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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

c, Pressure coefficient
D, Propeller diameter
d Dimension of the numerical cavitation tunnel
E Comparison error
h Characteristic length
J Advance ratio
Kr Thrust coefficient

Kt Krp, K7 Thrust coefficient from the suction face, pressure face, and hub

Ko Torque coefficient
n Rotation rate
N, Number of elements
Deav Percentage of the propeller suction face covered by cavitation
Dh Hydrostatic pressure
Ds Saturation pressure
0 Torque
Re, Propeller-based Reynolds number
r Cell size ratio, r = h/hfipest
Uya Validation uncertainty
T Thrust force
Vg Advance velocity
a Blockage ratio
Mo Hydrodynamic efficiency

Dynamic viscosity
Jol Density

o Cavitation index

1. Introduction

Cavitation tunnels are used in naval and ocean engineering to investigate the hydrodynamics of propellers and
rudders, including conditions with significant cavitation. One of the main drawbacks of these devices is the so-
called blockage effect, which is when the streamflow is affected by the presence of tunnel walls, interfering with the
hydrodynamics of the studied body. One way to estimate the blockage influence is to compare the measured force
and torque from the cavitation tunnel with those obtained on a large towing tank. However, as the majority of towing
tanks do not control the static pressure of the experiments, it is not possible to predict the cavitation pattern for low

2



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

hydrostatic conditions.

The blockage effect is well-known and studied in several experimental fields these days, such as the blockage into
the ventilated tunnel fires (Meng et al., 2020) or in the automotive industry, when testing vehicles with wind tunnels
(Fischer et al., 2010; Collin et al., 2016). More recently, Ljungskog et al. (2020) discusses and compares the effect
of the blockage of the strolled wall wind tunnel test section geometry to a sedan car using CFD (Computational Fluid
Dynamics) simulation. For the wind turbines, the topic is present in several parts of the project: assessing the blockage
of an analytical wind farm (Segalini, 2021), tip vortices (Soto-Valle et al., 2020), or in test with micro wind turbines
(Shirzadeh et al., 2021). Branlard and Meyer Forsting assesses the blockage of wind farms, discussing that neglecting
blockage effects typically leads to an overestimation of the production. However, the blockage can be explored to
enhance the turbine performance, such as in rivers and tidal channels (Espina-valdés et al., 2020). Ross and Polagye
(2020) states that the research of blockage effect into the field of wind turbines is motivated because turbine testings
conducted in laboratory facilities or numerical simulations usually have finite domains.

In towing tank tests, aiming to test a model-scale vessel, the International Towing Tank Conference (ITTC, 2011a)
describes three methods, Schuster, Scott, and Tamura (further described in the reference), to correct the blockage
effect for deep-water resistance, sinkage, and trim results. It is discussed the preference for correction expressed as
an adjustment of speed, showing that the Scott correction tends to fit most of the data best, being recommended for
general use of towing tank experiments, with some limitations related to the Froude number, model length, and depth
ratio.

Glauert (1983) proposes a one-dimensional potential formulation to correct the effect of wind tunnel interference
when a propeller is tested, being widely used for blockage correction (Barlow et al., 1999; Deters et al., 2014). More
recently, Mikkelsen and Sgrensen (2002) and Sorensen et al. (2006) applied CFD techniques to model the wind tunnel
blockage effects to compare the results with Glauert’s blockage correction. The conclusions show that the correction
is in particularly good agreement with the computation, ensuring the reliability of the one-dimensional momentum
theory wall correction. Ryi et al. (2015) discusses the blockage effect of a horizontal-axis wind turbine and proposes
a correction algorithm for the original Glauert method to process the data with three different wind tunnel sizes. It is
observed that the correction method is appropriate for low-thrust conditions, but not with perfect correction for higher
thrust conditions. For the maritime field, ITTC (2017, 2016) describe some recommended procedures and guidelines
for model-scale propeller tests, such as blockage ratios less than 20%. Zilic de Arcos et al. (2020) uses CFD tools to
compare six different blockage correction methods for axial-flow tidal turbines.

