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ABSTRACT

The prediction of propeller performance in crashback conditions with numerical methods is challenging due to the
highly unsteady flow field, which is dominated by largescale separation and recirculation regions. For a controllable pitch propeller (CPP), the computations should be
carried out for a wide range of pitch angles. Reynolds Averaged Navier-Stokes (RANS) methods are not capable of
capturing the most complex flow conditions. Hence, more
precise methods like Detached Eddy Simulations (DES)
should be applied. The high computational effort in conjunction with the application of these methods demands a
strong limitation of the number of investigated operation
points. In this paper, the computed open water characteristics curves of a CPP are compared with the experimental
results. Thereby, the ranges of the open water diagram are
identified, where the RANS methods yield unsatisfying results. In these ranges, DES simulations are carried out to
capture the flow details on a propeller in crashback operation condition. DES results are shown to be in good agreement with the experimental data of the thrust and torque
coefficient.
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1 INTRODUCTION

The crashstop performance is one of the most important
safety relevant features of a vessel. Modern ships, with
diesel-electric or hybrid propulsion plants aboard, offer very
efficient possibilities to improve crashstop performance due
to their flexible machinery setup. These vessels, whose
number is increasing to fulfill an ever-expanding demand
for eco-friendly transportation and flexible use, are usually
equipped with controllable pitch (CP) propellers. (AbdelMaksoud et al., 2016), Schoop-Zipfel et al. (2012), Haack
(2006) and Brizzolara et al. (2008) have simulated crashback maneuvers and the interaction of propeller and machinery. In addition to ship resistance, the propeller thrust
has a strong influence on the head reach. However, the propeller torque determines the interaction with the propulsion
train. Hence, reliable calculations of the propeller char-

acteristics under crashback conditions is of high importance for the quality of the simulation results. For the calculation of open water propeller flow, Reynolds-averaged
Navier-Stokes equations (RANS) solver are state-of-the-art
numerical methods (Gatchell et al., 2011), (Chen and Stern,
1999). High quality results regarding the propeller performance under design conditions can be achieved using
RANS based methods. However, the flow regime at propeller crashback conditions is dominated by massive separation on the propeller blades and the development of largescale unsteady vortical structures (Jessup et al., 2004).
RANSE solvers cannot adequately capture these effects.
This leads to inaccurate numerical results for the propeller
thrust and torque. Severals studies using Large Eddy Simulations (LES) to model large-scale vortex structures in the
computational domain have been carried out by Vyšohlíd
and Mahesh (2006), Jang and Mahesh (2013), Kumar and
Mahesh (2015) and Mahesh et al. (2015). They have shown
that LES results are in good agreement with experimental
data and can capture the unsteady character of the flow.
As is known, compared with RANS, LES requires a lot
more effort in grid generation and computational power,
which leads to time-consuming calculations. Therefore, it
is still impracticable for daily use in the maritime industry.
To simulate crashback maneuvers of vessels with controllable pitch propeller, their thrust and torque coefficients for
a wide range of pitch angles and advance ratio combinations must be calculated. For this purpose, the mean integral value of the coefficients is of primary interest but not
the details of the flow. The non-dimensional thrust coefficient kT and the torque coefficient kQ are given by
kT =

T
,
ρn2 D4

kQ =

Q
,
ρn2 D5

(1)

where ρ, n and D are the density of the fluid, the number of
revolutions per second and the propeller diameter, respectively. For the efficient prediction of open water diagrams,
the high computational effort needed for methods like LES
or Detached Eddy Simulations (DES) has to be strictly limited to the appropriate operation points. The other operation points of the open water diagram can be calculated
using RANS.
In this study, a four-bladed CP propeller is considered, and
its open water diagram is measured at the Potsdam Model
Basin. The numerical investigation of the propeller flow

is carried out using the commercially available RANSE
solver Ansys-CFX. The curves of the open water test are
calculated over a pitch range of -30 degrees away from
the design pitch. Operation points where the RANS solution fails are identified in comparison with the experimental
data and recalculated with a DES model. To gain an insight into the hydrodynamic phenomena, the flow field of
the propeller under these condition is analyzed. This paper
will present the special features of CPP in crashback in Section 2 and the set-up of the calculations in RANS and DES
with a description of the applied numerical methods, grid
and boundary condition definition in Section 3. Finally, results of different methods are presented and compared in
Section 4 and conclusions for their application in crashstop
calculations are drawn in Section 5.
2 CONTROLLABLE PROPELLER IN CRASHBACK

