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Rotor aerodynamics is important for rotary-wing aircraft especially those located in naval
surface combatants. The aerodynamic interaction between the helicopter, its rotor and the
ship structure should be investigated precisely. This study focuses on the aerodynamic perfor-
mance of four-blade rotor geometry of Sikorsky S-76 helicopter. The main rotor geometry was
analyzed numerically in the free condition in an unbounded flow domain. Unsteady Reyn-
olds-Averaged Navier-Stokes (URANS) equations in rigid body motion (RBM) on unstruc-
tured grids were solved by discretizing the computational domain with finite volume elements
and using the Shear-Stress Transport (SST) k-w turbulence model. The numerical approach
was verified using the GCI method and validated with the relevant data available in the litera-
ture. It was found that in hover condition, non-dimensional thrust and the torque coefficients
change slightly with the rotation speed of the rotor due to possibly the collective pitch angle.
However, whereas the torque coefficient varies slightly with rotor speed, the thrust coefficient
fluctuates substantially.
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INTRODUCTION Such studies can traditionally be performed by three dif-

Ship aerodynamics is a crucial research area that com- ferent approaches: experimental, numerical, and on-site

bines naval architecture and aerospace engineering. Given studies. The latter one includes the recovery maneuvers by

the ship’s large superstructure, which includes electronic
devices, radars, weapon systems and masts, understand-
ing the airflow around it becomes significant for the fixed/
rotary wing aircraft operating within the ships airwake.
This brings to light the interaction between the ship, the
helicopter, and its rotor. In this regard, several studies can
be found in the open literature enlightening the rotor aero-
dynamics and its interaction with the ship superstructure.
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the pilots during the take-off and landing operations while
experimental studies are performed in wind tunnels and/or
towing tanks with scaled models. Finally, numerical stud-
ies leverage computational fluid dynamics (CFD), wherein
governing flow equations are solved utilizing models repre-
senting helicopter-ship dynamic interference or a hovering
main rotor operating near ship structures [1].
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For helicopter operations, the hovering capability is of
paramount importance, and it also imposes constraints
on design, particularly in terms of power requirements.
Aerodynamics theorists have proposed several wake mod-
els to predict hover performance such as one-dimensional
(1D) momentum theory or disc actuator theory, blade ele-
ment momentum theory, BEMT (an improved version of
the 1D momentum theory), dynamic-inflow (finite-state)
model, prescribed-wake model, free-wake model. The
latest advancements have led to the implementation of
an improved model known as the wake-capturing model,
which serves as a high-fidelity computational fluid dynam-
ics (CFD) method [2].

The ship-helicopter interaction during the hovering was
investigated numerically by Wakefield et al. [3] for the heli-
copter rotor. Only the main rotor of Westland Lynx aircraft
was considered. The rotor was located over the center point
of the flight deck of the generic ship called Simple Frigate
Ship (SES) under the wind speed of 40 knots. The studies
were performed for the headwind, the wind approaching
from a beam of the ship on the starboard side at 90°. The
studies proved that CFD solutions are generally able to pre-
dict large-scale flow phenomena. Lee and Zan [4] investi-
gated the interaction of the rotor and ship experimentally.
Canadian Patrol Frigate and CH-124 helicopter fuselage
were used, and the rotor of the helicopter was located at
different hover positions. Interaction that results from
complex flow field between the main rotor wake and the
fuselage of a model helicopter was experimentally investi-
gated by Gregorio et al. [5] with the aid of Particle Image
Velocimetry (PIV) in a low-speed wind tunnel. They con-
sidered the isolated ONERA 7AD fuselage with a rotating
hub without blades and the fully equipped helicopter model
with a four-bladed rotor for a wide range of mission enve-
lopes. All tests were done with a constant rotor speed of 956
rpm (revolution per minute). It was shown that the rotor
wake has a strong influence on the fuselage and its drag.
Different wind angles were investigated and a wind enve-
lope was obtained. In the study of Barakos et al. [6], rotor
effects were investigated numerically using the Canadian
Patrol Boat (CPB). When the actuator disc method was
used, coupling effects were observed in the positions where
the rotor was close to the ship. These effects do not appear
in the superposition method. Results compared with exper-
imental data showed that rotor loads vary between close-
to-deck flight and forward flight. In another study [7], the
authors performed numerical calculations to determine
the helicopter rotor effects for the Canadian Patrol Frigate.
By solving the Navier-Stokes equations using the actuator
disk method, the airwake around the helicopter and rotor
was simulated. As a result, it was shown that different air
loads can occur on the helicopter fuselage close to the deck.
Jain and Potsdam [8] focused on the validation of the S-76
model-scale rotor through Computational Fluid Dynamics
(CFD) using the HPCMP CREATETM-AV Helios software
suite. High-resolution, time-accurate simulations were

