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Abstract: In this research, the aerodynamic performance and flow characteristics
of NASA SC (2)-0714 airfoil and HHO2 airfoil in the helicopter main rotor are
evidently analyzed. The supercritical airfoil is used in the aircraft for attaining bet-
ter transonic and high-speed flow characteristics. Moreover, a specialized helicop-
ter airfoil called HHO2 is used in the Apache helicopter rotor for increasing the
operational speed. As most of the high-speed helicopters are using four-bladed
main rotor configuration, it is analyzed with prior attention. The lift and thrust
act in different directions for the forward phase of the flight whereas the lift
and thrust act in the same direction for the other phases of flight, which is ana-
lyzed in this work. The computational analysis is done by using ANSYS Fluent
whereas the rotational analysis is done by using the Multiple Reference Frame
(MRF) method. An analysis is carried out for different RPM of 400,600 and
800 with the combination of 0.3, 0.4 and 0.5 Mach numbers with the assistance
of grid independence test. The result shows that the NASA SC (2)-0714 rotor
increases the thrust of the rotor around 5% to 10% under various rotor and for-
ward speeds. Thus, the results proves that the supercritical airfoil is highly capable
of producing higher thrust and good aerodynamic characteristics.
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1 Introduction

The Helicopter has more advantages than the fixed-wing aircrafts. The flight phases of Helicopter are
listed as vertical takeoff, hover, forward flight, sideward flight, and vertical descend. The helicopter
requires no special place for the take-off and landing because almost all the terrains are suitable for the
helicopter. In contrast to the Helicopter, the Aircraft needs a special runway for its takeoff and landing. In
aircraft, the lift is produced by the wings and the thrust is produced by the engine but in the Helicopter,
both the lift and thrust are produced by a rotor, which is driven by the engine. The engine is connected to
the rotor through the shaft [1,2]. The helicopter is highly applicable for various purposes like fire rescue
or agriculture as it has the hovering phase. Hovering is a special phase, in which a helicopter stands in
the same position and altitude for a long time to serve a special operation.
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The superecritical airfoil is a specialized airfoil, which is used in the aircraft for delaying the onset of
shock and for increasing the critical Mach number [3]. The supercritical airfoils has good characteristics
in the transonic region and acceptable flow characteristics in the low-speed region [4]. The speed of the
aircraft or helicopter gets increased when the critical Mach number is increased [5]. The transonic region
is delayed by the supercritical airfoil in the helicopter blades [6].

In this research, different combination of supercritical airfoil in the helicopter rotor blades is used to
delay the onset of shock wave and to increase the Critical Mach number. The Helicopters have complex
aerodynamic features like advancing and retreating sides of blades during rotation [7]. In the advancing
side, the leading edge faces the flow direction whereas in the retreating side, the trailing edge faces the
flow direction [8]. The flow characteristics and the lift get disturbed by the changes in advancing and
retreating side [9]. The flow characteristics are represented in Fig. 1.
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Figure 1: Flow characteristics of rotor blade

The speed of the Helicopter is limited because of having complex structure and aero-dynamical design
[10]. The speed is limited by the circumstances like formation of shock at the tip of the rotor blade, behavior
of flow in the retreating side, change of velocity from root to tip, fuselage wing interaction and main rotor-
tail rotor interaction, [11]. The flow velocity is changed from the root to tip. The velocity at the blade tip is
higher than the velocity at the root, which causes the formation of the transonic region at some parts of the
flow. For increasing the speed of the helicopter, the design aspect like structural, engine and aero-dynamical
characteristics have to be given importance [12]. This research focuses on the study of aerodynamic
characteristics of helicopter blades using NASA SC (2)-0714 and HHO2 airfoils.

