
39th European Rotorcraft Forum, Moscow, 3-6 September, 2013 - Paper 90

NUMERICAL STUDY OF ROTORS IN SHIP AIRWAKE

C. Crozon, R. Steijl and G.N. Barakos

CFD Laboratory, School of Engineering
University of Liverpool, L69 3GH, U.K.

http://www.liv.ac.uk/�ightscience/PROJECTS/CFD/ROTORCRAFT/RBD/index.htm
Email: crozon@liverpool.ac.uk, rsteijl@liverpool.ac.uk, G.Barakos@liverpool.ac.uk

Abstract

Operating helicopters in a naval environment is challenging as it imposes a pilot workload signi�cantly higher than during
land-based operations. The aerodynamic interaction between the aircraft and the ship wake is known to play an importantrole
in increasing the pilot workload, hence reducing the safetyof maritime helicopter missions. As a further step towards numerical
prediction of Ship Helicopter Operational Limitations (SHOL), CFD simulations are conducted on the Canadian Patrol Frigate
(CPF). The effect of the rotor is added to the simulation, �rst using an actuator disk method together with steady calculations, then
using fully-articulated rotor blades and the URANS equations. Results using the actuator disk method demonstrate the importance
of coupling effects when the rotor is operating closely to the ship and therefore the invalidity of superposition methods. The case
of a Sea-King helicopter main rotor hovering above the deck just before touchdown is reproduced to overcome the limitations
of steady calculations and the actuator disk method. Predictions of rotor thrust correlate with the experimental data available
and give con�dence in the results. The �ndings highlight thedifferences in rotor loading between forward �ight and near-deck
operation.

The possibility of using CFD for the simulation of freely-�ying aircraft by integrating a �ight-mechanics model into HMB is
part of the future work.

NOMENCLATURE


 mag Vorticity magnitude

� Rotor advance ratio

	 Rotor azimuth

~u Velocity pertubation

u Velocity vectoru = [ u; v; w]T

b Ship beam length

CUK
T UK Rotor thrust coef�cient T

1
2 �U 2

tip �R 2

P � Dimensionless pressure

T Rotor thrust

U Mean value of �ow velocity

U1 Rotor advance speed

Utip Rotor blade tip speed

~Fi , ~Fv Inviscid and viscous �uxes

R i;j;k Flux residuals at cell(i; j; k )

~S Source term

~uh Local velocity �eld in the rotor-�xed frame of refer-
ence

V (t) Time dependent control volume

w i;j;k Discretised conserved variables vector

~w Conserved variables vector

� Air density

~! Rotor rotational speed

WOD Wind Over Deck angle.

CPF Canadian Patrol Frigate

DES Detached Eddy Simulation

DI Dynamic Interface

Green wind Wind from starboard

LES Large Eddy Simulation

LHA Landing Helicopter Assault

Red wind Wind from portside

SFS Simple Frigate Shape

SHOL Ship Helicopter Operational Limitations
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1 INTRODUCTION

Operating helicopters in a naval environment poses chal-
lenging problems as it increases the pilot workload to levels
not normally encountered during land-based operations [17].
The size of the landing spot, the boat motion, the airwake un-
steadiness, weather and lighting conditions are some of the
factors that add to the pilot workload and may turn the take-
off and recovery procedures impossible to complete. The ship
airwake is a combination of the wind and ship motion, and is
in�uenced by the atmospheric boundary layer and globally
any element of the boat superstructure. It usually shows a
very unsteady behaviour, with characteristic frequenciesbe-
low 2Hz, while a pilot consciously responds to frequencies
in the range of 0.2 to 1.6Hz [39]. The ship aerodynamics is
therefore likely to affect directly the pilot workload during
shipborne operations. To ensure safe maritime operations,
each ship/aircraft con�guration is tested through expensive
and time-consuming campaigns of at-sea trials during which
the Ship/Helicopter Operational Limitations (SHOL) are de-
�ned for a range of wind strength and direction [9].

Human-in-the-loop �ight simulations are an attractive
way of extending shipborne operations for dynamic inter-
face testings without the cost and hazard of at-sea campaigns.
Such real-time simulations rely on approximate models for
computing the aircraft behaviour. Flight mechanics modelsof
various levels of �delity are used in conjunction with a set of
look-up tables to include the aerodynamic effects. For ship-
borne operations, the ship wake can be steady or unsteady
and is most of the time generated using simpli�ed methods.
Of�ine simulations are also considered, using sets of mod-
els for the aircraft �ight mechanics, pilot controls and distur-
bances [6]. The notion of coupling is important in the context
of ship/helicopter operations: uncoupled simulations assume
no effect of the ship wake on the rotor, one-way coupled cal-
culations refer to simulations that account only for the effect
of the ship wake onto the rotor while two-way coupled sim-
ulations include both ship-on-rotor and rotor-on-ship effects.
One-way coupled simulations are typical of �ight simulation
environments that use steady or unsteady "frozen" ship air-
wake to generate the look-up tables.

Computational Fluid Dynamics (CFD) methods are ef�-
cient tools for the simulation of rotor �ows and ship wakes
and are already considered as a way to improve �ight simu-
lation environments, hence providing pilots with more realis-
tic training tools and ultimately helping broader the rangeof
conditions investigated during at-sea trials to the potentially
dangerous �ight conditions.

This paper represents a �rst step in studying the effect of
the ship wake on the helicopter �ight characteristics. Steady
calculations using an actuator disk method were �rst con-
ducted to assess the coupling effects, followed by unsteady
calculations of a fully-articulated Seaking rotor that is used to
give more details on the �ow characteristics and conclusions
in terms of rotor loading.

1.1 Past Numerical Work on Shipborne Rotors

Computational Fluid Dynamics methods have shown promis-
ing results for the computation of ship airwakes, despite the

complexity of such cases. Key issues are the high Reynolds
number of the �ow, the wide range of turbulence scales and
the large velocity gradients. Some reported studies aimed at
implementing CFD-based data into �ight simulation systems
in order to improve their realism. This is achieved through the
use of frozen ship wakes and therefore does not couple the ef-
fect of the aircraft itself with the ship wake. A number of ship
shapes are used extensively in the literature, amongst them:
the Simple Frigate Shape (SFS) and its modi�cation (SFS2),
the Canadian Patrol Frigate (CPF) (Figure 1), the Landing He-
licopter Assault (LHA), the Type-23 frigate, one of the most
popular.

