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a b s t r a c t

Flows induced by hybrid CRP pod propulsion systems (CRP-POD) are fundamentally characterized by
unsteadiness. This work presents a numerical study on the unsteady flow of a CRP-POD at behind-hull
condition based on CFD (Computational Fluid Dynamics). Unsteady RANS method is adopted, coupled
with SST k-u turbulence model and sliding mesh method. The propeller thrusts and torques obtained by
CFD is validated by model tests and acceptable agreements are obtained. The time histories of shingle-
blade loads and pressures near the hull surface are recorded for the analysis of unsteady flow features.
The cases of forward propeller alone and aft propeller alone are also computed to distinguish the hull-
propeller interaction and propeller-propeller interaction. The results show the blade loads of both for-
ward and aft propellers strongly fluctuate with phase angles. For the forward propeller, the blade load
fluctuation is mainly governed by the hull-propeller interaction, while the aft blade load is remarkably
affected by the propeller-propeller interaction in terms of the load average and fluctuation pattern. The
fields of pressure, vorticity and velocity are also analyzed to reveal the unsteady flow features.

© 2020 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/).

1. Introduction

A hybrid CRP pod propulsion system (CRP-POD) is a combined
configuration of a CRP (Contra-rotating propellers) and a pod. The
two propellers in a CRP-POD configuration contra-rotate in order to
improve the propulsive efficiency by recovering the rotating energy
(Kim et al., 2002; Ueda et al., 2004). The propeller diameter can be
reduced by using a CRP-POD and thus CRP-POD is especially suit-
able for ships with small drafts. Besides, using CRP-PODs can gain a
flexible general arrangement, low-level noise, and good redun-
dancy, etc. Nevertheless, design of a CRP-POD is a quite challenging
task since the parameters of the two propellers have mutual effects
(Go et al., 2005; Chang and Go, 2011). Zhang et al. (2019) numeri-
cally shows the propeller-propeller interaction in a CRP-POD is
complicated in terms of not only hydrodynamic forces but also
vortical structure. The understanding of flows induced by the two

propellers of a CRP-POD is still limited by now due to the compli-
cated nature. This makes it difficult to evaluate the performance of
CRP-PODs in the design stage, especially for behind-hull conditions.

In contrast with a single screw, the flow induced by a set of
contra-rotating propellers is completely unsteady even at open
water condition. This poses a challenge for numerical simulation
using conventional potential theory based met Wang et al. (2017a
hods, such as lifting line or lifting surface methods. For this, re-
searchers have proposed improved methods. Wang et al., (2017a,
2017b) proposed a surface panel method and applied it into
analyzing the open water characteristics of CRPs and CRP-PODs.
Ghassemi (2009; 2013) developed an evaluation method based
on BEM (Boundary Element Method) for analyzing the hydrody-
namic performances of CRP and CRP-POD. Huang et al. (2019)
proposed a wake-adapted CRP design method based on lifting-
surface vortex lattice method. Nevertheless, potential based
methods are difficult to handle the behind-hull conditions or
complicated flow phenomena, for instance, the collision of the tip
vortices detached by the forward and aft blades. In this sense, CFD
based simulation is a promising approach. Hu et al. (2019) and
Zhang et al. (2019) numerically analyzed the vortical structures of
CRP and CRP-POD, respectively. They show CFD is capable of
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simulating complicated vortex evolutions, such as the collision,
rolling-up and paring of vortices. Wang and Xiong (2013) analyze
the fluctuation of the propeller forces in open water and show that
a small time step is particularly necessary for the case of the pro-
pellers with the same blade number. Xiong et al. (2016) analyzed
the effect of axial distance between propellers on the open-water
performance of CRP-POD and show CFD give a good prediction of
the thrusts and torques. Wang et al. (2016) investigated the scales
effect on the open water performance of a CRP based on RANS
method. The CFD results of He and Wan (2017) also show that the
forces of propellers remarkably fluctuate with the blade phase
angle for a CRP-POD in open water. However, in behind-hull con-
dition, there are quite a few applications of CFD. Paik et al. (2015)
numerically and experimentally investigated the flow structure of
a CRP at behind-hull condition. They show a complicated unsteady
vortical field in the CRP wake and concluded that the wake evo-
lution of a CRP is different from that of a conventional single screw.

