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ABSTRACT

Crashback is an off-design operating condition
where a propeller rotates in the reverse direction
to yield negative thrust. Large Eddy Simulation
(LES) for the crashback in an open propeller was vali-
dated against Jessup et al. (2004)’s experiments and
showed good agreement by Jang & Mahesh (2012).
In this paper, a sliding interface method is developed
to enable a simulation of the rotor-stator problem,
and the effect of a duct with stator blades in crash-
back is studied using LES in relatively rotating grid
systems performed by the sliding interface method.
Computed unsteady loads show good agreement with
the experimental results. Thrust mostly arises from
the blade surface, but most of side-force is gener-
ated from the duct surface. The side-force on the
ducted propeller is caused by the blade-duct interac-
tion. Strong tip leakage flow is observed behind the
suction side at the tip gap. The physical source of
the tip leakage flow is seen to be the large pressure
difference between pressure and suction sides.

INTRODUCTION

When a marine vessel is quickly decelerated, the
propeller of the vehicle is forced to rotate in the re-
verse direction. This off-design operating condition of
the forward vessel velocity and the reverse propeller
rotation is termed crashback. Flow around the pro-
peller in crashback is characterized by large scale un-
steadiness and separation. Thus, the crashback con-
dition is one of the most complex and challenging
conditions to analyze. Low frequency and high am-
plitude off-axis forces and moments generated by the
unsteadiness can cause severe loss of maneuverability
of the vessel and have the potential impairment of the
propeller blades. The prominent feature of crashback
is a highly unsteady vortex ring structure, which is
created by interaction of the free stream flow with the
strong reverse flow from reverse propeller rotation.
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Figure 1: Schematic of flow around the radial cross-
section of a blade: (a) in forward condition, (b) in
crashback condition. (Jang & Mahesh, 2012)

In the crashback condition, the leading and trail-
ing edges of propeller blades exchange their roles as
compared to the design condition termed the for-
ward condition. Figure 1 illustrates flow around the
cross-section of the blade in forward and crashback
conditions. The flow at the smooth leading edge
(LE) is mostly attached in the forward condition,
but large flow separation could occur at the sharp
LE in the crashback. The large flow separation can
cause high amplitude unsteady fluctuations in blade
loads. Large Eddy Simulation (LES) is therefore used
to predict the fluctuating loads.

Crashback has been studied for open propellers ex-
perimentally and computationally. The first crash-
back experiments were conducted by Hecker & Rem-
mers (1971) in open water. Thrust and torque coef-



ficients were measured for several propellers in their
experiments. Jiang et al. (1997) studied the evolu-
tion of the unsteady vortex ring using Particle Im-
age Velocimetry (PIV) for propeller P4381 in wa-
ter tunnel (WT). Jessup et al. (2004) presented
more detailed measurements of flow around the same
propeller using PIV and Laser Doppler Velocimetry
(LDV). Bridges et al. (2008)’s experiment reported
the effect of upstream hull on the open propeller.

Chen & Stern (1999) performed simulations of
the flow around the open propeller using unsteady
Reynolds-Averaged Navier-Stokes (RANS) equations.
These studies showed that RANS yielded good re-
sults for forward condition but produced significant
disparities in crashback condition. VySohlid & Ma-
hesh (2006, 2007) performed LES for the propeller
at an advance ratio of J = —0.7 and showed good
agreement for mean and RMS of unsteady loads as
well as spectra. Chang et al. (2008) performed LES
at other advance ratios, J = —0.5 and J = —1.0
and demonstrated the fluid-structure-interaction ca-
pability of LES with a finite-element structural solver.
Jang & Mahesh (2010, 2012) introduced pressure con-
tributions to unsteady loads in order to understand
the origin of thrust and side-force and used condi-
tional averaging to study extreme amplitude events.
Verma et al. (2011, 2012) performed LES for the
open propeller with an upstream submarine hull.