Along with the corresponding wind tunnel experiments
(See section 1.2), Syms [29, 30] carried out two sets of nu-
merical simulations at NRC in Canada. The �rst one uses
a pressure-based RANS solver closed by ak � � turbulence
model and a 0.9 million cells structured grid of the CPF model
that includes the atmospheric boundary layer in the simula-
tion. Results highlight the importance of the small ship ge-
ometry features as well as the limitations of steady-state com-
putations. The second one used the SFS2 ship shape and the
Lattice-Boltzmann �ow solver PowerFlow. Simulations were
unsteady and both RMS and mean values show good agree-
ment with the wind tunnel data.

Numerical simulations of ship airwakes have been con-
ducted at the University of Liverpool using the commercial
CFD code Fluent and the SFS2 frigate geometry [7, 21, 22].
The results obtained were compared with experimental data
from NRC Canada and exported into look-up tables for util-
isation in the university's �ight simulator. The �rst results
[21,22] conclude that the use of steady airwakes lead to a very
low pilot workload during the simulation. After implement-
ing a set of unsteady airwakes [7], the �ight simulation was
found to be much more realistic, but with levels of workload
sometimes more prononced than expected.

Several studies applied LES-based methods to the compu-
tation of ship airwakes, showing great improvements in pre-
dicting the �ow characteristics, although at a much greater
computational cost and despite the use of grids that are not up
to the required resolution for LES/DES calculations.

Polsky [18] used the Monotone Integrated Large Eddy
Simulation (MILES) method on a 4 million cells grid for the
LHA. Results conclude on the necessity of using unsteady
simulations regarding the level of instabilities in the �ow, and
on the dramatic changes of �ow topology with the wind direc-
tion. It also demonstrates that the �ow is Re-independent, as
sharp edges lead to �xed �ow separation points. The results
obtained are representative of a large range of wind velocities
and direct velocity rescaling is possible.

Forrest and Owen [5] used Detached Eddy Simulation
(DES) and the commercial solver Fluent to simulate the �ow
over the SFS2 model and the Type-23 frigate. Comparisons
with wind tunnel and full scale data show good agreement for
mean �ow properties in most cases. The frequency and levels
of turbulence in the �ow are comparable to NRC wind tunnel
data.

Thornberet al. [32] employed Implicit LES (no explicit
sub-grid model) to simulate the airwake of two frigate models
(Type-23 and Wave Class AO). The grids had 8 million points
and used a block-structured topology. A mean atmospheric
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boundary layer was included in the simulation. Results were
compared with full-scale measurements and wind tunnel data
and show good agreement, especially with full-scale measure-
ments.

As mentioned before, in the context of ship/rotor inter-
action the coupling is important and the ship airwake alone
may have insuf�cient information to predict the helicopterbe-
haviour. Two-way coupled simulations of the Ship/Helicopter
Dynamic Interface (DI) are much more challenging as they in-
volve a wide range of �ow conditions: low-speed incompress-
ible and high-speed compressible �ows, steady and unsteady
behaviours, complex geometries [17]. For these reasons, sim-
pli�cations are often made when attempting such computa-
tions. Polsky conducted MILES simulations for different sce-
narios [17, 19]: V-22 and JSF in hover near the LHA �ight
deck, static F-14 in front of a jet blast de�ector, F-18 follow-
ing a prescribed landing path above an aircraft carrier deck
and H60 rotor at different positions above a DDG frigate land-
ing spot. Grid sizes ranged from 10 to 29 million cells. An
actuator disk method was used to model rotors and jet �ows
but articulated blades and the addition of a �ight mechanics
model were considered.

Alpmanet al. [1] and Bridgeset al. [3] conducted com-
putations of the Ship/Helicopter dynamic interface, including
�ight mechanics and pilot models, distinguishing and com-
paring the 3 types of coupling. Although the method uses
simpli�ed geometries (hangar, simple LHA) and computa-
tional methods (Blade Element Model), the results permit to
highlight the importance of the coupling on the estimated pi-
lot behaviour.

1.2 Experimental Work

Experimental work has been carried out with the objective of
further understanding the effect of the ship airwake during
shipborne operations.

Sets of wind tunnel experiments using the SFS, SFS2 and
CPF geometries have been conducted at NRC in Canada.
Pressure and velocity measurements on the SFS and SFS2
models were used extensively for CFD validation purposes
[5, 12, 21, 22, 30]. Experiments on the CPF also include a ro-
tor [38], fuselage [14] and fuselage with rotor cases [13]. The
loads on the rotor and fuselage for different wind conditions
permit to relate to a corresponding pilot workload and such
experiments are believed to be an ef�cient way to compare
the effect of the ship/aircraft con�guration or different ship
geometries on the Ship/Helicopter Operational Limitations.

Another wind tunnel investigation of the ship/rotor inter-
action was conducted at the Old Dominion University of Vir-
ginia using the SFS geometry and a scaled four-bladed pro-
peller [15, 27]. Results were used to assess the effect of the
coupling between ship and rotor wakes but is also expected to
serve as validation data for CFD.

Iboshiet al. investigated the effect of ground and verti-
cal surfaces on a hovering rotor forces and moments as func-
tion of different design parameters. Results in terms of ro-
tor thrust, torque, vibratory loads and blades �apping are dis-
cussed for different values ofC t

� , wall positions, rotor height
above ground. Experiments with ground plane and one wall
on each side show an increase in torque coef�cient with the

proximity of the ground and walls height. The �apping ampli-
tude was also studied and showed little variation with height
above ground, unless the two walls are placed very close to
the rotor, which lead to a much higher �apping amplitude.