By now, there is still largely unknown about the flow charac-
teristic of a CRP or CRP-POD at behind-hull condition. The aim of
this paper is to make a contribution to the understanding of the
unsteady flow of a behind-hull CRP-POD. For this, unsteady RANS
method is adopted, coupled with SST k-u turbulent model and
sliding grid method. Two reveal the unsteadiness of the flow, the
time histories of single-blade load and pressure near the hull sur-
face are recorded. Besides, the unsteady vorticity and velocity fields
are also analyzed.

2. Geometries of ship and CRP-POD

Fig. 1 shows the geometries of the ship and CRP-POD. The ship

equipped with the CRP-POD is a 38000 Dead Weight Tonnage
(DWT) bulk carrier, of which the design speed is 14 kts. The CRP-
POD in Fig. 1 is different from conventional CRP-PODs as the pod
is fixed and unable to rotate around a vertical axis. With such
compact configuration, the manufacture cost can be largely
reduced. S�anchez-Caja et al. (2013) and Quereda et al. (2017)
showed a similar CRP-POD configuration. The computed CRP-POD
consists of a forward 4-blade propeller and an aft 5-blade propel-
ler. Zhang et al. (2019) have investigated the open water perfor-
mance of the CRP-POD.

The principal dimensions of the ship and CRP-POD are sum-
marized in Tables 1 and 2, respectively. From energy saving point of
view, it is optimal to use the power ratio of 1:1 and choose a

Fig. 1. Geometries of the ship (a) and CRP-POD (b).

Table 1
Principal dimensions of the ship.

Item Unit Value

Length between perpendiculars (Lpp) m 177.00
Breadth m 32.00
Draught m 9.5
Volume m3 42321.8

Table 2
Principal dimensions of the forward and aft propellers of the CRP-POD.

Item Unit Forward propeller Aft propeller

Diameter m 5.600 3.900
Pitch ratio at 0.7R e 0.903 1.059
Chord length at 0.7R m 1.012 0.707
Boss diameter ratio e 0.179 0.313
Expanded blade area ratio e 0.380 0.360
Blade number e 4 5
Revolution ratio n/nF e 1 1.202
Rotation direction (looking downstream) e Right hand Left hand
Power distribution e 70% 30%

Fig. 2. Sketch of the computational domain.

Fig. 3. Grid distributions near the stern of the hull and the surfaces of blades.
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diameter ratio between the two propellers that the slipstreams
generated by them can overlap at most. However, in practice, due to
the limitation on the power of electric motor, it is difficult to use the
ideal ratio values for diameters and powers.

3. Computation methods and grid system

A commercial CFD solver, STAR-CCMþ, is used in the simulations
of this work. In recent years, STAR-CCM þ has been widely applied
into the simulations of marine hydrodynamic problems (Moran-
Guerrero et al., 2018; Usta and Korkut, 2018; Zhang et al., 2019;
Hu et al., 2019). Unsteady RANS (Reynolds Averaged Navier-Stokes
Equations) method is adopted. The turbulent flow is modeled by
SST k-u turbulence model, which has been applied in the compu-
tations of flows related to CRP-PODs by Xiong et al. (2016), Wang
and Xiong (2013), He and Wan (2017), and Zhang et al. (2019).
The sliding mesh method is used to handle the propeller rotations.
The pressure-velocity coupling is based on the SIMPLEC algorithm.
A second-order implicit scheme is used for temporal discretization
and five inner iterations are set for each time step and a second-
order upwind scheme is used for the convective term. The time
step is set as Dt ¼ 1= ð400 ,ðnF þ nAÞÞ. According to the CFD
application guidelines of 26th International Towing Tank Confer-
ence (ITTC, 2011), the time step size for a rotating propeller should
ensure at least 200 time steps per revolution. For a contra-rotating
system, the relative rotational speed is nF þ nA. Therefore, the time
step size used here corresponds to 400 time steps per revolution,
sufficiently small for capturing the unsteady phenomena.

