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Abstract: Particle image velocimetry is applied in this study to measure the wake flow field of a
Panamax Bulker ship model under the ballast condition. This investigation revealed that the Froude
number is 0.167. The time-averaged velocity, turbulent fluctuations, turbulent kinetic energy (TKE),
Reynolds stresses, and vorticity information were measured to perform a comparison with the
design condition. The time-averaged velocity contours indicated that the ballast and design
conditions have distinct hook-like axial velocity contours; however, they appeared at different
positions. The big difference under the ballast condition is that the top of the propeller disk area is
near the free surface and a region with strong root mean square velocity fluctuation is formed near
the free surface. The TKE, the Reynolds stresses, and the hub cap vortex (Hcv) are all affected by the
turbulent velocity fluctuation region under the ballast condition. A strong bilge vortex (Bv) is
produced when the water flows through the U-shaped stern for the design and ballast conditions.

Keywords: stereo particle image velocimetry; ballast condition; hub cap vortex; bilge vortex; wake
fields

1. Introduction

Bulk carriers, oil tankers, and container ships are three main types of ships and they occupy a
very important position in the international shipping industry. As of 1 January 2018, there are more
than 94,171 merchant ships that totals almost 1.92 billion dead weight tons (DWT). Of these, 42.5%
are bulk carriers, 29.2% are oil tankers, and 13.1% are container ships [1]. By having detailed
measurements combined with an accurate knowledge and an insight into the flow characteristics of
ships, this forms the basis for the theory and numerical simulations verification of the hull
optimization and the propeller design.

The particle image velocimetry (PIV) method has an extensive use on measuring the wake of
ships and propellers. Due to the coupled interaction of the turbulent boundary layer, 3D flow
separation, and the orbital motion of water particles, the flow characteristics around the ships are
very complex [2,3]. In addition, the flow characteristics are affected by the hull form, stern type, and
loading conditions. For bulk carriers, the ballast condition accounts for almost 50% of the total
operation time [4]. Our previous paper [2] described in detail the measurement of the wake fields
based on the PIV under the design-loading condition, and most of the literature focuses on the flow
characteristics around the hulls under the design conditions [5-13]. The flow characteristics around
the ship under the ballast condition is different from that under the design condition with the change
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in the draft, inclination angle, and the float status. Hence, the literature review of this paper focuses
on the hydrodynamic performance, especially the flow field measurement, for the ballast conditions.

Lee et al. [3] applied a 2D-PIV system to study the wake field of a Korea Research Institute of
Ships & Ocean engineering (KRISO) container ship (KCS) with Lpp = 1.422 m under the design and
ballast conditions in a circulating water channel. The PIV measurement results show that the intensity
of the longitudinal counter-rotating vortices and the location of the vortex core are significantly
different under the two conditions. Wu et al. [14,15] used the LaVision underwater stereoscopic
particle image velocimetry (SPIV) system to measure the phase averaged wake fields in the wave of
the second variant of KRISO very large crude carrier (KVLCC2) hull under the design and ballast
conditions. At the same time, the corresponding numerical study was carried out using
computational fluid dynamics (CFD) Ship-lowa V4.5 code. The experimental and numerical results
show that the ballast condition has a different axial velocity distribution, a hook-shaped velocity
contour, and vortex distribution characteristics under the design condition. Park et al. [4] applied
experimental and numerical methods to study the added resistance in the wave under the full-load,
ballast, and two intermediate conditions. Luo et al. [16] conducted a numerical study on the viscous
flow field around a KCS ship with Lpp = 7.2786 m under the ballast conditions. The influence of the
different loading conditions on the surrounding flow field of the ship is described by the wave
elevation contours, the nominal flow field distribution, and the volume fraction of the water on the
hull surface at the bow and stern. Guo et al.[17] used the Dantec underwater SPIV system to measure
the nominal wake field of a KCS with a Lpp = 4.3671 m for off-design loading conditions in a towing
tank, which corresponds to numerical studies that have been simultaneously carried out. The
experimental and numerical results show that the draft and inclination angle of the ships are different
under the different loading conditions, which leads to a different inflow velocity and flow direction
in the stern region, and different wake field distribution characteristics. Compared with the extensive
research literature on the hydrodynamic performance of ships under the design condition, there are
few research articles for the ballast condition, and there are fewer articles that provides detailed
measurements and the analysis of a wake flow for a ship under the ballast condition. Although some
studies have been carried out for this problem, there is still some important flow field information
such as the velocity distribution, turbulence characteristic parameters, vortex distribution
characteristics, and the spatial distribution of the wake vortices that need to be further investigated.