conducted for various collective angles and two different
tip Mach numbers. The obtained results, encompassing
performance, air loads, and tip-vortex trajectory data, were
compared to test measurements. Excellent agreement was
observed for the entire range of collective angles studied.
In a thesis work [9], the author investigated the airwake
flow problem for the SFS2 model using RANS and Large
Eddy Simulation (LES) solver. The ship model was simu-
lated in different positions using the ship motion data of
similar-sized ships available in the literature. Following
this, the helicopter rotor effect was simulated with an actu-
ator disc for different deck inclination angles. Perera et al.
[10] studied the aerodynamics of the helicopter rotor of Bell
212 helicopter consisting of a 2-blade NACA 0012 airfoil
profile. The study was carried out in three stages. Hover,
vertical and forward flight conditions were analyzed by the
blade element method and momentum theory. SST k-epsi-
lon was used as the turbulence model in the study. Shi et al.
[11] focused on the numerical investigation of a helicopter
landing on a shipboard. They used two methods for model-
ing rotor effects. First, the steady rotor model (SRM) based
on the momentum source approach was utilized. The other
model is the unsteady rotor model, which is derived from
the moving overset mesh. It was observed that both mod-
els can capture complex interactions well. Sahbaz et al. [12]
investigated the effects of ground effect on helicopter per-
formance. It is demonstrated experimentally and numeri-
cally that the same thrust can be obtained with lower power
consumption by changing the flow thrust value from the
ground to the blades. In addition, the study was repeated
using rotating ground. The rotating floor eliminated the
advantages of the ground effect and created a chaotic struc-
ture. As a result of the movement of the ground, unsym-
metrical vortexes were formed. This was shown to be risky
for helicopter operations. Abras et al. [13] analyzed the
effects of the mesh algorithm on the hover condition using
the S-76 main rotor. Also, the effects of the rotor hub on
the performance were investigated. It was reported that the
effect of hub-induced effects is small and the blade tip grid
refinement and leading edge and trailing edge grid refine-
ment have greater effects on the results. In the study of Tan
et al. [14], blade aerodynamics and unsteady air loads for
a tandem rotor of a CH-46 helicopter were numerically
investigated using the panel method. Surface effects were
calculated on the model scale Landing Helicopter Assault
(LHA) ship. The results were compared with the experi-
mental results of NASA Ames Research Center. It was dis-
covered that the vertical velocities determined by numerical
calculations matched those of the experiments. Kara et al.
[15] investigated time step size and sub-iterations on the
integrated parameters for a four-bladed Sikorsky S-76 rotor
by higher order Galerkin off-body discretization method to
solve flow equations on unstructured meshes. The numeri-
cal studies were performed for the Reynolds number based
on the reference chord (Re=1.2x10°), the tip Mach num-
ber of Ma=0.65 and the rotations of 1/2° 1/4° and 1/10°. It
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was found that smaller time steps speed up the convergence
rates however, the thrust coefficient does not change con-
siderably with time steps. In their study, Barakos et al. [16]
discussed the rotor wakes using the rotor momentum the-
ory. Three-dimensional (3D) load effects and tip losses were
determined by the actuator disc method. Numerical studies
using the SST k-w model were performed for fully turbu-
lent flow. As a result of numerical studies with the actua-
tor disk, the vortex structures around the rotor disk were
modeled precisely. The study of Bardera et al. [17] focused
on the helicopter rotor-ship interaction experimentally.
PIV measurements were obtained for various scenarios by
mimicking the rotor effect of a Sea King navy helicopter
on a frigate. The helicopter rotor was placed in different
positions to investigate the ground effect on the helicopter’s
performance. Ibacoglu and Arikoglu [18] developed a new
methodology for main rotor blades and investigated their
performance and structural characteristics by considering
several parameters. They validated their numerical and
experimental data with the test results of Sikorsky UH-60
and S-76 helicopters for hover and forward flight conditions
at 750 constant rpm. Upon good agreement, it was shown
that by means of the developed methodology thousands of
concepts can be evaluated in a very short time. Effect of
blade tip shape of four-bladed and Mach scaled Sikorsky
S-76 in hover condition was studied in terms of rotor per-
formance, blade airloads, tip-vortex strength and positions
[2]. They tested Spalart-Allmaras and SST k-omega turbu-
lence models and implied that both are consistent with the
experimental data at all thrust levels.