Regarding the blockage effect into the cavitation phenomena, Balachandar and Ramamurthy (1991) discusses the
cavitation inception considering two-dimensional bluff bodies subjected to wall interference effects and providing
some experimental results. It is concluded that for sharp-edged bluff bodies the cavitation inception is weakly de-
pendent on the Reynolds number and closely related to blockage effects. For marine propellers, a condition of high
thrust in low hydrostatic pressure may lead to cavitation. Thus, it is also important to consider the blockage effect
for the cavitation pattern analysis. Using a lifting-surface vortex-lattice method, Choi and Kinnas (1999) resolves

3



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

an unsteady flow of a cavitating propeller considering the blockage effect, comparing the results with experimental
results. Watanabe and Brennen (2003) investigates the unsteady dynamics and instabilities of cavitating propellers
operating in a cavitation tunnel, analyzing the effect of tunnel walls on the promotion of the surge of instabilities.
Lee and Kinnas (2005) applies the boundary element method to a marine propeller subject to a non-axisymmetric
inflow with the blockage effect. Besides the increase of thrust and torque coefficients, the blockage effect also affects
the volume of cavitation. Using CFD tools, a previous study was started in Katsuno and Dantas (2017), but a deep
analysis of the blockage effects into cavitating propellers was not approached, especially on the condition of severe
cavitation.

Deep analysis on the blockage correction for marine propeller applications in cavitating conditions is relevant
as most of the cited blockage corrections were developed and studied for wind applications. Thus, cavitation is not
considered in these analyses, being important to check if the blockage correction is valid, and up to which conditions,
for cavitating operations. Indeed, for tidal turbines rotors, Wimshurst et al. (2018) states that the blockage effect is
currently not accounted for cavitation analysis.

Aiming to evaluate the effectiveness of the blockage correction on a marine propeller in cavitation tunnel tests,
especially when cavitation is considerable, this paper aims to use CFD tools to analyze the effect of different blockage
ratios on the thrust, torque, hydrodynamic efficiency, and cavitation area. Experiments are conducted at the Institute
for Technological Research’s (IPT) Cavitation Tunnel to ensure that the adopted numerical method is accurate, by
conducting the Verification and Validation (V&V) procedure, estimating the experimental and numerical uncertain-
ties. Then, the investigation is conducted using CFD to simulate two different propellers in three different test case
scenarios and five blockage ratios, changing the cavitation indices and the advance velocities, observing the blockage
influence on the propeller performance indicators and cavitation on the blade. The results are compared before and

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

2. Methods

2.1. Test case propellers and coefficients

Two propellers are tested, being named in this paper as P104 and P107, as shown in Fig. 1.

The propeller P104 is a 1:7 model-scale propeller for a 200-ton boat, designed to operate between 10 and 16 knots
in fresh and salt water. The propeller design is based on a Gawn-Burril (KCA) systematic series (Gawn and Burrill,
1957). P104 has three blades, and the full-scale propeller has a diameter of 1400 mm. This model-scale has a diameter
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 in
Fig. 2 and Fig. 3. Note that the propeller has a rounded tip, smoothing out the propeller edges. The hub and axis are
represented in all simulations to get higher similarity with experimental tests.

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

Submarine (Groves et al., 1989), aiming to have a maximum diameter of 59% of the diameter of the resistant hull. The
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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.
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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 diameter

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

0.60374, skew angle of 28°, as shown in Fig. 4.

The operating conditions are expressed through three coefficients: advance ratio J, cavitation index o, and

propeller-based Reynolds number Re,:

Va Ph — Ps
o=

- E’ - %p (nDp)z’

Re,

B an%
U

ey

The analyzed outputs correspond to typical propeller performance indicators, namely thrust coefficient K7, torque

coefficient Ky, and hydrodynamic efficiency 7. These properties are expressed as:

T

Kr=——, Kp=
g pn*Dy, ¢

5 9
pn’D;,

o =

Tv,
2nnQ’

2

In those equations, v, is the advance velocity; n, rotation rate; D, propeller diameter; pj, hydrostatic pressure;

Ps, saturation pressure; p, fluid density; 7, thrust force; and Q, torque.

The percentage of the propeller suction face covered by cavitation, named p.,y, is evaluated by the surface-integral

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

20, @i A;
Pcav =

Yo A

3

in which Q; is the suction face of the propeller; @;, the volume fraction of the vapor; and A;, the element area.

The pressure coefficient C,, is defined as:
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in which p is the relative pressure.

2.2. Validation procedure
The validation procedure consists in checking if the numerical model is correctly and accurately predicting the

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

(2009), describing the validation uncertainty U, and the validation comparison error £, summarized as:

2 ! 2 2 i i (5)
Unum = Uiter + Ugrid’
E=S -D, (6)

in which Upyn, is the numerical uncertainty; Up,,, parameter uncertainty; Ueyp, €xperimental uncertainty; S, numerical
prediction; D, experimental value; and E, comparison error. The numerical uncertainty can be divided in two terms:
iteration uncertainty Uje,; and discretization uncertainty Ugg. In this work, the discretization uncertainty is based on
grid refinement studies (Eca and Hoekstra, 2014); the experimental uncertainty is described in Sec. 4, and the iteration
and parameter uncertainties are assumed to be neglectable compared to the discretization uncertainty.