The effect of a duct in crashback was experimen-
tally studied by Jessup et al. (2006) and Donnelly et
al. (2008). The addition of a duct tended to move the
ring vortex outboard and maintained attached flow
on the outer duct surface. Jang & Mahesh (2008)
investigated the effect of the duct in crashback for
the same propeller using LES. However, stator blades
originally installed in the experiment were ignored in
the computation for solving the problem in a rotat-
ing frame of reference. As a result, the computed
unsteady loads showed significant discrepancy from
experimental results.

The objective of the present paper is to: (i) develop
a sliding interface method on massively parallel com-
puting platform and validate the method, (ii) under-
stand flow physics of crashback in ducted propellers
with stator blades.

SIMULATION DETAILS

Numerical Method

The sliding interface method is used to handle rela-
tively rotating grid systems. Relatively rotating grids
do not have to overlap since the movement of the grid
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Figure 2: Schematic for the sliding interface method:
(a) without consideration of multiple processors, (b)
with consideration of multiple processors.

is a rigid rotation. The only intersection is an inter-
face between the grids, which is called the sliding in-
terface. Data exchange between the grids can be per-
formed only at the sliding interface so that no remesh-
ing, deformation, or hole cutting is required. The
sliding interface method has been used by several re-
searchers on multi-block structured grids (MacPher-
son et al., 2006; Steijl & Barakos, 2008) and on un-
structured grids (Pan et al., 2001; Blades & Marcum,
2007).

The sliding interface method developed for this
study is capable of being applied on arbitrarily
shaped unstructured grids on massively parallel com-
puting platforms. Figure 2 shows a schematic for
the sliding interface method on an unstructured grid.
Sliding elements of a sub-domain are created by ex-
trusion to the adjacent sub-domain. However, sliding
elements of the sub-domain and boundary cells of the



adjacent sub-domain do not match due to the relative
rotation between the sub-domains. As shown in fig-
ure 2(a), a sliding element (black dashed) is extruded
from a boundary control volume (black shaded) in
the left sub-domain. Since the grids of the two sub-
domains do not align, the control volume containing
the sliding element is not known without a search pro-
cess. The control volume is named the host element
and shaded in blue.

The sliding interface method is being developed
for parallel computation. Thus, the processor block
which contains the sliding element also must be
found. The processor block is called the host pro-
cessor hereafter. Figure 2(b) explains the host ele-
ment and the host processor at the multiple proces-
sor boundaries with the sliding interface. The sliding
element corresponding to ‘cvl’ of ‘proc0’ is located
in ‘cvl’ of ‘procl’. The host processor of the sliding
element is ‘procl’, and the host element is ‘cvl’ in
the host processor. Three central issues need to be
addressed; search algorithm in multiple processors,
efficient data structure for the message passing, and
the interpolation scheme at the sliding element.

The governing equations for the sliding interface
method are expressed in the Arbitrary Eulerian-
Lagrangian (ALE) formulation (Donea et al., 2004).
In LES, large scales are directly solved from the spa-
tially filtered Navier-Stokes (N-S) equations, while
small scales are accounted for by modeling the sub-
grid stress. The filtered N-S equations in the ALE
formulation are as follows:
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where wu; is the Cartesian velocity, p is the pres-
sure, v is the kinematic viscosity, V; is the grid
velocity, the overbar denotes the spatial filter, and
Tij = UWtt; — U;U; is the sub-grid stress. The dy-
namic Smagorinsky model proposed by Germano et
al. (1991) and modified by Lilly (1992) is used to
model the subgrid stress in the paper. The grid ve-
locity is given by V; = €;xiwrx; in this study due to
the rigid rotation of the grid where w; is the angu-
lar velocity of the rotating sub-domain and €;;; de-
notes the permutation symbol. Since there is no mesh
deformation, the geometric conservation law is auto-
matically satisfied so that no spurious mass sources
or sinks are created.

