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Abstract: There are many unresolved issues in Reynolds-averaged Navier-Stokes (RANS) calculations of marine propeller per-
formance, especially in the treatment of complex flow phenomena such as boundary-layer development, scale effects, and tip and
hub vortices. The particular focus of this study was to apply three scale-resolving simulation (SRS) methods, i.e. dynamic large
eddy simulation (DLES), delayed detached-eddy simulation (DDES), and stress-blended eddy simulation (SBES), to improve the
prediction of flow characteristics. Firstly, the effectiveness of the SRS methods was verified by comparing numerical results with
experimental data. The external performance of rotating machinery is determined by internal flow structures. Particle image
velocimetry (PIV) measurement is established as a visualization tool to analyze the wake evolution of a scaled propeller by ve-
locity and vorticity contours in a specified cross-section plane. We found that SRS methods, especially the SBES model, per-
formed well in predicting characteristic parameters and capturing flow field information via quantitative and qualitative analyses.
The ability to accurately predict flow characteristics can make computational tools more effective in meeting the needs of modern

propeller design and analysis.
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1 Introduction

In a flow field, turbulence is a typical flow
phenomenon in the fluid of machinery, such as
pumps, turbines, wind turbines, and propellers.
Turbulence is an irregular, structured, multi-scale,
and complex unsteady flow with extremely strong
dissipation and diffusivity (Yang, 2015). Since its
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invention, the marine propeller has played a vital role
in the shipbuilding industry as a widely used thruster.
Compared to conventional pumps and turbines, a
marine propeller has geometric characteristics of
variable blade section, chord length, and pitch angle.
It is critically important to accurately simulate the
wake flow in the design and performance analysis of a
marine propulsion system. To design a propeller to
meet heavy load and high speed requirements, the
integration of computational fluid dynamics (CFD)
and experimental techniques could be a useful
approach.

Many calculations of the turbulent flow around
propellers have been conducted with various codes
and turbulence models, such as Reynolds-averaged
Navier-Stokes (RANS) (Morgut and Nobile, 2012;
Yao, 2015; Mizzi et al., 2017), large eddy simulation
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(LES) (Kumar and Mahesh, 2015, 2016, 2017; Dub-
bioso et al., 2017), and detached eddy simulation
(DES) (Chase and Carrica, 2013; Mofidi and Carrica,
2014). Most calculations have achieved reasonable
consistency in predicting the overall performance and
flow characteristics of propellers. However, some
difficult issues, including intensive vortex interaction,
reduction of accuracy prediction under heavy load
and high speed conditions, still need to be addressed.
In addition, experimental measurement or numerical
study based on the latest advanced stress-blended
eddy simulation (SBES) of scale-resolving simulation
(SRS) solver to investigate the characteristics of wake
is very rare. There is also a lack of relevant publica-
tions listing in detail the visualization features of the
CFD method in propeller performance prediction.
Numerical simulation can shorten the design
cycle and provide detailed flow field information for
fluid dynamics. However, the accuracy of numerical
simulation needs to be verified by physical test re-
sults. Therefore, a fluid testing device is indispensa-
ble from the viewpoint of analyzing the internal flow
mechanism. In recent years, researchers have in-
creasingly used particle image velocimetry (PIV)
tests to measure and analyze velocity information of a
propeller wake, because of their ability to measure a
wide area in a relatively short time (Ning and Hu,
2016; Ning et al., 2017; Yang et al., 2018). Seo et al.
(2016) used a 2D-PIV system to measure the mean
velocity and turbulence properties of the downstream
flow field of a KVLCC2 propeller model in a towing
tank, and reconstructed the 3D flow field. The results
were compared with those from other tests to validate
their accuracy. Felli et al. (2015) used tomographic
PIV to analyze the complex mechanism of a hub
vortex and vortex pairing that formed intertwined
filaments, including the tip vortex and the secondary
weak vortex generated at the leading edge of the
blades. They revealed that the radiated noise of the
marine propeller emanated mainly from the tip vor-
tex. Yang et al. (2017) used PIV measurements to
analyze the interaction between the wing-tip eddy and
the propeller, and to quantify the velocity of the vor-
tex upstream and downstream from the propeller.
Many researchers have carried out propeller
numerical simulations while conducting PIV tests,
and have studied the distribution of the flow field
information by comparing the results (Kleinwéchter

