of p = 2.0 (φi = φ0 + α2r2), indicating a monotonically converging solution.224

On the other hand, KT results have mostly non-monotonic convergence (J = 0.25, 0.42, 0.71), with equation of225

φi = φ0 + α1r + α2r2 (Eça and Hoekstra (2014) describes that these types of equations are made as a shortcoming of226

“practical calculations”). Also, the discretization uncertainty Ugrid compared to the result from the most refined mesh227

φ1 is higher for the condition of low advance ratio (Ugrid/φ1 = 3.1% for the KT and Ugrid/φ1 = 3.3% for the KQ).228

Due to significant cavitation, it suggests that a finer mesh or further improvements of the numerical model could be229

addressed to enhance the quality of numerical results.230

Moreover, it is important to point out that parameter uncertainty is not considered in this validation procedure. Due231

to the inherent characteristics of the IPT’s Cavitation Tunnel, the measurement of the advance velocity by the Venturi232

effect is affected by the propeller load, interfering in the uncertainty of the advance ratio. During the experimental233

tests, uncertainty on the advance velocity was observed, implying that the experiments may present some uncertainty234

in reproducing the same condition as simulated in the CFD. Nonetheless, it still suggests that the chosen numerical235

model is satisfactory to proceed to the next part of the comparative analysis to assess the blockage effect. The same236

mesh topology and refinements of the r = 1.0 mesh are applied on the P107 rotor mesh. Figure 12 shows the adopted237

meshes for the P104 and P107 propellers, demonstrating their density similarities.238
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Table 2: Dimensions of the numerical cavitation tunnel d (see Fig. 7), cross sectional area At , and the blockage ratio α.

d [m] At [m2] α (P104) α (P107)

0.28 0.077 0.4057 0.3623

0.35 0.121 0.2597 0.2319

0.50 0.247 0.1272 0.1136

0.70 0.484 0.0649 0.0580

1.50 2.222 0.0141 0.0126

Table 3: Test cases descriptions.

Test case Propeller Rep σ

1 P104 9.97 × 105 3.1

2 P104 1.40 × 106 1.0

3 P107 9.97 × 105 3.1

5.2. Comparison with experimental results239

Based on the numerical method, validated in the last subsection, the propeller performance coefficients are ob-240

tained from numerical and experimental approaches. The propeller P104 is tested and compared with the numerical241

results using the same blockage ratio of the IPT’s Cavitation Tunnel. Two sets of simulations are conducted, varying242

the cavitation number and the hydrostatic pressure. The first set presents Rep = 9.97 × 105 and σ = 3.1, whereas the243

other one, Rep = 1.40 × 106 and σ = 1.0. Figure 13 illustrates the results of these two sets for α = 0.1272, showing244

the KT , KQ, and η0 curves along with J. Furthermore, the cavitation pattern, represented by the iso-surface of 0.5245

volume fraction of water, is shown in the KT plot. Due to blade view, hub vortex cavitation cannot be seen, although246

it is also simulated.247

For low values of J, both conditions of σ imply some level of cavitation, but the σ = 1.0 case results in cavitation248

intense enough to decrease the KT for low advance ratio, due to the suction face mostly covered by cavitation. This249

behavior is observed in both numerical and experimental results, which ensures the quality of the adopted numerical250

model when compared with experimental tests.251

5.3. Blockage effects on the propeller performance coefficients252

The blockage effect is analyzed by changing the cross-section size of the numerical cavitation tunnel. Five different253

tunnel cross-section sizes, described in Tab. 2, are evaluated with their respective meshes, shown in Fig. 14.254

To analyze the blockage effects on the propeller performance coefficients, three cases are tested, described in255

Tab. 3.256
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Figure 13: Numerical and experimental results of P104 thrust, torque and hydrodynamic efficiency versus advance ratio J for blockage ratio of

α = 0.1272. Cavitation pattern of numerical results (iso-surface of 0.5 volume fraction of water) for cavitation indices of σ = 3.1 and σ = 1.0.
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Figure 14: Adopted stator meshes from d = 0.28 m (top) to d = 1.5 m (bottom). The space void to match with the rotor region has the same

dimension in all stator meshes.
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Figure 15: Percentage of suction face covered by cavitation pcav versus blockage ratio α.