This study is centered on the numerical investigation
of helicopter rotor aerodynamics in free conditions. Unlike
fixed-wing aircraft, helicopters are more intricate, relying
on a single component known as the rotor for lift, thrust,
and control [18]. Consequently, understanding rotor aero-
dynamics is paramount. In this context, a Sikorsky S-76
four bladed rotor geometry was used. The rotor was ana-
lyzed in hover conditions at various rotor velocities and one
headwind (40 knots) wind velocity, crucial for maneuvers
involving descending and suspending. Numerical analy-
ses were conducted using commercial CFD software with
URANS equations as governing equations. The numer-
ical uncertainty was determined using the GCI method
with respect to grid size. Rotor parameters were acquired
at different advance ratios of the rotor blade and 40 knots
relative wind velocity, and results were validated for hover
conditions at maximum rotor revolution using available
data from the literature. Finally, the numerical results were
discussed in terms of rotor rpm versus non-dimensional
thrust force, providing detailed insights into the effects of
varying rotor and wind velocities.

In some rotor aerodynamic studies, it is seen that the
interaction between ship and rotor is frequently analysed.
Ashok and Rauleder investigated the complex aerodynamic
interactions between the rotor and ship airwakes during
the landing of rotorcraft on ship decks. Conventional

simulations of one-way couplings, in which the rotor reacts
to the ship’s airwake but not the other way around, may
overlook important events, particularly when the ship is
moving. This work used a Graphics Processing Unit (GPU)
accelerated Lattice-Boltzmann Method for one- and two-
way coupled ship-rotorcraft interactional simulations,
using the NATO Generic Destroyer as a model. The results
demonstrated clear frequency profiles and differences in
closed-loop pilot response between one-way and two-way
coupling schemes, and they agreed well with wind tunnel
measurements [19]. Fernandez et al. examined the unsta-
ble aerodynamic loading on a helicopter within the airwake
of a typical destroyer undergoing different ship motions.
The study takes into account several modeling methodol-
ogies and finds very slight variations in helicopter loads
among various motion kinds. Nevertheless, in instant load
and air-velocity spectra as well as RMS (root mean square)
loads, the effects of ship motion are particularly notice-
able. Thrust load spectra show dominant peaks and har-
monics at the ship motion frequency, especially in normal
2-DOF(degree of freedom) ship motions and sinusoidal
pitching. These results elucidate the links between ship
airwake and helicopter loading and their effects for flight
operations, offering fundamental insights into the interplay
between the turning rotor and the moving ship[20].In order
to study the aeroelasticity of a rotor in shipboard helicopter
operations, Yu et al. developed a loose coupling model for
computational fluid dynamics and computational struc-
tural dynamics (CFD/CSD). This model uses a CFD solver
based on Reynolds-averaged Navier-Stokes (RANS) equa-
tions and a CSD solver based on the moderate deflection
beam model to predict the aeroelastic behavior of the rotor
during engagement and disengagement with ship motions.
The efficiency of the simulation is verified through com-
parison with experimental data. According to the analysis,
elastic deflection has a substantial effect on the aerody-
namic forces of the blades under certain wind-over-deck
situations. Increasing wind direction and angles may result
in considerable negative elastic twist deflection, which
increases the possibility of a decline in aerodynamic forces
and possible over deflection [21]. Zamiri and Chung aimed
to explore the impact of wind direction and the bow section
of a ship on turbulent flow characteristics in the airwake
during shipboard operations, employing delayed detached
eddy simulation (DDES). Numerical simulations were con-
ducted with two ship models, Simple Frigate Shapes 1 and
2 (SPF1 and SFS2), at a scale of 1:12.5, considering seven
wind direction angles. The DDES results were validated
against experimental data from Kulite pressure sensors and
Particle Image Velocimetry (PIV) sensors at various ship
deck locations. The findings indicated minimal influence of
the ship’s bow on both the airwake flow and deck flow-field.
However, an increase in wind direction angles correlated
with elevated turbulent kinetic energy, heightened asym-
metry in the flow-field, and increased pressure fluctuations
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and unsteadiness over the ship deck, underscoring the sig-
nificance of these factors in shipboard operations [22].