et al., 2015, 2017). Paik et al. (2015) used RANS
numerical simulation and stereoscopic PIV to study
the wake characteristics of a counter-rotating pro-
peller. In the cases of no propeller, a single propeller
at the bow, and two propellers at the bow and stern,
the propeller operation was validated by comparing
the simulation results with the rudder leading edge
test. Korsstrom et al. (2015) not only introduced a
scaled propeller model in PIV measurement, but also
used boundary element method (BEM), unsteady
Reynolds-averaged Navier—Stokes (URANS) and
shear-stress transport (SST) models in numerical
simulation. Nevertheless, the applications of SRS
methods were still seldom mentioned.

In the following, brief descriptions of SRS
models are provided in Section 2. The mesh genera-
tion and predicted velocity components of an entire
propeller are presented in Section 3. The setup and
introduction of PIV measurements are described in
Section 4. The results of a flow field analysis of a 1/5
scale propeller experiment are compared with those
from CFD in Section 5. Finally, a summary and con-
cluding remarks are included in Section 6.

2 Numerical method

Scale-resolving simulation includes mainly LES
and the hybrid RANS-LES simulation (HRL) (Liu et
al., 2018). Delay detached eddy simulation (DDES) is
a hybrid RANS-LES mode used to effectively reduce
the grid dependence of the DES method. In this for-
mulation, the wall boundary layers are completely
computed in the RANS model and the free shear
flows away from walls are typically covered by the
LES mode. An empirical delay function is used,
which equals 1 in the boundary layer and falls to 0
rapidly at the edge of the boundary layer. This pro-
tects the RANS region from being prematurely
switched to a LES region by optimizing the turbu-
lence characteristic length.

The calculation efficiency of DDES is higher
than that of LES, but lower than that of RANS.
However, when DDES solves the turbulence problem
with large geometric buckling of the wall boundary
surface, the grid induced separation phenomenon still
occurs, which leads to premature conversion to the
LES method to solve the near wall region. This leads
to increased errors in the captured information, which
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hinders the whole development of movement of the
turbulence structures. Based on the DDES model,
some researchers have proposed a more advanced
SBES model. The advantages of this method are as
follows: (I) it introduces a blending function to ef-
fectively prevent the grid induced separation phe-
nomenon, provide protection against the RANS
model of the wall boundary layer region, and make
the flow field structures solved by RANS and LES
clearer and more visual; (I) it provides a clear con-
version between LES and RANS models, and im-
proves grid scale recognition enabling a faster switch
between RANS and LES models; (II) it selects any
sub-grid model to combine with the RANS model
more flexibly. The characteristics of the three
scale-resolving simulations are shown in Table 1.

In Table 1, L; is the second-order tensor, T is
the test-filtered subgrid scale stress tensor, 7 is the
subgrid scale stress tensor, u; and u; are the velocity
components, Cpsy and Csggs are the model coeffi-
cients, p is the fluid density, 4 is the filter width, S is
the strain rate, S; is the resolved strain rate tensor, Aj;
is the generalized tensor, J; is the Kronecker delta,
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Irans, ILEs, and Ippgs are the turbulent length scales,
fopes and fsges are the shielding functions, ry4 is the
ratio of a model length scale to the wall distance, vis
the molecular viscosity, 14 is the kinematic eddy
viscosity, U;; is the velocity gradients, « is the Kar-
man constant, d is the distance to the wall, espgs is the
additional sink term, ﬂ* is a coefficient, Fsggs is the
blending function, £ is the turbulent kinetic energy, @
is the turbulent dissipation rate, and Asggs is the mesh

length scale used in SBES, y is the turbulent viscosity,

SBES _SST DSL

; »T; -7, are the viscous stress tensors.

and 7 PAR 2

T3]

Besides, the symbols , and “~” denote
time-averaged quantities, filtering terms, and Fa-
vre-averaged quantities, respectively.

