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Numerical investigation of an isolated representative helicopter main rotor has been performed in ANSYS FLUENT 16.2. In
general, flow field around the rotor is unsteady, three-dimensional, complex and vortical. Such a simulation requires
substantial computational resources. Ground effect, which improves the aerodynamic performances of the rotor, represents
an additional challenge to numerical modeling. In this study, flow field is computed by Unsteady Reynolds Averaged Navier-
Stokes (URANS) equations. Both Frame of reference and Sliding mesh approaches were employed to model the rotor
rotation. Obtained results are compared to results obtained by simpler, sufficiently reliable models such as Momentum
Theory (MT) and Blade Element Momentum Theory (BEMT). Presented results include fluid flow visualizations in the form
of pressure, velocity and vorticity contours and the values of aerodynamic coefficients.
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Introduction

LOW field around helicopter blades is highly complex

[1-6]. Although many flow phenomena are present (e.g.
unsteadiness, tip vortex formation, 3D dynamic stall, blade-
vortex interaction, shock/boundary-layer interaction etc.) [5],
because of the unique characteristics of helicopters, extensive
experimental and numerical research is constantly being
conducted for the purpose of improvement of their
aerodynamic performances. Several world-wide projects, e.g.
HELISHAPE, HART II, GOAHEAD, have been performed in
the last two decades [2-6].

Since hover is the basic, the simplest and the most
important flight regime of a helicopter, hover performances
are an extremely important issue in the helicopter design
process ("a dimensioning condition" as stated in [3]).
Obtaining a usable, sufficiently accurate numerical solution is
a difficult task [3]. There exist several models with different
complexity, that can be used for simulation of axis-symmetric
flow field in hover and vertical flight. They include
momentum models, combined blade-element-momentum
models and full Navier-Stokes equations capable of capturing
the changes of flow quantities along the blade.

Compared to hover, forward flight regime is even more
complicated. Rather than being axis-symmetric, the flow field
is quite irregular over the rotor disc, and variations of flow
quantities per angular coordinate also exist.

Another interesting phenomenon is that the thrust of a
helicopter rotor, operating at constant power, increases as it
approaches the ground, since the development of the rotor
wake is constrained [1, 7]. Such an effect is extremely

important when determining rotor performances and has been
studied both experimentally and numerically [7-9] but is still
not fully understood [1].

Because of the great complexity of the problem in
question, several simplifications of the study had to be
adopted. Although the aspect ratio is high for the helicopter
blades, they were considered rigid. The coning angle of the
blades (as a consequence of mutual aecrodynamic and inertial
loads) was neglected. The collective pitch, necessary for
achieving different values of thrust, was estimated by BEMT.
The effect of helicopter fuselage was implicitly included in
forward flight computation through necessary values of the
angle-of-attack. Unfortunately, these limitations make
comparison to the experimental data more difficult and less
accurate.

The paper is structured as follows. A short description of
the representative rotor used in computations is given in the
next section. This is followed by a short description of the
used analytical and numerical models, and adopted numerical
set-up. The results for both hover and forward flight condition
are presented in the section "Results and discussion". In the
end, short concluding remarks are given.

Model description

The representative model of a main helicopter rotor was
taken from [2] where a description of a conducted
experimental investigation on performances of two different
rotors, baseline and BERP-type, in the Langley Transonic
Dynamics Tunnel (TDT) can be found. The experimental
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data, obtained in hover and forward flight over a nominal
range of advance ratios from 0.15 to 0.425, were used for
validation of the numerical models.

Representative main rotor model consists of 4 rectangular,
1.428m long blades. Blades use two U.S. airfoils: 10% thick
RC(4)-10 (/R < 0.84) and scaled 8% thick RC(3)-08 (#/R >
0.866), Fig.1. A smooth transition is made between these two
different airfoil shapes. Solidity of the rotor is ¢ = 0.101.
Twist distribution is triple linear, Fig.2.
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Figure 1. Main rotor model
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Figure 2. Twist distribution

Nominal test conditions are defined by the advance ratio 4,
tip Mach number My (constantly kept at 0.628), rotor-shaft
angle-of-attack a and blade collective pitch angle 6. Since the
values of the last two angles were not known, they were
estimated by BEMT. In hover (u« = 0), data were obtained at
z/d = 0.83 where z is the distance from wind-tunnel floor to
rotor hub. Numerical simulations were also performed for
another, smaller relative distance z/d = 0.25 and the two sets
of data were compared.

