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Abstract

The characteristics of the relationship between the evolution of propeller trailing vortex wake and skew angle are numerically examined
based on four different five-blade David Taylor Model Basin (DTMB) model propellers with different skew angles. Numerical simulations are
based on Reynolds-averaged NaviereStokes (RANS) equations combined with SST k � u turbulence model. Results show that the contraction
of propeller trailing vortex wake can be restrained by increasing skew angle and loading conditions, and root vortices fade away when the
propeller skew angle increases. With the increase of the propeller's skew angle, the deformation of the hub vortex and destabilization of the tip
vortices are weakening gradually because the blade-to-blade interaction becomes weaker. The transition trailing vortex wake from stability to
instability is restrained when the skew increases. Furthermore, analyses of tip vortice trajectories show that the increasing skew can reduce the
difference in trailing vortex wake contraction under different loading conditions.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Propeller action is the main propulsion mode of modern
ships, and the performance of propellers is a perennial subject
of research. The mechanics of the propeller trailing vortex
wake play important roles in engineering applications due to a
direct correlation to the hydrodynamic performance, vibration,
noise, and structural problems of modern ships (Felli et al.,
2011). Physically, the characteristics of propeller trailing
vortex wake are strictly related to the factor that causes energy
loss due to cavitation, vibration, and noise. For the propellers
working behind modern surface ships, the performance of a
propeller varies greatly with motions induced by environment
(due to, for example, waves, wind, and currents). As a result, a
propeller must function in a range of working conditions,

which puts forward higher requirements for the marine pro-
pellers, and the conventional propellers can hardly satisfy the
demands of modern civil ships and warships, so the propellers
with complicated geometry have been widely used. For
example, propellers with a high skew angle are much more
efficient than conventional propellers (Ghasseni and Ghadimi,
2011; Zhu, 2015). Modern propellers with complicated ge-
ometry result in the wake behind a propeller becoming more
complex. Therefore, the design of the propeller should
enhance performance, and in order to accomplish this, an
accurate trailing vortex wake analysis process is required to
discover the correlation between propeller trailing vortex wake
and the geometrical parameters of the propeller. This, in turn,
can help explain the mechanics of the propeller trailing vortex
wake. Many researchers have investigated the evolution of
propeller trailing vortex wake based on detailed experiments,
however, these experiments seldom investigate the correlation
between propeller trailing vortex wake and geometrical pa-
rameters of the propeller.
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To investigate the spatial and temporal evolution of the
trailing vortex wake of a marine propeller, Di Felice et al.
(2004) employed a Particle Image Velocimetry (PIV) tech-
nique to analyze this evolution under different operating
conditions. The results of their study show a significant
decrease in the level of turbulence from the tip vortices. A
weaker dissipation of the blade trailing vortex wake turbulence
was observed when decreasing the blade loading. The devel-
opment of the slipstream instability and the breakdown of the
hub and tip vortices were outlined by the far trailing vortex
wake.

Felli et al. (2006) examined the propeller trailing vortex
wake in detail based on experimental measurements. The ve-
locity field and the pressure field of the propeller trailing
vortex wake were discussed in the study. They concluded that
the pressure field of the propeller trailing vortex wake is
mainly caused by tip vortex in the near field. The sudden
breakdown process of the vortices is the reason of the hub
vortex distortion, which relates to the pressure field at the shaft
rate frequency.

Paik et al. (2007) utilized the PIV technique to study the
trailing vortex wake characteristics of a marine propeller. The
results show that the distribution of radial vorticity has
connection with the loading distribution of the propeller
blades. The strong contraction of the propeller trailing vortex
wake mainly happens in the region of X/D ¼ 0.53, after strong
contraction, the trajectory formation shows irregular oscilla-
tion. The hub vortex can help to obtain much information
about the propeller trailing vortex wake system because the
hub vortex can be easily captured.

Felli et al. (2008) investigated the issues of propeller
trailing vortex wake evolution and instability using the pro-
pellers with different numbers of blades. The Laser Doppler
Velocimetry (LDV) technique was employed to make the
trailing vortex wake measurement. The mechanism of the
breakdown process of tip vortices and hub vortex was dis-
cussed in detail in the study. Results show that the problem of
trailing vortex wake instability has more to do with the vor-
texevortex interaction. The phenomenon of tip vortices
grouping is a typical characteristic of propellers, which is the
result of the interaction between continues filaments.