Figure 15 shows the percentage of the suction face covered by cavitation pcav along with the blockage ratio, for257

several conditions of advance ratio. The changing of values depending on the blockage ratio confirms a dependence258

between the blockage ratio and cavitation pattern. Linear regression is also plotted, suggesting a linear relationship259

between the blockage ratio and the pcav. The condition of test case 2 at J = 0.64 and α = 0.4057 seems to be an outlier,260

being ignored in the proposed linear fit. Figure 15 also shows the cavitation pattern comparison of this condition and261

in a lower blockage ratio. Considerable cavitation in the central region is notable only in the higher blockage condition262

being related to the over-increase of pcav.263

These linear regressions can be extrapolated to obtain the expected values of pcav for α = 0.0, a no-blockage264

condition. Analyzing the test case 1 at J = 0.25, it shows a pcav difference of 2.8% between the expected value for265

α = 0.0 and α = 0.1272; whereas for test case 2 at J = 0.49, it presents a difference of 6.9%. For the test case 3 at266

J = 0.60, a difference of 1.5% is obtained between the expected value of α = 0.0 and α = 0.1136.267

Figure 16 and Fig. 17 show the propeller P104 performance coefficients, including the pcav, at σ = 3.1 and268

σ = 1.0, respectively (test case 1 and 2); and Fig. 18, the propeller P107 performance coefficients at σ = 3.1 (test269

case 3). The left-hand side of the following figures present the obtained results, and on the right-hand side, blockage270

corrected based on the method described in Sec. 2.3.271

The left-hand side of Fig. 16 shows that thrust and torque increase as the blockage increases in all simulated272

advance ratios. Applying the blockage correction by adjusting the advance ratio, the variables KT , KQ, and η0 on273

19



0.2 0.3 0.4 0.5 0.6 0.7 0.8

J

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

K
T

, 
1
0
 K

Q
, 

0
, 
p

ca
v

0.2 0.3 0.4 0.5 0.6 0.7 0.8

J

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

K
T

, 
1
0
 K

Q
, 

0
, 
p

ca
v

K
T

α = 0.0141 α = 0.0649 α = 0.1272 α = 0.2597 α = 0.4057

  10 K
Q

0

p
cav

0

  10 K
Q

K
T

p
cav

Figure 16: Propeller P104 at σ = 3.1 (test case 1): propeller performance diagram with advance ratio, original results (left), and with blockage

correction (right).
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correction (right).
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Figure 18: Propeller P107 at σ = 3.1 (test case 3): propeller performance diagram with advance ratio, original results (left), and with blockage

correction (right).

the right-hand side of Fig. 16 seem to converge to the same curve, showing high blockage curves getting closer274

to low blockage ones after the correction, suggesting a convergence of curves for different blockages. Although275

Glauert stated that the correction may be unreliable for low values of the advance ratio because the conventional276

type of slipstream assumed in the theory no longer occurs, for this presented case, the correction is satisfactory in277

all conditions. The correction on the pcav does not present the same level of convergence as which is observable for278

other propeller performance coefficients. Although the suction face is 24% covered by cavitation, it is not enough279

to considerably change the linear shape of KT and KQ curves along with the J values. Hence, the Glauert blockage280

correction seems to perform a good correction for the propeller performance indicators, even when the suction face is281

24% covered by cavitation, but the pcav corrected is not as good as which observed in the main propeller performance282

coefficients.283

The propeller performance diagram of the second test case, P104 at σ = 1.0, is shown in Fig. 17. Different from284

the previous case, for the lowest advance ratio, J = 0.29, the higher the blockage is not followed by higher values of285

KT and KQ. Also, KT and KQ curves are not as linear for low values of J as it is previously observed for σ = 3.1286

case. The third test case, P107 at σ = 3.1, Fig. 18, follows the same behavior as observed in the second test case:287

for the lowest advance ratio, J = 0.30, the higher the blockage is also not followed by higher values of KT and KQ.288