In a crashback situation, it is important to generate as much
negative thrust as possible in order to limit the head reach of
the vessel. In addition to ship resistance, the propeller exerts a large influence on the decelerating forces, even more
if vessel speed u is reduced (Wirz, 2011). In a conventional
arrangement with fixed pitch propeller, the sense of rotation
of the propeller shaft is reversed, n < 0, to gain a negative
thrust. For mechanical reasons, this procedure takes a certain amount of time. Until the propeller produces significant back thrust, the speed of the vessel is reduced due to
the resistance of the hull. From this stage of the maneuver,
the flow conditions on the leading (LE) and trailing edge
(TE) of the blades are switched, while the direction of the
inflow towards the propeller remains u > 0.
A vessel with controllable pitch propeller doesn’t have to
change the sense of rotation of the shaft to generate backward thrust; it has always n > 0. At the beginning of
the crashback maneuver, the propeller blades are rotated
around their spindle axis. Hence, their pitch is reduced until it reaches the maximum negative value. Figure 1 shows
the pitch reduction for a cylindrical blade cross-section. va
denotes the axial inflow velocity, r the radial position of the
profile and n the rotation rate.

Because the pitch adjustment takes only a short time, the
inflow velocity isn’t reduced when the propeller is already
working at high negative pitch angle. As seen in Figure 1,
the blades are always rotating with their rounded leading
edge ahead. Therefore, less separation of the flow, especially at the root sections of the blades, is expected than on
a fixed-pitch propeller. As the pitch is reduced further, the
flow pressure increases on the suction side and decreases
on the pressure side. Pressure and suction side switch their
functionality and massive flow separation will occur on the
new suction side.
The propeller considered in this study is a four-bladed CP
propeller from the well-known Wageningen B-series with
an expanded area-ratio of 0.55 and a design pitch of P /D =
0.8. The characteristics of the propeller are summarized
in Table 1. The open water computations presented in this
paper are carried out for the pitch range
+0.8 ≤ P /D ≥ −0.4.
Table 1: Principle data of the propeller model.

Diameter D
Design Pitch P /D0.7,Design
Mimumum Pitch P /D0.7,Min
Expanded Area Ratio AE /A0
Number of Blades Z
Chord Lenght at r/R=0.7

0.24 m
0.8
−0.4
0.55
4
0.07075 m

Open water model tests have been carried out at the Potsdam Model Basin. With the model propeller (Figure 2),
four-quadrant measurements for twelve pitch angles have
been conducted. The experimental results are the reference
values for the computations.

Figure 2: Open water test arrangement at the model basin.

3 NUMERICAL SETUP
3.1 Numerical Method

The computations are carried out with the commercially
available simulation code Ansys CFX. Two different options of CFX, namely RANS and DES, are used in this
study.
Figure 1: Propeller pitch adjustment.

Both methods solve the unsteady, incompressible NavierStokes equations using a finite volume approach:


∂ui
∂p
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∂ui
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+
(2)
ρ
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∂xj
∂xi
∂xj
∂ui
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(3)
∂xi
ui are the velocity components, xi the coordinates, p the
pressure and τij the viscous stress tensor.
For most of the engineering problems, like the propeller
flow under design conditions, the time-averaged characteristics of the flow field is of interest. In RANS, the Equations (2) and (3) are Reynolds averaged in the time domain
for ui , p and τij , e.g. ui = ui +u0i . In the Reynolds decomposition, ui represents the mean motion and u0i the fluctuating motion. The time averaging transforms the NavierStokes equations to the common formulation:
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∂xi
where −ρu0i u0j denotes the Reynolds stress. In the RANS
computations in CFX, the Reynolds stress is modeled with
the two-equation k-ω SST turbulence model (Menter, 1994).
As RANS computations are time-averaged, they can’t resolve the flow regime in high resolution for massively separated regions like propeller in crashback (Mahesh et al.,
2015).
The DES formulation in CFX uses the described RANS
model in the boundary layer, whereas in detached regions
a LES model is applied (Strelets, 2001). In the LES model,
large-scale motions are resolved and motions lesser than
a specific spatial filter are modeled (Menter, 2015). The
filtering of the Navier-Stokes equations for LES leads to a
formulation, similar to Equation (4):



∂ui
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∂ 
∂ui
ρ
+ uj
τij + τ LES , (6)
=−
+
∂t
∂xj
∂xi
∂xj
where the overlined variables are resolved and τ LES denotes the sub-grid stress tensor. The sub-grid stress tensor is modeled with the Smagorinsky model (Smagorinsky,
1963).
For DES simulations, the Ansys CFX algorithm switches
between RANS and LES formulations based on the following criteria:
CDES ∆max > LT
CDES ∆max ≤ LT

→
→

RANS
DES,

where CDES is the model constant, ∆max the maximum edge
length of the local computational cell and LT the turbulent
length scale.
For all calculations the Gamma-Theta transition model is
enabled (Langtry and Menter, 2005).