Felli et al. (2011) conducted a discussion on effect of the
spiral-to-spiral distance and the number of blades on the
destabilization and evolution of the tip and hub vortices in the
transition and the far trailing vortex wake. Detailed timed
visualizations and velocimetry measurements were used. The
results show that the vortex breakdown phenomena observed
in the experiment was caused by the mutual interaction be-
tween adjacent spirals that were altered by employing a series
of propellers with different number of blades.

With the advances of technology, basic issues of fluid
mechanics in propulsion research are transforming from
obtaining traditional macroscopic force and moment to
measuring the detailed flow field. In order to obtain the de-
tails of fluid flow, researchers have attempted to discover the
most fundamental attributes that cause an object's motion to
change. After the 25th ITTC, a specialist committee was set

up on detailed flow measurement, which has brought
together experts and scholars dedicated to basic fluid me-
chanics research to resolve these problems (Toda, 2008).
Obtaining detailed flow is especially important to reveal the
mechanism and physical phenomenon of fluids for propul-
sion research. However, CFD is more efficient and has lower
costs than the Experimental Fluid Dynamics (EFD) and can
acquire more detail information about flow field (Sun et al.,
2016; Wang et al., 2014), but most CFD calculations about
propellers are mainly concerning about the applicability of
turbulence modeling and the performance under off-design
conditions.

Jang and Mahesh (2013) studied the flow characteristics of
a propeller which rotates in the reverse direction based on the
Large Eddy Simulation (LES) method. They found that the
heavy propeller loads were mainly caused by the flow sepa-
ration and the heavy propeller loads could decrease the reverse
flow. Muscari et al. (2013) analyzed the effects of different
turbulence modeling approaches for simulating the propeller
trailing vortex wake. The limits and capabilities of RANSE
modeling and Detached Eddy Simulation (DES) modeling
were discussed when dealing with the propeller trailing vortex
wake. Using a dynamically overlapping grid approach,
Dubbioso et al. (2013) studied the hydrodynamic performance
of a propeller working in oblique flows. They analyzed two
loading conditions at diverse incidence angles. Di Mascio
et al. (2014) investigated the trailing vortex wake instability
of a propeller working in oblique flows based on DES method.
The destabilization was examined by the calculations of pro-
peller working in pure flow and drift. Baek et al. (2015)
numerically investigated the trailing vortex wake features of
a marine propeller under different loading conditions based on
RANS method. They explored laws that the velocity fields and
the 3-D vortical structures varied with advanced ratios. The
empirical models of the 3-D helices of tip vortices were also
proposed in the research.

Overall, most current studies seldom investigate the cor-
relation between propeller trailing vortex wake and the
geometrical parameters of the propeller. Therefore, this paper
focuses on finding out the relationship between the evolution
of propeller trailing vortex wake and the skew angle based on
four different DTMB propellers with varying skew angles. The
correlation between the characteristics of propeller trailing
vortex wake and the propeller skew is analyzed in detail by
RANS equations and SST k � u turbulence model.

2. Mathematical model

2.1. Governing equations

The numerical simulations completed in this work are
based on RANS equations. The three-dimensional incom-
pressible continuity and momentum equations with RANS
approximation are described as:

vui
vxi

¼ 0 ð1Þ
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where ui and uj are the time-averaged values of the velocity
components (i, j ¼ 1, 2, 3), p is the time-averaged value of
pressure, r is the fluid density, m is the coefficient of dynamic
viscosity, Si is the source term, and ru0iu0j is the Reynolds
stress term which requires turbulence models to close Eq. (2).
The k � u shear stress transport model (Menter, 1994) is
employed to simulate a strong adverse pressure gradient flow
field by taking into account the effect of wall shear in the
prediction of the propeller trailing vortex wake. This model
combines the advantages of the k � u and k � ε models and
can be used to compute the flow separation region. It is one of
the most advanced two-equation turbulence models, and is
superior in its calculation of the viscous ambient flow field. In
this study, a pressure-based coupled solver is used for the
governing equations of the numerical computation. Spatial
discretization of the convection term is performed using a
second-order upwind scheme and discretization of the dissi-
pative term is performed using a second-order central differ-
ence scheme (Weiss and Smith, 1995). The RANSE solver of
STAR-CCMþ was used to perform the numerical analysis.