The work being conducted by the US Naval Academy in
Annapolis used a patrol ship assimilated to a frigate to per-
form in-situ velocity measurements, making use of a small
scale piloted helicopter model to measure far-wake charac-
teristics [25, 26]. Preliminary CFD calculations were used
to anticipate on the measurements campaign, helping build-
ing the experimental methodology. Wind tunnel experiments
on a 4% scale model have also been conducted with a wind
velocity of 91m/s to match Reynolds numbers representative
of the full-scale ship. The velocity was measured using a 18-
hole probe and results compare acceptably with CFD data and
at-sea measurements.

For more information on SHOL de�nition and at-sea cam-
paigns, the reader can refer to the publications by Hoencamp
et al. in the Netherlands on the Lynx and NH-90 �ight test-
ings [8,9].

1.3 Objectives of the Current Work

The �rst objective of this paper is to assess the impor-
tance of using two-way coupled simulations for the study of
Ship/Helicopter operations. Steady-state CFD computations
were performed using an actuator disk method to account for
the effect of the rotor, which was evaluated for a variety of
rotor positions and thrust coef�cients.

The superposition method permits to predict a �ow�eld
by adding two separately computed �ows. This method is de-
coupled as it does not account for the effect of each �ow�eld
onto the other. The position of the rotor corresponding to a
"station-keeping" maneuver just before touch-down (1 rotor
radius above the deck) is chosen and results of this two-way
coupled simulation are compared with the result of the direct
superposition of the isolated ship and rotor wakes. Coupled
simulations are repeated for different rotor locations to study
the effect of the aircraft position on the wake.

Secondly, unsteady simulations were performed to over-
come the limitations of steady-state simulations. A �ve-
bladed Sea King rotor is simulated in isolated forward �ight
as well as in the same "station-keeping" condition above the
CPF �ight deck and the superposition results are compared
with results of the isolated and fully-coupled cases.

2 NUMERICAL M ETHODS

2.1 CFD Solver

The HMB code of Liverpool was used for solving the
�ow around the different ship and rotor geometries. HMB
is a Navier-Stokes solver employing multi-block structured
grids. For rotor �ows, a typical multi-block topology used
in the University of Liverpool is described in Steijlet al.
[28]. A C-mesh is used around the blade and this is in-
cluded in a larger H structure which �lls up the rest of
the computational domain. For parallel computation, blocks
are shared amongst processors and communicate using a
message-passing paradigme.
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HMB solves the Navier-Stokes equations in integral form
using the Arbitrary Lagrangian Eulerian (ALE) formulation
for time-dependent domains with moving boundaries:

d
dt

Z

V (t )
~wdV +

Z

@V(t )

�
~Fi ( ~w) � ~Fv ( ~w)

�
~(n)dS = ~S (1)

where V (t) is the time dependent control volume,@V(t)
its boundary, ~w is the vector of conserved variables
[�; �u; �v; �w; �E ]T . ~Fi and ~Fv are the inviscid and viscous
�uxes, including the effects of the time dependent domain.

The Navier-Stokes equation are discretised using a cell-
centred �nite volume approach on a multi-block grid, leading
to the following equations:

@
@t

(w i;j;k Vi;j;k ) = � R i;j;k (w i;j;k ) (2)

wherew represents the cell variables andR the residuals.
i , j andk are the cell indices andVi;j;k is the cell volume.
Osher's [16] upwind scheme is used to discretise the convec-
tive terms and MUSCL variable interpolation is used to pro-
vide up to third order accuracy. The Van Albada limiter is
used to reduce the oscillations near steep gradients. Tempo-
ral integration is performed using an implicit dual-time step-
ping method. The linearised system is solved using the gen-
eralised conjugate gradient method with a block incomplete
lower-upper (BILU) pre-conditioner [2].

2.2 Actuator Disk Method

Actuator disks permit to account for the effect of the rotor
without resolving the �ow around the blades. Source terms
are added to the momentum and energy equations to impose a
jump of pressure across the rotor disk. This models the rotor
effects without adding to the computational cost. The size,
position and attitude (tilt, roll) of the rotor disk is givenby the
user, together with the thrust coef�cientCUK

T and advance
ratio � :

CUK
T =

T
1
2 �U 2

tip �R 2
(3)

� =
U1

Utip
(4)

For an uniform disk, the source term for the momentum
equation is expressed, in dimensionless form:

� P � =
� P

� 1 U2
1

=
1
2 T U2

tip
1
2 � 1 U2

1 AU 2
tip

=
1
2

CUK
T

� 2 (5)

In forward �ight, the distribution of loading over the
disk is not uniform and a more accurate model is required.
Shaidakov [23] gave the tools to estimate the intensity of the
source term as function of azimuth:

� P � = P0 + Ps sin 	 + P2c cos 2	 (6)

Where theP0, Ps and P2c coef�cients are functions of
the radius, advance ratio, rotor tilt and thrust coef�cient. The
load distribution as function of the radius for the advancing

and retreating blades are plotted in �gure 2. Unlike a real
rotor, the actuator disk method imposes a given distribution
of additional momentum across the disk - tuned for forward-
�ying rotors - regardless of the �ow conditions. However,
the velocities are impacted by the actuator disk as well as the
presence of the ship.

2.3 Trimming Method

The trimming method implemented in HMB permits to deter-
mine the rotor collective and cyclic inputs to reach a target
thrust coef�cient while keeping the roll and pitch moments
close to zero. The loads on the rotor are calculated after
each full revolution and the values of� 0, � 1s and� 1c are up-
dated consequently using a pre-de�ned jacobian matrix. The
method is iterative and 5 to 10 revolutions are usually neces-
sary to reach a good convergence.

2.4 Numerical Set-up

The current line of investigation is inspired by the experi-
ments of Zan [38] at NRC Canada: the actuator disks are
horizontal (no shaft angle) and the positions reproduce the
8 extremas of the measurements domain, the wind angles
are 0 and red 12 degrees, the thrust coef�cient isCUK

T =
T

�A ( !R )2 = 0 :00734and the rotor advance ratio reproduces
the experimental case with a 19m/s wind, giving� = 0 :118.