Numerical approach

As previously stated, since no set of data is complete and
the detailed information cannot be provided in a short amount
oftime, several different analytical and numerical approaches,
ranging from fast approximate to high-fidelity, were applied.

Momentum Theory (MT)

Detailed equations can be found in [1]. Conservation laws
are applied in a quasi-one-dimension integral formulation to a
control volume surrounding the rotor and its wake. This
simple approach enables a first level analysis of the rotor
thrust and power without the need for consideration of blade
characteristics. In modified MT, actual power required to
hover presents the sum of induced and profile power:

K‘C'%/2 4 O-Cd()

- - 1
Cr=Cp+Cp =" = (1)

Power can be obtained from required power coefficient as
P = CppQ’R°r, and thrust as T = CrpQ°R*zr where p is air
density and Q rotor angular velocity.

In forward flight, due to forward speed and existence of
fuselage, additional members appear:

Cp = Kﬂ,CT +

c
68"0 (1+ 4.65y2)+é(£)y3. )

Although this model assumes uniform distribution of flow
quantities across disc rotor, by "correctly" estimating the
values of induced power correction factor x, section profile
drag coefficient C,y and fuselage equivalent wetted areaf, it is
possible to obtain sufficiently accurate estimations of required
power coefficient. Here, these values were adopted in
accordance with the available experimental data.

By replacing the rotor with a simple source, with an image
source to simulate the ground effect [7], for constant power,
ratio of thrust in (IGE) and out of ground effect (OGE) in
hover can be presented by the corresponding ratio of induced
velocities. Assuming uniform distributions over the rotor area,
the equation becomes:

Ti6e } 1
= 3
|:T0GE peconst. 1= (R/42)? ®)
where R is rotor radius and z is rotor height off the ground.

Blade Element Momentum Theory (BEMT)

This hybrid approach combines the basic principles from
both the blade element and the momentum theory. As aresult,
if the blade twist distribution is known, it is possible to solve
the induced velocity distribution. Afterwards, with the known
airfoil aerodynamic characteristics, it is possible to estimate
thrust and power increments along the blade. However, these
integrals become quite complicated for forward flight and
here this approach was used only for hover.

Necessary airfoil acrodynamic characteristics were taken
from [10, 11].

To account for the ground effect in hover, the BEMT
results were corrected according to [1]:

1
> 4
0.9926+0.0379(2R/z)
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Unsteady Reynolds Averaged Navier-Stokes equations
(URANS)

Since two different distances from ground were considered
(z/d = 0.25 and z/d = 0.83) at several different thrust
coefficients (different pitch distributions), several different
computational grids had to be created. All generated meshes
are unstructured, three-dimensional and prismatic extending
from -0.83 (-0.25) to 1.5 rotor diameters along the z-axis and
5 blade lengths in both x- and y-directions, Fig.3. They
contain two fluid zones, rotor and stator, and a total number of
cells of approximately 2 million. This number was adopted
after a grid convergence study. Meshes are additionally
refined around the blades, Fig.4. Dimensionless wall distance
around the blades is below 5, y" < 5. Trailing edge of the
blades is modeled as blunt.
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Figure 3. Example of a generated mesh; blue - pressure inlet, red - pressure
outlet, black - ground, yellow - interface between rotor and stator

Figure 4. Mesh along the blade surfaces

In order to decrease the number of cells and better resolve
the fluid flow it is customary to generate only a part of the
mesh around a single blade and define periodic boundary
conditions at the sides. This approach is particularly
applicable in axis-symmetric hover and vertical flight
conditions. However, since in this study forward flight
condition was also considered, complete meshes were
generated and used for both flight cases.

Apart from the computational grid appearance, flight
condition also dictates the numerical approach. Isolated rotor
in hover and vertical flight can successfully be simulated by
steady flow in a rotating frame of reference while the forward
flight condition is better represented by moving meshes since
periodic unsteadiness during one rotation can be more
accurately captured. Here, both approaches were used.

Dirichlet boundary conditions concerning velocity and
pressure were imposed on inlet and outlet boundaries. No-slip
boundary conditions were defined on blade and floor surfaces.
Angular velocity of 149rad/s, resulting in fixed My, was
assigned to rotor zone.