In the present study, the wake fields under the ballast condition were studied by a towed
underwater SPIV system. In the process of the experimental study, the time-averaged velocity,
turbulent fluctuations, TKE, Reynolds stresses, and vorticity information are the main concerns.
Initially, we identified the time-averaged velocities, and then analyzed the TKE and Reynolds stresses.
The vorticity information was analyzed based on the parameters of vorticity, lambda 2-criterion,
planar 2nd invariant Q, the swirling strength, and the evolution of the bilge vortex (Bv) and the
propeller hub cap vortex (Hcv). In addition, these characteristics are compared to our previous study
of the wake field under the design condition, which reveals the loading condition influence on the
flow field distribution.

The research content of this paper is as follows. Section 2 describes the experimental set up. The
discussion of measurement results under the ballast condition are illustrated in detail in Section 3. In
particular, Sections 3.1, 3.2, and 3.3 report the time-averaged velocity fields. The turbulence
characteristics and the vorticity information of the flow fields are described in Sections 3.4 and 3.5,
respectively. Section 4 delivers the conclusions for this study.

2. Experimental Set Up

2.1. Testing Model and Conditions

The test model is a 76000 DWT Panamax Bulker, which has a scale of 1:45 that is manufactured
with fiberglass. The stern of the ship model is painted matte black in case of the laser sheet reflection.
Meanwhile, as described in the previous paper [2], turbulence stimulators were installed according
to the international towing tank conference (ITTC) rules [18]. The origin of the global xyz coordinate
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system is shown in Figure 1, which is located at the intersection of the hull center line, base line, and
the Forward Perpendicular (FP). The directions of the xyz-axis, lines plans, and the geometric model

are shown in Figure 1. The main dimensions of the model under the ballast condition are in Table 1.

Table 1. Main parameters of the test model.

Principal Hull Data Model Full Scale
Scale A 45

Length Over All (m) Loa 5.00 225

Length Between Perpendiculars (m) Ly  4.82 217

Breadth (m) B 0.72 32.25

Depth (m) D 0.45 20.10

Forward Perpendicular Draft (FP/m) Tr  0.112 5.04

After Perpendicular Draft (AP/m)  Tar  0.160 7.20

Speed (m/s) Vo 1.150 7.716

Propeller Radius (m) R 0.075 3.375

Z
Propellerplan 7 ...
\\\ \ Ballast condition
S

F.P CL AP
76000 DWT Panamax Bulker side view drawing for the ballast condition

W77
N
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Figure 1. Lines plan and the geometric model.
The measured sections, test draft, and the test conditions for the wake field measurements are

listed in Table 2. The experimental section of the flow fields is the propeller plane, which is located
at X/Lpp = 0.0199.

Table 2. PIV test conditions under the ballast condition.

Testing Conditions Parameters
Test Section Propeller plane
Fore Draft (FP/m) 0.112
After Draft (AP/m) 0.160
Fluid Medium Water
Test Velocity (m/s) 1.150
Waves Steady surface

2.2. Facility and SPIV System

Tests were conducted in the towing tank, which is 180 m long, 7 m wide, and 3.5 m deep with a
Dantec towed underwater 2D-3C stereoscopic PIV system. The submersible PIV system consists of the
submersible camera housing, the mirror modules, and the submersible light sheet unit; the submersible
camera housing and submersible light sheet unit are assembled in the water proof section. The mirror
modules are assembled in the sections full of water and this ensures that the optical image can be
acquired in a single water medium. The facility is described in our previous experimental studies [2].
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The experimental setup of the SPIV measurement is shown in Figure 2. The specifications of the SPTV
system are as follows. The resolution of the CCD is 2048 x 2048 pixels. The field of view (FOV) is 320
mm width and 280 mm height. The adopted laser supply is an Neodymium-doped: Yttrium Aluminum
Garnet (Nd: YAG) laser with an energy of 200 M], a frequency of 15 Hz, a laser beam duration of 4 ns,
a wavelength of 532 nm, and the thickness of the pulse laser sheet is 2 mm. The velocity vectors were
calculated using the adaptive correlation method (Dantec Dynamics, 2015) with an initial 128 x 128 pixel
interrogation window and a final 32 x 32 pixel interrogation window. An overlap of 50% among
neighboring interrogation windows was used during the correlation analysis process. A total of 250
instantaneous velocity fields were measured with a single towing carriage run to acquire the time-
averaged velocity fields. The final spacing of the vector grid of one velocity vector in the time-averaged
velocity map was 2.45 x 2.45 mm? The tracer particles used are polyamide seeding particles. The
diameter of the seeding particles is 50 pm. The calibration process and vector field calculation process
of the SPIV system are described in detail in previous studies [2].