Experiments employed a standalone four-bladed rotor
[38] as well as a �ve-bladed rotor with Sea-King fuselage
[13]. Both rotors were horizontal, non-articulated and have
high values of solidity. Only the rotor is included in the
present work and its geometry as well as trim-state are set
to realistic values for a full scale rotor in forward �ight.

Table 3 gives the �ow conditions used for the wind tunnel
experiments and present CFD study compared to estimated
full-scale values. For numerical stability and mesh economy,
the Reynolds numbers chosen for CFD stand between 1 and
10 million for both the ship and the rotor, which represents a
compromise between small-scale and full-scale values.

All results are non-dimensionalized so thatU1 = 1 ,
P1 = 1


M 2 , andb = 1 whereb is the ship beam, which
gives a length scaling of 1:16.4 to obtain the full-scale results
in meters.

Ship and rotor wakes are characterized by their high lev-
els of vorticity. The vorticity magnitude as de�ned equation
7 is used in this paper. Considering the ship wake alone, the
non-dimensionalized values of the vorticity magnitude canbe
rescaled to full scale by multiplying byU1

b wherebis the ship
beam. This is made possible by the fact that the �ow over the
ship is largely Re-independant.


 mag =

s �
dW

dy
�

dV

dz

� 2

+
�

dU

dy
�

dW

dx

� 2

+
�

dV

dx
�

dU

dy

� 2

(7)

where all quantities are dimensionless. Most of the re-
sults are plotted for a dimensionless vorticity magnitude of

 mag = 2 , which corresponds to2:5s� 1, i.e. 0.4 Hz in a 40
knots wind.
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2.4.1 Steady Calculations

The Canadian Patrol Frigate (CPF) geometry was chosen as
it represents a good compromise between geometric realism
and mesh complexity. The ship baseline grid contains 5.8 mil-
lion cells and was re�ned in the vicinity of the ship, resulting
in 15.6 million cells. The isolated actuator disk was ran in
pure forward �ight (no ground effect) using a 1.4 million cells
grid.

Figure 3 shows the baseline and re�ned versions of the
grid. The sea and ship are considered as walls, a coarser back-
ground is used and the actuator disk in centered position is
shown in the �gure 3b.

Steady-state calculations were performed using the CPF
and an actuator-disk method for modelling the effect of the
rotor. Twenty calculations are performed: 1 baseline isolated
ship, 1 baseline actuator disk and 8 different positions of the
actuator disk are examined for 2 different wind angles: 0 and
red 12 degrees. For each case, the actuator disk is in "station-
keeping" �ight, i.e. steady with respect to the ship.

2.4.2 Unsteady CFD Calculations

URANS calculations were performed using a �ve-bladed Sea-
King rotor. The modi�ed ship grid and rotor grid sizes were
7.6 and 14 million cells respectively (Figure 4).

The rotor grid is a drum embedded in the ship grid using
three sliding planes to allow rotation. Similarly, the shipgrid
is also embedded in a background grid via the use of slid-
ing planes (Figure 5). The rotor was resolved using 720 time
steps per revolution.

3 DES AND URANS COMPARISON

One characteristic of bodies such as ships is the presence of
unsteady structures in the wake. The frequency of these struc-
tures is usually low - below 1Hz - and will impact directly the
helicopter aerodynamics and pilot workload when operating
in the vicinity of a ship. The large difference in frequency be-
tween the rotor aerodynamics and the wake means that cou-
pled calculations require a large number of rotor revolutions
to cover one period of the ship wake.

Figures 6 and 7 show instantaneous snapshots of the �ow
vorticity using DES and URANS methods. The two results
show structures of similar size and intensity over the deck.
Figure 8 shows the time-varying value of the streamwise ve-
locity for a point centered over the deck at the height of the
hangar roof and also shows similar values of unsteadiness.
This validates the use of URANS model for ship �ows as lit-
tle improvement is seen via the use of DES.

Figures 9 and 10 show the �ow topology obtained us-
ing time-averaged URANS and DES calculations. The �ow
topology is similar in both cases and so is the downwash in-
duced by the presence of the ship in the vicinity of the hangar.

4 ACTUATOR DISK RESULTS

4.1 Coupling Effect

A common method for simulating the Dynamic Interface is
to use a simple rotor method (Blade Element Model) and add

the velocities from a steady or unsteady "frozen" ship wake.
This wake is computed separately, hence neglecting the effect
of the rotor on the wake.

The case of a rotor in "station-keeping" maneuver at one
rotor radius above the deck (just before touchdown) is chosen
and each �gure shows the 4 possible con�gurations: isolated
ship, isolated actuator disk in forward �ight, superposition of
the two cases and coupled simulation. As previously, two
wind angles are considered: 0 and red 12 degrees.

The superposition was performed by combining the �ow-
�eld variables point by point. The non-dimensional velocities
(u = [ u; v; w]T ) are written asu = U + ~u whereU is the
mean value and~u is the perturbation. Since the mean value is
identical for both case:

uSuperposition = U + ~uCP F + ~uAD (8)

With U = [1 ; 0; 0]T for the 0 degrees wind angle case, and
U = [cos(12); sin(12); 0]T for the red 12 degrees wind angle
case. The pressure and density are simply averaged locally

pcombination =
pCP F + pAD

2
(9)

� combination =
� CP F + � AD

2
(10)

The vorticity is then recomputed in each cases from the
new variables.

Figures 11 and 12 show iso-contours of vorticity with
streamlines and maps of the vorticity at the back of the rotor
for each of the 4 cases. The main charateristic of the isolated
ship wake (a) is the presence of the mixing layer that separates
the recirculation zone, made visible by the streamlines be-
hind the hangar, from the rest of the �ow that passes over the
hangar roof and on the side of the ship, generating two weak
contra-rotating vortices in the vicinity of the ship. The base-
line rotor (b) shows typical contra-rotating supervortices that
are convected downstream with very little weakening. The su-
perposition (c) shows the same �ow characteristics as the two
previous cases, with no visible coupling effects. However,
the coupled case clearly shows an interaction between rotor
and ship wakes: in particular, the velocity seen by the ac-
tuator disk is greatly reduced compared to the isolated case.
The supervortices are pushed further downward, where the
�ow is effectively blocked by the presence of the hangar, and
pair with vortical structures from the ship wake downstream.
While the isolated rotor shows well-con�ned vortical struc-
tures, the coupled case shows lower levels of vorticity, with a
larger spatial extent. The streamlines also suggest a recircu-
lation zone behing the hangar door reinforced by the effect of
the rotor blowing over the deck.