Numerical simulations were performed in ANSYS FLUENT
16.2 where governing flow equations for compressible, viscous
fluid were solved by finite-volume method. Unsteady Reynolds-
averaged Navier-Stokes (URANS) equations were closed by a
two-equation k-w SST turbulence model. Fluid, air, was
considered as ideal gas whose dynamic viscosity changes
according to the Sutherland law.

Pressure-based coupled solver was used. Gradients were
obtained by the least squares cell-based method. Spatial
discretizations were of the second order. Where needed
(unsteady simulations of isolated rotor in forward flight),
temporal discretization was of the first order. Courant-
Friedrichs-Lewy (CFL) number was in the range 1-5.

Results and discussion

Obtained results are grouped in accordance with the flight
condition. Rotor hover performance was computed at 5
different collective angles. Tip Mach number was kept
constant in all performed simulations.

Hover

Obtained relations between thrust coefficient Cr and
required power coefficient Cp at z/d = 0.83 and z/d = 0.25 are
presented in Figures 5 and 6 respectively.
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Figure 5. Cp = f(Cr) at z/d = 0.83

Although experimental data is available only for z/d =0.83,
all numerical models clearly capture the increase in
aerodynamic performances in ground vicinity, i.e. for the
same thrust less power is required. BEMT results very well
correspond to the experimental data. FLUENT results
somewhat underestimate the rotor performance although the
character of the relation Cp-Ct is accurately captured. This
small discrepancy can, at least partially, be explained by the
existence of wind tunnel walls (not present in numerical
model). Another explanation may be the numerical set-up, i.e.
mesh density, turbulence model, the use of the steady frame
of reference approach, etc.
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Figure 6. Cp = f(Cr) at z/d = 0.25

Numerical results obtained in FLUENT can also be
validated against a known relation marked as eq. 3, Fig.7. A
plot of the thrust ratio in hover versus relative height from the
ground has been drawn for different geometries (i.e. different
collective pitch angles ). Although small deviations exist (in
particular for higher collective pitch angles), it can be
concluded that the trend of the change has been successfully
captured. The ground effect is particularly important for z/R <
1,1.e.z/d<0.5.



TRIVKOVIC,Z., etc.: COMPUTATIONAL ANALYSIS OF HELICOPTER MAIN ROTOR BLADES IN GROUND EFFECT 55

approx, by 09,3 1

) Cy=0.00350
T
Gy =000T2s

Figure 7. Tige/Toge = f(z/R) for different geometries

An illustrative comparison of fluid flows at two different
distances from the ground can be made by comparing pressure
coefficients C, along two spanwise locations on the blade, 7/R
= 0.775 and r/R = 0.945, for a single geometry (collective
angle), Fig.8.
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Figure 8. Chordwise C, distributions at 2 cross sections for one collective
angle at z/d = 0.83 (-) and z/d = 0.25 (--)

Full line denotes z/d = 0.83, while dashed line refers to
z/d = 0.25. Although no experimental data is available for the
comparison, computed plots are consistent with results
obtained by other authors [5, 12]. Greater pressure difference,
resulting in increased thrust is evident for z/d = 0.25 at inner
parts of the blade. Near the blade tip, for smaller z the velocity
increases and pressure decreases.

Behavior of the wake from the hovering rotor in ground
effect can be presented by streamlines, Fig.9. Slipstream
expansion near the surface is obvious.

z/d=0.83

Figure 9. Streamlines from the hovering rotor for one collective angle at z/d
=0.83 and z/d = 0.25

Flow field is affected by the vicinity of the ground, both
slipstream and induced velocities change, resulting in altered
power and thrust coefficients. These changes can also be
illustrated by vorticity fields, Fig.10.
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Figure 10. Vorticity contours in [s"] in midplane for one collective angle at
z/d =0.83 and z/d = 0.25

Forward flight

The ground effect on rotor performance in forward flight is
also important. However, the flow field around the rotor gets
even more complicated [1]. Flow characteristics also greatly
depend on the forward speed, i.e. advance ratio x, and for the
same geometry (collective angle) thrust coefficient increases
in forward flight when compared to hover. For that reason,
forward flight simulations were performed on 3 different
model geometries, for two distances from the ground z/d =
0.83 and z/d = 0.25, and a single advance ratio = 0.1.

In order to accurately simulate forward flight condition, it
was necessary to use sliding mesh approach. Pressure far-field
boundary conditions defining values of pressure, velocity and
turbulence quantities were assigned to outer domain surfaces.
Time step corresponds to an angular increment of 5°. A great
number of rotations (around 10), was necessary for attaining
quasi-convergence of thrust and power coefficients.