In the paper, the uncertainty and convergence analysis was basically the same with that in the
reference [10]. The root-mean-square of the velocity as well as Reynolds stresses are second-order
small quantities compared to the average velocity which means that the uncertainty and convergence
of the root-mean-square of the velocity and Reynolds stresses require more instantaneous velocity
samples. Because of the limit of the towing tank length, we can only take 250 images per run. The
similar PIV test of the Seoul National University towing tank (110 m long, 8 m wide, and 3.5 m deep)
and the IIHR towing tank of the University of lowa (100 m long, 3 m wide, and 3 m deep) also took
almost 250 images, the measurement accuracy of these images can meet the requirements of
engineering and scientific research. In this paper, the detailed uncertainty analysis method and
convergence analysis process of the present SPIV will not be described repeatedly. This is
demonstrated in a previous paper [2]. The method of convergence analysis has referred to Falchi et
al. [10] and Bendat and Piersol [19] [20]. The distribution of the measurement errors is used to
determine a 95% confidence interval that contains the true displacement. The uncertainty of the
velocity is 2.5%. The uncertainty of the second-order statistical moments of the statistical samples is
17%.

™~
Light guide tube

Canera 1 Canera 2

Ship model

Laser sheet

Free surface

OV of Camera | and 2 Propeller plane

Figure 2. Experimental setup of SPIV measurement: (a) photograph of SPIV setup in the towing tank;
(b) schematic diagram of SPIV setup; (c) close-up of the position of the propeller plane and PIV system;
(d) close-up of the position of the propeller plane, free surface, and laser sheet.

3. Results and Discussion

In order to facilitate the comparative study of the flow field of the Panama bulk carrier under
the ballast and design load conditions. Hereby description, the entire discussion includes results
from previous work of the authors under design condition [2].

3.1. Time-Averaged Velocity Fields

The time-averaged characteristics of the velocity information are analyzed under the ballast

condition in this section. The time-averaged velocity component ui can be defined as: y, = _ful .

25045
where the index i =1, 2, 3 indicates the velocity components u, v, and w in the x, y and z direction,
respectively. The time-averaged and towing speed of the ship model U are dealt with a dimensionless
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method. The y-axes and z-axes are normalized as Y/R and Z/R. The dimensionless axial flow velocity
u/U, the cross-flow vector, cross-flow velocity S/U, and the streamline in the propeller region under
the ballast and design conditions shown in Figure 3 and Figure 4a-d illustrates the results of the
following parameters: the dimensionless transverse velocity v/U, vertical velocity w/U, whole-flow
velocity L/U; and average kinetic energy AKE/U? The whole-flow velocity L ((u2+ v2+ w?)!2) and the
cross-flow velocity S ((v2+ w?)'2) conduct dimensionless processing with the towing speed of the ship
model U. The average kinetic energy (AKE =1/2(u?+ v2+ w?)) conducts dimensionless processing with
the square of the towing speed U? Under the ballast condition, the ship is a little trim by the stern
and the draft is smaller than the design condition. Influenced by the change of the loading condition,
the characteristics of the hook-like velocity contour can be found in Figure 3a, the distinct hook-like
contours (labelled A) appear at the position of u/U = 0.4 (u/U = 0.3 under the design condition) [2],
and the vertex of the hook-like contour is at the position of Z/R = 0.6 and Z/R = 0.25 under the design
and ballast condition, respectively. The definition of hook-like characteristicc which was first
proposed by Kim [6], is caused by flows with less average kinetic energy (Figure 4d, labeled D) being
transferred through an intense longitudinal bilge vortex towards the center of the hull, which reduces
its velocity and creates local hook-like structures. The bilge vortices formed by the flow passing
through the stern of the U-shaped ship move down, which is almost in parallel with the hub cap
vortices. The position of the hub cap vortex changes a little; however, the rotating range is larger than
the design condition. The cross-flow vector and streamline clearly capture and illustrate the
characteristics of the bilge vortex and the hub cap vortex. Figure 3c shows the contours of S/U. The
bilge vortex foci (labelled F1) are at Y/R = 0.5, Z/R = 0.05, and the hub cap vortex foci (labelled F2)
are at Y/R =+0.215, Z/R = -0.425 under the design condition. The bilge vortex foci (labelled F1) are at
Y/R =+0.75, Z/R = -0.25, and the hub cap vortex foci (labelled F2) are Y/R = +0.215, Z/R = -0.55 under
the ballast condition.

