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ABSTRACT: In this research, dynamic stall at sections near the rotor blade tip at a maximum cruise
speed of the helicopter with an advanced ratio of 0.35 and cyclic pitching motion, has been studied
using computational fluid dynamics simulation. Unsteady Reynolds-averaged Navier—Stokes equations
are solved using model on a domain discretized into a hybrid mesh using finite volume discretization
method. Numerical simulation is validated using experimental results of AH1-G helicopter flight tests.
Comparison of results indicates that present numerical results match with experimental data well.
Dynamic stall occurs as a result of a shock wave in the advancing side which affects the lift coefficient.
Interestingly, the effect of the shock wave on the lift coefficient in the regions closer to the blade tip is
weakened due to the tip vortex penetration. As a result, few changes are seen in the lift coefficient in
these regions in comparison to those of the inner regions of the blade. In addition, the maximum value of
lift coefticient in the section closer to the blade tip reduces by 10.2% in comparison to that of the most
inner section. Results show that despite the formation of the leading-edge vortex, especially in the inner
most sections of the blade, severe dynamic stall does not occur in the retreating side. In fact, this is due
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to the weakening of the leading edge vortex by the effect of the radial flow.

1- Introduction

The complexity of fluid flow around the rotor blade in
forward flight limits the helicopter’s flight envelop. These
complexities include time-varying pitch angle, mechanical
out-of-plane motion, compressibility, unsteady boundary
layer, large-scale flow separations, dynamic stall, and reverse
flow area. The mechanism of the dynamic stall phenomenon
and the parameters affecting it have been among the interesting
research topics in experimental and numerical aerodynamics
for many years. Experimental results of pitching airfoils in
retreating sides under dynamic stall have been published by
Ham et al. [1, 2] and Mc Crosskey and Fisher [3].

In this paper, the primary objective is to investigate three-
dimensional characteristics of dynamic stall vortex formation
at the three radial sections of the blade close to the blade tip
at the maximum allowable cruise speed. Due to the flight
envelope of helicopter speed in relation to compressibility
and dynamic stall, the study of this speed is particularly
important in the design of the rotor blade.

2- Methodology
2- 1- Governing equations and numerical modeling

In this paper, equations are solved using a pressure-
based solver with second-order upwind discretization for the
convection terms and second-order implicit discretization for
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the transient terms. Also, a two-equation k-® SST model is
utilized to capture the effect of turbulent flow.

2- 2- Blade geometry and computational domain

The geometry of the rotor blade used here has a radius
of 5.5 meters from the center of rotation. It has two parts
with different types of airfoil profiles (NACA23012 and
NACA13008) and a third part to provide a transition between
these two parts. Flow conditions and blade’s control variables
at maximum flight speed are shown in Table 1.

The computational domain is formed from three different
mesh regions. A rigid mesh like a capsule is created around
the blade from the root to the tip to facilitate blade pitching
motion. To provide rotor rotation, this capsule-like mesh is
located in a cylindrical mesh which rigidly rotates with the
speed of the rotor. This cylindrical mesh itself is located
within a stationary spherical mesh to represent the outer far
field. The cyclic pitch of the blade is applied by equation (1).

0=0,+6_cosy(t)+0, siny(t) (1)

where 6, is the collective pitch angle, 6§, is the lateral
cyclic pitch, 6, is the longitudinal cyclic pitch angle, and
v (t) denotes the azimuth angle.
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Fig. 1. Comparison of the present numerical results
of normal force coefficient with those of the flight test
data and numerical results for AH-1G helicopter

Table 1. Flight condition and blade control variables

Parameters Value
M i 0.65
M, 0.236

H 0.35
0, 13.89
0, 1.34
O -5.71
Q 40.3

2- 3- Validation and verification

Simulation results are validated and verified using the
flight test data and numerical simulation results of the AH-1G
helicopter at a maximum flight speed of 159 knots performed
by Tejero Embuena et. al. [4], respectively.

Fig. 1 depicts the comparison of the present results of the
normal force coefficient at one section in the dimensionless
radius (7/R) of 0.86 with those of the flight test data and
numerical results of the FLOWer solver.

Present results compare well with those of the fight test
in Fig. 1. The maximum difference between the normal force
coefficient obtained in this study and that of experimental
data was 12%, which occurs at an azimuth angle of 269
degrees in the third quarter of the blade rotation. Present
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Fig. 2. Lift coefficient variation with azimuth angle for
sections 0.778, 0.85, and 0.95

numerical results demonstrate that the simulation is done
correctly in this research study. As seen, in comparison to the
numerical results of FLOWer present results are closer to the
experimental data.