2.2. Boundary conditions

In the present study, the four DTMB five-blade propellers
designed with the same geometry properties, including the
same number of blades, diameters, expanded area ratio and
boss ratio, but with different skew angles, were selected to
study the evolution of the propeller trailing vortex wake. The
main parameters of the DTMB propeller models and propeller
geometry are shown in Table 1. In numerical simulations, the
rotational effects of the DTMB propellers are modeled with
the sliding mesh technique. The speed of rotation of the pro-
pellers is maintained at value of 10 revolutions per second
(rps). The different advance ratios are obtained by changing
the free stream velocities. The Reynolds number as the func-
tion of the radius of the propellers (Lref ¼ D/2) and the velocity
of the tips of the blades ðUref ¼ npDÞ can be acquired as

Re ¼ Uref Lref =n ¼ 1:28� 106, and the chosen time step is

2:778� 10�4s, which corresponds to a rotation of one degree
for the propellers. Fig. 1 shows both the boundary conditions
and the computational domain involved in the present study, it
has been proved by Baek et al. (2015) to be no blockage
effects.

The Cartesian cut-cell method was used to complete the
mesh generation for the computational mesh of the propeller
trailing vortex wake solution. Two slices in the planes x ¼ 0
and y¼ 0 are shown in Fig. 2 to give an idea of the mesh views.
A value of yþ ¼ 30 was considered as the distance of the first
grid point from the walls. The number of prism layers were set
at 20. This corresponds to thickness of the boundary layer.

2.3. Discussion of grid convergence

In order to estimate the grid convergence, three grid levels
including Coarse, Medium and Fine grids were employed. For
the reason that a high quality grid for skewed propellers is
more difficult to generate compared to a gird for conventional
propellers, the high skew propeller 4384 and the propeller
4381 without skew are selected to perform the study of the
grid convergence. The comparison of CFD results between
open water characteristics of propeller 4381 and 4384 calcu-
lated by three grids and EFD results are shown in Fig. 3. The
results of open water characteristics calculated by the three
grids for propeller 4381 and 4384 at J ¼ 0.4 are shown in
Table 2. The experiment values in the paper were reported by
Boswell (1971). It can be observed from the figure that the
difference between computed and measured values is small in
the whole simulation range. The thrust coefficients and torque
coefficients show lightly sensitivity to grid refinement. The
grid convergence analysis was performed based on the process
discussed in Stern et al. (2001) and Wilson et al. (2004), which
taking the results of propeller 4381 and 4384 at J ¼ 0.4 for
example. The grid converge ratio (RG) is defined as follows:

RG ¼ S3 � S2
S2 � S1

ð3Þ

where Si (i ¼ 1,2,3) are the Coarse, Medium and Fine grids,
respectively. The grid refinement ratio rG is an important

Table 1

Main parameters of DTMB propellers.

Propeller mode 4381 4382 4383 4384

Number of blades 5 5 5 5

Skew (degree) 0 36 72 108

Diameter (m) 0.3048 0.3048 0.3048 0.3048

Expanded area ratio 0.725 0.725 0.725 0.725

Boss ratio 0.20 0.20 0.20 0.20

P/D at r/R ¼ 0.7 1.2 1.2 1.2 1.2

Design advance ratio 0.889 0.889 0.889 0.889

Geometry

Fig. 1. Computational domain and boundary conditions.
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parameter that needs to be determined before starting the grid
convergence study. In this study, the Cartesian cut-cell method
was used to complete the computational mesh generation, the
refinement ratio rG was considered as follows:

rG ¼
�

Nfine

Ncoarse

�1=d

ð4Þ

where the total number of grids is noted as N, d is the
dimensionality of the computing problem and its value in the

present study is 3. After calculation, the grid refinement ratio
is approximately 1.2 in this study. The results of the grid
convergence study for propeller 4381 and 4384 at J ¼ 0.4 are
shown in Table 3. From Table 3, the thrust coefficient and
torque coefficients all show monotonic convergence with
RG < 1. The grid uncertainty UG of Kt and 10Kq for propeller
4381 is 3.9%D and 6.8%D, respectively, for propeller 4384,
it's 10.6%D and 8.5%D, respectively, where D is experimental
data. Overall, the solutions show good grid convergence
behavior with small errors, the numerical method involved in
this paper is suitable for investigating the correlation between
the characteristics of propeller trailing vortex wake and the
skew angle.

Fig. 2. Details of the volume mesh of propeller 4381 (a) Section x ¼ 0, (b) Section y ¼ 0.

