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ABSTRACT

This study numerically investigates the aerodynamic performance of a UH-60A
Black Hawk rotor blade equipped with winglets under hover conditions. The primary
objective is to evaluate the potential for performance improvement by analyzing various
winglet angles and directions. Computational Fluid Dynamics (CFD) simulations were
conducted using NUMECA, solving the Reynolds-Averaged Navier-Stokes (RANS)
equations with the Spalart-Allmaras turbulence model. The results indicate that the
incorporation of winglets yields a modest increase in rotor thrust of approximately 2%.
However, this thrust enhancement is accompanied by an increase in torque across all
tested winglet configurations, indicating a concomitant rise in power requirement.
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1. INTRODUCTION

The application of winglets, a proven technology for fixed-wing aircraft to reduce
induced drag, has been extensively studied for helicopter rotor systems. The primary
motivation is to improve rotor aerodynamic efficiency, which directly translates to
increased payload, extended range, better hover performance, and reduced fuel
consumption. Unlike fixed wings, the helicopter rotor operates in a highly complex,
unsteady aerodynamic environment with transonic flow on the advancing side and
dynamic stall on the retreating side. This study was started in July 1976, when
Whitcomb [1 , 2], NASA Langley Research Centre published a study that mentioned
some design approaches, which briefly mentioned and explained the aerodynamic
technology called as the winglet design. The study mentioned that some little but
vertically arranged fins should be installed on the KC-135A aircraft wings. They were
tested during the years 1979 and 1980. The winglet was capable of carrying
aerodynamic loads. The vortex was caused when the winglet spread out that decreased
the downwash, which resulted in further reduction in the induced drag as compared to
the area increase in the profile drag. Whitcomb proved that the tiny winglets had the
capacity to raise an aircraft’s range by up to 7% of the cruise speeds. This process
reduced the induced drag and increased the profile drag when the airspeed increased.

In 1980s, a NASA contract [3] reassessed winglets as well as other drag reducing
devices, and discovered that wingtip devices including winglet, sails and feathers were
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effective for improving drag as the lift efficiency increased 10-15% in case when those
wingtip devices are integrated with the wing design. Mark D. [4] proposed a new
winglet design and predicted their performance (SAILPLANES) as they had good
agreement with the results of the flight-test; however, the designs were tested for very
limited time.

Monier ElFarra conducted a study [5], in which, he pointed out that if a winglet is
added to a wind turbine blade, which points towards the blade's suction side; it will
generate more power. For understanding the process of reducing the drag with the help
of the winglet, the difference between the induced drag and the profile drag must be
understood. The profile drag takes place because of the viscosity caused by the air that
moves on the airfoil surface and also because of the pressure drag. When the wind
turbine blades move in that viscous air, some air sticks to the blades while the
remaining continues its motion. The air requires the blade's energy to rotate with the
blade, so when this energy transfers from the blade to the air, it causes the profile drag.

Moreover, some other factors also result in the profile drag such as the blade's
wetted area, the attack angle and the blade's airfoil shape [6 and 7]. The induced drag
also occurs because of the lift caused by the blade. When the lift exists, the blade sides
should have pressure difference. These sides are distinguished based on the pressure
such as the pressure side and the suction side (lower pressure side). The pressure
difference causes span-wise flow from the pressure side towards the suction side, which
can be felt all along the trailing edge because the flow that leaves the suction side shifts
inwards. On the other hand, the flow coming from the pressure side shows an outward
movement. These are two opposing flows but when they meet each other on the trailing
edge, their collision results in a swirling motion, which is concentrated on the known tip
vortices. The vortices are generated with the help of energy, which transfers from the
blade to the air. This energy transfer is called as induced drag that can be decreased
when the span-wise flow is reduced. The winglets help reducing it [1].

When a winglet is added to a helicopter blade, it produces a flow that opposes the
airflow generated by the blade. Hence, it cancels or at least weakens the blade's main
flow reducing the span wise flow, which, consequently, reduces the induced drag.

The [8] it was concluded that adding a winglet to a wing increases its
aerodynamic efficiency in terms of CL/CD. A winglet's function is to diffuse the tip
vortex effect; so, it decreases the induced drag; however, adding a winglet increases the
wetted area that further increases the profile drag. It is possible to design a winglet in
many geometrical shapes/variations, which might result in optimizing the aerodynamic
efficiency of a wing during varying flight conditions in addition to reducing fuel
consumption and pollution.

2. METHODOLOGY

This paper discusses the outcomes of the simulations of 3-D steady state
Computational Fluid Dynamics (CFD) by presenting test case UH-60A Black Hawk
helicopter rotor, which was used for testing in the hovering conditions.. The test case
was considered for validating the commercial NUMECA CFD software. The standard
3D RANS equations in a rotating frame of reference is as follows:
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Where: @ is the vector of conservative variables, F is the invicid flux, E, is the viscous
flux and s; is the source term. Those vectors are given by:
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Where w is the relative velocity, = is the absolute velocity, g is the density, e, is total
energy, » is the pressure, hy is total enthalpy, & is the kinetic energy of turbulent
fluctuations, <; is the Reynolds stress tensor, 87 consists of the turbulent heat flux
tensor g7 and other turbulent terms evolving from density-velocity correlations and
triple velocity correlations of the turbulent fluctuations, &;; is the Kronecker delta and «
is the angular velocity.

2.1. Blade Description and the Real Data

Because of the flow-field periodicity, just a single blade was considered and the
periodic boundary condition was implemented on the other blades. The blade features
and geometric dimensions were taken using a scale of (1: 5:73) as shown in [9].