Results at 12 degrees (Figures 13 and 14) show a signif-
icantly different �ow�eld but similar conclusions: the super-
position case shows no differences with the rotor and ship
taken separately, the interactional effects are clearly visible
and the large vortex shed from the windward edge of the
hangar pairs with the rotor wake as the two vortices are co-
rotatings. The rotor vortex on the leeward side remains in
the zone of low velocity behind the hangar and is convected
slower downstream. The streamlines for the coupled case
again suggest a reinforced recirculation zone, which is not
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visible on the superposition case. The vorticity map for the
coupled simulation show a clear dissymmetry between the
two sides of the rotor: the aircraft operating behind the ship is
likely to experience important variations of loading and there-
fore increase the pilot worload and reduce power and control
margins.

4.2 Effect of the Rotor Thrust

The 12 degrees wind angle is reproduced with 4 times the
value of the thrust coef�cient, i.e.CUK

T = 0 :02936. Fig-
ure 15 shows the results in terms of vorticity for the isolated
ship and shipborne actuator disk atCUK

T = 0 :00734and
CUK

T = 0 :02936. The deck creates an effective blockage that
can be seen as a "partial ground effect" and forces the wake to
expand laterally. As a result, the wake remains closer to the
deck, in a zone of low velocity behind the hangar, showing
little supervortices, especially on the leeward side.

Although the simulations were steady and used a simpli-
�ed rotor model, this study of the coupling effect between a
rotor and ship wake suggests that the case of a rotor "station-
keeping" over the deck before touchdown can not be simu-
lated by superimposing the �ow�eld obtained for an isolated
rotor to the wake of the isolated ship.

The following section aims at estimating the extent of the
mutual in�uence between the ship and rotor wakes.

4.3 In�uence of the rotor position

Figure 16 shows the distribution of downwash velocity in the
region of the disk for 8 different positions of the actuator disk
at 0 degrees WOD angle. Important differences in terms of
downwash velocity are found between the inboard and out-
board regions of the disk, especially for upwind cases. This
suggests an important variation of rotor trim-state as the air-
craft maneuvers in this particular region, and therefore a cor-
responding action of the pilot and an increased workload.

At 12 degrees, (Figure 17) the distribution of velocity is
no longer symmetrical and the windward and leeward rotors
operate in very different �ow�elds: upwash with strong vorti-
cal structure on the windward side, downwash on the leeward
side

The upwind rotor, on the leeward side of the ship in
"station-keeping" at 9 meters can be seen as a worst-case sce-
nario as the rotor operates in a strong downwash, therefore
reducing the control and power margins.

The effect of the ship wake is stronger at 9 meters above
the deck but shows a signi�cant effect even at 15 meters, sug-
gesting that the interactional effect between the ship and the
helicopter extends outside the immediate vicinity of the ship.

To compare the relative strength of the rotor and ship
wakes, maps of the vorticity are plotted at the back of each
upstream actuator disk, demonstrating the impact of the rotor
on the ship wake (Figure 18). The baseline cases are given
for comparison and correspond to the ship airwake with no
actuator disk.

Overall, at the chosen thrust coef�cient, ship and rotor
wakes show similar levels of vorticity. At 0 degrees (left-
hand-side �gures), the blowing effect of the actuator disk
causes the ship wake to lose its symmetry and cases at 9
meters above the deck clearly show interaction between the

two wakes that is less sensible at 15 meters. However, and
for every case, the corresponding rotor and ship vortices are
contra-rotative, preventing them from pairing and therefore
limiting the interactional effects: in snapshot (c) and (d), the
rotor supervortex on the right-hand side of the disk rotatesin
the counter-clockwise direction while the left-hand side of the
ship wake rotates clockwise.

As mentioned before, the case of a rotor in upwind po-
sition on the leeward side of the ship is believed to be the
most demanding for the aircraft as the rotor is directly in the
vicinity of the ship, in a region of strong downwash that re-
duces signi�cantly the power and control margins of the air-
craft. This situation was chosen to assess the effect of the
rotor thrust: 3 different values of thrust are used (1, 2 and 4
times the thrust used for previous cases) atCUK

T = 0 :00734,
0:01468and0:02936. Figure 19 shows the results in terms of
vorticity magnitude. The vorticity clearly increases withthe
thrust as well as the interactional effect with the ship wake.
However, the in�uence remains limited to a region of the �ow
close to the rotor and does not extend enough upstream to
change signi�cantly the topology of the ship wake itself.

The actuator disk method is an ef�cient tool for captur-
ing the main �ow characteristics of coupled Ship/Rotor sim-
ulations. This study also shows that two-way coupled cal-
culations are necessary as they capture coupling effects that
are not represented by combination of the ship and rotor
wake. However, the use of steady calculations and a simpli-
�ed model of actuator disk that has been tuned to be represen-
tative of forward-�ying rotors may not be satisfactory for high
�delity simulations. To overcome the limitations of the actua-
tor disk model and predict accurate helicopter loads, coupled
simulations with fully-articulated rotor blades and helicopter
fuselage are necessary.

5 SHIPBORNE SEA-K ING ROTOR

This section reproduces the case of a rotor in "station-
keeping" at 1 rotor radius above the deck (i.e. just before
touchdown) using an unsteady simulation that includes a full
Sea-King rotor with �ve articulated blades.