Equation (2) is solved using a numerical method
developed by Mahesh et al. (2004) for incompress-
ible flows on unstructured grids. The algorithm is
derived to be robust without numerical dissipation.
It is a finite-volume approach which stores the Carte-
sian velocities and the pressure at the centroids of the
cells, and the face normal velocities are stored inde-
pendently at the centroids of the faces. A predictor-
corrector approach is used. The predicted veloci-
ties at the control volume centroids are first obtained
and then interpolated to obtain the face-normal ve-
locities. The predicted face normal velocity is pro-
jected so that the continuity equation is discretely
satisfied. This yields a Poisson equation for pressure
which is solved iteratively using a algebraic multi-grid
method. The pressure field is used to update the
Cartesian velocities using a least-squared approach
for minimizing the conservation error. Implicit time
advancement is performed using the Crank-Nicholson
scheme. The algorithm has been validated for a va-
riety of problems over a range of Reynolds numbers
(Mahesh et al., 2004).

Problem Description

The simulations are performed for marine propeller
P4381, which is five-bladed, right-handed with vari-
able pitch, has no skew and no rake. The propeller
has been used in various experiments (Jiang et al.,
1997; Jessup et al., 2004, 2006) and computations
(Chen & Stern, 1999; Vysohlid & Mahesh, 2006;
Chang et al., 2008; Jang & Mahesh, 2012; Verma
et al., 2012).

Simulations are performed in crashback at a nega-
tive advance ratio of J = —0.7 and Reynolds number
of Re = 480,000. The advance ratio J and Reynolds
number Re are defined as
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oL e=— (2)
where U is the free-stream velocity, D is the diameter
of the propeller disk, n is the rotational speed, and v

is the kinematic viscosity.

The thrust 7" is defined as the axial component of
the force, and torque @ is the axial component of
moment of the force. Fy and Fy denote horizon-
tal and vertical components of the force whose vec-
tor sum yields side-force S. Non-dimensional thrust
coefficient K7, torque coefficient K, and side-force
coefficient Kg are defined as:
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where a rotational velocity nD is used as the reference
velocity, and D? is used as the reference area in this
normalization. Hereafter, (K) denotes mean value,
and o(K) denotes standard deviation.

The present simulation is compared to Jessup et al.
(2004, 2006)’s experiments. They performed 36 inch
water tunnel (WT) experiments for both open and
ducted propellers. The WT experiments measured
time series of unsteady loads and two-dimensional
flow fields from LDV measurement, but they might
have the tunnel confinement effect because the tun-
nel diameter was only three times larger than the
propeller diameter except for the test section. Open
water (OW) experiment does not have the tunnel ef-
fect, but limited data can be obtained. Thus, both
WT and OW results are compared to the computa-
tion results.

CRASHBACK IN OPEN PROPELLER

Validation of LES

The current LES methodology has been validated
for an open propeller in crashback at J = —0.7 by
Jang & Mahesh (2012). Their computation showed
good agreement with the experimental results of Jes-
sup et al. (2004, 2006). Computed mean values of
K7 and K¢ were between the WT' and OW results
as shown in table 1. The agreement with experimen-
tal data was within the scatter observed between the
experiments. Similarly, standard deviations and side-
force magnitude showed good agreement with the
WT experiment.

Figure 3 compares profiles from computed time av-
eraged flow fields to those from the LDV measure-
ments of Jessup et al. (2004, 2006). Profiles are ex-
tracted from five x—locations two upstream of the
propeller (z/R=-0.39 and -0.25), and three down-
stream of the propeller (z/R=0.25, 0.50, and 0.75).
All the profiles (axial, radial, tangential velocities,
and turbulent kinetic energy) from the LES agree well
with the experiment.