Fig. 3. Comparison of open water characteristics between EFD and CFD (a) 4381, (b) 4384.

Table 2

Results of three grids for propeller 4381 and 4384 at J ¼ 0.4.

Grid name ID Grid size Kt Error (%) 10Kq Error (%)

4381 EFD 0.429 0.725

Coarse S1 2.62M 0.4373 1.935 0.7355 1.448

Medium S2 4.49M 0.4326 0.839 0.7287 0.510

Fine S3 7.85M 0.4294 0.093 0.7246 �0.055

4384 EFD 0.405 0.692

Coarse S1 2.67M 0.4190 3.457 0.6723 �2.847

Medium S2 4.58M 0.4101 1.259 0.6810 �1.590

Fine S3 8.01M 0.4042 �0.198 0.6864 �0.809

Table 3

Results of grid convergence study for propeller 4381 and 4384 at J ¼ 0.4.

Parameter RG PG UG (%D) D jEj (%D)

4381 Kt 0.681 2.107 3.9 0.429 0.093

10Kq 0.603 2.774 6.8 0.725 0.055

4384 Kt 0.663 2.254 10.6 0.405 0.198

10Kq 0.621 2.613 8.5 0.692 0.809
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3. Results and discussion

3.1. Hydrodynamic performance

The variation of Kt and 10Kq for DTMB propellers with
skew angle is showed in Fig. 4. In general, with the skew angle
increasing from propeller 4381 to propeller 4382, Kt and its
enhancement increases with the increasing of advance ratio,
and under the condition of J ¼ 1.0, the Kt of propeller 4382 is
enhanced by about 8.55% compared with propeller 4381. As
the skew angle increases from propeller 4382 to propeller
4383, the changes of Kt show different rules. With the increase
of advance ratio, from J ¼ 0.4 to J ¼ 0.6, Kt is decreasing.
When the advance ratio is up to J ¼ 0.6, Kt remains un-
changed. Then, Kt keeps increasing at the advance ratio of
J ¼ 0.8 and J ¼ 1.0. Under the condition of J ¼ 1.0, the
enhancement of Kt increases to maximum value, and the Kt of
propeller 4383 is enhanced by about 20.39% compared with
propeller 4381. As the skew angle increases from propeller
4383 to propeller 4384, Kt begins to decrease, compared with
propeller 4381, at J ¼ 0.4, 0.6, 0.8, the Kt of propeller 4384
decreases, and decreases the most at J ¼ 0.4, about 5.59%.
However at high advance ratio J ¼ 1.0, Kt is enhanced by
about 10.53%. The variation rule of 10Kq with propeller skew
angle has basically the same trend of Kt. According to the
analyses, the hydrodynamic performance can be improved by
proper increase of the skew angle of propellers.

3.2. Wake fields

Fig. 5 shows the instantaneous velocity vector fields of
DTMB propellers in the xey plane for three loading condi-
tions, where x-axis and y-axis are normalized by the propeller
radius R. The propeller axis is aligned with y/R ¼ 0, and the
propeller plane locates at x/R ¼ 0, respectively. To observe the
tip region conveniently, the range of the y-axis is limited to

�1.08 < y/R < �0.66. The black areas are the projection of
propeller blades in longitudinal planes. At the lower advance
ratio of J ¼ 0.4, the tip vortices are observed mainly close to
the propeller tips and the area above y/R ¼ 1.0 in the instan-
taneous flow field with a great degree of velocity gradient.
Under this high loading condition of lower advance ratio, the
velocity of axial flow generated by the propeller is bigger than
upstream velocity, flow perturbations induced by the pro-
pellers tend to be stronger, which leading to the appearance of
the slipstream. For the propeller 4381, the tip vortex trajectory
has a significant positive slope with respect to x/R axis, which
suggesting remarkably contraction. As the skew of propellers
increases, the slops decrease gradually as shown in Fig. 5 (i).

The upstream velocity is close to the axial flow velocity
prompted by the propeller, and flow perturbations induced by
the propellers tend to be weaker when the advance ratio in-
creases. Therefore, the boundary between the free-stream and
the slipstream becomes a little ambiguous as shown in Fig. 5
(ii) for J ¼ 0.6. At the advance ratio, J ¼ 0.6, the tip vortex
trajectory has a smaller positive slope with respect to x/R axis
comparing with J ¼ 0.4. As the skew of propellers increases,
the slops also decrease gradually. At the higher advance ratio
J ¼ 0.889, the wake behind propellers becomes a reasonably
uniform flow with very small perturbations. Moreover, in this
low loading condition, there are no distinct vortices existing
behind rotating propellers.

