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A potential-based panel method coupled with advanced time-marching free-wake techniques is developed to
achieve fast and accurate prediction for unsteady aerodynamics and wake dynamics of helicopter rotating blades.
This coupling analysis is enabled by using the equivalence of the doublet-wake panels and the vortex filaments. The
coupled panel method allows the inclusion of the self-induced velocity of curved vortex filaments and high-order time
integration for the computation of wake convection. A parallel computation is applied to the wake convection for fast
numerical calculation. The computation of the induced velocity from each vortex filament is parallelized and
computed separately. The velocity-field integration technique is used to avoid numerical singularity during the
interaction between the wake and blades. It is found that blade-pressure predictions and the wake roll-up agree well
with the measured data for helicopter rotors, both in hover and forward flight. Tip-vortex pairing phenomena are

also predicted and compared with the measured data.

Nomenclature
Cy = moment coefficient
C, = pressure coefficient
C; = thrust coefficient
f = parabolic blending function
G = Green function
R = blade radius
Sp = solid surface
Sw = wake surface
I' = vortex-filament strength
i = doublet potential strength
s = Rosenhead cutoff variable
¢ = velocity potential
Q = angular velocity of rotor

L

OTOR wake prediction is a key element for an analysis of

rotor loads, performance, vibration, and acoustics. Unsteady
panel methods [1-4] have been widely used as an alternative to com-
putational fluid dynamics or lifting-line methods for the prediction of
aerodynamics and wake dynamics in rotorcraft applications, mainly
because they involve simple and accurate computation. Although the
unsteady panel method has been sufficiently matured to predict
airloads on the blade, an accurate and fast prediction of the wake
dynamics has yet to be fully achieved. In particular, the prediction of
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complex phenomena of rotor wake dynamics such as tip-vortex
pairing requires an advanced unsteady panel method.

It is known that the free-wake method, which is based on a vortex
filament for a representation of the wake, is a powerful approach to
simulate the complex wake roll-up [35,6]. More details of the wake
can be calculated using a time-marching free wake with a lifting-
surface method. Using this free-wake and lifting-surface method, the
vortex pairing mechanism was well predicted and the results were
compared with experimental data [7]. However, the lifting-line and
lifting-surface methods cannot consider airload effects of airfoil
thickness. For this reason, a panel method is proposed for describing
airfoil thickness, which can be adequately modeled by the panel
method.

In the present paper, advanced techniques for the prediction of the
wake roll-up developed in the time-marching free-wake method have
been incorporated into the potential-based panel method through
application of the equivalence of constant strength of doublet-wake
panels and vortex-ring filaments to achieve an accurate prediction of
both aerodynamics and wake dynamics. Ahmed and Vidjaja [8] used
the equivalence of constant strength of doublet panels and vortex
rings to replace the doublet-wake panels with vortex-ring wake
filaments. In their method, however, variation of the doublet strength
distribution was prescribed over the blade camber line. In the present
paper, the doublet panels are distributed and represented well, both
on the blade surface and the wake surface. The doublet-wake surface
is changed to curved vortex filaments for distorted wake behavior.
An advanced curved vortex-filament model is applied to predict
wake motion, and parabolic blending in interpolation of the velocity
field is used to avoid the numerical singularity problem. Another
numerical treatment is also used to reduce numerical instability of
the wake.

Predictions of aerodynamics and the wake roll-up in hover are
generally less computationally demanding than their forward-flight
counterparts, but considerable computational cost is required when a
multiple-blade rotor is considered. Nevertheless, fast computation
can be achieved through application of parallel computation of the
rotor wake. The induced velocity of each vortex filament is cal-
culated separately by using a message passing interface.

The theory of the potential-based panel method is discussed in
Sec. II. The time-marching free-wake techniques and an approach to
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incorporate these techniques into the panel method is described in
Sec. HI. Section IV presents the implementation of advanced
numerical schemes and a discretization of the governing equation. In
Sec. V, numerical results of the present method are compared with
experimental data for helicopter rotors in hover and forward flight,
with emphasis on prediction of the rotor wake roll-up and tip-vortex
pairing. Finally, conclusions follow.

II. Boundary Integral Formulation for a Lifting Body

The potential-based unsteady doublet panel method is derived
from the boundary integral formulation. The detailed procedure and
associated equations for the boundary integral formulation (BIF) are
described in [9].