COMPUTATIONAL METHOD

This paper specifically delves into the rotational behav-
ior of a helicopter rotor equipped with four blades under
hover and headwind conditions. Hovering, a crucial phase
preceding a helicopter’s landing on the ship’s flight deck,
entails maintaining a constant position. During this phase,
the lift and thrust generated by the rotor system counteract
the weight and drag forces acting in the opposite direction.
In addition to this, a headwind condition was considered
as 40 knots considering the effects of the ship and wind
together.

In the current work, it is assumed that the rotor is fully
rigid and isolated, and it is hovering out-of-ground. The
numerical setup consists of the computational domain,
boundary conditions, grid generation and physics model-
ing. The details of each process are given below.

Rotor Geometry

The rotating rotor under investigation in the present
study is the one used on the Sikorsky S-76 helicopter. The
Sikorsky S-76 is a medium-sized helicopter suitable for
marine operations and hence used by many navies. Table
1 gives some of the features of the rotor used on Sikorsky
S-76. The 3D CAD (computer-aided design) model gen-
erated using the data extracted from the report [23] is
given in Figure 1. As stated in Table 1, the rotor blades use
SC1013R8, SC1095R8 and SC10954 airfoils.

The rotor used on the Sikorsky S-76 consists of four
blades with a blade radius of 6.7056 m. The full-scale model

Table 1. S-76 main rotor particulars [23], with permission
from Frontiers

Parameter Value

Rotor diameter (m) 13.4112

Rotor solidity 0.0748

Number of blades 4

Airfoil sections SC1013R8, SC1095R8, SC10954
Rotor area (m?) 141.262

Rotor velocity (RPM) (100%) 293

Rotor tip velocity (m/s) (100%) 205.747

of the rotor was used in the present study. As shown in
Figure 1, the rotor tip was taken as rectangular.

Governing Equations

The numerical analyses were conducted using commer-
cial CFD software Star CCM+ developed by Siemens PLM
to solve URANS equations. The governing equations are
the continuity and the momentum equations [24,25] con-
sidering the flow is unsteady, incompressible and turbulent.
The continuity equation can be given as:

o _,
6xl- B (1)

The mean momentum equations can be written in ten-
sor notation and Cartesian coordinates.

aui+U au; 16P+ a an+6Uj ouju)
at J ox; T pox 0x; v ox;  0x; 0x; 2)

airfoil airfoil
SC1013R8 transition SC1094A8 transition SC1095
| e | N
TOP VIEW
0.19R SIDE VIEW
(a)
(b) ()

Figure 1. The rotor blade airfoil and chord distributions from [2] (a), 3D view of one blade (b) and rotor configuration (c)

of Sikorsky S-76.
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Here, p depicts the fluid density, kg/m? U, is the veloc-
ity, m/s; P represents the pressure, Pa; v is the kinematic
viscosity, m*/s. The last two terms belong to the viscous
stress tensor and Reynolds stress tensor, respectively. The
details about Reynolds stress tensor (i.e., Tu]’ can be found
in the studies of Wilcox in detail [26,27]. The numerical
study performed by [2] compares the performance of both
Spalart-Allmaras (SA) and shear stress-transport (SST)
k-omega study reveals that both SA and SST k-omega can
compute accurately the thrust generated by the rotor blades
used in Sikorsky S-76. Hence, the SST k-omega turbulence
model was employed in the present study. The governing
equations of the SST k-omega turbulence model are pre-
sented below.

ok 9, 0 k

+U—= (+ *k)a + P, — Bk (3)
a0, T o, |\ W) T Bk
6w+U6k_6 ( + k)6w+ wP+ 2+Ud6k6w
o e, "o, \"T e, | TR po w 0, 0, (4)

Where P, is the production rate of the turbulent kinetic
energy and other parameters are the closure coefficients
[26,27].