A

3 Scale-resolving simulation of the entire
propeller

3.1 Mesh layout and simulation details

The marine-propeller (P5168) used in this study
was designed by Chesnakas and Jessup (1998) at the
David Taylor Model Basin. It is a representative

Table 1 Characteristics of different scale-resolving simulations

Calculating

Model Mathematical mechanism Solving ideas o Application
quantities
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etal,2018) —__ntv
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RANS algorithms based
on the grid precision; in-
troduce a hybrid function
to protect RANS mode of
the wall boundary layer
region

DLES: dynamic large eddy simulation



556 Liu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(8):553-563

five-blade controllable-pitch propeller with a diam-
eter of D=402.7 mm, and provides detailed velocity
field measurements. The fixed field was defined as a
cylinder with a diameter of 5D and a length of 20D.
Due to skewed propeller blades, the rotating field
was also set as a cylinder that had a diameter of 1.2D
and a length of 1.72D. A grid interface was set up to
connect the two fields so that these two grids could
slide relatively. Considering the periodic layout of
blades and the calculation consumption, 1/5 part was
extracted to conduct the study (Fig. 1a). To improve
capture of the flow information, especially from the
viscous sublayer, a local-grid refinement method was
applied to obtain sufficient resolution near the
blades. The cell height of the first layer grid was
about 0.001D, and the stretching ratio of the layers
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Fig. 1 Numerical simulation model of the entire propeller
(a) Calculation domain and grid layout; (b) Distribution of y*
at the blade surface

was 1.1-1.2. The distribution of y" on the blade sur-
face (Fig. 1b) ensured proper viscous sublayer reso-
lution. Finally, the total number of grids was 5.2
million, of which 2.2 million were in the rotating
field and 3.0 million were in the fixed field. Among
them, the maximum volume of the grid was 5 mm’
and the minimum was 0.2 mm’. The multiple refer-
ence frame (MRF) method was used to transmit the
flow information between the two fields. ANSYS
FLUENT software was employed to solve the Na-
vier-Stokes equations. The detailed properties of the
numerical simulation are summarized in Table 2.

Table 2 CFD model description

Analysis type Transient state

Pressure-velocity Semi-implicit method for

coupling pressure-linked equations
consistent (SIMPLEC)
Momentum Bounded central differencing

Transient formulation Second-order implicit

Inlet Velocity-inlet with 1% turbulence
intensity

Outlet Pressure-outlet with 0 static
pressure

Viscosity (Pa-s) 1.003x10°°

Density (kg/m®) 998.2

Time step size (ms) 0.5

Number of time steps 1000

3.2 Numerical simulation results

The numerical predictions were under the op-
erating condition that the advance coefficient (J) was
1.1, with a free stream velocity of 8.86 m/s and a
revolution speed of 20 r/s. Fig. 2a describes the
pressure distribution on the suspended cylindrical
surface near the blade root. When the fluid flowed
through the blade rapidly, the pressure difference
phenomenon and accompanying flow separation
occurred on the nose. All three turbulence models
were able to capture these transient flow character-
istics well. Fig. 2b shows the coherent structures
behind the propeller at Q-criterion=0.015. In general,
the three models provided very similar instantaneous
structures downstream of the blade tip. But for the
root-vortex, DLES obtained chaotic and intense
vortex structures, DDES obtained relatively small
and simple structures, and SBES obtained relatively
orderly structures.
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For comparison, detailed velocity measure-
ments behind the propeller are available (Chesnakas
and Jessup, 1998) for a mid-plane at a downstream
location x/R=0.2386, where x is the axial distance
and R is the propeller radius. Fig. 3 depicts the con-
tours of circumferential average velocity components

Pressure ~ (x10*Pa)
L . —
-12.1-105 -89 -74 -58 -42 -26 -1.1 05 21 36

)