The data was acquired for a 9:4ft 2.9 m diameter, four-blade scale (1: 5:73) of UH-60A
rotor. A UH-60A rotor blade consists of two different airfoils distributed as follow:
SC1095 airfoil in the root and tip regions and the SC1094R8 airfoil in the mid-span
region as shown in Figure (1).

The mentioned blade possesses unique twist distribution as Figure (2) shows. The blade
twist distribution has a linear shape as r/R < 0.75 while it is non-linear on the tip. The
blade has a built-in twist that linearly varies in the 80% blade radius, and it has hook-
like non-linear twist closer to the tip, which is part of the model. Moreover, the blade's
elastic twist applies the measured defections [9]. A blade pitch distribution having a
built-in, collective, and elastic twist can be plotted against the radius and compared to
the experimental results as shown in Figure (2). In addition, there is also a 20° rearward
sweep beginning at r/R = 0:93. The average chord is 3.64in (0.0924m) that produces a
15:3 blade aspect ratio and 0.0825 solidity ratio.
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Figure 1: Blade and airfoil shape of UH-60A black hawk rotor [10].
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Figure 2: The twist distribution of UH-60 blade [11].

2.2. Geometrical shapes for a Winglet

To enhance thrust performance, a winglet was integrated at the blade tip, which was
extended to 92% of the blade radius. The winglet was then inclined at various angles—
specifically 10°, 20°, 30°, 40°, 50°, and 80°. Both the tilt angle and the orientation of
the winglet play a critical role in aerodynamic behaviour and thrust generation. To
identify the optimal winglet configuration for maximum thrust output, nine distinct
design cases were evaluated. The geometric configurations of these cases are illustrated
in Figure (3), while Table (1) presents the classification of each winglet design along
with the corresponding results obtained from (CFD) simulations.

- 10d:g P
Figure3 : Different winglet configurations and Winglet at 80 degrees of UH-60A.
2.3. Mesh Generation and CFD Simulations

A three-dimensional (3D) structured mesh was developed using the NUMECA
(AutoGrid) mesh generation tool. To simulate the aerodynamic interaction within a
multi-blade environment, the mesh for a single blade was constructed under periodic
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boundary conditions, effectively replicating the influence of adjacent blades. The final
computational domain comprises approximately 9 million cells, as detailed in Table(1).

The thickness from the first grid point to the wall was estimated when Vs = 213 (m/s),
Lref = 0.0924 (m) and v =1.7e-5 (m?/s). Assuming that if we wish to get y* around 1 at
the wall, it turns out that Y = 2 x 10 (m). The range y* is appropriate for the tested
turbulence models.

Table 1: Mesh quality of UH-60 Blade

Entire Mesh 8,893,898
Around the blade 5,750,243
Far Field 3,225,655

At mid-span, the 2D mesh of the blade has been illustrated in Figure (4), which has 16
blocks, and all of them stand together for the blade and the external field mesh. It
habeen illustrated in Figure (4).

Figure 4:The 2D and 3D mesh at blade mid-span of UH-60 helicopter rotor blade.

The CFD results are validated against the experimental data in terms of the pressure
coefficient distribution at different sections along the blade in Figure (5)[12]. There is a
good match in general between the CFD results and the experimental data with small
discrepancy at the outboard spanwise sections.
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Figure 5. Comparison of Pressure coefficient for UH-60A.

2.4. Winglet Study and Result

The Reynolds-Averaged Navier—-Stokes (RANS) equations were solved to
evaluate the aerodynamic performance, employing the Spalart—Allmaras turbulence
model for flow prediction. The simulation was conducted at a rotor rotational speed of
1425 RPM, with a collective pitch angle 6 75 =10.47° measured at 75% of the blade
span, and a coning angle B =—2.31-.

Calculating the percentage of increase in thrust and the percentage of decrease in
torque and also the figure of merit (FM) for winglet angle configurations is significant
in determining the rotor performance. The figure of merit is defined in Equation 5.

s

FM =—= (5)

vECQ

where Cr and Cq are the thrust and torque coefficients respectively.

Higher thrust generation is better for the hovering condition. However, more torque
generation means that more power is needed to attain that thrust, which makes the
helicopter less efficient.

Calculating figure of merit increase is important because that happens because of
varying winglet configurations, and it also helps calculating the thrust
increase/increment percentage as well as torque reduction percentage for comparing
results with the original blade geometry. Every considered configuration has been listed
in Table (2).

Table (2) shows the winglet classifications and the CFD results of the different cases. It
is clear from the results that the addition of the proposed winglet has usually negative
effect on the rotor performance. Only when using a winglet of 20-deg tilted towards the
upper surface, the thrust has increased by around 2%. However, at the same time, the
torque has increased by 2.3%.
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Table 2. The winglet results.

Winglet angle (deg.) | Winglet direction FM (%) Thrust (%) Torque (%)
10 up 0.95 1.911 -1.906
20 down -1.77 0.000 -1.763
20 up 0.68 2.051 -2.338
30 down -5.71 -1.538 -3.633
30 up -1.90 1.678 -4.424
40 up -2.04 1.399 -4.137
50 up -4.08 1.305 -6.259
80 down -20 -5.734 -14.424
80 up -11.7 0.886 -14.676

3. CONCLUSION

In this study, the effect winglet angle and winglet direction for UH60A blade rotor
has been analysed in terms of thrust force, Torque and figure of merit. Analyses have
been performed for the same rotational speed value. Various cases are generated by
allowing the change winglet angle and direction to tip rotor. The results of the addition
of different winglet configurations to the have demonstrated little effects. The thrust
force was improved by around 2%. However, the torque was noticed to increase in all
the studies winglet cases.
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