Indeed, the right-hand side plot shows that the blockage correction converges the different conditions of blockage to289

the same curve for values higher than J = 0.6. The blockage effect typically increases the thrust, which is mainly290

a consequence of an increased pressure difference between suction and pressure faces. In these extreme cases of291

considerable cavitation, observed in test cases 2 and 3, the blockage pushes down the suction pressure, and being292

limited by cavitation, limits the thrust. Section 5.4 studies this phenomenon in details.293
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Furthermore, in all cases, the correction seems to not converge correctly the pcav, at least not as good as observable294

in the propeller performance coefficients. However, it is important to emphasize that extreme cases of cavitation295

are not usual for practical conditions, thus being a rare condition to be tested on a cavitation tunnel. Therefore,296

Glauert presented a good approach to correct the blockage effect for the propeller performance coefficients even when297

cavitation is moderate.298

5.4. Blockage effects on the pressure distribution299

A further investigation is made to assess the combination of phenomena between the increase of thrust due to300

blockage effect and decrease, due to cavitation. Five conditions are analyzed: high load conditions of P104 (at301

σ = 3.1 and σ = 1.0) and P107; and close to the maximum efficiency condition of P104 (at σ = 3.1) and P107. In302

the following figures, it is presented the thrust coefficient from the suction and pressure faces and from the hub, called303

KT,s, KT,p, and KT,h, respectively. The total thrust coefficient contribution is such that KT = KT,p + KT,s + KT,h. In304

addition, the level curves of the pressure coefficient Cp at the lowest and highest blockage ratios are presented. Note305

that in suction face figures, negative value of pressure coefficients contribute to the increase of total KT .306

To analyze the propellers close to the maximum efficiency point, Fig. 19 presents the results of the test case 1 (P104307

at σ = 3.1) at J = 0.66; and Fig. 20, test case 3 (P107) at J = 1.0. In these conditions, the presence of cavitation308

is small. As observed in Fig. 16, when the cavitation is not predominant, the higher the blockage ratio the higher is309

the thrust coefficient. However, results show that these increases of thrust due to blockage are observed only on the310

suction face. The pressure face and hub demonstrate a different behavior: decreasing the KT,p and KT,h as the blockage311

gets higher. A look into the the P104 case shows that proportionally the suction face contribution is KT,s/KT = 89%,312

comparing to the KT,p/KT = 14% for the pressure face and KT,h/KT = -3% for the hub (for α = 0.4057). For the P107313

case, the contribution is 143% from the suction face; -41%, pressure face; and -2%, hub (for α = 0.3623). Hence,314

even though the KT,p and KT,h decrease as the blockage ratio increases, it is proportionally less influential than the315

increase of KT,s. The Cp distribution on the suction face for both P104 and P107 propellers demonstrates a decrease316

of pressure on the central region of the blade, which is the largest region of the blade that contributes to the thrust. On317

the other side, the pressure face shows a decrease of level curve size of Cp = 0.125, which contributes to the decrease318

of the thrust.319

A condition with more cavitation is studied in Fig. 21: test case 1 (P104 at σ = 3.1) at J = 0.24, a high-load320

condition. The behavior observed in the last analysis still stands: as the blockage ratio increases, the thrust on the321

suction side increases, and decreases on the pressure side and hub. In this case, there is a considerable portion of322

cavitation, which can be observed by the dark blue area on the suction face, indicating regions with Cp lower than323

-2.0, being limited by cavitation. It is possible to observe a decrease of Cp in the central region of the suction face.324

Also, on the pressure side, higher values of Cp decrease and move to the left part (leading edge) of the propeller. The325

pressure distribution on the hub shows also that the Cp = −0.625 curve enlarged as the blockage increased, explaining326

the KT,h reduction.327
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Figure 19: Propeller P104 at σ = 3.1 and J = 0.66: thrust coefficient from the suction (KT,s), pressure (KT,p), and hub (KT,h) surfaces; and the

pressure coefficient Cp distribution of the lowest and highest blockage ratio.
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Figure 20: Propeller P107 at σ = 3.1 and J = 1.00: thrust coefficient from the suction (KT,s), pressure (KT,p), and hub (KT,h) surfaces; and the

pressure coefficient Cp distribution of the lowest and highest blockage ratio.
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Figure 21: Propeller P104 at σ = 3.1 and J = 0.24: thrust coefficient from the suction (KT,s), pressure (KT,p), and hub (KT,h) surfaces; and the

pressure coefficient Cp distribution of the lowest and highest blockage ratio.