If the comparison error |E| is considerably larger than the validation uncertainty Uy, it can be concluded that the
comparison error is dominated by modeling errors, indicating that the adopted numerical model should be improved.
In the case of the comparison error lower than the validation uncertainty, |E| < Uy, the modeling error is in between
the noise level, due to the numerical or experimental uncertainties. It can mean two possibilities: if |E| is considered
sufficient small, the numerical error and the experimental solution can be validated, with precision given by Uy,;
otherwise, the quality of the numerical solution or the experimental method should be increased before stating any
conclusion about the adequacy of the numerical model.

The grid refinement studies based on steady-state simulations are applied in this work because, although the
implicit unsteady model is used, the focus of this study is on the mean value of each output, not on the evolution
of a value over time. Even though the unsteady approach would be recommended, the steady one is adopted for

simplification purposes.

2.3. Potential blockage correction

Glauert (1983) proposes a one-dimensional potential formulation to correct the effect of tunnel interference when
a propeller is tested. The adopted hypotheses are: the fluid is inviscid and incompressible; any fluid rotation inside
the streamtube is neglected; and the fluid velocity is considered uniform along each cross-section of streamtube.

7
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Figure 5: Schema of a propeller inside a cavitation tunnel, under blockage.
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Figure 6: Correlation developed by Glauert (1983) between blockage ratio @, T and A, defined in Eq. (7).

Figure 5 shows the schematics of the actuator disc model inside a blocked volume, in which v, represents the tunnel
velocity and v, the velocity inside the actuator disc (in this way, the actuator disc provides an increase of velocity of
v —v;). Due to the confinement, the pressure upstream is not the same as in the downstream, being represented as p;
and p,, respectively.

By applying the continuity equation in the control volume, the Bernoulli equation along paths 1-2 and 3-4, and
the momentum equation in the control volume, it is possible to obtain a correlation between the blockage and the
equivalent far-field velocity. Figure 6 summarizes the correction by showing the correlation of A, the ratio between
the tunnel velocity and the equivalent far-field velocity; and 7, which is proportional to the thrust, being both expressed

in Eq. (7).

A 2
v ME ™

a=—
A’ s Veo

in which « is the blockage ratio; A ,, propeller disc area; A,, cross sectional area of the slipstream (cross section of the

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

3. Numerical approach

The numerical simulations are conducted using the CFD software Siemens STAR-CCM+ 13 double-precision.
As detailed in Siemens (2018), the software is based on the cell-centered finite volume method using an unstructured

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

3.1. Domain dimensions and boundary conditions

Two numerical regions are used: the rotor region, a cylindrical shape with rotational movement, which contains
the propeller inside; and the stator region, representing the tunnel, with a void space to match the rotor region. Figure 7
shows the dimensions of rotor and stator regions, and the adopted boundary conditions, noting that these two regions
interact through the internal sliding interfaces.

The numerical treatment for velocity inlet boundary conditions is that the velocity is specified, the pressure gradi-
ent is zero, and turbulence kinetic energy and specific dissipation rate are also specified. For pressure outlet boundary
condition, velocity gradient is zero, the relative pressure is imposed to be zero, turbulent kinetic energy and specific

dissipation rate gradients are zero.

3.2. Physical model and numerical setup

Simulations are conducted in an implicit unsteady model, using the unsteady Reynolds-averaged Navier-Stokes
(uURANS) equations with the kK — w SST turbulence model (Menter, 1994). The Volume of Fluid (VOF) model is
used within the Schnerr-Sauer cavitation model (Sauer and Schnerr, 2001). This cavitation model is based on a
reduced Rayleigh—Plesset equation and neglects the influence of bubble growth acceleration, viscous effects, and
surface tension effects (Siemens, 2018). Segregated flow model is adopted, and the second-order convection is used
in uRANS, SST, and VOF transport equations.

Water and vapor are considered incompressible, and its densities are set as 998.16 kg/m> and 1.7314 x 1072 kg/m?,
respectively; and the dynamic viscosities, 1.0016 x 1073 Pas and 9.7272 x 107 Pas, respectively. Saturation pressure
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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’s
cavitation tunnel using PIV (Particle Image Velocimetry) in the condition without the propeller. Turbulent length scale
is set as 7% of characteristic length, defined as the chord on the 70% of propeller radius.

The Courant number is maintained similar between simulations, defining the timestep as a function of the mean
element size and the velocity, varying between 6.1 x 1073 s and 9.0 X 107> s, compensating its increase in high advance
ratio and high rotation conditions. The volume-average Courant number on the highest timestep is 0.71 in the rotor
region.