(a) wU Near free surface zone (P) Vector
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- BP 0.3 \ u/U
OS » '|
- 0.5
/— 09

-

N 06
05
-0.25 04
03
02 » i
0.1 il
-0.75 0 ﬂ

g ¥ verettt]
< NN 'mumwm
0.8 N NS ¥
0.9 T S
o RN SIRRRE) & [\ AHgH i

(d) Streamlines

e surface zone

0.5 1
Y/R Y/R

Figure 3. The time-averaged characteristics of the velocity information in the propeller plane: (a)
dimensionless axial flow velocity u/U; (b) the cross-flow vector; (c) dimensionless cross-flow velocity
S/U; (d) streamline. For (a)—(d), Left. The ballast condition; Right. The design condition.
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As the streamline shown in Figure 3d, on the starboard side of the ship, the bilge vortex flows
counter-clockwise and the hub cap vortex flows clockwise. On the port side of the ship, the bilge
vortex flows clockwise and the hub cap vortex flows counter-clockwise. The shape of the bilge vortex
is "round" under the design condition. Under the ballast condition, the bilge vortex is in the shape of
"ears”, and the range of the hub cap vortex is larger than that under the design condition. In addition,
the vortex foci of the twin vortex structure and the two saddle points of the propeller disk (labelled
51 and S2) are captured. The saddle point 51 is the intersection point of the upwash flow shear layer
and the downwash flow shear layer. This is the point where the cross-section velocity S/U =0 (S1 at
Y/R=10.1, Z/R =-0.05, and Y/R = +0.05, Z/R = -0.25 for the design and ballast condition, respectively).
The saddle point S2 is the point where the left-wash flow and the right-wash flow separated from the
up/down-wash flow shear layer and this is the point where the cross-section velocity S/U =0 (S2 at
Y/R=10.4, Z/R=-0.65, and Y/R = +0.35, Z/R = -0.95 for the design and ballast condition, respectively).

It can be seen in Figure 4a,b that the positive and negative velocities represent the rotation
direction of the bilge vortex and the hub cap vortex. This is because the ship is under the ballast
condition and the top of the propeller disk area is near the free surface. The propeller disk area
produces the near free surface layer disturbed by the free surface waveform. The dimensionless
transverse velocity v/U and the dimensionless vertical velocity w/U are smaller than the
dimensionless axial velocity u/U. These are greatly affected by the free surface disturbance. Therefore,
the distribution of the dimensionless transverse velocity v/U and the dimensionless vertical velocity
w/U in the near free surface layer is chaotic. Figure 4c,d shows that the hook-like region of the wake
field in the propeller disk area has lower average kinetic energy (AKE) (labelled D in Figure 4d)
characteristics due to the influence of the bilge vortex and the hub cap vortex.

1 viU (c) LU (d) Average KE
0.75 E‘ Li).)é
0.5
AKE/U?
0.25 F 04
03
[a s
~ 0 =02
N Fol
-0.25 005
0

Figure 4. The time-averaged characteristics of the velocity information in the propeller plane under
ballast condition: (a) dimensionless transverse velocity v/U; (b) dimensionless vertical velocity w/U;
(c) dimensionless whole-flow velocity L/U; (d) dimensionless average kinetic energy AKE/U>.

3.2. Time-Averaged Velocity at Z/R =0

Figure 5 shows the time-averaged velocity u/U, v/U, w/U, S/U, L/U, and AKE/U?profiles at Z/R =
0.00 in the propeller region under the ballast condition. The measurement results are as follows. The
dimensionless axial velocity /U and the whole-flow velocity L/U show an oscillatory profile from
Y/R =0 to Y/R = 1. The hook-like distributions of time-averaged velocity u/U and L/U first increase
from Y/R = 0-0.5, then decrease from Y/R = 0.5-0.8, and finally increase from Y/R = 0.8-1.0. The
velocity v/U increases first and then decreases at Y/R = 0.55. The velocity w/U shows a gradually
decreasing trend from Y/R =0 to Y/R = 1. Because of the larger range of the hook-like velocity profile
under the ballast condition than that under the design condition, the distribution of S/U presents
concave in the range Y/R = 0.5-1.0. It has a minimum velocity at Y/R = 0.85 with a magnitude of 5/U
=0.065. The low kinetic energy AKE/U? appears in the range Y/R = 0-1.0 because of the disturbance
caused by the hook-like velocity contours and the bilge vortex.
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Figure 5. Time-averaged velocity and the AKE/U? profiles at Z/R = 0.00 under the ballast condition.