The computational domain is a cubic, of which the dimensions
in middle line plane are depicted in Fig. 2. The width of the
computational domain is 3.0 Lpp. As the propeller center is 1.11 DF
under the calm water surface, the effect of free surface can be
negligible. Therefore, to reduce the computational cost, the free
surface is not modeled in the computation.

The grid is generated base on so called trimmed cell method
available in STAR-CCMþ, which generates unstructured hexahedral
grid. Fig. 3 shows the grid distribution around the stern and on the
propeller surfaces. Multiple refinement levels are used near the hull
and blades to achieve a reasonable mesh distribution. The finest
meshes are distributed in the vicinity of the leading and trailing
edges of the blades. The wake of propellers is also refined with
multiple refinement regions. Besides, eight and twelve layers of
prismmeshes are distributed on the surfaces of the hull and blades,
respectively. The thickness of first layer cell is restricted to satisfy
the criteria of yþz40 for the hull and yþz1 for the blades. The
total number of grid is 9.16 million.

4. Validation and grid sensitivity

To validate CFD simulation, a model test was carried out at the
depressurized towing tank of the Maritime Research Institute
Netherlands (MARIN). The dimensions of the tank are 240 m long,
18 mwide and 8 m deep. The ship and CRP-POD models are shown
in Fig. 4 and the scale ratio is 1/20. The hull and rudder pod are
manufactured of wood, while the propellers are made of
aluminum. The two propellers in the CRP-POD were driven by the
individual electric motors and their thrusts and torques were
recorded.

Three speeds are considered for the validation, that is, 12 kts,
14 kts (design speed) and 16 kts. Fig. 5 compares the results be-
tween the experiment and CFD simulation, where the thrusts and
torques are non-dimensionalized based on the diameters and
rotational speeds of propellers, as follows:

Fig. 4. Photo of ship and propeller model in experiment.

Fig. 5. Coefficients of the thrust and torque of CRP-POD for different speeds.

Table 3
Rotational speeds of propellers used in CFD simulation at different ship speeds.

Ship speed 12 kts 14 kts 16 kts

Forward propeller (rps) 5.911 6.965 8.433
Aft propeller (rps) 7.066 8.363 10.162

Fig. 6. Grid sensitivity results.
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A
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rn2AD
5
A

(1)

where: r is the fluid density, n is the propeller rotational speed, D is
the propeller diameter, T is the thrust and Q is the torque; the
subscripts F and A denote the forward and aft propellers, respec-
tively. Note that the rotational speeds of the two propellers in
simulations are set as experimental ones as perfect self-propulsions

cannot be achieved in the simulations due to the neglect of the free
surface. The rotational speeds of propellers are summarized in
Table 3 using the unit of revolutions per second (rps).

It is seen in Fig. 5 the thrusts and torques obtained by CFD are in
agreement with experimental data for all the considered speeds.
The discrepancy between the experiment and CFD results are
within 4.5%. The agreement is generally satisfactory, considering
the complexity of the flow.

A grid convergence study is carried out here to analyze the grid
sensitivity. The design speed of 14 kts is considered in the grid
sensitivity study. Three grids are used, corresponding to coarse,
medium, and fine grid. The cell numbers of the three grids are 3.67
million (Coarse), 9.16 million (Medium) and 25.2 million (Fine),
respectively. Note that the medium grid is identical to the grid used
in the above validation study. Fig. 6 shows the computed propeller
forces using different grids. The coarse grid underestimates the
thrusts but overestimate the torques, while the results of medium
and fine grids are similar and in a good agreement with experi-
mental data. Considering the grid sensitivities results and the
acceptable computational cost, the medium grid is used in the
following simulations.