The simulations ran up to the physical time between 1.21 s and 1.76 s, depending on the monitoring of Kr and
K to achieve a constant value or a constant-oscillatory behavior with a constant mean value. Then, the mean value

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

4. Experimental approach

Experimental tests are conducted at the IPT’s Cavitation Tunnel, shown in Fig. 8. It has a square cross-sectional of
d = 0.50 m with a rounded corner. The flow velocity is obtained using a transducer to measure the pressure difference
between two positions of a geometry similar to a Venturi tube. The measurements of thrust and torque are carried out
by two pendulum systems, connecting the drive motor and the load cells. More details of IPT’s Cavitation Tunnel can

be found in Dantas et al. (2014).

4.1. Uncertainties of the propeller coefficients
To obtain the experimental uncertainty of the thrust and torque coefficients, defined in Sec. 2.1, each term that
constitutes these expressions is assumed to be independent. Thus, the propagation of uncertainties is presented below.

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

(L;?r )2 -(F)+ (%)2 o) (42 )2’ ®)
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4.2. Thrust and torque expressions and uncertainty expansion

The load cells are previously calibrated to obtain a linear relation between the voltage and the added mass, given
by U = ,30 + [S’lm, in which U is the read voltage; m, mass; and /A?, linear coefficients. The measurement of thrust
starts by reading the thrust load cell voltage, convert to its corresponding mass by using the inverse function of the
one interpolated during calibration, and then convert to force by multiplying with the acceleration of gravity g. Due
to a ratio of forces between the point of measurement of the load cell and propeller thrust, the value is multiplied by
the lever ratio by. Figure 9 show the schematics of the Cavitation Tunnel, observing that the lever ratio by is the ratio
between the distance of pivot-load cell measurement and the pivot-propeller axis.

Torque measurement starts by reading the torque load cell voltage. However, unlike the procedure for thrust, this
value is subtracted by the linearization of the voltage value due to the shaft bearing friction of the cavitation tunnel
axis, using the coefficients ,[30,3 and [31,3, assuming a linear relation between bearing friction and rotation rate. The
equivalent mass value is multiplied by the acceleration of gravity g, and finally by arm ratio by, resulting in the
propeller torque. Figure 9 also shows schematically the dimension by, which corresponds to the radius of the disc
coupled to the motor.

Based on the adopted linear correlations and described procedures, the equations that summarize the thrust 7,

torque @, and its respective uncertainty propagation uy and uy are expressed by:

T= bT(M) g (10)
Bir
0 = by (UQ _IBO,Q[;]ZO,B —,31,Bn) ‘. (11
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4.3. Obtaining the uncertainties

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

tainties:

2 _ 2 2 2 _ 2 2
Uy, = Ugispr + Ugise, 7> Uup = Udisp,o T Udisc,0 (14)

The measurement uncertainty ug;gp is treated as a type-A uncertainty. According to the Vocabulary in Metrology
(BiPM et al., 2012) “type-A uncertainty is the evaluation of a component of measurement uncertainty by a statistical
analysis of measured quantity values obtained under defined measurement conditions”. It is assumed that the digital
data from acquisition systems represent several measurements with a Gaussian distribution, given by ug, = s, in
which s is the standard deviation of the sample.

To compute the resolution uncertainty ugis, it follows JCGM et al. (2008), which suggests a rectangular distri-
bution when using digitally acquired systems, such as load cells and pressure transducers; or triangular distribution,
when using analog equipment, usually performed through the eye of a human, such as reading a thermometer or

barometer, Eq. (15).

24 Unnge 1 _ 2a
Udisc, rectangular = \/ﬁ - s \/ﬁ’ Udisc, triangular = \/ﬁa
in which a is the half-width of the interval.

s)

The rotation is obtained by a rotary incremental encoder sensor. By performing acquisition through a computer,
with high acquisition frequencies, the measurement uncertainty ug;sp is neglected. Propeller and cavitation tunnel
geometry properties, such as diameter and areas, are assumed to have negligible uncertainties.

The uncertainties of linear coefficients u; are given by evaluating the fitting quality during the calibration proce-
dure. The water density is determined by the table presented in ITTC (2011b) that correlates these values with the
water temperature. Note that the method assumes water with the same properties as in ITTC (2011b). In this way, the
uncertainty of method is included, along with the temperature uncertainty.

According to the gravimeter data from the Institute of Astronomy, Geophysics and Atmospheric Sciences (IAG)
of the University of Sdo Paulo, the measured gravity is g = 9.7864(3) m/s>. The value and its uncertainty are used for
subsequent calculations, as the IAG is located less than 500 m from the Cavitation Tunnel.