3.3. Time-Averaged Velocity at Each Radius

In this section, the velocity and the AKE/U? profiles with several radii (r/R=0.4, 0.6, 0.8, 1.0) under
the ballast condition are illustrated. Figure 6 shows the velocities u/U, v/U, w/U, S/U, L/U, and AKE/U?.
The circumferential angle 0 runs clockwise from 0° (top) to 180°. When /R = 0.4 and 0.6, as shown in
Figure 6, the positive and negative values of the time-averaged velocity v/U and w/U represent the
direction of these parameters. The time-averaged velocity u/U, S/U, L/U, and AKE/U? are basically
positive and decrease with respect to 6, which is the same with that under the design condition. For
r/R = 0.6, the cross-section velocity S/U has some slight fluctuations. The dimensionless transverse
velocity v/U and w/U are basically negative. The "absolute" values of v/U and w/U with respect to the
circumferential angle 6 first increase and then decrease. At r/R = 0.8, the distributions of u/U, S/U,
L/U, and AKE/U? with respect to O show a decreasing trend followed by an increasing and decreasing
trend. The "absolute" values of v/U and w/U with respect to the circumferential angle 0 first increases
and then it decreases with a relatively irregular change. However, the trend of S/U and AKE/U? are
not significant and are relatively stable. When r/R = 1.0, u/U, S/U, L/U, and AKE/U? are increasing
except for 0 = 0-30°and 160-180°with a slight fluctuation (u/U, L/U). The dimensionless transverse
velocity v/U exhibits strong fluctuations. The dimensionless vertical velocity w/U has a relatively
stable distribution.
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Figure 6. Time-averaged velocity and the average kinetic energy (AKE) profiles at each radius in the
propeller region under the ballast condition.
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3.4. Velocity Fluctuations

The turbulence characteristic of the flow fields is expressed as the root mean square velocity

250
fields, which can be computed as: u,_g,, =u/ 2502( in—U;)? . Figure 7 shows the root mean

square velocity fields under the ballast and design conditions. The root mean square velocity is dealt
with a dimensionless method. Figure 7a—c displays the results of the dimensionless axial root mean
square velocity urms/U, the dimensionless transverse root mean square velocity vrms/U, and the
dimensionless vertical root mean square velocity wrms/U, respectively. The white dotted line is the
position where r/R = 1.0 and the light blue wavy line is near the free surface zone under the ballast
condition. As depicted in Figure 7, the distribution of the root mean square velocity in the three
directions is similar under the ballast and design conditions, which is either hook-shaped or U-
shaped. Compared with that under the design condition, the areas with a strong fluctuation are
mainly distributed at the end of the shaft, the range of r/R = 0.9-1.5, and the end of the hub cap. In
addition, the top edge of the propeller is tangent to the free surface under the ballast condition, and
a strong root mean square velocity fluctuation region is formed near the free surface.

Near free surface zone N
0.75

Y/R

Figure 7. Root mean square velocity fields in the propeller region: (a) dimensionless axial root mean
square velocity urms/U; (b) dimensionless transverse root mean square velocity wvrms/U; (c)
dimensionless vertical root mean square velocity wrms/U. For (a)—(c), Left. The ballast condition; Right.
The design condition.

Figure 8 presents the TKE in the propeller region under the ballast and design conditions, Figure

9 presents the Reynolds stresses in the propeller region under the ballast condition. The Reynolds
250
stresses tensor and TKE «can be defined as: uU/ i = 250 2 Z:(uI »—U)(;,—u;) and

TKE =1/2 (U’ +VV' +w'w') respectively, where 7, j = 1, 2, 3 indicate the velocity fluctuationsu’, V',
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and W in the x, y and z direction, respectively, ui» or uj » represents the n-th instantaneous velocity
data. The TKE and the Reynolds stresses are dealt with the dimensionless method. Figure 9a-c
displays the dimensionless Reynolds normal stress u'u’/U?, v'v'/U?, and w'w'/U?, respectively.
Figure 9d-f depicts the dimensionless shear stress u'v'/U?, uw'/U?,and v'w'/U?, respectively, and
the white dotted line shows the position of r/R = 1.0.