5. Results and discussions

5.1. Thrust and torque

For a CRP-POD, the thrusts and torques of propellers are not
constant even in open water due to the blade-blade interaction. At
behind-hull condition, the fluctuation of blade load with phase
angle will be further complicated by the hull-propeller interaction.
In this work, to distinguish the propeller-propeller interaction from
the hull-propeller interaction, two propeller-alone configurations
are computed in addition to the CRP-POD configuration, that is,
forward propeller alone and aft propeller alone. Fig. 7 illustrates the
propeller alone cases. It should be pointed out that the forward and
aft propellers in propeller-alone configurations have the same
rotational speeds as those of CRP-POD configuration.

To reveal the unsteady features of the flow, time histories of
single-blade loads are recorded and plotted in Fig. 8 for three
consecutive revolutions. The simulation is carried out at the design
speed. The phase angle definition for the reprehensive blades is
illustrated in Fig. 9. A forward blade (FB1) and an aft blade (AB1) are
chosen as the representative blades. The single-blade loads in Fig. 8
fluctuate with remarkably large amplitudes. Similar fluctuation
amplitudes are also observed in the propeller-alone configurations,
implying that the hull-propeller interaction is the main factor
governing the blade load fluctuation. For the fluctuation pattern,
there are slight differences between CRP-POD and propeller-alone
configuration for the forward propeller. However, the curve
shapes of AB1 are remarkably different between the cases of CRP-
POD and aft propeller alone. This is mainly due to the propeller-
propeller interaction. For the average of blade load, the discrep-
ancies is quite limited for the forward propeller between cases

Fig. 7. Single propeller configurations. (a): forward propeller alone; (b): aft propeller alone.

Fig. 8. Time histories of single-blade thrust for different configurations at the design
speed.

Fig. 9. Definition of blade phase angle.
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while the AB1 load average increase considerably at aft propeller
alone configuration. This is mainly because that the aft propeller
has slight effect on the forward propeller however it is largely
affected by the forward propeller. In fact, the presence of the for-
ward propeller increases the inflow of the aft propeller and thus
makes it operating at a larger practical advance ratio than the
nominal one.

Fig. 10 shows the averaged loads of the forward and aft pro-
pellers at different speeds. It is clearly seen the forward propeller
has much larger effects on the aft propeller than vice versa inde-
pendently of speed. Similar phenomena are seen in open water
simulations of Chang and Go (2011) and Zhang et al. (2019).

5.2. Pressure field

To further investigate the unsteady flow of CRP-POD, six pres-
sure probes are placed near the hull surface to record the pressure
time histories. Fig. 11 illustrates the locations of the probes, among
which A0, A1, A2 are placed above the forward propeller while B0, B1,
B2 are placed above the aft propeller.

Fig. 12 shows the pressure time histories at the six probes. It is
seen the presence of the forward propeller causes a stronger
pressure fluctuation than the aft propeller does. This is mainly
because the forward propeller absorbed much more power and has
a larger diameter. For A series probes, the pressure fluctuations at
different probes are similar in terms of the average and amplitude.
However, the pressure variations observed at B series probes show
much difference between probes in terms of not only the phase
time but also the average value. Probe B0 has a larger average value
than probes B1 and B2.

Figs.13 and 14 show some snapshots of the pressure distribution
on the pressure side and suction side of the blades. The variation in
pressure with blade phase angle is evident and it is also seen the
loads of blades locating near the 12 o’clock are relatively higher
compared with the blades locating at the lower part of propeller
disk. The fluctuation period of load is consistent with the propeller
frequency, suggesting that the hull wake is the main cause of the
load variation.