The analyses of instantaneous velocity vector fields show
that the contraction of propeller trailing vortex wake can be
restrained by increasing skew angle and loading conditions.

The Galilean Decomposition Method was employed to
research flow perturbations induced by the propellers and the
coherent vortex structure of the wake behind propellers. Fig. 6
shows the decomposed instantaneous velocity in which con-
vection velocity has been subtracted. In the present study, the
convection velocity Uc equals to the upstream velocity U0. The
propeller trailing vortex wake shows an interesting flow

Fig. 4. Computed results as a function of the skew angle for DTMB propellers (a) Thrust, (b) Torque.
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behavior from the perspective of vortex and velocity gradient.
The vortical structure appears more clearly in the trailing
vortex wake region at both low and high loading conditions by
comparing Figs. 6 and 5 at the convection velocity of U0. The
periodic tip vortices are shed successively from the trailing
edge and the tip of each blade at regular intervals. When the
advance ratio increases, the upstream stream velocity becomes
close to the axial flow velocity prompted by the propeller
because of weaker flow perturbation, leading to the formation
of more consecutive tip vortices. When the advance ratio rises,
the intervals of two continues vortices also increases for the
same propeller, which leads to the number of downstream tip
vortices decreasing. Furthermore, as the skew of propeller
increases, the intervals of two continues vortices almost keeps
the same for the same loading condition. The trailing vortex
wake contraction of propellers with different loading condi-
tions and skew angles weakens when the convection velocities
are subtracted. It may be found that the convection velocity
plays important roles in the contraction of propeller trailing
vortex wake.

Fig. 7 shows the axial velocity contours of DTMB pro-
pellers for three loading conditions. The axial velocity has
been non-dimensionalized with up-stream velocity (U0). The
dashed lines that divided propeller trailing vortex wake into
two parts match up with U/U0 ¼ 1 for all loading conditions
and all propellers. The part between the two dashed lines is the
slipstream. The dashed lines shown in Fig. 7 stand for the

outer and inner bounds respectively. The formation of the
inner bounds in the light of the loading conditions depends on
the hub flow. At the lower advance ratio of J ¼ 0.4, the inner
bounds mainly stretch in axial direction. As the advance ratio
increases, the inner bounds begin stretching in radial direction.
The outer bounds formation depends on free stream velocity
and tip vortex. At the lower advance ratio of J ¼ 0.4, near the
propeller blades, the outer bounds are mainly wavy form, but
in the downstream, it's inclined straight line form. As the
advance ratio increases, the downstream inclined straight line
fade away and replaced with complete wave line formation.
The formation of the outer bounds also has relationship with
the skew of propellers, at the lower advance ratio of J ¼ 0.4, as
the skew of propellers increases, the downstream inclined
straight line fade away gradually and is replaced with longer
distance wave formation. With the increasing of advance ratio,
the outer bounds formation in the downstream don't get any
influence from the skew of propellers. The out bounds for-
mation in the upstream varies with loading conditions and
propeller skews as shown in Fig. 7.

The slice-by-slice contours of axial velocity at different
downstream distances of DTMB propellers at J ¼ 0.889 are
shown in Fig. 8. The features of the downstream propeller
trailing vortex wake are captured successfully based on the
simulation method involved in the present study. Comparing
with propellers 4381 and 4382, for propellers 4383 and 4384,
it can be observed that the profile of the downstream high

Fig. 5. Instantaneous velocity vector fields of DTMB propellers for three conditions in longitudinal planes at (i) J ¼ 0.4, (ii) J ¼ 0.6, (iii) J ¼ 0.889.
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speed flow of the propeller trailing vortex wake is getting
clearer. Weaker blade-to-blade interaction, caused the trailing
vortex wake of propellers 4383 and 4384 to be more stable and
regular. It seems that the increasing skew angle can restrain the
transition trailing vortex wake from stability to instability. The
circumferential distribution of axial velocities for J ¼ 0.889 at
radial positions of r ¼ 0.4R and r ¼ 0.8R are provided in
Fig. 9. It can be observed that five velocity peaks of five-blade
DTMB propellers are captured successfully in the present
computation. Generally speaking, with the increase of down-
stream distance, the propeller trailing vortex wake restores to
free-stream flow gradually, the fluctuation of the circumfer-
ential distribution of axial velocities trends to be gently. In the
inner radius (r ¼ 0.4R), from propeller 4381 to 4383, with the
increase of propeller skew, axial velocities with circumferen-
tial distribution have a gradually decreasing tendency. How-
ever, in the outer radius (r ¼ 0.8R), this kind of tendency is
going in the opposite direction. With the increase of propeller
skew, axial velocities with circumferential distribution is
gradually increasing, and its fluctuation is more violent.