Figure 8. The turbulent kinetic energy (TKE) in the propeller region: Left. The ballast conditions;
Right. The design condition.

ear free surface zone

Figure 9. The Reynolds stresses in the propeller region under the ballast condition. (a) Reynolds
normal stress u'U’ /U?; (b) Reynolds normal stress VWV /UZ; () Reynolds normal stress ww /UZ; (d)
Reynolds shear stress uv' /UZ; (e) Reynolds shear stress uw /U?; (f) Reynolds shear stress vw /U2,
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As demonstrated in Figure 8, the distribution of the TKE is also U-shaped; however, the interval
is wider and the U-shaped distribution is concentrated in the kinetic energy change layer, which is
the transition from low kinetic energy to high kinetic energy. Compared with that under the design
condition, the changing layer with strong gradient of the turbulent kinetic energy under the ballast
condition is outward-transferring to 0.9R. Due to the influence of the loading condition, the shaft is
no longer in the hydrodynamic downstream state under the ballast condition. Therefore, the TKE at
the end of the shaft in the non-downstream state has a large amplitude. As demonstrated in Figure 9,
the axial Reynolds normal stress u'u’/U 2 the transverse Reynolds normal stress vVv' /U 2 and the
vertical Reynolds normal stress W'w'/U? have the characteristic of anisotropy. The influence of the
shallow draft at the stern under the ballast condition makes the propeller disk area have a turbulent
area of about 0.25R near the free surface. Due to the influence of the rooster tail near the free surface,
the TKE and the Reynolds stress in the turbulent region have a large amplitude. The maximum value

of the axial Reynolds normal stress Ju'u' =0.07U, the transverse Reynolds normal stress WV =

0.05U, and the vertical Reynolds normal stress \/ﬁ = 0.016U in the non-interference region. The
contours of the TKE are similar with the axial Reynolds normal stress u'u’/U?. The maximum TKE
occurs in the high shear zone and the velocity gradient of the axial velocity component is large. This
is because the axial Reynolds normal stress is much larger than the maximum of the transverse and
vertical Reynolds normal stress.

The distribution of the Reynolds shear stress uVv' /U2, uw/U?, and vw' /U?%is similar to the
Reynolds normal stress and the TKE, which is U-shaped, except that the U-shape distribution of
VW' /U? is not obvious. The propeller disk is also affected by the U-shaped stern and it has a U-
shaped shear layer. However, due to the influence of the draft under the ballast condition, the
underwater shape of the U-shaped stern is different from that under the design condition; thus,
resulting in a different U-shaped shear layer. The shear layer under the ballast condition covers the
bilge vortex and hub cap vortex in a wider range. The Reynolds shear stress u'v'/U?is negative,

where 0u/0Y is decreasing and it has a maximum value of JUV' =-0.05U. The Reynolds shear stress

uW /U’ has similar behavior; however, it is correlated with du/0Z and it attains a maximum of \/ﬁ
~0.01U. The vertical Reynolds shear stress v'w'/U? represents the turbulent shear characteristics of
the y-z section of the propeller disk. Compared with that under the design condition, the U-shaped
shear layer in the outer region of the two vortices is slightly weaker than that under the design
condition. In addition, the turbulent region near the free surface also has a great influence on the
Reynolds shear stress in the range of Z/R = 0.75-1.0R.

Figure 10 depicts the root mean square velocity profiles at Z/R = 0.00 under the ballast condition,
which is a quantitative expression of the distribution of the turbulent fluctuating velocity field. The
results show that the dimensionless turbulent fluctuating velocity first decreases, then it increases,
and it finally decreases from Y/R =0 to Y/R = 1. Figure 11 displays the turbulence statistics at Z/R =
0.00 under the ballast condition. The dimensionless Reynolds normal stress u'u’/U? , V' u?,
WW /U?, and TKE/U? show an overall decreasing distribution from Y/R = 0 to Y/R = 1. The
dimensionless Reynolds shear stress u'v'/U? isincreasing. The dimensionless Reynolds shear stress
uw'/U%and vw'/U? show a relatively flat trend of change. As illustrated in Figure 11 on the right
for the close up of the turbulence statistics profiles, the dimensionless Reynolds normal stress

u'u’'/U?,v'v'/U?, TKE/U?, and the Reynolds shear stress u’v'/U? have been acutely fluctuating.
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Figure 10. The root mean square velocity profiles at Z/R = 0.00 of the propeller region under the ballast

condition.
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Figure 11. Turbulence statistics profiles at Z/R = 0.00 under the ballast condition: Left. The global
distribution of the turbulence statistics profiles; Right. Close up of the turbulence statistics profiles).

Figure 12 presents the turbulence statistics profiles at different radius in the propeller region
under the ballast condition and the interval is 10°. Among them, the 0° circumferential angle is
directly above the propeller disk surface and the circumferential angle gradually increases clockwise
to 180°. The red area is near the free surface wave core turbulent area, the yellow area is the boundary
area affected by the core area, and the green frame is the local high-turbulence area in the propeller
disk.