Validation of Sliding Interface Method

The validity of the sliding interface method is ver-
ified by comparison to the rotating reference frame
approach. The computational domain for the sliding
interface method is split into two sub-domains; one
containing the rotor blades is set to the rotating sub-
domain and the other is the stationary sub-domain.
The 8 million grid is created in exactly the same
manner except for the existence of the sliding inter-
face. Both sub-domains are individually partitioned
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Figure 3: Profiles from time averaged flow field for
open propeller: (a) axial velocity, (b) radial veloc-
ity, (c) tangential velocity, (d) turbulent kinetic en-
ergy. Locations of profiles are 2/R=-0.39, x/R—-
0.25, ©/R=0.25, =/R=0.50, and z/R=0.75, respec-
tively (—— LES , ¢ WT). (Jang & Mahesh, 2012)

for the sliding interface method by the METIS library



(Kr) | o(Kr)
LES | -0.38 0.055
WT | -0.33 0.060
OW | -0.41 .

(Kq) | 0(Kq) | (Ks)
20.074 | 0.010 | 0.027
-0.065 | 0.011 0.030
0.078 : :

Table 1: Statistics of unsteady loads for open propeller. (Jang & Mahesh, 2012)

(Karypis & Kumar, 1998). Figure 4 compares proces-
sor boundaries in x — y plane with pressure contours
from two approaches: the rotating reference frame
approach and the sliding interface method. The pro-
cessor boundaries are denoted by the black solid lines.
The sliding interface is emphasized by an ellipse in
figure 4(b). The pressure contour across the sliding
interface looks good, i.e. no jump of the pressure is
observed across the sliding interface.
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Figure 4: Comparison of processor boundaries with
pressure contours from two approaches: (a) the rotat-
ing reference frame approach, (b) the sliding interface
method.

Instantaneous flow fields from the sliding inter-
face method are compared to those from the rotat-
ing reference frame approach at the same time in
figure 5. The instantaneous flow fields are given at
Re=60,000 and 3.0 revs. Pressure contours from

those approaches show almost the same results in fig-
ure 5(a) and (b). The axial velocities in figure 5(c)
and (d) also look similar. Time histories of K7 from
both approaches are compared in figure 6, and show
reasonable agreement.

CRASHBACK IN DUCTED PROPELLER
WITH STATOR BLADES

To investigate the effect of a duct on crashback,
a neutrally loaded duct was added around the pro-
peller in Jessup et al. (2006). The hub geometry of
the ducted propeller was slightly modified from that
of the open propeller for installation of measuring
devices. The designed ducted propeller also had 13
stator blades upstream of rotor blades as shown in fig-
ure 7(a). However, the ducted propeller with stator
blades cannot be solved in a rotating frame of refer-
ence since the stator blades are not axi-symmetric.
Thus, the previous work of Jang & Mahesh (2008)
was performed in the rotating frame without consid-
eration of the stator blades. Even though the stator
blades are designed to contribute no additional load-
ing at the design advance ratio, their performance in
crashback is unknown. In this paper, the the slid-
ing interface method is used to simulate the ducted
propeller with stator blades.

Computational Domain and Grid

The computational domain is a cylinder with the
diameter of 7.0D and the length of 14.0D. Free-
stream velocity boundary conditions are specified at
the inlet and the lateral boundaries. Convective
boundary conditions are prescribed at the exit. No
slip boundary conditions are specified on solid walls,
but those on the rotor parts are U = 7 x & since the
no slip condition on the rotor parts should be consid-
ered in the rotating grid. A schematic of the compu-
tational domain and boundary conditions is shown in
figure 7(b).

Figure 8(a) shows the computational grid for the
ducted propeller with the stator blades. In the figure,
the red colored line represents the sliding interface,
and the left sub-domain is the stationary grid, and
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Figure 5: Comparison of instantaneous flow fields
from two approaches: (a) pressure in the rotating ref-
erence frame, (b) pressure from the sliding interface
method, (¢) axial velocity in the rotating reference
frame, (d) axial velocity from the sliding interface
method.
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Figure 6: Comparison of Kp from two approaches.

the right sub-domain is the rotating grid. A closer
look in figure 8(b) clearly shows that meshes and even
processor boundaries are not matched at the sliding
interface. Tetrahedral elements are used to match
the complex geometry of the propeller such as ro-
tor, stator, and duct surfaces, and the outer region
consists of hexahedral elements. Four prism layers
are extruded from solid walls in order to improve the
wall resolution with the first height of 6.67 x 107D
and growth rate of 1.05. Hexahedral elements are
also used near the sliding interface to obtain better
accuracy from the interpolation at the non-matching
boundary. The total number of the computational
c.v.’s is approximately 27 million.