The potential flow, which gives the foundation for the panel
method, is based on an incompressible, inviscid, irrotational flow.
Velocity is given by the gradient of the velocity potential:

v =V¢ ¢

Combining Eq. (1) with the continuity equation provides the Laplace
equation for the velocity potential in the outer region: that is,

V2¢ = 0 outside Sy )

The boundary condition for rigid surfaces requires the velocity
component normal to the solid surface S to be zero:

99 3)

—~ =vz-n
on

where vy is the velocity of the point on body surface Sg, and n
denotes an outward unit normal vector. Normally, vy is prescribed
apriori by the kinematics of the body. An infinity boundary condition
requires that the flow distribution due to the body motion through the
fluid diminishes far from the body:

¢=OR*)(@>0) )

This condition is automatically fulfilled by the solution of the panel
method. By applying the free-space Green function in Eq. (2), the
following integral equation for the potential ¢ at any point denoted by
X, can be obtained:

d il :
E(r)g(x,) = L (£ Glxaix) — ¢%)ds 5)

where S includes both the body surfaces and wake surfaces, which
are expressed as Sp and Sy, respectively, for a lifting problem;
G(x,;x) is the Green function, which is represented as —1/(47xr),
with r being the distance between x and x,; and E(x,) is dependent
on the location of the point x, relative to the body surface Sy and is
given as follows:

1 x, outside Sp
1/2 x, on Sy (6)
0 x, inside Sp

E(x,) =

To complete the problem for the lifting case, the wake surfaces Sy,
should be taken into account. Let the two sides of the surface S,
surrounding the wake become infinitesimally close to the surface of
the wake. In this process, the closed surface Sy, is replaced by the two
sides of the wake surface Sy . In the limit, the second terms in the
integral of Eq. (5) are

¢8—Gd5=/ Ad)a—GdS %)
Sy on Sw on
and
%GdS=/ A(%)Gas = o 8)
Sp on Sp on

where A indicates the difference between the upper and lower
surfaces in the wake. The complete boundary integral equation
including the closed body surface S and the open wake surface Sy is
given as follows:

d G G
E(e)(x,) = L (a—fc—%—n)ds— ﬂ ApS7as O

In Eq. (9), 0¢/9n is given by the boundary condition on the body
surfaces [see Eq. (3)]. If x, approaches the body surfaces, E(x,) is
zero and Eq. (9) leads to the boundary integral equation for the value
¢(x,), and a system described by a linear algebraic equation needs to
be solved.

III. Wake Description

A. Convection of Doublet Wake and Vortex Filament

Wake shed from the trailing edge is described by a doublet surface.
This approach, however, cannot consider distorted wake behavior
during convection. To predict distorted wake convection, the
doublet-wake surface is replaced by a vortex ring at each time. This
provides a connection between the unsteady panel and the time-
marching free-wake method. The equivalence of the doublet surface
and vortex ring is formulated in Eq. (10):

u z ' fdlxr
A\ =Vp=—— VodS=— | — 10
wake ¢ A Sy r3 47{[: r3 ( )

where r = [(x — x0)? + (y — y0)? + (z — 20)?],  denotes the wake-
potential difference A¢), C represents the curve bounding the panel,
and I' (I' = p) is the circulation strength of a vortex filament along C.
As shown in Eq. (10), the doublet-wake panel involves surface
integration for the calculation of the induced velocity. However, a
vortex filament can give a simple line integration. Replacement of the
doublet-wake panels with vortex filaments provides not only a
simplified analytic formulation but also less singular behavior with a
magnitude of an order of 1 smaller than the velocity obtained by the
doublet-wake panel. Using this vortex-filament velocity, the total
convected velocity of the wake can be constructed. In Eq. (11), the
total convected velocity of the wake is composed of the freestream,
the body effect velocity, and the wake velocity:

V= Vao + Vbudy + Vwake (11)

In Fig. 1, doublet potential panel and replaced vortex filaments are
shown. The replaced vortex filament rings are used in the time-
marching free-wake method, which is developed to represent wake
convection.