3.2 Numerical Grid

To perform computations for the different pitch ratios of the
propeller, numerous grids are used. The numerical grids
are generated with the Ansys ICEM-CFD grid generator.
All grids consist of an inner and an outer domain, whereas
the inner domain accommodates the propeller. Every grid
discretizes one blade and a quarter of the outer domain. The
outer domain features a total length of 18 and a diameter of
seven times the propeller diameter. All grids are configured
to fulfill the request for a low-Re near wall treatment, which
demands from the dimensionless wall distance to be Y + <
1. The computational domain is presented in Figure 3.

Figure 3: Computational domain for one blade.

A velocity-specified inflow boundary condition is defined
at the inlet, a pressure specified boundary condition at the
outlet. The blade and the hub have a no-slip wall boundary,
whereas the shaft and the cylindrical outer limitation of the
computational domain are free-slip walls. Hexahedral cells
are used in both domains. In the study, three different types
of grids are used:
a) A medium fine grid, usable for standard RANS open
water predictions. Because of the challenging computations, no coarse grid was used in the study. Rotational periodicity boundary conditions are applied
to the symmetry surfaces of the domains. The inner
domain is discretized with 2.1 million cells (8.4 mil.
without symmetry boundary), the outer domain with
0.35 million (1.4 mil.) cells. Figure 4 shows the grid
on the blade surface with a special focus on the leading edge.
b) A fine grid for the RANS calculations at crashback
conditions. The number of cells in radial and tangential direction as well as the number of cells in the
direction normal to the blade surface are increased.
This grid has a number of 18.9 million cells in the
inner, and 1.6 million cells in the outer domain.
c) A very fine grid for the DES calculations of propeller
crashback. This grid is generated with a focus on the
outer region where the flow is reversed. The cells
in the outer domain are refined in the sector where
the recirculation is expected to fulfil the grid requirements of the DES method. This results in a grid with
an inner domain of 29.3 million and an outer domain
with 34.4 million cells.

The number of control volumes of the three different grid
sizes for the complete propeller are summarized in Table 2.

and rotated three times. Interfaces connect inner and outer
domain. For all transient calculations, converged steady
state results are used to initialize the calculation. The timestep size tS is stepwise reduced. The timestep at the end of
simulation corresponds to one degree of propeller revolution.
4 RESULTS
4.1 RANS Calculations - Medium Grid

The open water results of the steady-state RANS calculations with grid a) in comparison with the reference values
are presented in Figure 5 for the thrust coefficient kT and
in Figure 6 for the torque coefficient kQ . For the sake of
clarity, the pitch ratios P /D = 0.8, 0.4, 0.0, −0.2 and −0.4
are presented. The experimental results show smooth deflecting curves even if the pitch is highly negative.
Figure 4: Surface mesh on a blade, grid a).

Mesh

Number of Cells [Mio]

a) medium RANS Grid
b) fine RANS Grid
c) very fine DES Grid

kT

Table 2: Size of the Numerical Grids (no symmetry).
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63.7

0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6

0

0.2

0.4

0.6

0.8

1

J
CFD
EFD
CFD
EFD
CFD

3.3 Computational Setup

In accordance with the experimental data, the computations are conducted at a propeller revolution speed of 10
s−1 . The advance number J is varied by the inflow velocity. The resulting Reynolds numbers Re range between
750,000 (bollard pull) and 770,000. Advance number J
and Reynolds number Re are defined as:
U∞
,
nD

Re =

0.4

c0.7 · U0.7
,
ν

where U0.7 denotes the total inflow velocity and c0.7 the
chord length at the 0.7 r/R section and ν the kinematic viscosity of the fluid.
For the three different grids, variable computational setups
are used. The computations with grid (a) are executed with
the RANS method in a steady state. Only one propeller
blade is considered and rotational periodic interfaces are
applied at the side boundaries. The inner and outer domain
are connected by frozen rotor model interfaces, where the
frame of reference is changed while the relative position of
inner and outer domain are maintained.
For the computations with grid (b), the mesh of the first
blade is copied and rotated three times. Thereby, the full
propeller is modelled and each blade has an identical mesh.
The symmetry surfaces are meshed with a matching surface mesh and attached to each other. Interfaces are only
used between the inner and outer domain. The computations with grid (b) are executed both in a steady and a transient state.
For the DES setup, the mesh for one blade is also copied

EFD P/D = 0.0
CFD P/D = −0.2
EFD P/D = −0.2
CFD P/D = −0.4
EFD P/D = −0.4

= 0.8
= 0.8
= 0.4
= 0.4
= 0.0

Figure 5: Open water diagramm thrust coefficient kT
RANS medium grid.
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Figure 6: Open water diagramm torque coefficient 10kQ
RANS medium grid.