Time History of Unsteady Loads

The simulation with the sliding interface method is
performed for the ducted propeller with stator blades
until 34.7 revs, and statistics of the unsteady loads
are computed over 18.9 revs. Time histories of K,
Kq, and Kg are plotted in figure 9. Black solid, blue
dashed, and red dotted lines represent unsteady loads
on blade, duct, stator surfaces, respectively. Even
though the number of revolutions does not seem to
be long enough as compared to the open propeller
case, the time histories show that usual transients
are absent. However, longer computation is necessary
to ensure that the time series are converged. In the
figure, the effect of the duct on thrust is relatively
small and that on torque is negligible, but the duct
surface is the primary contributor to side-force. The
stator effect on thrust is very small, but is significant
on torque.

Mean values of unsteady loads from the compu-
tation and the WT experiments are enumerated in
tables 2 and 3, respectively. Duct forces were not
measured in Jessup et al. (2006)’s experiment, and
Donnelly et al. (2008) measured the side-force mag-
nitude on the duct surface. Thus, loads on the blade
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Figure 7: (a) Geometry of ducted propeller with sta-
tor blades, (b) computational domain and boundary
conditions.

surface are compared to Jessup et al. (2006)’s exper-
iment, and those on the duct surface are compared
to Donnelly et al. (2008). Even though the num-
ber of revolutions is not long enough, the computed
results show reasonable agreement with experimen-
tal results. Especially, thrust and torque are almost
the same as the experimental results. Since the sta-
tor blades are attached on the duct surface, the duct
force can be considered as the sum of loads on duct
and stator blades. (Kg) computed on the duct and
stator surfaces are in favorable agreement. In sum,
the effect of the duct on thrust is relatively small,
and that on the torque is significantly large. Also,
side-force is mainly generated from the duct surface.

Flow Field

Instantaneous flow fields for the ducted propeller
with stator blades are shown in figure 10. The highly
unsteady flow interaction is observed, and pressure
contours are smoothly connected at the sliding in-
terface in figure 10(a). The pressure distribution is
plotted in figure 10(b). High pressure regions are ob-
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Figure 8: Computational grid for ducted propeller
with stator blades; (a) in x—y plane, (b) closer look at
the grid. The red line represents the sliding interface
and blue lines denote the processor boundaries.

served at the leading edge of the stator blades near
the inner surface of the duct. Three dimensional com-
plexity of the vortex ring in crashback is clearly shown
in figure 10(c) by using iso-contour of a constant low
pressure. The duct surface is not plotted to show
flow feature without obstruction of the duct in figure
10(b) & (c).

Figure 11 compares circumferentially averaged flow
fields for ducted and open propeller. The blanked
out zone is located where blades, shaft, stators, and
duct pass through during the rotation. Axial velocity
contours with streamlines are plotted in figures 11(a)
and 11(b). The strong reverse flow is observed at the
inflow of the propeller in both open and ducted pro-
pellers, but the reverse flow is also strong along the in-
ner surface of the duct. Note that the strong forward
velocity is observed at the gap between the blade tip
and the duct, which represents the tip leakage flow.
The flow on the outer surface of the duct is almost at-



(Kr) | (Kq) | (Ks)
LES (blade) 040 | -0.078 | 0.023
LES (duct) -0.069 | 0.00037 | 0.071
LES (stator) 0.0060 | 0.050 | 0.016
LES (duct+stator) | -0.063 | 0.050 | 0.087

Table 2: Unsteady loads for ducted propeller with stator blades from computation.