Results computed in ANSYS FLUENT, marked by square
symbols in Figures 11 and 12, were compared to experimental
data (where available) and MT results. Again, power
coefficients computed by URANS are somewhat higher than
those by MT, and both sets of numerical results seem higher
than the experimental values. However, the character of the
relations seems to be well captured, although discrepancies
increase with the increase of advance ratio (i.e. for £ = 0.1).
Ideally, for thorough analysis, a complete map of
aerodynamic performances should be generated (for various u
and #). However, since the simulations require large amounts
of time, at this stage of the study, only individual results are
presented (as discrete points on the graphs). One color refers
to a single value of thrust coefficient.
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Figure 11. Cp = f(1) at z/d = 0.83
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Figure 12. Cp = flu) at z/d = 0.25

Although thrust coefficients are different, smaller amounts
of required power at the lower distance from the ground (z/d =
0.25) for low advance ratios are evident (i.e. for the same Cp
much higher Cr can be achieved). Unfortunately, no
experimental data is available for the employed model of the
helicopter rotor at low advance ratios.

Blade sectional pressure coefficients at the radial positions
x/R =0.775 and x/R = 0.945 during one revolution with the
angular increment of Ay = 60° are presented in Figures 13
and 14 respectively. Full line denotes z/d = 0.83 and dashed
line refers to z/d = 0.25. Again, computed results are
comparable with the other published results [6, 13]. Since the
advance ratio is low, the overall flow variations are smaller at
the inner part of the blade.
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Figure 13. Chordwise C, distributions at x/R = 0.775
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Figure 14. Chordwise Cp distributions at x/R = 0.945

Main differences in the two ground distances can primarily
be seen at the advancing side of the rotor. At the retreating
side, pressure distributions seem quite similar.

Flow structures in slow forward flight can be illustrated by
streamlines, Fig.15. Region of flow recirculation formed up-
stream of the rotor at z/d = 0.25 is noticeable. Employed CFD
solver seems able to reproduce the transient flow and loading
of the blade.

Figure 15. Streamlines from the rotor in forward flight for one collective
angle at z/d = 0.83 and z/d = 0.25

Conclusion

Aerodynamic performances of an isolated model helicopter
main rotor in ground effect (at two distances from the ground)
obtained by several different analytical and numerical
approaches, ranging from fast approximate to high-fidelity
detailed solutions, were compared. For the most cases,
satisfactory outcome (agreement with experimental data) was
accomplished, given the fact that relatively limited success
has been achieved in correctly predicting rotor performance in
ground effect when compared to the experimental results [1].
This is due to the problem complexity and strongly viscous
nature of the rotor IGE problem.

None of the employed numerical models can fully capture
the complexity of the flow. However, through their
combination and comparison with available experimental data
many useful pieces of information can be extracted.
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Presented results have contemporary importance and
enable the development of a more efficient rotor design. They
also provide insight into complex flow fields around a
representative rotor in hover and forward flight (two quite
different, but equally important flight regimes). Although an
additional work is necessary, it is possible to use the presented
numerical set-ups to assess the possible increase of
aerodynamic performances in ground effect.
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Numericka analiza lopatica glavnog rotora helikoptera u
blizini zemlje

Numeri¢ka analiza izolovanog, reprezentativnog glavnog rotora helikoptera izvriena je u komercijalnom softverskom paketu
ANSYS FLUENT 16.2. Generalno, strujna slika oko rotora je nestacionarna, trodimenzionalna, sloZena i vrtloZna. Takve
simulacije zahtevaju znacajne proracunske resurse. Uticaj zemlje, koji poboljSava aerodinamicke performanse rotora,
predstavlja dodatni izazov pri numeri¢kom modeliranju. U ovom radu strujno polje je izraunato Navije-Stoksovim
jednacinama osrednjenim Rejnoldsovom statistikom (RANS). Rotaciono kretanje uzeto je u obzir primenom dva razli¢ita
pristupa: "Frame of reference" i "'Sliding mesh''. IzvrSeno je poredenje dobijenih rezultata sa vrednostima jednostavnijih
modela kao §to su model zasnovan na zakonima odrZanja (MT) i kombinovani model segmenta lopatice (BEMT). Rezultati su
predstavljenu u obliku kontura pritiska, brzine i vrtloZnosti kao i vrednostima aerodinamickih koeficijenata..