DLES

DDES

(a)
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in the axial, tangential, and radial directions. The
simulation and experimental results were plotted in
the dimensionless radial coordinates (#/R), where r is
the radial distance to the centerline. The numerical
results showed a good agreement with the experi-
mental results in terms of the axial velocity (V,) and

Velocity (m/s)

16.63 22.18 27.73

Fig. 2 Numerical predictions of the flow field
(a) Pressure distribution near the blade root; (b) Vortex distribution behind the propeller
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Fig. 3 Variation of three velocity components in the plane of x/R=0.2386: axial (a), tangential (b), and radial (c) directions
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tangential velocity (¥;). However, the agreement for
radial velocity (V;) in the region near the hub (where
r/R is smaller) was not as good. We suspect that this
difference was due to the relatively long hub, re-
sulting in unsatisfactory development of the bound-
ary layer near the hub and insufficient regional grid
resolution in the area. However, its values were an
order of magnitude smaller than V, and V. On the
whole, all turbulence models returned similar results
consistent with the experimental data, which illus-
trates the accuracy of the SRS method in perfor-
mance prediction.

4 PIV system of the scaled propeller
4.1 Experimental setup

To obtain insights into the real-time wake flow
of the propeller, a 2D-PIV test bench was established
to investigate the transient flow information. Fig. 4
shows an overall view of the experimental setup. The
basic layout comprised a laser, a charged couple
device (CCD) camera, a transparent water tank, a
propeller model, a geared motor, and a water pump.
The results related to a fixed frame O-XYZ, with the
origin O set at the geometric center of the propeller,
the X axis along the shaft centerline outward, the ¥
axis along the horizontal, the Z axis along the upward
vertical, and the XY plane at the propeller itself. Laser
light was provided by a Nano TRL laser with 400 mJ
energy per pulse, which illuminated the visual field
through laser optics and formed a laser sheet of 1 mm
thickness and 15° field angle. A LaVision Imager LX
camera (1600x1200 pixels, 14 bit resolution, 7.4 um
pixel pitch) and a Nikon AF lens (50 mm /1.8) was
used to acquire raw images. Post-processing was
performed with LaVision Davis 8.0 software. One
hundred sets of images were recorded at a maximum
acquisition frequency of 2 Hz. The camera and laser
were combined with the computer via a timing con-
troller to control the timing required to capture im-
ages and laser illumination.

In the low-speed flow field, the rotating speeds
were defined as 80 r/min and 300 r/min, respectively.
When the density of tracer particles was close to the
water density (i.e. had a specific gravity of about 1),
their movement trajectories could reflect the actual
water flow. Therefore, polystyrene microspheres
with a density of 1.06 g/cm® and an average diameter

of 10 um were selected as the tracer particles. A
mixture of 1 g of polystyrene microspheres and 40 L
of water was put into the water tank.

Fig. 4 Basic layout of the PIV system
1: CCD camera; 2: water tank system; 3: driving system; 4:
water pump; 5: computer; 6: laser; 7: control panel; 8: timing
controller; 9: power supply

4.2 Calibration

Particle trajectories were displayed as pixels in
the image. To obtain the corresponding relationship
between pixel and millimeter, the CCD camera was
calibrated to determine actual displacement of the
particle. A transparent calibration scale was first
placed in the measurement plane (Fig. 5). After tak-
ing the current image, the calibration procedure was
completed by selecting any points a and b on the
calibration scale and inputting the actual size under
the calibration function of the LaVision Davis soft-
ware. When carrying out test data acquisition, the
rotation rate of the working motor was measured by
the photoelectric speedometer. The time interval for
each shot was determined until the same particle in
two adjacent images moved between 5 and 15 pixels.
Then the data collection was performed and 100
photos were taken at each rotation rate.

4.3 Extraction of flow information

The flow information was extracted from a
rectangular area behind the propeller, located on a
horizontal plane passing through the axis of the
propeller and 29 mm from the propeller center
(Fig. 6a). Due to the limitations of the shooting size
during the experiment, the size of the square region
of the flow field was 0.1 mx0.1 m.