It is evident that the results from the RANS computations
with the medium grid are in good agreement with the experimental results for kT and 10kQ for design and off-design
conditions as long as the blade pitch is positive or close to
zero. For these pitch angles, the thrust and torque is well

predicted. Small deviations of the thrust and torque coefficient from the experimental results can be seen only for
a small range of the high J values. In contrast, the computed values for the negative pitch angles P /D = −0.2
and P /D = −0.4 show a large deviation from the reference
data for kT , which grows with increasing advance number
to about 22% in kT at J = 1.0. The torque coefficient
kQ shows alternating deviation from the experiments for
P /D = −0.2 and for P /D = −0.4 a constant offset. The
results are not satisfactory for crashback prediction.
Under crashback conditions, severe changes of the flow
regime takes place near the blade and in the propeller wake.
Because of the negative pitch, the inflow at the blade sections has a high hydrodynamic angle of attack. Flow separation appears at the leading edge. In Figure 7 the wall
shear streamlines and the pressure on the suction side (left)
and the pressure side (right) on the surfaces are shown. The
point of reattachment of the flow is the line from which
streamlines emanate. It can be seen that the separation zone
extends the whole leading edge area of the new suction side
of the blade. The correct determination of the reattachment
point of the flow is important for the calculation of propeller forces.

Figure 8: Torus-shaped ring vortex at high negative thrust
(inflow from the left side of the picture).

Figure 7: Wall shear streamlines and pressure on the suction side (left) and pressure side (right) of the blade.

If the propeller is producing negative thrust, the flow through
the propeller plane is decelerated and finally, if the negative
propeller loading is high enough, reversed. Torus-shaped
ring vortex structures develop in the vicinity of the propeller. Figure 8 depicts such a torus vortex downstream of
the propeller at negative pitch angle.
Switching from positive to negative pitch angles seems to
be the trigger for the failure of the RANS model. Figure 9
shows the torus vortex for three pitch ratios P /D = +0.1,
P /D = 0.0 and P /D = −0.1 at advance ratio J = 0.91 . As
the pitch is decreased to negative values, the vortex begins
to directly affect the upstream propeller, see the lowermost
picture in Figure 9. Information from regions where large
turbulent effects are expected are transported towards the
propeller. As pointed out in Section 3, the RANS model is
not fully capable of capturing the effect of unsteady vortical
structures a certain distance away from the blade. The interaction of the propeller with, most likely, incorrect modelled flow structures could lead to high simulation errors.

Figure 9: Ring vortex for P /D = +0.1 (top), P /D = 0.0
(center), P /D = −0.1 (bottom) at advance ratio J = 0.91

This effect could also be responsible for the characteristics
at small advance coefficients J < 0.2. The computational
results of the negative pitch conditions are in good agreement with the experiments. At small J values, the overall vorticity in the outer calculation domain is low. As the
inflow velocity increases, the vorticity of the torus vortex
increases, its diameter decreases and it is shifted from upstream to a position downstream of the propeller. Again,
the main flow parameters, which depend on the accuracy
of the applied numerical model, are transported in the direction of the investigated propeller.

4.2 RANS Calculations - Fine Grid

The results achieved with RANS calculations and grid a)
are not satisfying for negative pitch ratios. As indicated in

the previous section, two important flow phenomena have
to be determined correctly: the flow separation zone and
the torus vortex downstream of the propeller. To capture
these effects, the grid is refined in the near field of the
blades and in the region of the propeller wake. The computations are carried out again with the RANS model. Both
steady and transient RANS calculations have been performed
for the pitch ratio P /D = −0.2. In Figure 10 the thrust and
torque coefficients for the fine grid b) in comparison with
the previous numerical and experimental results are shown.
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Figure 12: Turbulence kinetic energy in the RANS calculations.
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Figure 13: Separation on the suction side of the blades, grid
a) (left), grid b) (right).

Figure 10: Open water diagram kT and 10 kQ , pitch ratio
= −0.2, RANS fine grid.