The shape of the airfoil is the first parameter for the efficient aerodynamic design as it plays a major role
in deciding the lift and drag [13,14]. Various airfoils are currently used in the applications like aircraft,
helicopters, wind turbines and propeller blades design. However, some specialized airfoils are used for
the wind turbine applications [15] or helicopter blades. The HHO02 is a Hughes helicopter airfoil, which is
specifically used in the Apache helicopters for obtaining good performance in rotor blades [13]. The
supercritical airfoils are specially used in the supersonic aircraft to cross the sonic barrier [6]. Various
researches are carried out to increase the aerodynamic efficiency as it helps in enhancing the payload and
decreasing the fuel usage [13]. This research mainly deals with the calculation of thrust, which is
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produced by two different rotors with different airfoils. By evaluating the produced thrust and flow
characteristics, the performance of the rotor is analyzed.

2 Methodology and Procedure

In recent days, the Computational Fluid Dynamics (CFD) techniques play an important role in all the
areas of technological advancements [16,17]. In this research, the software like CFD tools, ANSYS
R19.2 and Fluent are used for flow analysis [18]. The isolated blades are selected to reduce the
complexity of the structure in the analysis [10,16]. The high-speed helicopter called Apache helicopter is
a four-bladed helicopter, which uses HHO2 airfoil for its wings. In this research, the four-bladed
configurations of HH02 and NASA SC (2)-0714 airfoil are compared. With the assistance of CFD
techniques, the rotor blades are analyzed through the Moving or sliding mesh technique [19,20] and MRF
techniques [17]. The MRF is preferred as it requires less computational space and less time. In addition,
this MRF has both the rotation and non-rotation parts. The rotating parts are in a rotating frame whereas
the non-rotating parts are in the stationary frame. The rotating mesh is done for the rotating parts and a
normal stationary mesh is done for the non-rotating parts [21]. The Blade element momentum theory
(BEMT) and Blade element theory (BET) are applicable for the calculation of the theoretical performance
of rotating propellers and helicopter blades [11,22].

The velocity is gradually varied from the root to tip. The velocity at the blade tip is higher than the
velocity at the root, which causes a shock formation in the tip of the blade [23]. The speed of the
Helicopter is limited because of having complex structure and aero-dynamical design. The speed of the
Helicopter is limited due to is complex structure and aero-dynamical constraints. The proposed
methodology of this work is explained in Fig. 2. The configurations of Helicopter blade vary from two to
four. In this research, four bladed configurations are preferred because most of the high-speed helicopters
are four-bladed. Though the four-bladed configuration increases the weight of the helicopter, it provides
more stability and more aero-dynamical performance than the two or three-bladed helicopters [1].
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Figure 2: Methodology

2.1 Modelling

The airfoil coordinates are downloaded for both HH02 and NASA SC(2)-0714 airfoils [24]. These
coordinates are imported to CATIA V5 software to design the blades [10]. The details of the geometry are
presented in Tab. 1. The geometry Parameters are same for both the NASA SC(2)-0714 and HHO2 rotors.
The blade models are designed with the separate elements like Leading-edge, Trailing edge, Gap at the
trailing edge and hub. The geometry modeling of seperate elements give a better option for getting
acurate results of meshing [22]. The shape of the airfoil is shown in Fig. 3 and the CAD model of the
geometry is shown in Fig. 4. The parts of Leading-edge and Trailing edge are created as shown in Fig. 5.
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The shape of the airfoil shows the change of trailing edge shape in HH02 and NASA SC(2)-0714 airfoil. The
HHO2 has the upward trailing edge bent and the NASA SC(2)-0714 has the downward bent.

Table 1: Geometry parameters of helicopter blade

Parameters Symbol Specification
No of blades Ny 4
Chord length(m) C 0.145
Rotor radius(m) R 5.574
Rotor solidity c 0.033
Blade planform area 1.53 1.53
"/ T | e

]\\\ S
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Figure 3: Airfoil shape

Figure 4: CAD model of rotor blade
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Figure 5: Elements of wing rotor model

2.2 Computational Domain

The formation of correct domain is important in the analysis process. The created domain has to be free
from affecting the flow characteristics or model. For helicopter blade analysis in forward flight, the
cylindrical domain provide a good correlation with the experimental results. The flow in the top is
regarded as an inlet whereas the flow in the bottom is regarded as an outlet. Two domains are created, in
which one is created near the blade and another one is created away from the blade. The rotational
domain is created only for the blade sections and the non-rotating domain is created outside the blade for
the flow conditions [23]. The created domains are big as it has no impact on the flow behavior of the
model. The computational domain and flow conditions are represented in Figs. 6 and 7.
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Figure 6: Domain creation