The extreme case of each propeller, which thrust decreases as the blockage increases, is analyzed: test case 2328

(P104 at σ = 1.0) at J = 0.29; and test case 3 (P107) at J = 0.30. Figure 22 and Fig. 23 show its respectively analysis.329

Although the observed decrease of KT with blockage, the behavior of the higher the blockage ratio, the higher is the330

KT,s and the lower are KT,p and KT,h still maintains in both cases. Indeed, observing the Cp distribution, it is noted that331

a considerable area is covered by cavitation. For the P104 case, the level curve Cp = −1.0 is more present close to the332

axis, increasing the thrust from the suction face. On the other hand, the pressure face distribution has a considerable333

decrease of Cp = 0.25 and Cp = 0.125 due to the blockage. Figure 19 and Fig. 21 have shown that the central region334

of the blade is the most contributor to the propeller on the suction face. As in these cases most of the central region is335

covered by cavitation, limiting the minimal pressure, the increase of KT,s due to the blockage is less intense.336

The difference between the highest and the lowest simulated blockage ratio of P104 case (Fig. 22) results in337

∆KT,s = 0.007, ∆KT,p = -0.0241, and ∆KT,h = -0.0018. Therefore, the decrease of total KT can be mainly attributed338

to the pressure side contribution, as ∆KT,p is 13 times higher than ∆KT,h. Thus, the decreasing of KT,p being more339

intense than the increase of KT,s explains the phenomenon of the decrease of KT with the blockage.340

For the propeller P107, Fig. 23 shows a reverse on the signal of KT,p, being positive for α = 0.1136, and negative341

for higher blockages. Indeed, observing the Cp distribution, it is noted a growing of level curve Cp = −0.375 on the342

center of the blade. Furthermore, the level curve Cp = −0.75 also increases in the center of hub, decreasing the KT,h343

with the blockage ratio. The difference of thrust coefficients between the highest and lowest blockage ratio results344

in ∆KT,s = 0.0362, ∆KT,p = -0.0464, and ∆KT,h = -0.0044. Again, being ∆KT,p approximately 11 times larger than345

∆KT,h, it can be attributed the decrease of KT,p, along with the moderate increase of KT,s, as the main cause of thrust346

decrease with the blockage ratio.347
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Figure 22: Propeller P104 at σ = 1.0 and J = 0.29: thrust coefficient from the suction (KT,s), pressure (KT,p), and hub (KT,h) surfaces; and the

pressure coefficient Cp distribution of the lowest and highest blockage ratio.
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Figure 23: Propeller P107 at σ = 3.1 and J = 0.30: thrust coefficient from the suction (KT,s), pressure (KT,p), and hub (KT,h) surfaces; and the

pressure coefficient Cp distribution of the lowest and highest blockage ratio.
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Figure 24: Propeller P104 at σ = 3.1 and J = 0.24: comparison of the cavitation pattern (iso-surface of water volume fraction of 0.5).

In all observed cases, a general observation that can be made is that the thrust from the suction face increases348

as the blockage ratio increases; and from the pressure face and the hub, decreases as the blockage ratio increases.349

The adopted conventional hub geometry resulted in a negative KT,h in all observed cases, reducing the total thrust350

coefficient. However, comparing the influence of KT,h and KT,p to the total thrust, it is observed that the thrust351

reduction due to blockage effects is higher from the pressure side than from the hub. When cavitation is predominant,352

the suction face has a limited increase of thrust due to blockage. In extreme conditions, the decrease of thrust from353

the pressure side overcomes the increase of KT,s, leading to a decrease of total thrust as blockage gets higher. As the354

suction face is being limited by the cavitation, it is not recommended to apply the blockage correction in such intense355

cavitation conditions, as the correction does not predict this limitation of the minimal pressure.356

5.5. Blockage effects on the cavitation pattern357

A closer look is done to analyze the cavitation pattern for the high-load conditions. For the first test case (P104 at358