5.1 Rotor Trimming

First, the isolated rotor is trimmed in terms of blade col-
lective and cyclic using the previous target thrust coef�cient
CUK

T = 0 :00734and zero moment in pitching and rolling
(�gure 20). The rotor assembly is assumed to be completely
rigid and therefore no blade �apping harmonics are applied.
The isolated rotor ran for 6 revolutions to reach a converged
state then was trimmed over 4 additional revolutions. The op-
eration is repeated for the shipborne rotor: after convergence
using the previous trim state (10th revolution), only 2 more
revolutions were necessary to adjust the trim state to the new
�ow conditions. The �nal trim state of both rotors is presented
table 4. The shipborne rotor is also re-trimmed to a new tar-
get thrust coef�cient ofCUK

T = 0 :01468, corresponding to
exactly twice the previous value, as for the actuator disk case.
This is refered to as "high-thrust" case in the following.

The values of collective and cyclic pitch� 0, � 1c, � 1s cor-
respond to the amplitude of the mean, cosine and sine com-
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ponents of a negative Fourier decomposition:

� = � 0 � � 1c cos 	 � � 1s sin 	 (11)

5.2 Shipborne Rotor Flow Topology

Figure 21 shows iso-contours and maps of vorticity for the
ship alone, rotor alone, ship and rotor combined using super-
position method and coupled calculation with a red 12 degrees
wind. The supervortices on each side of the isolated rotor are
clearly visible, as well as the signature of the blade tip vortices
in the rotor wake. The superposition method shows similar re-
sults as with the actuator disk study: the �ow topology after
superposition shows no additional effect due to an interaction
between the two wakes. In case of a coupled simulation, the
super-vortices seem to be altered by the ship wake and do not
live long enough to be convected with the ship wake.

Maps of vorticity show a slice of the rotor wake with val-
ues of vorticity and a wake topology similar to the actuator
disk cases. The rotor wake appears to be signi�cantly stronger
in terms of vorticity than the ship wake for this rotor location
and therefore the effect of the rotor onto the ship wake is ex-
pected to be strong, ruling out the use of the superposition
method.

The high-thrust case presented in �gure 21(e) shows an
increase of vorticity in the wake. The wake is also pushed
further down underneath the rotor but the �ow topology re-
mains similar.

Figure 22 shows a comparison of the �ow topology with
an actuator disk and a fully-articulated rotor at the same
position over the deck. Differences are found in terms of
�ow topology, especially in the recirculation zone behind the
hangar that is located further downstream in the rotor calcu-
lation. The isolated rotor �ow is added for comparison and
shows signi�cant differences with the shipborne rotor case
in terms of downwash intensity. The effect of the blade tip
vortices is also visible on both isolated and shipborne rotors.
The downwash intensity is also much stronger in the high-
thrust case, the wake extends further and the ground effect is
expected to play a more important role in this case.

Figures 23 and 24 show maps of downwash velocity
through the rotor disk for an isolated rotor, shipborne actu-
ator disk and 4 different azimuthal positions of the shipborne
rotor. The ship hull is outlined when the ship is present in the
simulation.

The difference in in�ow distribution due to the ship is vis-
ible and will impact directly the rotor capabilities by changing
the angle of attack seen by the blades (See 5.3). The actua-
tor disk method shows good agreement in terms of downwash
distribution across the disk.

The surface �ow topology is presented �gure 25 using
streamlines and pressure contours on the deck. Firstly, a re-
circulation zone is located behind the hangar and reattaches
in the middle of the deck, showing a rise of pressure on the
deck. This pressure rise is more important and extends further
with the presence of the rotor blowing over the deck. The �ow
presents some small features such as the vortex starting from
the port side of the deck behind the hangar that disappears in
the presence of the rotor.

5.3 Rotor Loading

Actuator disk methods assume a �xed rotor loading, which
has been tuned for forward-�ying rotors. Rotor calculations
permit to determine the actual rotor loading for any �ight con-
ditions, it is therefore possible to compare isolated and ship-
borne rotor loadings.

Figures 26, 27 and 28 show the distribution of loading
for an isolated rotor in trimmed forward �ight, the same ro-
tor, under the same conditions, behind the Canadian Patrol
Frigate and after a second trimming in the ship wake. There
are signi�cant differences in terms of thrust on the front and
starboard side of the disk, where the downwash behind the
hangar tends to decrease the angle of attack of the blades. On
the port side, the upwash caused by the side-wind deviated
by the hull maintains a high loading. This is consistent with
pilot feedbacks that indicate a roll-off behaviour of the air-
craft when entering the region of the �ow directly behind the
hangar [39]. The second trimming imposes a higher collec-
tive to balance the loss of thrust and changed both the sine and
cosine terms to restore the rotor balance in terms of pitch and
roll moments. The fourth element of each �gure corresponds
to the high-thrust case. The observed distributions of normal
force, pitching moment and torque coef�cients are similar,al-
though with less variations around the azimuth.

Results obtained for the shipborne rotor show a diminu-
tion of thrust of about 18% compared to the isolated rotor in
forward �ight at the same trim state. This is consistent with
the observations of Zan [38] that showed a reduction of about
10% for the headwind case and a further diminution when the
rotor was located in the leeward side of the ship with a 12
degrees wind angle.

6 CONCLUSIONS AND FUTURE WORK

Numerical simulation of shipborne rotors have been con-
ducted using the simpli�ed actuator disk method and a fully
articulated Sea-King rotor. Results show similar levels of
wake intensity between the rotor and ship wake and an im-
portant dependance of the �ow�eld to wind angle as well as
rotor position. In cases where the rotor is located directly
in the vicinity of the ship, the two wakes encounter, which
leads to signi�cant coupling effects. URANS and DES mod-
els show similar topology and levels of vorticity for the iso-
lated ship, validating the URANS model for the simulation
of ship �ows. Further calculations were performed using the
models, in a steady or unsteady fashion, but using coarser
grids that showed mainly the steady �ow characteristics and
little unsteadiness.

Some �ight simulations use direct superposition of the ro-
tor and ship wake, hence neglecting the effect of the rotor on
the wake. To assess the validity of such method, the coupled
wake was compared with the result of a direct superposition.
The superposition did not model the interactional effect ofthe
two wakes that lead to the formation of larger vortices behind
the rotor.