12
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5. Results

5.1. Verification and Validation with experimental results

The Verification and Validation (V&V) is conducted to validate the numerical part with the experimental results.
To do so, the propeller P104 is studied only in the same blockage ratio of the experimental facility. The numerical
uncertainties are estimated based on the grid refinement studies (Eca and Hoekstra, 2014), adopting five meshes with
similar topologies and different refinements. Figure 10 shows the adopted meshes, with similar hexahedral topologies,
and the detail on the propeller mesh tip, showing the prism layer used to accurately model the boundary layer and the
tip vortex detachment. Table 1 shows key characteristics of the grids.

The V&V procedure is carried out in four conditions: from low advance ratio (J = 0.25, a condition with sig-
nificant cavitation) to the advance ratio close to the maximum hydrodynamic efficiency (J = 0.71). All cases have a
Reynolds number of Re, = 1.06 X 10° and cavitation index of o = 2.30. Figure 11 presents the results for each case

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

13



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

Stator N, Rotor N, Total N, 4 [1073 mm] r

2.7M 6.8 M 95M 2.357 1.00
1.0M 47M 57M 3.348 1.42
478 k 3.5M 4.0M 4.714 2.00
232k 3.1M 33M 6.663 2.83
254 k 19M 22M 9.449 4.01
97 k 1.5M 1.6 M 13.33 5.66
J=0.25 J=0.42 J=0.54 J=0.71
0.32 0.245 0.195 0.1 5
L U, =0.0036 T U  =0.0027 e Al °-
031, | 0.19 val 0.095
=0. 4 E=0.0135
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03 i 024 0.185 0.09
0.9 U =00097 018 0.085] U =00028
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0.042 0.034+ 0.0275 0.01
U =0.0008 U, =0.0007
0.041 k. 0.027 val val
™~ | 0.033 : E = 0.0004 0.0175 E =0.0003
- o.s,e“__o___,/e
MO 0.04 M 0.0265 -!a/e/
0039 U, =0.0018 0.032_ i U =00012 0.026 5 0.017
0.03 E=0.0016 E =0.0001 + 1
- 0.031 0.0255 0.0165
0 2 4 6 0 2 4 6 0 2 4 6 0o 2 4 6
T T T T
o Numerical = Experimental — g =0, ta,r ¢, =@+ o, r+0,1

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 N, = 6.8 M) and P107 (right, rotor N, = 11.2 M) propellers.

The analyses show that most of the numerical results are in the range of the validation uncertainty U,,, making it
validated with their respective uncertainties. Larger values of uncertainties in the experimental torque coefficients Ky
are related to the shaft bearings friction uncertainties. Some of the results have shown that the comparison errors £
are in the same order of magnitude of validation uncertainties Uy, . The comparison errors for most of the presented
cases indicate that the model errors are below the noise levels, suggesting that the numerical model can be considered
valid for a comparative analysis of the blockage effect. Most of the order of convergence for K (J = 0.42,0.54,0.71)
have an observed grid convergence of p = 2.0 (¢; = ¢ + a,r?), indicating a monotonically converging solution.
On the other hand, K7 results have mostly non-monotonic convergence (J = 0.25,0.42,0.71), with equation of
¢i = ¢o + a1 + ayr® (BEca and Hoekstra (2014) describes that these types of equations are made as a shortcoming of
“practical calculations”). Also, the discretization uncertainty Ugig compared to the result from the most refined mesh
¢1 is higher for the condition of low advance ratio (Ugiq/¢p1 = 3.1% for the K7 and Ugsia/¢1 = 3.3% for the Kp).
Due to significant cavitation, it suggests that a finer mesh or further improvements of the numerical model could be
addressed to enhance the quality of numerical results.

Moreover, it is important to point out that parameter uncertainty is not considered in this validation procedure. Due
to the inherent characteristics of the IPT’s Cavitation Tunnel, the measurement of the advance velocity by the Venturi
effect is affected by the propeller load, interfering in the uncertainty of the advance ratio. During the experimental
tests, uncertainty on the advance velocity was observed, implying that the experiments may present some uncertainty
in reproducing the same condition as simulated in the CFD. Nonetheless, it still suggests that the chosen numerical
model is satisfactory to proceed to the next part of the comparative analysis to assess the blockage effect. The same
mesh topology and refinements of the » = 1.0 mesh are applied on the P107 rotor mesh. Figure 12 shows the adopted

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

dlm] A [m?] a(P104) a(P107)
028 0077 04057 03623
035 0121 02597 02319
050 0247 01272  0.1136
070 0484  0.0649  0.0580
1,50 2222 00141 0.0126

Table 3: Test cases descriptions.