Mesh and Physics Modeling

The 4-bladed rotor was placed in two co-axial cylin-
drical domains in which the inner one is small while the
outer cylinder is quite large as shown in Figure 2. Inspired
by the approach used for open water propeller and ship
self-propulsion analyses [28,29], the large outer region is
kept motionless (static) while the small inner one is rotat-
ing with a predefined rotational velocity. Figure 2 shows
the inner and outer cylinder domains non-dimensionalized
with rotor diameter.

2.250

1.2¢ 3.750

220

059

4759

Figure 2. Domain dimensions.

Velocity Infet

z

-~

Symmetry
Symmetry

Pressure Outiet

Figure 3. Boundary conditions applied on the surfaces

As given in Figure 3, the top surface of the computa-
tional domain is set as a velocity inlet while the bottom
surface is defined as pressure outlet. The remaining outer
surfaces of the domain is considered as symmetry. The
rotor blades, the hub and the shaft surfaces are dictated to
be wall that satisfies the no-slip boundary condition. As can
be seen, the working domain is large enough to prevent any
backflows.

The computational domain was discretized with
finite-volume hexahedral elements. The trimmer mesh
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Figure 4. Mesh structure of the computational domain.

algorithm provides a fully hexahedral grid structure. Local
mesh refinements were utilized around the rotor blades and
the rotating region. Figure 4 shows the mesh structure on
the computational domain and local refinements around
the rotating region.

Since the flow was considered 3D, turbulent and incom-
pressible, the appropriate turbulence model (SST k-omega)
was chosen and the unsteady RANS equation was solved in
an unsteady manner. The time step size was calculated with
the assumption that the rotor rotates 5° per time step. The
Rigid Body Motion (RBM) approach was employed for the
rotor rotation with a constant rotational velocity.

NUMERICAL RESULTS

Verification Study
The numerical analyses were conducted using a dense
mesh algorithm and time step size. However, the numerical

Table 2. Grid numbers

Region Fine Medium Coarse
Rotating 3441822 2259387 1292620
Static 1134939 430333 173233

Total 4576761 2689720 1465853

Table 3. Spatial uncertainty values for both cases

Parameter Values for 0 knot Values for 40 knot
Nﬂne 4576761 4576761

. 2689720 2689720

Nooree 1465853 1465853

Bine (N) 7020.00 33104.80

D, i (N) 6537.32 31558.07

B couree (N) 6928.51 38552.59

Uy (%) 6.52 2.89

approach needs to be verified to determine the numerical
uncertainty. In this study, the grid number was verified in
terms of spatial uncertainty since the time step size was
kept constant as the rotor is rotating 5 degrees per time
step. The verification study was made for the rotor at hover
condition, so the free stream velocity was considered as 0
knot. Following this, the uncertainty study was extended
to headwind condition considering the velocity as 40 knot.
The rotor was rotating at 293 rpm (100 % condition) for
both conditions.

The numerical uncertainty was obtained using the well-
known Grid Convergence Index (GCI) method. The method
was based on Richardson extrapolation [30] and proposed by
Celik et al. [31]. This method is widely used in ship hydro-
dynamics and aerodynamics studies [32,33] and suggested
by AIAA [34]. Details of the GCI method can be found in
Praveen et al. [32]. The uncertainty was checked whether
it has a monotonic or oscillating convergence [35]. Table
2 shows the grid numbers of each grid spacing. Here, fine,
medium, and coarse grid numbers were obtained by consid-
ering the refinement ratio as V2. Since the numerical results
of both velocities show oscillating convergence or diver-
gence, the three-set GCI method was found inappropriate
for this study. Thus, two-set GCI was employed for the spa-
tial uncertainty calculation using fine and coarse grids. The
details of this approach were given in a recent study [36]. The
verification results are given below in Table 3 and 4.