3.3. Vortical structures

In the present study, three-dimensional vortical structures
were defined by Q-criterion method, this method was sug-
gested by Hunt et al. (1988), and they divided the whole flow
field into the convergence (C) zones, eddy (E) zones and

streaming (S) zones, respectively. Longitudinal views of the
vortical structures of DTMB propellers for three different
advance ratios are shown in Fig. 10. The meshing and calcu-
lation methods involved in this paper capture the flow char-
acteristics for long distance of the propeller trailing vortex
wake successfully. Regardless of the advance ratio and the
skew of propellers, the vortex sheet which is composed of the
trailing vortices can be plainly observed between the propeller
roots and tips. The tip vortices go through a complex process
of roll-up caused by the pressure difference on the propeller
blades. A strong central vortex derives from the propeller hub
is hub vortex. However, the characteristics of downstream
vortical structures have some relations to the loading condi-
tions and the skew of propellers. Present numerical work can
provide explanations for some typical features of the propeller
trailing vortex wake.

At the relatively lower advance ratios, the propeller trailing
vortex wake shows very unstable properties, the deformation
problem of the tip and hub vortex is extremely severe, the hub
vortex distorts gradually and the spiral trajectory of tip
vortices experiences an unexpected destabilization, as shown
in Fig. 10 (i) and (ii) for J ¼ 0.4 and J ¼ 0.6, respectively. The
tip vortices come into being a larger vortex due to a remark-
ably merging process. This vortex merging phenomenon and
instability are consistent with what was experimentally
observed by Felli et al. (2008, 2011) through LDV phase-
sampling techniques and flow visualizations with two high-

Fig. 6. Instantaneous velocity vector fields subtracted by convection velocity of DTMB propellers for three conditions in longitudinal planes at (i) J ¼ 0.4,

(ii) J ¼ 0.6, (iii) J ¼ 0.889.
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Fig. 7. Axial velocity contours of DTMB propellers for three conditions in longitudinal planes at (i) J ¼ 0.4, (ii) J ¼ 0.6, (iii) J ¼ 0.889.
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speed CMOS cameras. After merging, a serious distortion
happens to the shapes of the tip vortices and hub vortices of
DTMB propellers. The distortion and deformation of trailing
vortices are more severe under lower loading conditions for
J ¼ 0.4 which is clearly observed in longitudinal view.
However, before merging with each other, the trailing vortices

seem to be more stable and present regular spiral geometry.
This type of stability varies with the advance ratio and the
skew of propellers. The axial distance of the stable vortices is
very short for J ¼ 0.4, when the advance ratio increases to
J ¼ 0.6, the stable vortices stretch further in the axial direc-
tion. That is to say, the increasing loading conditions help to

Fig. 8. Contours of axial velocity at different downstream locations of DTMB propellers at J ¼ 0.889.

Fig. 9. The circumferential distribution of axial velocity at different transverse planes for DTMB propellers at radial positions of (i) r ¼ 0.4R and (ii) r ¼ 0.8R.
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Fig. 10. Vortical structures of DTMB propellers for three loading conditions at (i) J ¼ 0.4, (ii) J ¼ 0.6, (iii) J ¼ 0.889.
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Fig. 11. Sections of vortical structures of DTMB propellers for three loading conditions at (i) J ¼ 0.4, (ii) J ¼ 0.6, (iii) J ¼ 0.889.
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bring forward the merging of propeller vortices, especially
under lower loading conditions. Meanwhile, as the skew of the
propeller increases, the deformation of the hub vortex and the
destabilization of the tip vortices weaken gradually, for the
vortex of propellers 4383 and 4384, it's more stable on the
whole, especially for J ¼ 0.6, possibly because the blade-to-
blade interaction becomes weaker as the skew of the propel-
ler increases, the transition trailing vortex wake from stability
to instability is restrained by the increasing skew. This can also
be identified by the contours of axial velocity shown in Fig. 8.