In the circumferential distribution area with a radius r/R = 0.4, the TKE and Reynolds stress at
the end of the shaft show a relatively stable distribution trend with increasing circumferential angle,
and the peak distribution appears in the corresponding area at the end of the shaft. In the region with
r/R = 0.6-0.8, which is located in the low-kinetic-energy region, the TKE and Reynolds stress are
relatively stable as the circumferential angle increases. In the circumferential distribution area with
r/R = 1.0-1.4, the curves of the points taken from the circumferential distribution are in the average
kinetic energy change layer region. With the increase in the circumferential angle, the dimensionless
TKE and the Reynolds normal stress present a relatively violent fluctuation distribution as a whole. In
addition, the near free surface wave core turbulent region in red and the boundary region affected by
the yellow core have a large amplitude and a violent fluctuation. The shape of the stern has typical
longitudinal curvature and cross-sectional curvature (see Figure 1). The anisotropic turbulent flow of
the wake has a strong correlation with the longitudinal curvature and cross-sectional curvature of the
stern as well as the flow gathering and dispersion around the stern. The local geometry in the stern
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region of the ship is different at different span wise and circumferential angle positions, and thus the
average velocity and turbulence characteristic are different at various span wise and circumferential
angle positions. Figure 6 and Figures 10-12 in the article illustrate the average velocity and turbulence
characteristic parameters at different span and circumferential angle positions. The trend is closely
related to the flow nature, and it should be pointed out that it also includes measurement uncertainty
factors. But the main factor is the flow factor, and uncertainty has little effect on the overall distribution
characteristics and distribution trends.
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Figure 12. Turbulence statistics profiles at each radius in the propeller region under the ballast
condition.

3.5. Vorticity Information

Figure 13 shows the vorticity information under the ballast and design conditions. Figure 13a

ov

shows the contour maps of the vorticity (x) which can be computed as: Vorticity(x) = o,=—-—,
and the positive value of the vorticity (x) indicates that the rotation direction of the vortex is counter
clockwise and the negative value is clockwise. Figure 13b shows the contour maps of the swirling
strength, and the swirl strength is defined as the imaginary part of the complex eigen-value of the
velocity gradient tensor [21,22], and the square of the imaginary part can be computed as:
Lo vaw) (v aw
oy oz

2
» —-—— , Figure 13c shows the contour maps of the planar 2nd
2 oy 0z 0oy oz

invariant Q, the 2nd invariant Q of the velocity gradient matrix [23,24], which can be used to identify

vortices, can be defined asQ = —[% N _NV %j 1 (% + aﬁﬂ
Z

oy 0z oy oz 2
maps of the lambda 2 criterion, detailed definitions and calculation formulas of the lambda 2 criterion
can be found in the literature [24], The vorticity (x), swirling strength, 2nd invariant Q and lambda 2

2
j . Figure 13d shows the contour
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conducts dimensionless processing by multiply R/U and R?/U?, respectively, where R is the propeller
and U is the towing speed. The local minimum negative value of lambda-2 can be used to identify the
vortex core, while the positive value indicates the flow field, and the shear flow may be displayed
but not rotated. The local maximum positive value of the swirling strength and planar 2nd invariant
Q can be used to identify the vortex core. A strong bilge vortex (Bv) will be produced when the water
flows through the U-shaped stern. There is a propeller hub cap vortex (Hcv) under the bilge vortex,
which is opposite to the rotation direction of the bilge vortex, and the hub cap vortex is close to the
longitudinal section of the ship. Under the ballast condition, the ship has a trim by the stern, and the
draft is smaller than that under the design condition. Influenced by the position of the ship, the bilge
vortex formed by the U-shaped stern moves down, which is almost in parallel with the hub cap vortex.
The position of the hub cap vortex changes a little bit; however, the rotating range is larger than that
under the design condition. The lambda 2-criterion, the vorticity, and planar 2nd invariant Q all
recognize the bilge vortices and the propeller hub cap vortex. The positive value of the vorticity (x)
indicates that the local vortex rotates anticlockwise and vice versa. The bilge vortex generated by the
bilge area in the middle of the hull rotates anticlockwise on the port side and on the starboard side.
In addition, it is transmitted to the propeller disk, and it is located within the velocity contour range
from u/U = 0.3 to u/U = 0.5 (Figure 3). The hub cap vortex has the opposite rotation direction to the
bilge vortex and it is generated by the hub at the installation position of the propeller on the shaft of
the hull. In addition, it is transmitted to the propeller disk area along with the wake. The hub cap
vortex is located along the velocity contour range of u/U < 0.3 (Figure 3). According to the contour of
the vorticity and swirling strength, the bilge vortex on the propeller disk appears "round-like" under
the design condition and is "ear-like" under the ballast condition.