Test case  Propeller Re, o
1 P104 9.97x10° 3.1
2 P104 1.40x 10° 1.0
3 P107 9.97x10° 3.1

5.2. Comparison with experimental results

Based on the numerical method, validated in the last subsection, the propeller performance coefficients are ob-
tained from numerical and experimental approaches. The propeller P104 is tested and compared with the numerical
results using the same blockage ratio of the IPT’s Cavitation Tunnel. Two sets of simulations are conducted, varying
the cavitation number and the hydrostatic pressure. The first set presents Re, = 9.97 x 10° and o = 3.1, whereas the
other one, Re, = 1.40 x 10° and o = 1.0. Figure 13 illustrates the results of these two sets for @ = 0.1272, showing
the K7, K¢, and 79 curves along with J. Furthermore, the cavitation pattern, represented by the iso-surface of 0.5
volume fraction of water, is shown in the K7 plot. Due to blade view, hub vortex cavitation cannot be seen, although
it is also simulated.

For low values of J, both conditions of o imply some level of cavitation, but the o = 1.0 case results in cavitation
intense enough to decrease the K7 for low advance ratio, due to the suction face mostly covered by cavitation. This
behavior is observed in both numerical and experimental results, which ensures the quality of the adopted numerical

model when compared with experimental tests.

5.3. Blockage effects on the propeller performance coefficients

The blockage effect is analyzed by changing the cross-section size of the numerical cavitation tunnel. Five different
tunnel cross-section sizes, described in Tab. 2, are evaluated with their respective meshes, shown in Fig. 14.
To analyze the blockage effects on the propeller performance coefficients, three cases are tested, described in

Tab. 3.
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Figure 15 shows the percentage of the suction face covered by cavitation p.,, along with the blockage ratio, for

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

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

between the blockage ratio and the p.,y. The condition of test case 2 at J = 0.64 and o = 0.4057 seems to be an outlier,

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

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

being related to the over-increase of pcay.

These linear regressions can be extrapolated to obtain the expected values of p.,y for @ =

0.0, a no-blockage

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

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

J = 0.60, a difference of 1.5% is obtained between the expected value of @ = 0.0 and @ = 0.1136.

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

Figure 16 and Fig. 17 show the propeller P104 performance coefficients, including the pc.y, at o

= 3.1 and
= 3.1 (test

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

corrected based on the method described in Sec. 2.3.

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

advance ratios. Applying the blockage correction by adjusting the advance ratio, the variables K7, K¢, and 79 on
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Figure 18: Propeller P107 at oo = 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 closer
to low blockage ones after the correction, suggesting a convergence of curves for different blockages. Although
Glauert stated that the correction may be unreliable for low values of the advance ratio because the conventional
type of slipstream assumed in the theory no longer occurs, for this presented case, the correction is satisfactory in
all conditions. The correction on the p.,y does not present the same level of convergence as which is observable for
other propeller performance coefficients. Although the suction face is 24% covered by cavitation, it is not enough
to considerably change the linear shape of K7 and Ky curves along with the J values. Hence, the Glauert blockage
correction seems to perform a good correction for the propeller performance indicators, even when the suction face is
24% covered by cavitation, but the p.,, corrected is not as good as which observed in the main propeller performance
coefficients.

The propeller performance diagram of the second test case, P104 at o = 1.0, is shown in Fig. 17. Different from
the previous case, for the lowest advance ratio, J = 0.29, the higher the blockage is not followed by higher values of
Kr and Kp. Also, Ky and Ky curves are not as linear for low values of J as it is previously observed for oo = 3.1
case. The third test case, P107 at o = 3.1, Fig. 18, follows the same behavior as observed in the second test case:
for the lowest advance ratio, J = 0.30, the higher the blockage is also not followed by higher values of K7 and K.
Indeed, the right-hand side plot shows that the blockage correction converges the different conditions of blockage to
the same curve for values higher than J = 0.6. The blockage effect typically increases the thrust, which is mainly
a consequence of an increased pressure difference between suction and pressure faces. In these extreme cases of
considerable cavitation, observed in test cases 2 and 3, the blockage pushes down the suction pressure, and being

limited by cavitation, limits the thrust. Section 5.4 studies this phenomenon in details.
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Furthermore, in all cases, the correction seems to not converge correctly the p.,y, at least not as good as observable
in the propeller performance coefficients. However, it is important to emphasize that extreme cases of cavitation
are not usual for practical conditions, thus being a rare condition to be tested on a cavitation tunnel. Therefore,
Glauert presented a good approach to correct the blockage effect for the propeller performance coefficients even when

cavitation is moderate.