At the higher advance ratio of J ¼ 0.889, the merging
process of the tip vortices is beyond observation, it may
happen somewhere further downstream, the process of vortices
merging is considerably hysteretic, which is in accord with the
conclusions of Baek et al. (2015), Castro et al. (2011) and
Carrica et al. (2010). The vortices keep remarkably stable
further downstream under this light loading condition. In
addition, for a low skew of propeller 4381, the root vortices
are distinctly observed from the vortical structures. As the
skew of the propeller increases, the root vortices fade away.
Finally, the root vortices are not clearly identified for a high
skew of propeller 4384.

3.4. Trajectory of tip vortex

Vorticity values and swirl strength were used to determine
locations of vortices and to estimate vortex size or strength by
Paik et al. (2007). They concluded that it was hard to extract

an accurate vortex center because the vorticity analysis pre-
dicted a bigger core size of tip vortices than what the swirl
strength analysis predicted, thus, the accurate vortices trajec-
tory extracting method based on swirl strength is a more
appropriate choice. In the present study, swirl strength shown
in Fig. 10 is also used to determine the trajectory of the tip
vortices. Sections of vortical structures of DTMB propellers
for three loading conditions are shown in Fig. 11. Regardless
of the advance ratio and the skew of propellers, the trajectory
of tip vortex in the longitudinal plane inclines toward the hub
on the whole, suggesting contraction of tip vortex. This type of
contraction was also reported by Baek et al. (2015) and Di
Felice et al. (2004). It can be observed that the tip vortex
contraction becomes more significant when advance ratios
decreases, the contraction phenomenon under high loading
conditions of J ¼ 0.4 is most considerable. The tip vortex
contraction is also influenced by the skew of the propellers, for
a low skew of propeller 4381, the contraction phenomenon is
most remarkably for all the loading conditions. As the skew of
propellers increases, the range of the trailing vortex wake
contraction gets shorter, resulting in early saturation with the
slop of tip vortex trajectory. Fig. 12 demonstrates the trajec-
tories of the tip vortex centers, which are extracted from the
swirling strength analysis for five blade angles at the advance
ratios of 0.889, 0.6 and 0.4. The solid lines are the fitting
curves of the present CFD data. Regardless of the advance
ratio and the skew of propellers, all the trajectories vary with
the same tendency, and the trajectories have significant slope,

Fig. 12. Extracted and fitted trajectories of tip vortices for five blade angles at J ¼ 0.889, J ¼ 0.6 and J ¼ 0.4.
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demonstrating a strong contraction, up to the trailing vortex
wake region of x/R ¼ 1.0, then the contraction decreases
gradually. With the decrease of advance ratio, the contraction
of the trajectories becomes remarkable. When the skew of the
propeller is low, the trajectories differs greatly with each other
under three loading conditions, but, as the skew of the pro-
peller increases, this kind of difference becomes slightly,
especially for propeller 4384. It may be found that the
increasing skew makes the distance of the trajectories between
different loading conditions closer, which suggests that the
increase of skew can reduce difference in trailing vortex wake
contraction under different loading conditions.

4. Conclusion

The characteristic relationship between evolution of pro-
peller trailing vortex wake and skew angle is numerically
investigated based on four different five-blade model propellers
DTMB with varied skew angles. The satisfactory agreement
between experiments, computations and the grid convergence
discussion show that the method in the present study can
acceptably simulate the evolution of propeller trailing vortex
wake. The propeller trailing vortex wake is analyzed under the
conditions of J ¼ 0.4, J ¼ 0.6 and J ¼ 0.889.

The hydrodynamic performance can be improved by proper
increase of the skew angle of propellers. Under the condition
of J ¼ 1.0, the enhancement of Kt increases to maximum
value, and the Kt of propeller 4383 is enhanced by about
20.39% compared with propeller 4381. The contraction of
propeller trailing vortex wake can be restrained by increasing
skew angle and loading conditions. In addition, the transition
trailing vortex wake from stability to instability is also
restrained by the increasing skew. As the skew of propellers
increases, the range of the trailing vortex wake contraction
gets shorter, resulting in early saturation with the slop of tip
vortex trajectory. Up to the trailing vortex wake region of x/
R ¼ 1.0, the contraction of the tip vortex trajectories de-
creases. The analysis of tip vortice trajectories show that the
increasing skew can reduce the difference in trailing vortex
wake contraction under different loading conditions.
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