3- Results and Discussion

To better understand the behavior of dynamic stall and
high flow separations on the rotor blade with cyclic pitch,
three sections in dimensionless radial positions (#/R) of
0.778, 0.85, and 0.95 close to the blade tip are investigated.
Variation of lift coefficient with azimuth angle in these three
sections are shown in Fig. 2. For section with 7/R=0.778, the
maximum lift coefficient occurs at the azimuth angle of39
degrees and after that, the lift coefficient suddenly drops.
This is due to shock-induced separation. At this azimuth
angle, the maximum Mach number of this section is 1.32.
Similarly, in sections with »/R=0.85 and 0.95 shock-induced
separations occurs at the azimuth angles of 23 and 17 degrees
respectively.

Due to the three-dimensional effects of attenuated tip
vortex penetration, the effect of shock wave on lift coefficient
in regions closer to the blade tip decreases as seen in Fig. 2. In
addition, the variation of lift coefficient at the section near the
blade tip has become more smooth. As a result, the ratio of lift
coefficient to its maximum value at the section with 7/R=0.95
has decreased by 10.2% in comparison to that of section »/
R=0.778. In the third quadrant of the blade rotation, the lift
coefficient experiences another abrupt drop at the azimuth
angle of 205 degrees on the section »/R=0.778. The same
happens at the section with »/R=0.85 at an azimuth angle of
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171 degrees. At the section with 7/R=0.95, no sudden change
is seen in the second and third quadrants. by moving in time,
In the fourth quadrant of the blade rotation, section 0.778 has
two sharp drops in its lift coefficient. The first drop is from
322 to 337 degrees and the next drop that is more severe is
from 343 to 360 degrees. At the section with 7/R=0.85, there
is a sharp drop in lift coefficient at an angle of 297 to 340
degrees. At the section with /R=0.95, however, there is no
sudden drop in this range of motion and the lift coefficient
gradually decreases.

4- Conclusions

In this research, numerical simulation of the helicopter
rotor blade with cyclic pitching has been performed at the
maximum cruise speed to understand its flow complexities
at the three selected sections in the region close to the blade
tip by the finite volume method. Numerical results obtained
here showed that

1) The reason for the occurrence of dynamic stall on all
three blade sections in the first quadrant of rotor rotation,
where the relative speed of flow with respect to the blade
section is high, is the shock-induced separation.

2) As a result of relatively high-speed rotor rotation,
strong radial flow is formed towards the blade tip. Despite
the growth of dynamic stall vortex this radial flow pushes
these vortices towards the blade tip and prevents them from
sufficient growth and durability. Therefore, a limited dynamic
stall occurs in the inner sections. At section with »/R=0.778

dynamic stall occurs in the third and fourth quadrants. This is
accompanied by the growth of the TEV and the weakening of
the LEV. Also, at the section with 7/R=0.85, the formation of
a weaker dynamic stall is observed in the third quarter of the
rotor blade rotation.

3) Despite the existence of extensive flow separation at
the third section where /R=0.95, strong penetration of the
tip vortex and its effect on the LEV dynamic stall does not
occur at all.

The results of the present study can be used to design
the geometry of the tip shape and according to the effects
of the vortex penetration on the dynamic stall conditions of
the outer blade area, it can be used as a factor limiting the
maximum allowable flight speed in helicopters.
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Fig. 2. Planform of the rotor blade used in this study
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Fig. 4. Contour of y plus distribution on the blade surface in azimuth 90°
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Fig. 5. Mesh on the blade surface (right) and boundary layer mesh with volume mesh
(left) inside the capsule area
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Table 2. Specification of Mesh Resolution on The Blade Surface

slade by
YIAPx\ - o b Jslo opdsl alols
\td Sy &Y olows
7+ O (X ) a4 4o a5 any gy bols Lausgie
ANAT (Y ) o ad )0 S amy g alols Lgio
LAY (X Cyz) 4 Lawg ;0 aSl amy g alold hauwgis
7V,04 (V) 45 Jawg )0 a5l dn g alold Lawgls
LAYE (X ) 58 ad )0 aSl o o alols gt
1A (V) b ad 55 5l dag g sl e

AY



Voo BVO dsiio AF ) Jlo o) ojlods DY 093 ¢S sl Sl wige &y i

syl (gLl Olasuiin .Y Jous

Table 3. Specifications of different grids
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Fig. 6. Comparison of blade lift coefficient for grid independency analysis
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Fig. 7. Comparison of blade lift coefficient for time step independency analysis
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Table 5. AH-1G helicopter flight conditions
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Fig. 11. Mach number contour (left) and pressure coefficient (right) of 0.778 section at 39° Azimuth angle
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Fig. 12. The contour of the chordwise direction velocity along with the streamlines (top) and pressure coef-
ficient diagrams (bottom) for different sections at 45° Azimuth angle
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Fig. 13. Pressure coefficient contour along with streamlines for 0.778, 0.85, and 0.95 radius sections in the rotor
retreating side (Continude)
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Fig. 13. Pressure coefficient contour along with streamlines for 0.778, 0.85, and 0.95 radius sections in the rotor
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Fig. 15. Pressure contour on the upper side of the retreating blade at different azimuthal angles
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Table 6. Overview of flow separation and dynamic stall occurrence in the studied sections
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