Liu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(8):553-563

To perform quantitative analysis of the velocity,
the velocity values on a straight line perpendicular to
the center line in the rectangle were extracted. The
straight line was 29 mm from the center of the pro-
peller (coordinates x=29 mm, z=0 mm). In addition, a
square mask (Fig. 6b) was added to the image taken
by the PIV for flow field capture. Preliminary ob-
servation of the PIV velocity field in the mask could
be carried out after image post-processing (Fig. 6¢).

Point b

Fig. 5 PIV size calibration
(@

. Extraction line

200 0
Y position (mm)

-60 -40
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5 Numerical simulation of the scaled-down
propeller flow

5.1 Mesh layout and simulation details

For comparison with the experiment, a cuboid
was adopted as the external flow field in the simula-
tion model, and the interfaces between the actual
water pipe and the water tank were replaced by the
boundary inlet and outlet. The rotation domain con-
sisted of a 0.2 times proportional propeller with a
diameter of 80.54 mm. The overall grid layout is
shown in Fig. 7a. The meshes of the inlet cross sec-
tion and the blade surface are shown in Figs. 7b and
7c, respectively. The total mesh number was 7.890
million, of which the rotating domain and the fixed
domain accounted for 6.814 million and 1.076 mil-
lion, respectively. In addition, the mesh quality of the
whole computational domain was greater than 0.4
(Fig. 7d). To obtain a sufficient range of vortices, the
numbers of time steps were 1500 and 800 at low and

©
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Fig. 6 Extraction of flow field results
(a) Rectangular flow field and velocity value extraction line; (b) Example of a collected image; (c) Post-processing results

(b)

Velocity
inlet

—

Number of elements ™~

<

()

= Pressure
—
= outlet

Rotating domain Fixed domain

I EENEEEEEEN X

4 05 06 07 08 09 10

0 01 02 03 o

o

Mesh’qualit}}

Fig. 7 Numerical simulation model of the scaled-down propeller
(a) Computational domain; (b) Local mesh section; (c) Blade surface mesh; (d) Mesh quality
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high rotating speeds, respectively. Other simulation
details were the same as those used for the numerical
method of the entire propeller.

5.2 Average velocity analysis of the straight line

The evolution of the 3D flow field around the
propeller was related to its blade position, which
determined the instantaneous velocity fluctuation
downstream. A quantitative study of velocity varia-
tion was carried out by extraction of the average
velocity on the straight line (x=0.029 m, z=0 m)
(Fig. 8). Numerical data from the CFD simulation
plotted in the right frame were used for comparison
with the experimental data. Variation in the relative
positions of the propeller blade and the measuring
plane caused fluctuation of the average velocity.
Therefore, in the results from 10 tests, the average
speed varied within a certain range due to the dif-
ference in the initial position of the propeller. How-
ever, the average velocity was of the same order of
magnitude, which meant that the wake flow was well
developed. The significance of the average velocity
fluctuation range was that the average velocity
measured in any experiment had the highest proba-
bility of falling within this range, i.e. it could be
considered to change within this range. Since the
initial position of the blade in CFD calculation was
fixed, the numerical result was not compared with a
specific experiment. However, the predicted values
of the three models were all within the fluctuation
range, which verified the correctness and feasibility
of the numerical simulation method.

5.3 Comparison of measured and calculated wake
field results

Instantaneous velocity and vorticity distribu-
tions in the square area obtained by PIV measure-
ments and CFD simulations are compared in Figs. 9
and 10. The curvature of streamlines reflects the
intensity of velocity variation, so a vortex is usually
formed at a large curvature. Fig. 9a shows that the
high-speed region was concentrated mainly near the
blades at a speed of 80 r/min. However, the contours
of DLES and DDES showed that the high-speed
region was far away from the propeller. They also
showed that a larger semi-annular vortex formed at
the top of the image. The velocity profiles calculated
by the three models all exhibited this characteristic.

But for the vortex behind the blades, locations pre-
dicted by DLES and DDES deviated to the shaft rear
and the tank wall.