2.3 Grid Generation and Solver Setting

The grid generation is regarded as an important process in CFD. The grid is generated by using the
Fluent software, which is capable of doing fine mesh. The domain is finely meshed before the analysis to
get an accurate result. The blades and the computational domain are meshed in a very finer way [25]. The
meshing of the blade with domain is shown in Fig. 8 and the rotor is shown in Fig. 9. The inflation
layers are created near the blade to capture the flow separation around the blade, to capture the flow and
to avoid the slip in the flow [15]. The inflation layer is shown in Fig. 10. The meshing is done in the
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Leading-edge, trailing edge gap and trailing edge to accurately capture the flow. As most of the helicopter
rotor analysis uses the unstructured mesh, the unstructured mesh is used in this complex body. The
rotating mesh is created for the blades and Stationary mesh is created for the domain [26].
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Figure 7: Flow condition in domain

Figure 8: Meshed model with domain

Figure 9: Meshing of blades
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Figure 10: Inflation layer around blades

The boundary conditions of inlet and outlet are applied in the solver conditions of fluent [17,27]. The
mesh quality is maintained by keeping minimum orthogonal quality [28]. The solver is selected and
Reynolds averaged Navier Stokes (RANS) turbulence model is used. Various models are used for
analyzing the helicopter blades in MRF techniques [10,17].

The performance of each model is compared with the experiment results. For the analysis of turbulence
model, the models like standard K-g, Realizable k-¢, or k-« SST are used. Among these models, the standard
K-& model is not so applicable for the curved surfaces and it shows much variation with experimental results.
The realizable K-¢ model is selected as it is highly applicable for the curved surfaces. It is used in many
rotational analysis like helicopter rotor analysis and wind turbine blade analysis. The realizable k-& model
shows a good correlation with the experimental results [29]. The Y+ value is calculated and maintained
as 30 to 50 for all the analysis as the realizable k-¢ model is used for the analysis [15].

3 Verification & Validation of Results
3.1 Grid Independence Test

The grid Independence test is an important process in CFD analysis [15,29]. The grid Independence test
has been conducted for various grid sizes. The created domain and the number of elements have to be free
from affecting the flow characteristics and results. The grid Independence test is started for coarse mesh. The
mesh size is decreased and the number of elements is increased to get a fine mesh. Finally, the finer mesh with
2486109 elements is fixed, in which the lift and thrust coefficient are not changed much than the previous
mesh. The obtained results of Lift and thrust values of various mesh sizes are compared. The mesh is
made finer until the result variation of the analysis become less than 1% [15]. The grid independence test
is shown in Tab. 2. The grid Independence Test curve is shown in Fig. 11.

Table 2: Grid independence study

Domain name Domain 01 Domain 02 Domain 03 Domain 04
No of elements 1988546 2089174 2274782 2486109
Thrust 102427 103355 104668 104726

Error % N/A 1.86 1.25 0.05
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Figure 11: Grid independence test

3.2 Validation of Results

The obtained results of CFD have to be validated with the previous research results or experimental
results [30,31]. In this research, the results are validated with the previous research results of helicopter
rotors analysis. The results of Cp vs. X/C curve is compared with the obtained results of previous
experimental results from the papers of Supercritical Airfoil [3—5] and HHO2 airfoils [32—34]. The results
of Cl vs. Cd also compared with the previous results, which proves that the values are almost same [2].
In addition, the results are compared with the Cp vs. X/C curve, which is obtained in the X-foil software.
The Cp vs. X/C curve for HHO2 rotor in [33] is compared with the obtained curve of CFD results, which
is shown in Fig. 12. Similarly, the results of Supercritical rotor Cp vs. X/C curve is compared with the
obtained results [35], which is shown in Fig. 13.

Validation of HHO2 rotor

0.8
0.6
0.4
0.2

| I I I I I I I I I I I I 7.127.:::*;;-:,;?,

\ - .
02 O 0.010!5 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0‘95"'—'!