4

Doublet potential panel Vortex filament

H wake r

Fig. 1 Wake description using equivalence of doublet and vortex.
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The replaced vortex-filament rings are used in the time-marching
free-wake method, which is developed to represent wake convection.
In the present free-wake method, the induced velocity of the wake on
the collocation points on the blade and the wake surface is calculated
or the wake roll-up is updated, because the velocity can be more
easily and more accurately calculated by the vortex filaments than by
the doublet panel. Another important advantage of representing the
wake surfaces with the vortex filaments is that it provides easy
implementation of techniques developed for the time-marching free-
wake code: vortex-core modeling, inclusion of the self-induced
velocity, and an advanced time-integration technique. In the present
work, these techniques are coupled with the panel method to provide
more accurate prediction of the wake dynamics. This coupling can
improve the panel method in terms of not only the accuracy of
aerodynamic load prediction, but also accurate prediction of the
wake roll-up behavior.

IV. Numerical Implementation

A. Induced Velocity of a Curved Vortex Filament

Generally, vortex filaments are described as straight filaments.
However, a vortex filament should be considered as a curved shape,
because the rotor tip vortices and wake have a spiral motion. In
addition, the curved vortex filament is useful to generate self-induced
velocity, which is required for advanced description of wake
movement. In this study, a parabolic blending function f(§) is
applied to the curved line interpolation. This parabolic blending
interpolation can describe a circular line and provides a clear curved
line without nonintuitive tangential vector to the line [10]. The
parabolic blending function is given next:

JE) =10 =5p(r) +&q(s) (12)

where &, r, and s indicate parametric variables, and p(r) and ¢(s) are
parametric parabolas, which include the points Py, P,, P; and P,, P3,
P,. For a generalized parabolic blending function, the parametric
variables r and s are nondimensionalized with specific length.
Figure 2 shows the parabolic blending interpolation.

The induced velocity of the curved vortex line can be obtained
from the Moore—Rosenhead equation:

1 r ay(E. 1)
‘"“‘ztzrfcurﬁwéf/zxF e & 1

where y(&, 1) is the position on the curved line coordinate and g is
Rosenhead’s cutoff variable for singularity removal. In the present
work, the cutoff variable is set to be 10% of the chord length. These
cutoff variables are based on the vortex-core model, which is
correlated with the results of mathematical and experimental
investigations [11].

This interpolation technique is only applied to the trailing vortex
filament, which is perpendicular to the trailing edge. The shedding
vortex filament, which is parallel to the trailing edge, is described by
a straight filament, because distortion of the shedding part is less than
that of the trailing part. From the trailing and shedding vortex
filaments, the induced velocity field is constructed to describe the
wake behavior.

B. Singularity Treatment During Interaction of Wake and Blade

In Fig. 3, the wake-potential panels interact with the blade at the
advancing and retreating sides in forward flight. It could make a
singular problem in the boundary integral formulation, because the
wake approaches the blade surface or r equals 0. The wake potential
is formulated in Eq. (7). Divergence of the potential value depends on

» p() " )

)

Fig. 2 Parabolic blending interpolation.

Interaction between the wake and body potential panel

A, "
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Fig. 3 Interaction between wake and body potential.

the variable r, which indicates the distance between the wake and
blade.

In the present work, a concept proposed by Gennaretti and
Bernardini [12] to obtain the wake potential of vortex filaments
without encountering the singularity problem is employed. In this
approach, the wake potential is obtained indirectly through
integration of the velocity field. Velocity induced by the doublet-
wake surface is written as

Vwake = V(i/ H’i (l)ds) (14)
am Js,  on\r

Using the equivalence of the doublet-wake surfaces and the vortex
rings, Eq. (14) can be expressed as follows:

I' fdlxr
/; 3 (15)

wake — E P

where I' = p.

Although Eq. (15) also has a singularity when r =0, the sin-
gularity can be overcome by using a vortex-core model such as those
produced by Scully [13] and Vatistas et al. [14]. After obtaining the
induced velocity at an arbitrary position, the wake potential can be
determined through integration of the velocity along an arbitrary

integral path:
21T [d
Puake = / [— / #} - tds (16)
1 4 c r

where t is the tangential vector to the integral path. The initial wake-
potential value required in the velocity integration can be obtained
from Eq. (7). Figure 4 shows this indirect velocity integral
integration. This approach prevents the numerical singularity of the
boundary integral formula. For this reason, this indirect approach is
very useful in the blade—vortex interaction condition.