5.4. Blockage effects on the pressure distribution

A further investigation is made to assess the combination of phenomena between the increase of thrust due to
blockage effect and decrease, due to cavitation. Five conditions are analyzed: high load conditions of P104 (at
o = 3.1 and o = 1.0) and P107; and close to the maximum efficiency condition of P104 (at o = 3.1) and P107. In
the following figures, it is presented the thrust coefficient from the suction and pressure faces and from the hub, called
Krs, K1), and K7, respectively. The total thrust coefficient contribution is such that Kr = K7, + K7y + K7. In
addition, the level curves of the pressure coefficient C,, at the lowest and highest blockage ratios are presented. Note
that in suction face figures, negative value of pressure coefficients contribute to the increase of total K7.

To analyze the propellers close to the maximum efficiency point, Fig. 19 presents the results of the test case 1 (P104
at o = 3.1) at J = 0.66; and Fig. 20, test case 3 (P107) at J = 1.0. In these conditions, the presence of cavitation
is small. As observed in Fig. 16, when the cavitation is not predominant, the higher the blockage ratio the higher is
the thrust coefficient. However, results show that these increases of thrust due to blockage are observed only on the
suction face. The pressure face and hub demonstrate a different behavior: decreasing the K7, and K7, as the blockage
gets higher. A look into the the P104 case shows that proportionally the suction face contribution is K7 /K7 = 89%,
comparing to the K7,/ Kr = 14% for the pressure face and K7,/ Kr = -3% for the hub (for @ = 0.4057). For the P107
case, the contribution is 143% from the suction face; -41%, pressure face; and -2%, hub (for « = 0.3623). Hence,
even though the K7, and K7, decrease as the blockage ratio increases, it is proportionally less influential than the
increase of K7 . The C, distribution on the suction face for both P104 and P107 propellers demonstrates a decrease
of pressure on the central region of the blade, which is the largest region of the blade that contributes to the thrust. On
the other side, the pressure face shows a decrease of level curve size of C,, = 0.125, which contributes to the decrease
of the thrust.

A condition with more cavitation is studied in Fig. 21: test case 1 (P104 at o = 3.1) at J = 0.24, a high-load
condition. The behavior observed in the last analysis still stands: as the blockage ratio increases, the thrust on the
suction side increases, and decreases on the pressure side and hub. In this case, there is a considerable portion of
cavitation, which can be observed by the dark blue area on the suction face, indicating regions with C,, lower than
-2.0, being limited by cavitation. It is possible to observe a decrease of C), in the central region of the suction face.
Also, on the pressure side, higher values of C,, decrease and move to the left part (leading edge) of the propeller. The
pressure distribution on the hub shows also that the C, = —0.625 curve enlarged as the blockage increased, explaining

the K7, reduction.
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Figure 21: Propeller P104 at o = 3.1 and J = 0.24: thrust coefficient from the suction (K7,s), pressure (K7,), and hub (K7 ) surfaces; and the

pressure coefficient C, 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 2
(P104 at o = 1.0) at J = 0.29; and test case 3 (P107) at J = 0.30. Figure 22 and Fig. 23 show its respectively analysis.
Although the observed decrease of Ky with blockage, the behavior of the higher the blockage ratio, the higher is the
K7 and the lower are K7, and K7, still maintains in both cases. Indeed, observing the C), distribution, it is noted that
a considerable area is covered by cavitation. For the P104 case, the level curve C,, = —1.0 is more present close to the
axis, increasing the thrust from the suction face. On the other hand, the pressure face distribution has a considerable
decrease of C, = 0.25 and C,, = 0.125 due to the blockage. Figure 19 and Fig. 21 have shown that the central region
of the blade is the most contributor to the propeller on the suction face. As in these cases most of the central region is
covered by cavitation, limiting the minimal pressure, the increase of Kr ; due to the blockage is less intense.

The difference between the highest and the lowest simulated blockage ratio of P104 case (Fig. 22) results in
AK7 = 0.007, AK7 ), = -0.0241, and AK7; = -0.0018. Therefore, the decrease of total K7 can be mainly attributed
to the pressure side contribution, as AK7 ), is 13 times higher than AK7 ;. Thus, the decreasing of K7, being more
intense than the increase of Kr ; explains the phenomenon of the decrease of K1 with the blockage.