-0.4
-0.6
-0.8

Coefficient of Pressure (Cp)
o

X/C

s HHO2 PRESSURE DISTRIBUTION e Cp Vs X/C FROM McAlister et al

Figure 12: Validation of HHO2 rotor

4 Discussion of Results

The NASA SC (2)-0714 and HHO2 models are analyzed for different RPMs and different Mach
numbers. Normally, the Mach number of helicopter is 0.3 to 0.4. Hence, the analysis is done for the
Mach numbers of 0.3, 0.4, and 0.5. Generally, the RPM of helicopter rotors is 500 to 600 RPM. Hence,
the analysis is carried out for the RPM of 400, 600, and 800 RPM. A combination of all the values of
Mach number with various values of RPM is analyzed and the aerodynamic characteristics results are
recorded. The thrust values are calculated because the thrust and lift values are almost in the same
direction. The thrust values of both HH02 and NASA SC (2)-0714 rotor are recorded and the values are
compared. The result shows that the NASA SC (2)-0714 rotor has more thrust than the HHO02 rotor. The
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value of thrust varies for each speed and RPM of NASA SC (2)-0714 than HH02. The detailed result of Mach
number and speed is discussed below.

Validation of Supercritical Rotor
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Figure 13: Validation of supercritical rotor

Figs. 14-22 represent the pressure contour and velocity vector contour for the combination of all Mach
numbers and RPM. The results clearly show the pressure contour over the blade and the variation of pressure
over the blade. It also shows maximum and minimum pressure over the blade section. The pressure gets
increased when the RPM and forward speed of the helicopter is increased. The pressure is minimum at
400 rpm and maximum at 800 rpm for all the forward speeds. When comparing the Pressure between
HHO02 and NASA SC (2)-0714 rotors, it clearly proven that the pressure difference of NASA SC (2)-
0714 is higher for all the forward and rotational speeds.

Similarly, the velocity vector contour represents the elements like velocity magnitude, variation of
velocity, the direction of velocity over the blade and around the blade. The velocity is maximum for 800
rpm with 0.5 Mach no and 1003 m/s forward speed whereas it is minimum at 400 rpm with 0.3 Mach no
and 355.3 m/s forward speed. The features like maximum pressure, minimum pressure and maximum
velocity over the blade are represented in Tabs. 3 & 4.

The pressure difference is one of the important factors in finding the aecrodynamic characteristics of the airfoil.
The pressure difference between the upper and lower surfaces of blades plays a significant role in the lift of rotor
blades. From Tabs. 3 & 4, it is observed that the pressure difference of N ASA SC (2)-0714 is higher than the
HHO2 rotor. Hence, the aerodynamic characteristic of the NASA SC (2)-0714 rotor is better than the
HHO2 rotor in the same inlet condition. The maximum velocity variables are represented in Tabs. 3 & 4. In
accordance with the basic lift formula, the lift is directly proportional to the square of the velocity. As the
velocity in NASA SC (2)-0714 rotor is high, the lift is also high, which is comparatively better than the HHO2 rotor.

In Tab. 5, the improvement of thrust is listed for both NASA SC(2)-0714 and HHO2 rotors in terms of
percentage. It is clear that the NASA SC(2)-0714 rotor is generating more thrust than the HHO02 rotor. In
addition, the NASA SC(2)-0714 rotor produces high thrust around 5% to 10% than HHO2 rotor. It is thus
clear that, the NASA SC(2)-0714 rotor delivers better performance for various RPM and forward speeds.
The maximum thrust percentage of 9.98% is attained for M=0.4 and 800 RPM whereas the minimum
thrust percentage of 5.07% is attained for M = 0.4 and 400 rpm.
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Figure 16: (a) Pressure contour for M =0.3 and 800 rpm (b) velocity vector contour for M =0.3 and 800 rpm
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Figure 17: (a) Pressure contour for M = 0.4 and 400 rpm (b) velocity vector contour for M= 0.4 and 400 rpm
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Figure 20: (a) Pressure contour for M =0.5 and 400 rpm (b) velocity vector contour for M= 0.5 and 400 rpm
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Figure 21: (a) Pressure contour for M= 0.5 and 600 rpm (b) velocity vector contour for M =0.5 and 600 rpm
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Figure 22: (a) Pressure contour for M =0.5 and 800 rpm (b) velocity vector contour for M= 0.5 and 800 rpm
Table 3: Results for NASA SC(2)-0714 rotor