One may see that the spatial uncertainty for the hover
condition (0 knot) was about 6.5% and 3% for the head-
wind condition (40 knot).

Validation Study

Following the verification study, the numerical method
should be validated with the available experimental data
in the literature. The literature consists of experimental
and numerical data [2,8]. The experimental results are of
wind tunnel tests with and/or without helicopter fuselage.
The numerical results are of an in-house developed code
focused on helicopter rotor aerodynamics.

Validation of the numerical method was achieved for
the hover condition at 293 RPM. The collective pitch angle
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Table 4. Validation study at (M= 0.6).

Parameter  Experimental HELIOS  Present study
crlo 0.036 0.040 0.0347
colo 0.0026 0.0029 0.0039
FM 0.493 0.517 0.3068

of the rotor blades is 5° at 75% blade section (the section
that twist becomes zero). This condition corresponds to the
experimental tip Mach number (M, = 0.6) as indicated in
the literature [2,8].

The results were compared with the experimental and
in-house developed code results. One may see that there are
discrepancies between experimental and numerical results,
however, the results were found in good agreement. The
non-dimensional thrust coefficient, torque coefficient and
figure of merit (FM) parameters were compared, thus the FM
appears to be far from other results. The difference in the FM
was caused by the difference in the torque coefficient.

Rotor Aerodynamics

Several rotor parameters affect the efficiency of a heli-
copter’s performance such as sweep angle, taper ratio, air-
foil and chord distributions twist angle and rotation speed
[18]. In the present study, only the effect of rotor speed was
considered for hovering condition. Free rotor aerodynam-
ics was investigated numerically for hover and headwind
conditions. The free stream velocity was considered as 0
knot to simulate the hover condition [9]. In hover condi-
tion, total thrust and torque values were obtained at dif-
ferent rotor load conditions. Figure 5 shows the iso-value
of velocity magnitude at Q = 25 as an arbitrary threshold.

Rotor MTIP hover condition
rpm (0 knot)
200 0.41
250 0.51
293 0.60

Here, Q criterion was used as a vortex identification crite-
rion applicable in incompressible flows and Q > 0 means
that the vorticity magnitude is greater than the rate of strain
[37-39]. Figure 5 shows the trend of thrust versus torque
value for different blade loadings. The images show isosur-
faces of the Q-criterion colored by velocity. Downstream of
the blades, only tip vortices are seen. Due to insufficient
computational capability, the wake that must continue axi-
ally downward from the rotor blade cannot be seen. This
may also be due to the insufficient number of revolution of
the rotor because it was revealed by [15] that as the num-
ber of revolution increases the wake distributions can be
obtained clearly from the rotor center to the point that is
one rotor diameter below. Another reason for not observing
the swirling flow under the rotor blades is the grid struc-
ture. A detailed explanation was made in the study of [13].
As stated in this study, with the rotor running, the root vor-
tex wake extends with the appropriate grid structure and
number. In the present study, because of the computational
cost, the solver time and total grid number were reduced.
Accordingly, only a little vortex behind the rotor blades and
some swirling structures were observed around the hub.

The vorticity around the rotor hub increases with the
increase in the rotor loading. In addition, the vortices in
the vicinity of blade trailing edges come closer to the mid-
dle of each blade. However, the tip vortices do not show
any change with the rotational velocity. Figure 5 shows the
iso-value of velocity magnitude at headwind condition. The
vortex core in the hub shows a similar trend to the hover
condition case. In this case, the loading has more effect on
the trailing edge vortices and vortex splits are more visible.
Thus, for the headwind condition, the full load condition
(293 rpm) shows a dramatic difference when compared
with lower blade loadings.

headwind condition
(40 knots)

Figure 5. Iso-values of velocity magnitude (Q=25) for hover and headwind conditions.
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Figure 6 gives the relation between thrust (C;) and
torque coefficients (Cq). The coefficients were calculated
by the following equations.

T

“r = @yt ®
Q

RTODE ©

Here, T is the total thrust force, Q is the torque, Q2 is the
blade rotational velocity (rpm) and D is the rotor diameter.
Figure 6 presents the coefficients by dividing to the rotor
solidity (o). The vertical axis on the left corresponds to the
hover condition (0 knot) while the vertical axis on the right

stands for the headwind condition (at 40 knots). At hover
condition, considering that ground effects were neglected,
the torque coefficients almost never change with the thrust
coefficient. At headwind condition, there is not a linear
relation between these two coefficients.