For the propeller P107, Fig. 23 shows a reverse on the signal of K7, ,,, being positive for @ = 0.1136, and negative
for higher blockages. Indeed, observing the C), distribution, it is noted a growing of level curve C, = —0.375 on the
center of the blade. Furthermore, the level curve C,, = —0.75 also increases in the center of hub, decreasing the K7,
with the blockage ratio. The difference of thrust coefficients between the highest and lowest blockage ratio results
in AK7 = 0.0362, AK7), = -0.0464, and AKrj = -0.0044. Again, being AK7 ), approximately 11 times larger than
AKry, it can be attributed the decrease of K7 ,, along with the moderate increase of K7 4, as the main cause of thrust

decrease with the blockage ratio.
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pressure coefficient C, distribution of the lowest and highest blockage ratio.
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pressure coefficient C, distribution of the lowest and highest blockage ratio.
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In all observed cases, a general observation that can be made is that the thrust from the suction face increases
as the blockage ratio increases; and from the pressure face and the hub, decreases as the blockage ratio increases.
The adopted conventional hub geometry resulted in a negative K7, in all observed cases, reducing the total thrust
coefficient. However, comparing the influence of K7 and K7, to the total thrust, it is observed that the thrust
reduction due to blockage effects is higher from the pressure side than from the hub. When cavitation is predominant,
the suction face has a limited increase of thrust due to blockage. In extreme conditions, the decrease of thrust from
the pressure side overcomes the increase of K7, leading to a decrease of total thrust as blockage gets higher. As the
suction face is being limited by the cavitation, it is not recommended to apply the blockage correction in such intense

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

5.5. Blockage effects on the cavitation pattern

A closer look is done to analyze the cavitation pattern for the high-load conditions. For the first test case (P104 at
o = 3.1), Fig. 24 shows the cavitation pattern at J = 0.24, in which it is possible to qualitatively observe the effect
of the blockage effect. For example, taking a close look at the radial position of 0.8 and @ = 0.0141, it is possible to
observe that the cavitation surface, represented by the VOF iso-surface of 0.5, ends on the quarter-chord line. Indeed,
this pattern is closely maintained up to the intermediate blockages, up to @ = 0.1272. For higher blockages and still on
the radial position of 0.8, the cavitation pattern ends after the quarter-chord. Thus, although it is possible to observe
an influence of the blockage, the qualitative results suggest that the blockage of @ = 0.1272 has a small difference
when compared to the lowest blockage.

The same analysis is done for the second test case (P104 at o = 1.0 case): Fig. 25 shows the cavitation pattern
on the suction side at J = 0.29. For the @ = 0.4057, cavitation covers most of the region close to the axis, reaching a
radial position of 0.25 in the middle of the blade; whereas, for @ = 0.0141, it reaches a radial position of 0.35.

For the third test case (P107 at o = 3.1), Fig. 26 shows the cavitation pattern on the suction side at J = 0.30.

Observe that for the lowest blockage, the cavitation starts at the radial position of 0.7 on the blade reference line,
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Figure 26: Propeller P107 at o = 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 the
previous cases, reassuring the dependence of the cavitation pattern and blockage.

Although p., is sensitive to blockage, based on the qualitative results of the first and second test cases, the
comparison of the lowest blockage ratio with the same found in the IPT’s cavitation tunnel (@ = 0.1272) shows that
the pattern is similar. For the third test case, the results show a similarity of the cavitation pattern of @ = 0.0126 to
0.1136, also represented by the small change on the p,y.

In summary, based on these three test cases, it is possible to assume that the cavitation pattern is indeed affected by
the blockage ratio. The IPT’s Cavitation Tunnel blockage seems to be appropriate to observe the cavitation pattern and
the ITTC recommendation of a blockage ratio no higher than 20% (ITTC, 2016) is, based on the analyzed propellers,

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

This work studied the blockage effect influence on a marine propeller using CFD tools by analyzing the thrust,
torque, hydrodynamic efficiency, and cavitation area. The adopted physical models were validated with experimental
tests from IPT’s Cavitation Tunnel, in conditions that present the cavitation phenomena. To ensure that the adopted
numerical model is appropriate, the experimental uncertainties were composed and compared with the numerical
uncertainty. Then, the work was conducted by numerically simulating the same propeller, under several operating

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

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

o Glauert’s correction seems to properly correct the K7, Ko, and 19 due to the blockage effect. Even in moderate

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

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

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

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

blockage increases;

e Cavitation is also sensitive to blockage, and the percentage of the suction face covered by cavitation is not

accurately corrected by Glauert’s formula;

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

cavitation patterns.

For future works, new experiments using the same propeller in different cavitation tunnels, with different block-
age ratios, would reassure the discussion here presented. Simulating more propellers, with different characteristics,
would allow checking if the recommendation of blockage ratio lower than 20% is still acceptable for cavitation pat-
tern experiments. It is expected that this work stimulates future studies in the area of blockage effects under presence
of cavitation. Regarding the numerical model, a further investigation of different numerical models or estimate the
numerical uncertainties considering the unsteadiness of the problem, by also analyzing the time-step, could be wel-

coming.
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