C. Predictor-Corrector Technique for Time Integration

For time integration of the wake convection, the predictor—
corrector technique is applied to the free-wake method. New wake
locations of the wake are determined by time integration as follows:

Yn+1=yn+/vndl (17)

where n is the time-step index, y denotes the location of the wake
points, and V,, is the local velocity at the n time step. High-order
schemes for the time integration can be used to predict the wake
trajectory, which is crucial to the prediction of aerodynamic loads,

Fig. 4 Wake potential using velocity-field integration.



WIE, LEE, AND LEE 1033

noise, vibration, and performance. In the present paper, the fourth-
order Adams—Bashforth—-Moulton method [15] is implemented.
Predictor:

dt
Yp=Yp + B 55V, —59V,_, +37V,, —9V,_3) (18)
Corrector:

d
OV, = 19V, + 5V, +V,)  (19)

Yn+1 = Yn +24

where y, is the position at an intermediate step. This predictor—
corrector method is known to be more stable than the conventional
explicit method for the wake roll-up.

D. Discretization of the BIF

To numerically solve the BIF expressed in Eq. (9), the body
surface is discretized into a set of quadrilateral panels, and a potential
distribution with a constant strength is assumed on each panel. Body
surfaces are modeled by M elements, and each panel of the body
surface is required to satisfy the BIF at collocation points placed at
the center of the panel. The wake surfaces are divided by N elements.
Then, for each panel, the discretized form for an unsteady flow
becomes

E.(0$:() = B ()X () + Y Con (i (1)
m=1

m=1

N
+ ) Fra()Ad, (1) (20)
n=1
where E,(t) = E(x;, 1) =0, x,, = (0¢/0n),,,
-1
Bkm :/:mmds (21)
0 1
= 3 () 22
0 1
Fin = [ an (47‘[|x — xk|)ds 23)

The coefficients By, and C,,,, which are the body surface con-
tributions, are time-independent if the surface Sz moves in a rigid-
body motion, but the wake contribution F, is time-dependent in
unsteady flows. Hence, this term should be updated at every time
step. At each time step, Xy, is known from the boundary condition,
and A¢ is also known from the Kutta condition and the preceding
time steps. Finally, the solution of Eq. (20) yields ¢, on the blade
surface. Equations (21-23) can be solved by analytic formulations
given by Hess and Smith [16] for a constant strength of the potential
distribution on each panel.

E. Bernoulli Equation for an Unsteady Panel Method

Pressure on the blade surfaces can be computed using the velocity
potential and flow velocity.

Unsteady Bernoulli equation:

a 1 1 1
W VP = P (24)
a2 0 0

The nondimensionalized form of the pressure is given as

- v2 29
=i e3)
1/ 2IOVl'ef
where v and p are the local fluid velocity and pressure, respectively.
The time derivative of the potential in Eq. (25) is evaluated with

second-order backward differentiation in the present work.
Reference pressure p,; is the far-field reference pressure and v, ¢
can be selected as the kinematic velocity:

Vet = _[VO + 2 x I'] (26)

where V) is the flight velocity of a vehicle in a ground-fixed frame, €2
is the angular velocity, and r is the relative position from the
reference frame.

Finally, the aerodynamic force can be computed as

AF, = —CpGpvio) AAny (27)

where AF} is the acrodynamic loads on the panel, for which the area
is denoted by AA;.

F. Instability of the Initial Wake

If the rotor is rotated with sudden acceleration, the initial wake will
have unstable behavior. To reduce the instability of the initial wake,
Chung et al. [7] presented a slow starting method whereby the
nonphysical unstable behavior of the initial wake is suppressed by
decreasing the vortical strength of the starting vortex. This method is
applied to the present free-wake method. The rotational speed is
assumed to increase slowly from zero to the desired value over one or
two revolutions. Slow starting over one or two revolutions can
provide a more accurate and stable numerical solution.

Fig. 5 Rotor wake geometry in hover.
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V. Numerical Results

In this section, lifting helicopter rotor blades in hover, vertical, and
forward flights are considered. In particular, tip-vortex pairing
phenomena in vertical flight are investigated after 30 revolutions. Itis
difficult to accurately predict the tip-vortex positions due to the
complexity of wake convection. After simulation of hovering and
vertical flight cases, forwarding-flight rotors with pitching and
flapping blade motions are analyzed. All of the numerical results are

02—
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Sectional thrust coefficient
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Fig. 7 Sectional thrust coefficient.

compared with available experimental data such as thrust coefficient,
pressure coefficients, and tip-vortex trajectories.