σ = 3.1), Fig. 24 shows the cavitation pattern at J = 0.24, in which it is possible to qualitatively observe the effect359

of the blockage effect. For example, taking a close look at the radial position of 0.8 and α = 0.0141, it is possible to360

observe that the cavitation surface, represented by the VOF iso-surface of 0.5, ends on the quarter-chord line. Indeed,361

this pattern is closely maintained up to the intermediate blockages, up to α = 0.1272. For higher blockages and still on362

the radial position of 0.8, the cavitation pattern ends after the quarter-chord. Thus, although it is possible to observe363

an influence of the blockage, the qualitative results suggest that the blockage of α = 0.1272 has a small difference364

when compared to the lowest blockage.365

The same analysis is done for the second test case (P104 at σ = 1.0 case): Fig. 25 shows the cavitation pattern366

on the suction side at J = 0.29. For the α = 0.4057, cavitation covers most of the region close to the axis, reaching a367

radial position of 0.25 in the middle of the blade; whereas, for α = 0.0141, it reaches a radial position of 0.35.368

For the third test case (P107 at σ = 3.1), Fig. 26 shows the cavitation pattern on the suction side at J = 0.30.369

Observe that for the lowest blockage, the cavitation starts at the radial position of 0.7 on the blade reference line,370
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Figure 25: Propeller P104 at σ = 1.0 and J = 0.29: comparison of the cavitation pattern (iso-surface of water volume fraction of 0.5).
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Figure 26: Propeller P107 at σ = 3.1 and J = 0.30: comparison of the cavitation pattern (iso-surface of water volume fraction of 0.5).

whereas for the highest blockage, the cavitation starts at 0.65. The behavior observed with P107 is similar to the371

previous cases, reassuring the dependence of the cavitation pattern and blockage.372

Although pcav is sensitive to blockage, based on the qualitative results of the first and second test cases, the373

comparison of the lowest blockage ratio with the same found in the IPT’s cavitation tunnel (α = 0.1272) shows that374

the pattern is similar. For the third test case, the results show a similarity of the cavitation pattern of α = 0.0126 to375

0.1136, also represented by the small change on the pcav.376

In summary, based on these three test cases, it is possible to assume that the cavitation pattern is indeed affected by377

the blockage ratio. The IPT’s Cavitation Tunnel blockage seems to be appropriate to observe the cavitation pattern and378

the ITTC recommendation of a blockage ratio no higher than 20% (ITTC, 2016) is, based on the analyzed propellers,379

the maximum blockage ratio that can be suggested in the experiments to study cavitation patterns.380
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6. Conclusions381

This work studied the blockage effect influence on a marine propeller using CFD tools by analyzing the thrust,382

torque, hydrodynamic efficiency, and cavitation area. The adopted physical models were validated with experimental383

tests from IPT’s Cavitation Tunnel, in conditions that present the cavitation phenomena. To ensure that the adopted384

numerical model is appropriate, the experimental uncertainties were composed and compared with the numerical385

uncertainty. Then, the work was conducted by numerically simulating the same propeller, under several operating386

conditions and blockages. Three test cases, using two propellers, were studied and some conclusions can be inferred:387

• The adopted physical model is satisfactory and validated with experimental results;388

• Glauert’s correction seems to properly correct the KT , KQ, and η0 due to the blockage effect. Even in moderate389

cavitation, observed when blockage increase thrust, the correction seems to be adequate on these coefficients;390

• In extreme cases, notably when cavitation is extreme (covering 70% of P104’s suction face or 28% of P107’s391

suction faces), blockage may decrease the thrust. In these cases, blockage correction is not recommended;392

• Thrust from suction face increases as the blockage increases. From the pressure face and hub, decreases as the393

blockage increases;394

• Cavitation is also sensitive to blockage, and the percentage of the suction face covered by cavitation is not395

accurately corrected by Glauert’s formula;396

• The blockage ratio of 20% is the maximum blockage ratio that can be suggested in the experiments to study397

cavitation patterns.398

For future works, new experiments using the same propeller in different cavitation tunnels, with different block-399

age ratios, would reassure the discussion here presented. Simulating more propellers, with different characteristics,400

would allow checking if the recommendation of blockage ratio lower than 20% is still acceptable for cavitation pat-401

tern experiments. It is expected that this work stimulates future studies in the area of blockage effects under presence402

of cavitation. Regarding the numerical model, a further investigation of different numerical models or estimate the403

numerical uncertainties considering the unsteadiness of the problem, by also analyzing the time-step, could be wel-404

coming.405

Acknowledgments406

The authors thank Felipe Santos de Castro for the proofreading. Also, the authors thank Ricardo Sbragio and407
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