Average velocity (m/s)
o o
s K
| -
1
\
\
/
j
/\-

0.750
OAOSO 1 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 DLES DDES SBES
Number of times Turbulence models
(a)
0.6 18 -

201t + .

1 1 1  §
10 DLES DDES SBES
Turbulence models

1 2 3 4 5 6 7 8 9
Number of times

(b)
Fig. 8 Average velocity of the straight line
(a) Rotating speed=80 r/min; (b) Rotating speed=300 r/min

When the rotating speed reached 300 r/min, the
high-speed region stretched outward mainly along
the tank body (Fig. 9b). The streamline indicated that
a vortex appeared far away from the propeller. It was
obvious that DDES and DLES showed unreasonable
predictions on the right side of the contour. Also, the
flow field predicted by DLES was too scattered and
there was no continuity in velocity values compared
with those of the other two methods. It was clear that
DLES had more unreasonable vortices near the
blades. Overall, the velocity and vortex distributions
were well analyzed by SBES.

Fig. 10 depicts the instantaneous vorticity
characteristics of the flow field behind the propeller.
The positive and negative values of the PIV experi-
ment actually represented the rotation direction of the
vortex, which could be judged according to the
right-hand rule. More notably, all three models pre-
dicted high vorticity values close to the water tank,
but this feature was not evident from the experi-
mental results. This was because the SRS models
were relatively sensitive to capturing the small vor-
tices, while the resolution of the PIV experiment to
small vortices was weak.
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Fig. 9 Instantaneous velocity field distribution
(a) Rotating speed=80 r/min; (b) Rotating speed=300 r/min

Vorticity (1/s)

10 20
NN |
N
ANNRN NN -
NN N
"\ Jaand
\

/

Rotating direction

Fig. 10 Instantaneous vorticity distribution
(a) Rotating speed=80 r/min; (b) Rotating speed=300 r/min
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In Fig. 10a, the high and low vorticity regions
are located mainly in the lower right and middle left
of the test image, respectively. In the whole flow
field, a wide range of high vorticity distribution was
obtained by DLES, in contrast to the results from PIV
analysis. DDES had unreasonable vorticity regions
behind the propeller shaft. A similar phenomenon
can also be seen in Fig. 10b in which the positions of
high vorticity obtained by DLES and DDES are not
consistent with the measurement results. From the
minimum numbers of vortices obtained by DDES, it
seems that the turbulence captured by this model had
not been fully developed. In contrast, the results of
SBES were closely aligned with the PIV measure-
ments, which showed high vorticity generated on the
right side flow field and behind the blades.

6 Conclusions

In this study, the wake evolution characteristics
of a P5168 propeller were investigated by combining
numerical simulation with flow measurement. CFD
based on the SRS method was used for numerical
simulation, and the PIV system was used for flow
field measurement. The numerical simulation details,
test bench, and operation process were described, and
the results of velocity distribution and vorticity dis-
tribution analyzed. The test results were in accord-
ance with the basic flow field characteristics, and the
validity of the numerical simulation was comprehen-
sively evaluated through comparison with PIV re-
sults. The conclusions can be summarized as follows:

1. In the full-scale propeller model, DLES,
SBES, and DDES predicted quite similar flow sepa-
ration behaviors and associated tip vortex structures
over the blade. However, for the wake vortices at the
blade root, DLES predicted strongly disordered vor-
tex structures, while the transient turbulence results
observed with SBES were relatively orderly.

2. At a design advance ratio of J=1.1, predicted
velocity components at a downstream plane showed a
very similar pattern and good agreement with refer-
ence test data. The PIV test results showed the ve-
locity and vorticity distribution of the flow field,
which can represent the actual flow situation to a
considerable extent.

3. In the SRS method, DLES generated a large
number of vortex structures, but the vortex distribu-
tion was too dispersed with larger numerical values,

which was inconsistent with the characteristics of
experimental performance. Because of insufficient
development of vortex structures, the ability of DDES
to capture flow field information was unsatisfactory.
By comparison, the velocity distribution and vorticity
distribution predicted by SBES were in good agree-
ment with experimental results, reflecting its effec-
tiveness and advancement.
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