5.3. Vorticity and velocity fields

To further analyze the flow, Figs. 15 and 16 give the distributions
of axial vorticity and velocity on the horizontal plane at the pro-
peller center, respectively. For the axial vorticity distribution, the
forward and aft propellers are of opposite signs due to their
opposite rotation directions. The vortical field is unsteady as the
propellers are rotating. The tip vortices detached from the two
propellers do not overlap due to the small diameter of the aft
propeller. However, the vortex sheets generated by the propellers
intersect and become weak as they evolve downstream. The vari-
ations in the axial velocity patterns are not as evident as the vortical
field. High axial velocities are seenwithin the slipstream tube of the
aft propeller. This is because the aft propeller further accelerates
the wake of the forward propeller in axial direction, which leads to
a strong contraction of the slipstream tube. As the slipstreams
generated by the two propellers partly overlaps, the slipstream
boundary of the CRP-POD is smear, along with a wide region from
the higher axial velocity to the outside free stream.

Fig. 17 visualizes the vortical structures of the flows at different
configurations based on Q criteria. The Q isosurfaces are colored

Fig. 10. Comparison of thrust and torque between CRP-POD and single propeller configurations. (a): forward propeller; (b) aft propeller.

Fig. 11. Arrangement of pressure probes.
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Fig. 12. Pressure fluctuation at different points. a: CRP-POD; b: Forward propeller alone; c: Aft propeller alone.
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based on axial vorticity so that the tip vortices detached from the
forward and aft propellers are of opposite colors. A complicated
vortical field is seen in CRP-POD configuration where the tip
vortices generated by the forward and aft blades strongly interact
with the rudder. The interaction between tip vortices and rudder
leads to vertical displacements of vortex cores. This phenomenon is
also obvious in the propeller alone configurations. It is also seen
that the sheet vortices and root vortices are disordered for the CRP-
POD configuration due to the interaction between forward blades
and aft blades.

6. Conclusions

This paper numerically studied the unsteady flow induced by a
CRP-POD at behind-hull condition. The simulations are carried out
based on unsteady RANS method. To validate the numerical
method, a model test was carried out. The thrusts and torques of
the two propellers obtained by CFD are in agreement with

experimental data.
To show the unsteady behavior of the flow field around the CRP-

POD, the time histories of propeller loads and dynamic pressure
near the propellers are recorded, and the velocity and vorticity
fields on the horizontal plane across the propeller center are also
illustrated.

Results show that the loads of both forward and aft propellers
fluctuate with phase angle in large amplitudes. To distinguish the
effects between the hull-propeller interaction and the propeller-
propeller interaction, forward propeller alone and aft propeller
alone configurations are simulated. It is revealed that the fluctua-
tion of the blade load of the forward propeller is mainly due to the
hull-propeller interaction but slightly affected by the propeller-
propeller interaction, while for the aft propeller, the propeller-
propeller interaction has remarkable effects on not only the
average load but also the fluctuation pattern. The existence of the
forward propeller reduces the average aft blade load and results in
a shift of the phase angle corresponding to the load peak.

Fig. 13. Pressure distribution on the suction side of blades. qF ¼ 0�þn 12� , qA ¼ �27.72�þn 14.41�, n is the number of subfigure.

Fig. 14. Pressure distribution on the pressure side of blades. qF ¼ 0�þn 12� , qA ¼ �27.72�þn 14.41�, n is the number of subfigure.
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The pressures above the propellers also fluctuate with blade
phase angle but the amplitudes are different for the two propellers,
mainly due to their different power ratios. Results also show that
the vortex sheets generated by the forward and aft propellers
intersect, resulting in a complicated unsteady vertical structure.
Chang and Go, 2011; Ghassemi, 2009; Ghassemi and Taherinasab,

2013; Go et al., 2005; He and Wan, 2017; Hu et al., 2019; Huang
et al., 2019, International Towing Tank Conference (ITTC, 2011;
Kim et al., 2002; Moran-Guerrero et al., 2018; Paik et al., 2015;
Quereda et al., 2017; S�anchez-Caja et al., 2013; Ueda et al., 2004;
Usta and Korkut, 2018; Wang et al., 2016, 2017c, 2017a, 2017b;
Wang and Xiong, 2013; Xiong et al., 2016; Zhang et al., 2019)

Fig. 15. Axial vorticity on the horizontal plane at propeller center.

Fig. 16. Axial velocity on the horizontal plane at propeller center.
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