The results obtained showed that steady simulations with
an actuator disk model permit to predict reasonably well the
main �ow characteristics. The limitations of the actuator disk
model can be overcome by using full rotor blades and un-
steady calculations, albeit at a greater computational cost.
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The rotor loading can then be calculated and the trim state
tuned to achieve steady �ight. The results showed signi�cant
differences in rotor loading for the same �ight conditions be-
tween the rotor in isolated forward-�ight and in the vicinity
of the ship. The leeward side of the deck sees a downwash
from the hangar rooftop to the deck which reduces the load-
ing while the windward side bene�ts from the upwash due to
the wind impinging the hull. The resulting changes in forces
and moments have to be balanced by an action of the pilot and
contribute to the total workload. The global effect of the ship
wake is a diminution of almost 20% in rotor thrust and this is
consistent with the published experimental data [38].

To enhance the realism of the simulations, a �ight me-
chanics method is being implemented in HMB. The demon-
stration and validation of this code for the simulation of
freely-�ying aircraft and the application to the case of a ship
landing maneuver is part of the future work.
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Figure 1: Geometries of the Simple Frigate Shape models and the Canadian Patrol Frigate used for the present work.

Figure 2: Distribution of loading as function of radius for advancing (	 = �
2 ) and retreating (	 = 3�

2 ) blades.
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(a) (b)

Figure 3: Views of the grids used for actuator disk simulations. (a) overview and (b) close view on the re�ned grid showingthe
position of the actuator disk.

(a) (b)

Figure 4: Views of the grids used for rotor calculations. Therotor grid is identical for both cases and consists of a drum that is
embedded in a background grid (a) for isolated forward-�ying rotor calculations, or the ship grid (b) for shipborne simulations.
Sliding planes are used to interface the two grids.
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Figure 5: Sliding plane interfaces for the shipborne rotor grid. The rotor drum is embedded in the ship grid using three sliding
planes (in red) and the ship grid itself is included in a background grid via two sliding planes (in green).

(a) (b)

Figure 6: Instantaneous (a) contours of iso-vorticity
 mag = 6 and streamlines and (b) map of vorticity for isolated ship using
Detached eddy Simulation, at 12 degrees WOD

(a) (b)

Figure 7: Instantaneous (a) contours of iso-vorticity
 mag = 6 and streamlines and (b) map of vorticity for isolated ship using
Unsteady RANS calculation, at 12 degrees WOD
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Figure 8: Non-dimensional velocities as function of time ata point centered over the deck using URANS and DES models.

(a) URANS (b) DES

Figure 9: Comparison between URANS and time-averaged DES �ow topologies over the CPF deck.

(a) URANS (b) DES

Figure 10: Comparison between URANS and time-averaged DES downwash distribution over the CPF deck.
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(a) Isolated ship (b) Isolated actuator disk

(c) Superposition actuator disk and ship wakes (d) Actuator disk on ship

Figure 11: Iso-vorticity
 mag = 2 of isolated ship, isolated actuator disk, shipborne actuator disk and superposition of isolated
AD and ship at 0 degrees WOD,CT = 0 :00734

(a) Isolated ship (b) Isolated actuator disk

(c) Superposition actuator disk and ship wakes (d) Actuator disk on ship

Figure 12: Maps of vorticity at back of the disk of isolated ship, isolated actuator disk, shipborne actuator disk and superposition
of isolated AD and ship at 0 degrees WOD,CT = 0 :00734
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(a) Isolated ship (b) Isolated actuator disk

(c) Superposition actuator disk and ship wakes (d) Actuator disk on ship

Figure 13: Iso-vorticity
 mag = 2 of isolated ship, isolated actuator disk, shipborne actuator disk and superposition of isolated
AD and ship at 12 degrees WOD,CT = 0 :00734

(a) Isolated ship (b) Isolated actuator disk

(c) Superposition actuator disk and ship wakes (d) Actuator disk on ship

Figure 14: Maps of vorticity at back of the disk of isolated ship, isolated actuator disk, shipborne actuator disk and superposition
of isolated AD and ship at 12 degrees WOD,CUK

T = 0 :00734
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(a) Isolated ship wake

(b) Coupled simulation atCUK
T = 0 :00734

(c) Coupled simulation atCUK
T = 0 :02936

Figure 15: Iso-vorticity
 mag = 2 and maps of vorticity at the back of the actuator disk of isolated ship and shipborne actuator
disk at two different thrust coef�cients, 12 degrees WOD
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(a) 9 meters above deck (b) 15 meters above deck

Figure 16: Contours of dimensionless velocity projected ona direction normal to the deck for 8 different positions of the actuator
disk, at 0 degrees WOD.

(a) 9 meters above deck (b) 15 meters above deck

Figure 17: Contours of dimensionless velocity projected ona direction normal to the deck for 8 different positions of the actuator
disk, at 12 degrees WOD.
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(a) Baseline, 0 degrees (b) Baseline, 12 degrees

(c) 9 meters, portside, 0 degrees (d) 9 meters, portside, 12 degrees

(e) 9 meters, starboard, 0 degrees (f) 9 meters, starboard, 12 degrees

(g) 15 meters, portside, 0 degrees (h) 15 meters, portside, 12 degrees

(i) 15 meters, starboard, 0 degrees (j) 15 meters, starboard, 12 degrees

Figure 18: Maps of vorticity behind the ship for upstream cases. (a)(b) Baseline case (no actuator disk).
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(a) CUK
T = 0 :00734

(b) CUK
T = 0 :01468

(c) CUK
T = 0 :02936

Figure 19: Maps of vorticity and iso-contours
 mag = 2 behind the ship at the back of an upwind, leeward actuator disk at 9
meters above deck, 12 degrees WOD for 3 different thrust coef�cients.