(a Vorticity (x) (b) Swirling strength
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Figure 13. Time-averaged vorticity information in the propeller region: Left. The ballast condition;
Right. The design condition. (a) Contour maps of the vorticity; (b) Contour maps of the swirling
strength; (c) Contour maps of the planar 2nd invariant; (d) Contour maps of the lambda 2 criterion
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In order to analyze the vortex evolution characteristics of Panama bulk carriers under ballast
condition, CFD numerical simulation analysis was carried out using the formed calculation strategy
[2,25]. Figure 14 is the vortex evolution of Panama bulk carrier under the ballast condition based on
CFD. As shown in Figure 14b, the CFD numerical results agree well with the PIV measurement results,
which verifies the accuracy of the numerical calculation. Figure 14a,c is the global evolution and
close-up view of the vortex structure, under the ballast condition. In addition to the bilge vortex and
hubcap vortex similar to the design one, there are also vortex structures near the free surface caused
by fluctuations of free surface. In addition, the evolution trajectories of the bilge vortex and the hub
cap vortex in ballast are different from the design ones.

Staﬁ% Stii?n 0.5 Propeller plane
i
\

evolution track of Bv under the[design|and ballast conditions

Vortex structures near the|free surface|

Station 3 Station 2

------

Bv

-2-15-1-050 05 1 15 2
YR

Figure 14. The vortex evolution of Panama bulk carrier under the ballast condition based on CFD: (a)
The global evolution of the vortex structure; (b). Comparison chart of numerical and PIV result; (c)
Close-up of the vortex structure.

4. Conclusions

The wake fields of the test model under the ballast condition is experimentally investigated
based on the authors’ previous research, which is under the design condition. The wake field data
includes time-averaged, turbulence characteristics, and vorticity information. When comparing the
results under the design condition, it can be concluded as follows.

(1) The time-averaged velocity contours indicate that the ballast and design conditions have
distinct hook-like axial velocity contours, but they appear at different positions. The distinct hook-
like axial velocity contours appear at the position of #/U = 0.3 and the vertex of the hook-like contour
is at the position of Z/R = 0.6 under the design condition. Under the ballast condition, the distinct
hook-like axial velocity contours appear at the position of u/U = 0.4 and the vertex of the hook-like
contour is at the position of Z/R = 0.25. The shape of the bilge vortex is "round-like" under the design
condition, but it has an “ear-like” shape under the ballast condition. The big difference under the
ballast condition is that the top of the propeller disk area is near the free surface. The propeller disk
area produces the near free surface layer that is disturbed by the free surface waveform. The vortex
foci of the twin vortex structure and the two saddle points (S1 and S2) of the propeller disk are
captured under the ballast and design conditions. Under the design condition, the saddle point S1 at
Y/R=+0.1, Z/R =-0.05, 52 at Y/R =+0.4, and Z/R =-0.65. Under the ballast condition, the saddle point
S1 at Y/R =+0.025, Z/R =-0.25, S2 at Y/R=%0.35, and /R=-0.9.

(2) In comparison to the design condition, the areas with strong fluctuation are mainly
distributed at the end of the shaft, the range of r/R = 0.9-1.5, and the end of the hub cap. In addition,
the top edge of the propeller is tangent to the free surface under the ballast condition, and a strong
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root mean square velocity fluctuation region is formed near the free surface. The TKE, Reynolds
stresses, and the hub cap vortex are all affected by the turbulent velocity fluctuation region under the
ballast condition. The interval is wider and the U-shaped distribution is concentrated in the kinetic
energy change layer under the ballast condition. The shear layer under the ballast condition covers
the bilge vortex and the hub cap vortex in a wider range.

(3) A strong bilge vortex (Bv) is produced when the water flows through the U-shaped stern
under the design and ballast conditions. Under the ballast condition, the bilge vortex formed by the
U-shaped stern moves down, which is almost in parallel with the hub cap vortex. The position of the
hub cap vortex changes a little bit; however, the rotating range is larger than that under the design
condition. According to the contour of the vorticity and the swirling strength, the bilge vortex on the
propeller disk appears "round" under the design condition and it resembles an "ear" under the ballast
condition.
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