P /D

The computed kT has a better agreement with the experimental data, as well as the computeted 10 kQ . The deviation is ≈ 8% for kT and ≈ 14% for 10 kQ at a advance ratio
J = 1.0. Steady and transient RANS calculations converge
to the same value. With the fine grid, the ring vortex is resolved much better, see Figure 11.
Furthermore, the expected turbulent character of the pro-

(a) RANS grid a)

(b) RANS grid b)

Figure 11: Velocity streamlines forming the torus vortex.

peller wake can be seen in the calculations with the fine
grid. Figure 12 depicts the turbulence kinetic energy k. In
grid a), k is underestimated due to the coarse mesh. As assumed in the previous section, the torus vortex in grid a)
transports incorrect flow information upstream. The wall
shear and the pressure distribution on the suction side of
the blades from the different grids are presented in Figure
13. The extent of the separation zones is almost identical.
However, the pressure distribution shows a wider low pressure area in the separation bubble which is the cause of the
more negative kT in the open water diagram.

4.3 DES Calculations

The results of the RANS calculations show deficiencies
that are probably related to the numerical model. Hence,
DES calculations are carried out that are capable of resolving the unsteady flow phenomena. Although only the mean
value of thrust and torque are of interest, the transient behaviour of the flow obviously has to be captured. Because
of the drastically increasing simulation effort and limited
computational power, the DES calculations are carried out
for the advance ratios J = 0.66, J = 0.8 and J = 1.0 at a
pitch ratio of P /D = −0.2. The simulations are initialized
with the converged fields of the RANS calculations and the
timestep is gradually decreased to 1◦ /tS . When the target
timestep is reached and the propeller wake in the LES part
of the computational domain is fully developed, a statistic
evaluation of the propeller forces is started. At least 30 propeller revolutions are considered for the statistic analysis,
longer computations are planned in the future.
Figure 15 shows the extent of the LES region (blue) and
the RANS region (red) and the time-averaged streamlines
of the velocity. As intended, the LES model is applied in
the refined region of the grid where the vortex ring is situated. If the grid gets coarser downstream of the propeller,
the DES formulation switches back to the RANS mode.
The extent of the refined grid is large enough to avoid the
transportation of fluid from RANS regions back upstream
to the propeller.
The resolved vortices in a specific timestep are shown in
Figure 16, identified by the Q-criterion and colored by the
axial velocity. Again, the upstream directed flow inside
the ring vortex is noticeable. The tip vortices are arranged
around the outside of the ring vortex.
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Figure 14: Time history of the propeller thrust coefficient kT and the torque coefficient 10 kQ at pitch ratio P /D = −0.2 from
the DES calculations at J = 0.8.

Figure 15: Extent of the LES (blue) and RANS (red) regions for the DES calulations of the propeller in crashback
for J=0.8 with averaged velocity streamlines.

In the DES calculations, the most important vortex structures are resolved. Figure 14 shows the progress of the
thrust coefficient kT . The charts show the unsteady character of propeller crashback. In contrast to the results presented by Vyšohlíd and Mahesh (2006) for fixed pitch propeller, high frequency variations with smaller amplitudes
dominate the results. In the frequency domain, kT and kQ
show high amplitude oscillations with the blade frequency
of 40 Hz and twice the blade frequency. In the presented
calculations, no significant propeller side forces can be noticed. The absence of high amplitude low frequency fluctuations and propeller side forces are probably related to the

Figure 16: Vortices by the Q-criterion, colored by the axial
velocity.

fact that the CP propeller in crashback is still rotating with
its rounded leading edge ahead.
Figure 17 shows a detail of the resulting open water diagram. The thrust coefficient results from the DES calculations are in good agreement with the experimental data.
The torque coefficient is overestimated and still has a significant deviation from the experiment. The cause for this
deviation is currently under investigation.
5 CONCLUSION

In the presented study, the simulation of the flow around
controllable pitch propeller under numerous operating con-
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Figure 17: Open water diagram, DES results and experimental data at a pitch ratio of P /D = −0.2, whiskers depicting twice the standard deviation of the DES results.

ditions has been carried out. The investigations show that
RANS based methods are capable of providing results which
are in good agreement with experimental data for a wide
range of pitch angles. Even if the thrust is negative, the
RANS model leads to reliable results. Once the ring or
torus vortex, which develops under reversed-thrust conditions, gets to a position, where it directly influences the
propeller blades upstream, the RANS model fails. Wrong
characteristics of the flow are transported upstream into the
propeller plane. For the investigated propeller, this occurs
when the pitch ratio decreases under zero. The RANS solutions yield wide deviations from the reference data, even
if the numeric grid is refined.
The results of the DES model show a good agreement with
the experiments for kT and small deviations for kQ , which
are under further investigation. The accurate modelling of
the size of votices, resolved from the LES method in the
DES setup, is crucial to obtain correct open water coefficients.
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