(Kr) | (Kg) | (Ks)
WT (blade) -0.38 | -0.078 | 0.024
WT (duct) : [ 0.008

Table 3: Unsteady loads for ducted propeller from WT experiment.
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Figure 9: Time histories of unsteady loads on the
ducted propeller with stators blades: (a) Kr, (b) K¢,
(C) Ks.

tached and the vortex ring core moves more outboard
with the duct. Figures 11(c) and 11(d) show pressure
contours for ducted and open propellers. The pres-
sure difference between pressure and suction sides are
much higher for the ducted propeller. A high pres-
sure region is located near the tip gap of the duct, and
the large pressure difference at the tip gap causes the
strong tip leakage flow.

To investigate where the majority of the side force
is generated on the duct, contours of RMS pressure

are plotted on the duct surface in figure 12(a) & (b).
The duct surface is divided into inner surface and
outer surfaces and unfolded on the = — # plane. The
slanted lines in figures 12(a) represent locations of the
blade tips. Note that the levels of RMS pressure on
the inner surface are much higher than those on the
outer surface, especially in the vicinity of blade tips.
This behavior indicates that the side force on duct
mostly originates from blade-duct interaction. Axial
velocity on the inner surface of the duct is plotted
in figure 12(c). Forward velocity near the blade tip
is related to the tip leakage flow. Reverse flow are
observed along the top surface of stator blades. We
call the top surfaces the pressure side of the stator
blades and the bottom surface the suction side.

Time averaged flow fields are shown on stator
blades in figure 13. The axial velocity is almost re-
verse on pressure side, and the reverse flow is the
strongest along the duct surface in figure 13(b). How-
ever, the reverse flow induced by the propeller rota-
tion and the free stream flow interact on the suction
side in figure 13(a). The effective pressure introduced
in Jang & Mahesh (2010, 2012) is applied on the sta-
tor blades to understand the local contribution of sta-
tor blade surface to thrust and side-force. The effec-
tive pressure for thrust (7') and side-force /(S?) are
defined as follows;

T =
5 -

A
)

() (g - ) (4)
o)/ (g - )2 + (g - B2 (5)

where p is the pressure, 7y is the outward normal

vector of a face, and 7, j, k are base unit vectors. The
positive thrust is mostly generated along the upper
part of leading edge on the pressure side in figure
13(c), and the negative thrust is generated along the
lower part of leading edge on both sides. This radial
distribution of the effective pressure for thrust can
account for the significantly large torque on stator
blades even though thrust is negligibly small in table



Figure 10: Instantaneous flow fields over ducted pro-
peller with stator blades: (a) pressure in = — y plane,
(b) pressure on propeller surface, (c) iso-contour of
pressure (C}, = —1) colored by axial velocity.

2. The side-force is created along the upper part of
leading edge on the suction side in figure 13(e).

CRASHBACK IN DUCTED PROPELLER
WITHOUT STATOR BLADES

Simulation for ducted propeller without stator
blades is also performed to study the effect of stator

Uz

-12-07-02 02 0.7 12

-1.2-0.7-0.2 0.2 0.7 1.2

-1.0-06-02 0.2 0.6 1.0

-1.0-0.6-0.2 0.2 0.6 1.0

NS
13
mEman

r/R
T

0
z/R

Figure 11: Circumferentially averaged averaged flow
fields for open and ducted propeller: (a) axial veloc-
ity with streamlines (ducted), (b) axial velocity with
streamlines (open), (c) pressure (ducted), (d) pres-
sure (open).