Mach no RPM Thrust (N) Maximum velocity Maximum Minimum pressure Pressure difference

pressure

0.3 400 104726 3553 31010 —70990 39980
600 130052 496 59490 —138700 83630
800 151930 631.4 106000  —203300 120340

0.4 400 160915 400.3 38850 —92090 53240
600 190087 732.3 64740 —162400 97660
800 228944 765.1 97810 —215700 117890

0.5 400 271328 449.5 46490 —117900 71410
600 262489 572.7 77980 —191700 113720
800 309092 1003 114900  —278200 163300

Fig. 23 shows the variation of thrust vs. RPM for all Mach numbers and rotational speeds. The produced
thrust is higher for all Mach numbers and all rotational speeds. It shows the variation of thrust for NASA SC
(2)-0714 rotor and HHO2 rotor. Fig. 24 shows the variation of Velocity under various RPM for NASA SC(2)-
0714 and HHO2 rotors. The lift is directly proportional to the square of velocity. Thus, the lift and
aerodynamic characteristics of NASA SC(2)-0714 are better than the HHO2 rotor. Fig. 25 Shows the
pressure difference for various RPM. The pressure difference on the upper and lower part of the airfoil



IASC, 2022, vol.33, no.l1 581

has to be high for having maximum lift. From the graph, it is clear that the NASA SC(2)-0714 rotor is having
more pressure difference than the HHO2 rotor. Thus, the NASA SC(2)-0714 rotor has better performance
than the HHO2 rotor.

Table 4: Results for HHO02 rotor

Mach no RPM Thrust (N) Maximum velocity Maximum Minimum pressure Pressure difference

pressure

0.3 400 98445 346 30010 —63300 33290
600 120077 384 55070 —110900 51410
800 143765 435 89260s  —178600 72600

0.4 400 152762 387 36350 —76020 39670
600 177311 528.3 64520 —137800 73280
800 207240 650.5 104400  —191900 87500

0.5 400 218367 435.7 47520 —95840 48320
600 248540 558.2 77880 —157900 80020
800 283647 698.5 120800  —235200 114400

Table 5: Improvement in thrust produced

Mach no RPM HHO02 NASA SC(2)-0714 % of improvement in thrust
thrust (N) thrust (N)
0.3 400 98445 104726 6.00
600 120077 130052 7.67
800 143765 151930 5.37
0.4 400 152762 160915 5.07
600 177311 190087 6.72
800 207240 228944 9.48
0.5 400 218367 271328 9.98
600 248540 262489 5.31
800 283647 309092 8.23
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Figure 23: Thrust vs. RPM
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Figure 25: Pressure difference vs. RPM

5 Conclusion & Future Works

The analysis results of various forward and rotational speeds show that the NASA SC (2)-0714 rotor
exhibit more thrust than the HHO2 rotor. The rotor thrust is increased about 5% to 10% for various
forward and rotational speeds. The pressure difference of NASA SC (2)-0714 rotor is also higher than the
HHO2 rotor. The results of computational analysis show that the supercritical airfoil is capably replaced in
the helicopter main rotor blades and it provides better efficiency for various speeds. The produced thrust
of supercritical airfoil is higher than the HHO2 airfoils. The increased aerodynamic efficiency aids in
achieving better loading capability, maneuvering and fuel efficiency. It is highly possible to replace the
heavy and high strength materials. The flow characteristic analysis can be analyzed for various phases
like Hovering, Axial climb and axial descent states to understand the flow characteristics. An analysis is
carried out for one main rotor and a tail rotor configurations. The Coaxial or Tandem rotor configuration
can be analyzed to find the flow characteristics of the supercritical airfoil in other helicopter configurations.
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