To see the effect of free stream velocity on the total
thrust, non-dimensional thrust coefficients were obtained
at each rotor velocity and condition. In Figure 7, the hover
condition represents the lowest free stream velocity and it
has nearly no effect on the thrust coefficient. The thrust
coefficient for the headwind condition shows a decreasing
behavior with the rotor velocity.

Figure 8 shows the effect of free stream velocity on the
torque coefficient. One may see that the torque performance

0.0041 0.0025
'Y ®
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o i °
00040 o
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® 40 knot 0.0005
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C/c
Figure 6. Torque coefficient versus thrust coefficient for both cases.
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Figure 7. Thrust coefficient - rotor velocity.
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was not affected by the free stream velocity at hover condi- CONCLUSION

tion while there is little change at headwind condition.

In Figure 9, the figure of merit was given at each thrust
coefficient for both free stream velocity conditions. The fig-
ure of merit was calculated by the following equation.

1 ¢
MG (7)

The left axis is of hover condition and the right axis is
of headwind condition. As expected, the figure of merit
increases significantly with the increase in flow velocity.
There is not a linear relation between the thrust coefficient
and figure of merit. The highest value is obtained at lowest
rotational speed for hover condition. However, in head-
wind condition, there is not a similar trend.

In this study, numerical analyses were conducted to
investigate the effect of free stream velocity on rotor aero-
dynamics. For this purpose, Sikorsky S-76 main rotor was
modeled and analyzed. The numerical approach was veri-
fied using the GCI method in terms of spatial uncertainty
considering the scalar function is the thrust coefficient.
Following this, the numerical approach was also validated
by comparing the non-dimensional parameters with the
available experimental data. The validation study was
conducted for the main rotor at hover and headwind flow
conditions and at maximum rotor rotational velocity (293
RPM) which corresponds to M;»= 0.6 to mimic the exper-
imental conditions. After verification and validation study,
the analyses were extended to different rotor rotational
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velocities. It was concluded that the relation between thrust
and torque coefficients show difference with the flow veloc-
ity and rotational velocity. As a final comparison, figure of
merit was calculated at each scenario. In hover condition,
both thrust and torque coefficients show little change at dif-
ferent rotor velocities. For this reason, the collective pitch
angle comes to mind. For headwind condition, the thrust
coefficient changes significantly while the torque coeffi-
cient changes little with the rotor velocity.

In addition to the numerical results, vortex structure
was investigated at each case. However, due to low blade
loadings, some minor trailing vortices were observed, and
a swirling wake region was kept around the rotor hub. It
is concluded that the mesh number and mesh resolution
have a significant effect on this kind of vortex identifica-
tion using a constant Q criterion. It is found that the vortex
structure shows different behavior at different points of the
rotor geometry. The hub vortex core shows a significant
change with the increase in blade loading. The tip vortices
occur for all loading and free stream velocities. However, it
does not show any change with the blade loading and the
vortex structure behind the blade trailing edge moves in the
tip-hub direction, so the vortex separations become visible.

Future works on rotor aerodynamics operating behind a
ship’s flight deck are planned to investigate the ship airwake
considering the ship-rotor interactions.

NOMENCLATURE

c local chord (m)

cr rotor thrust coefficient
cQ rotor torque coefficient
FM tigure of merit

N, number of blades

Q rotor torque (Nm)

R blade radius (m)

T rotor thrust (N)

Uy numerical uncertainty
p density (kg/m?®)

o rotor solidity

0 rotor rotational speed (rad/s)
Mopp blade tip Mach number
Abbreviation

URANS Unsteady Reynolds-Averaged Navier-Stokes

SST Shear Stress Transport

RBM Rigid Body Motion

GCI Grid Convergence Index

CFD Computational Fluid Dynamics
CAD Computer Aided Design

RPM Rotation per minute

SA Spalart-Allmaras

DES Detached Eddy Simulation

PIV Particle Image Velocimetry
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