Figure 12: Time averaged flow fields on the duct sur-
face: (a) o(p) on the inner surface, (b) o(p) on the
outer surface, (c) axial velocity on the inner surface.

blades in crashback. The previous simulation of Jang
& Mahesh (2008) are continued to longer times. The
simulation is conducted until 258.7 revs, and statis-
tics of the unsteady loads are computed over 128.6
revs. Time histories of K7, Kg, and Kg are plot-
ted in figure 14. Black solid and blue dashed lines
are unsteady loads on blades and duct surfaces, re-
spectively. Jang & Mahesh (2008) significantly over-
predicted K7 and K since their computation had
transient oscillations. The transient oscillations are
absent due to longer computation as shown in figure
14. Mean unsteady loads are given in table 4, which
can be compared to experimental results of table 3
and rotor-stator case of table 2. Thrust and torque
are still slightly lower than experimental results, but
much closer than the previous computational results.
The effect of stator blades on thrust and side force is
not important, but significantly larger torque is gen-
erated on the stator blade surface.

Figure 15 shows circumferentially averaged flow
fields for ducted propeller without stator blades, and
can be compared to those for ducted propeller with
stator blades in figure 11. Axial velocity contours
with streamlines and pressure contours are qualita-
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Figure 13: Time averaged flow fields on the stator
blades: (a) axial velocity on suction side, (b) axial
velocity on pressure side, (c) effective pressure for
thrust on suction side, (d) effective pressure for thrust
on pressure side, (e) effective pressure for side-force
on suction side, (f) effective pressure for side-force on
pressure side.

tively similar. The strong reverse flow induced by
propeller rotation, tip leakage flow, and high pres-
sure difference between pressure and suction sides are
observed in both cases. It indicates that the stator
blades do not significantly affect the macro scale flow
structure in crashback.

SUMMARY

LES has been performed at an off-design condition
of marine propellers, called crashback, which is well



(Kr) | (Kq) | (Ks)
LES (blade) | -0.45 | -0.087 | 0.027
LES (duct) -0.058 | 0.0013 | 0.086

Table 4: Unsteady loads for ducted propeller without stator blades from computation.
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Figure 14: Time histories of unsteady loads on the
ducted propeller w/o stators: (a) Kr, (b) Ko, (c)
Ks.

known as one of the most challenging operating con-
ditions to analyze. Crashback is characterized by the
interaction of the free stream with reverse flow due to
reverse propeller rotation. This causes a highly un-
steady vortex ring which leads to flow separation and
unsteady forces and moments on the blades. The LES
uses a discretely kinetic energy conserving algorithm
developed by Mahesh et. al (2004) for unstructured
grids. A sliding interface method is developed to solve
the ducted propeller with stator blades. The LES
methodology is validated for the open propeller in
crashback with the Jessup et al. (2004)’s WT exper-
iment, and the sliding interface method is validated
in the open propeller case with the rotating frame
of reference approach. Computed unsteady loads for
the ducted propeller with stator blades are compared
to Jessup et al. (2006) and Donnelly et al. (2008)’s
WT results. Thrust and torque are almost the same
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Figure 15: Circumferentially averaged averaged flow
fields for ducted propeller w/o stator blades: (a) axial
velocity with streamlines, (b) pressure.

as the experimental results, and side-force are also in
favorable agreement. The effect of the duct on thrust
is relatively small, and that on the torque is signif-
icantly large. Also, the duct surface is the primary
contributor to side-force.

As compared to the open propeller, the flow around
ducted propeller in crashback has the following fea-
tures. Strong reverse flow is found through the pro-
peller disk like the open propeller, but the reverse
flow extends along the inner surface of the duct. High
forward velocity is observed at the tip gap, which is
related to the tip leakage flow. The flow on the outer
surface of the duct is almost attached. The pressure
difference between the pressure and suction sides is
much higher. The physical source of the tip leak-
age flow is seen to be the large pressure difference
between pressure and suction sides. Thrust mostly



arises from the blade surface, but most of side-force
is generated from the duct surface. RMS of pressure
are much higher on inner surface of duct, especially
near blade tips. This implies that side-force on the
ducted propeller is caused by the blade-duct interac-
tion, particularly the tip leakage flow.
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