(a) Isolated rotor (b) Shipborne rotor

Figure 20: Curves of thrust, pitch and roll moments coef�cients used by the trimmer (average value over 1/5th of a revolution)
for the isolated and shipborne rotors, compared with their respective target values.
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(a) Isolated ship

(b) Isolated rotor

(c) Superposition

(d) Coupled

(e) Coupled at high thrust

Figure 21: Contours of iso-vorticity
 mag = 6 with streamlines and maps of vorticity for isolated ship, isolated SeaKing rotor,
superposition and coupled cases at 12 degrees WOD,CT = 0 :00734
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(a) Actuator disk (b) Isolated rotor

(c) Shipborne rotor (d) Shipborne rotor at high thrust

Figure 22: Slice of z-velocity normalised by the streamwisevelocity with streamlines for actuator disk, isolated Sea-King rotor,
shipborne rotor atCUK

T = 0 :00734and shipborne rotor atCUK
T = 0 :01468.
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(a) Isolated SeaKing Rotor (b) Shipborne Actuator Disk

Figure 23: Maps of non-dimensional downwash velocity in a z-plane crossing the rotor disk.CUK
T = 0 :00734

Figure 24: Maps of non-dimensional downwash velocity in a z-plane crossing the rotor disk.CUK
T = 0 :00734
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(a) Isolated ship

(b) Ship with SeaKing rotor atCUK
T = 0 :00734

(c) Ship with SeaKing rotor atCUK
T = 0 :01468

Figure 25: Surface streamlines in the region of the deck for isolated ship and coupled case at two different thrust coef�cients.
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(a) Isolated rotor (b) Shipborne rotor

(c) Shipborne rotorCUK
T = 0 :00734 (d) Shipborne rotorCUK

T = 0 :01468

Figure 26: Normal force coef�cientM 2CN for (a) isolated rotor, (b) shipborne rotor and (c,d) shipborne rotor after retrimming
for two thrust coef�cients.
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(a) Isolated rotor (b) Shipborne rotor

(c) Shipborne rotorCUK
T = 0 :00734 (d) Shipborne rotorCUK

T = 0 :01468

Figure 27: Pitch moment coef�cientM 2CM for (a) isolated rotor, (b) shipborne rotor and (c,d) shipborne rotor after retrimming
for two thrust coef�cients.
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(a) Isolated rotor (b) Shipborne rotor

(c) Shipborne rotorCUK
T = 0 :00734 (d) Shipborne rotorCUK

T = 0 :01468

Figure 28: Torque coef�cientM 2CQ for (a) isolated rotor, (b) shipborne rotor and (c,d) shipborne rotor after retrimming for two
thrust coef�cients.
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Authors Year Models
Grid size (in
million cells)

Solver Method

G.F. Syms [30] 2008 SFS2 PowerFlow Lattice-Boltzmann - VLES.

J.S. Forrestet al. [5,
11]

2009-
2010

SFS2, Type-
23

Fluent
Finite-volume Navier-
Stokes, DES turbulence
model

G.F. Syms [29] 2004 CPF 0.9 CFD-ACE
Structured Navier-Stokes,
steady, k � � turbulence
model

S.A. Polsky et al.
[18]

2003 LHA 4 Cobalt
Unstructured Navier-Stokes,
RANS and LES

N.H. Wake�eld et al.
[34,35]

1999-
2002

SFS CFX
Navier-stokes 2D and 3D
steady, Actuator Disk

G. Rajagopalanet al.
[20]

2005 LHA, CH-46 3.4 Rot3DC
Unsteady Navier-Stokes,
Actuator Disk

E. Alpman et al. [1,
3]

2007 LHA, UH-60
1.35 (hangar),
0.85 (LHA)

PUMA2
(CFD) / Gen-
hel (�ight
dynamics)

Navier-Stokes URANS /
BEM, In�ow model, Pilot
model

Polskyet al. [17, 19,
31]

2006-
2012

LHA, DDG,
F-18, V22,
JSF

10 to 29 Cobalt
Unstructured Navier-Stokes,
LES, Actuator disk

Table 1: Summary of ship airwakes and shipborne rotors numerical studies

Authors Year Models Experimental data

B.T. Cheney, S.J. Zan [4,37]
1999-
2001

1:100 SFS2 / 1:60 SFS1 Flow visualisation

Y.A. Nacakliet al. [15] 2011
1:50 SFS1 + four-bladed
propeller

PIV measurements

R.G. Lee, S.J. Zanet al. [13,14,38,
40]

1999-
2005

1:50 CPF, four-bladed rotor,
Sea-King fuselage and rotor

Unsteady loads measure-
ments

G.K. Yamauchiet al. [10,20,24,33,
36]

2003-
2005

1:48 LHA and V-22,CH-
46,CH53 models

PIV and loads measure-
ments.

Table 2: Summary of ship airwakes and shipborne rotors experiments
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Variable Exp. values CFD Full-scale values
isolated rotor ship and rotor

Ship length 2.68 m - 134.1 134.1 m
Ship beam 0.328 m - 16.4 16.4 m
Rotor chord � 2 cm 1 0.344 0.5 m
Rotor diameter 28 cm 20.33 14.0 20.33 m
V1 19 m/s 1 (non-dim) 1 (non-dim) � 50 knots
Remeters 1.3M 440,000 500,000 1.7M
Rebeam 424000 - 8.2M 28M
Rechord 12,400 150,000 172,000 600,000
Retip 105000 1.27M 1.46M 5.0M
M 1 0.055 0.055 0.055 � 0.07
M tip 0.466 0.466 0.466 � 0.64
� 0.118 0.118 0.118 0.118

Table 3: Comparison of �ow conditions corresponding to wind-tunnel experiments, CFD calculations and full-scale equivalent.

Variable Isolated rotor trim state Shipborne rotor trim sta te Difference
� 0.118 0.118
CUK

T 0.00734 0.00734
Cpitch

M � 0 � 0
Croll

M � 0 � 0
CQ 0.00162 0.00173 6.79%
� 0 4.885 5.852 19.8%
� 1c -1.558 -1.596
� 1s 0.806 0.521

Table 4: Values of the rotor characteristics after isolatedand shipborne trimming.

Case � 0 � 1s � 1c

Isolated rotorCUK
T = 0 :00734 4.885 0.806 1.558

Shipborne rotorCUK
T = 0 :00734 5.852 0.521 -1.596

Shipborne rotorCUK
T = 0 :01468 12.522391 1.656754 -3.241754

Table 5: Values of the estimated rotor trim states for the 2 values ofCUK
T tested.
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