Kljucne reci: helikopter, rotor helikoptera, lopatice, strujno polje, Navije-Stoksove jednacine, Rejnoldsov broj, aerodinamicki
koeficijenti, uticaj zemlje.

YncyieHHBI aHAJIW3 JIONACTENH Hecylllero BUHTA pOTOPa BEPTOJIéTa

BOJIN3H 3eMJIN

YncieHHoe HccIe0BaHie H30JHPOBAHHOIO NMpPeICTABHTENSI HeCYyIer0o BHHTA POTOPA BePTOJIETA OBLIO BBINOJHEHO B
KOMMep4eckoM KomiulekTe nporpaMmuoro odecnedennsi ANSYS FLUENT 16.2. B o61em, moTok 1mojst BOKPYT poTopa
HeYCTOI4UB, TPEXMePHBIii, CJ10:KHbIH U BUXpeBoii. Takoe Moie1MpoBaHue TpedyeT 3HAYMTEILHBIX (PMHAHCOBBIX PecypcoB.
IepBboiii 3pexT — BaAusiHUE 3eMIIH, KOTOPBIH YJIy4IIaeT a3poJHHAMUYECKHEe XaPAKTePHCTUKH POTOPA, MPeACTaBJIsieT co00il
JONOJHHUTEILHYIO IIPo0.ieMy 1Sl YMCIEHHOI 0 Mole/IMpoBaHusl. B 3ToM nccie0Banuu, 1oJie I0TOKA BLIMHUC/ISACTCS Iy TEM
ypaBHenuii HaBbe-CTokca ycpeJHEHHBIMU HeCTALIMOHAPHOH cTaTHCTHKOI Pelinoabaca (RANS). Ode cucrembl 0Tc4éTa U
CKOJIb3SIIIIMe CeTKH MO0AX0Ja ObLIN MCHO/IL30BAHBI ISl MOJEJIMPOBAHNS BpaileHusi poropa. Iloyuennsie pe3yabTaThl
CPaBHHBAIOT € Pe3yJbTaTaMH, NOJTY4YeHHBIMH C IIOMOILBIO 00Jiee MPOCTHIX, I0CTATOYHO HAAEKHBIX Moje/el, TAKHX KaK
3j1eMeHT Teopun ummyabca (MT) u koMOUHUPOBaHHAsi MO/e/Ib Jie3BUs Jjonacteil poropa (BEMT). IlpeacraBieHnnbie
pe3yJIbTaThl BKIIOYAIOT BU3Ya/IH3a1[HI0 IOTOKA TeKYy4eii cpeJbl B BHe KOHTYPOB AaBJIeHHsI, CKOPOCTH U 3aBHXPEHHOCTH H
3HAYEHHs] IPOAHHAMUYECKHX K03 (PUIIEeHTOB.

Knrouesvie cnosa: BepTONIET, HeCYLUii BHHT POTOPA BEPTOJIETA, JIONACTH, M0JIE OTOKA, ypaBHeHusi HaBbe-CTokca, 4ncii0
PeiinoJib/ca, a3poauHaMuYecKue Ko3()(PULHEHTHI, BJUSHHUE 3eMJIH.
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Analyse numériques des aubes du rotor principal d’hélicoptére a
proximité du sol

Analyse numérique du rotor principal isolé et représentatif de I’hélicoptére a été faite par le logiciel commercial ANSYS
FLUENT 16.2. En général I'image du courant autour du rotor est non stationnaire, a trois dimensions, complexe et
tourbillonnante. Les simulations de ce genre demandent des ressources de computation considérables. L’influence du sol qui
améliore les performances aérodynamiques de rotor représente un défi additionnel lors de la modélisation numérique. Dans
ce travail le champ de courant a été calculé par les équations Navier-Stokes et par les statistiques moyennes de Reynolds
(RANS). Le mouvement de rotation a été pris en considération a I’aide de deux approches différentes : « Frame of reference »
et « Sliding mash » . On a comparé les résultats obtenus et les valeurs des modéles plus simples tels que le modéle basé sur les
lois de survie (MT) et le modéle combiné des éléments de I’aube (BEMT). Les résultats sont présentés en forme de contour de
pression, vitesse et tourbillon ainsi que par les valeurs des coefficients aérodynamiques.

Mots clés: hélicoptére, rotor de hélicoptére, aubes, champ de courant, équations Navier-Stokes, nombre de Reynolds,
coefficient aérodynamique, influence du sol.