A. Helicopter Rotor in Hover Flight

Caradonna and Tung’s [17] two-blade rotor experiment is
analyzed for a hovering rotor. The rotor radius is 1.143 m and the
aspect ratio is 6. This blade is not tapered and not twisted. The
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Fig. 8 Pressure coefficient at a collective pitch angle of 5 deg.
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sectional airfoil is NACAQ0012. The root cutout is approximately
equal to one chord. The pressure taps are located at specific spanwise
locations, with more data being taken near the tip and near the leading
edge. The case presented in this paper involves a rotor with 5, 8, and
12 deg of collective pitch angle, rotating at 1250 rpm, which
corresponds to a tip Mach number equal to 0.439.

The computational model is composed of 40 panels in the
chordwise direction and 30 panels in the spanwise direction, respec-
tively, on each blade. Panel clustering is given in close proximity to

Present
Experiment

o
TT T T[T T T T[T T I T[T T T T[T T T T[T T T T[T TTT[TTT1]

a) r/R=0.96

o
TT T T[T T T T[T T T T[T I T T[T T T T[T T T T [TTTT[TTT1T]
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o
TT T T[T I I T[T T T T[T T T T[T T T T[T T T T[T TTT[TTITT]

0 0.2 0.4 0.6 0.8 1
x/chord
c) r/R=0.68
Fig. 9 Pressure coefficients at a collective pitch angle of 8 deg.

the blade tip region and the leading edge of the blade. Computational
results for the current case have been obtained with an azimuthal step
of 15 deg. These hovering cases are performed over 10 revolutions;
15 CPUs (Intel core 2, 2.4 GHz) are used for parallel computation,
and the total computational time is about 35 min.

Figure 5 shows the rotor wake geometry in hover. Wake con-
traction near the rotor plane and bundle region far below the plane is
well captured. In Fig. 6, the total thrust coefficients are compared
with experimental data at collective pitch angles of 5, 8, and 12 deg.
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Fig. 10 Pressure coefficients at a collective pitch angle of 12 deg.
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Fig. 17 Vorticity contour of tip-vortex pairing (¢: vortex age) (pitch
angle is 11 deg and climb rate is 1.067 m/s).

At the high pitch angle as well as the low pitch angle, the predicted
thrust coefficients are in very good agreement with the experimental
results.

The variation of the sectional thrust along the blade span is
displayed in Fig. 7. Experimental data are compared with predicted
results. Most of predicted results have a good agreement with
experimental data. But the results of a pitch angle of 12 deg have little
difference at outer region of the blade, because with the present

Pairing region

-zZIR

wam

3600 7200 10800 14400
Azimuth angle (degree)

[}
\SULAELANLINS LI LI L L I |

o

Fig. 18 tip-vortex geometry during 40 revolutions (pitch angle is 11 deg
and climb rate is 1.067 m/s).

Table 1 Cyclic control angle of AH-1G

unit: degree 6y 0, 0, Bis Bie
Present prediction (after trim) 6.02 —-326 1.5 -—0.15 2.13
Experiment 6 5.5 1.7 —=0.15 213

Table 2 Thrust and moment coefficients

CT CMx CMy
Present prediction (after trim) 0.00464 —6.5x10°% —52x1077
Experiment 0.00464 0 0

method, it is difficult to describe the airload variation of leading-edge
separation at a high pitch angle.

Figures 8—10 show the pressure coefficient at three blade-span
sections (r/R = 0.96, 0.8, 0.68). The numerical results are in fairly
good agreement with the experimental results for all regions. The
present method accurately predicts aerodynamics of the helicopter
rotor in hover at the given collective pitch angle.

B. Tip-Vortex Descriptions

Caradonna and Tung’s [17] rotor model is used for the simple tip-
vortex movement calculation. This model has a pitch angle of 8 deg
and is performed for 10 revolutions. Figure 11 shows a tip-vortex
position in both the radial direction (r/R) and axial direction (—z/R)
as a function of the vortex age. The converged tip trajectory obtained
from the 10th revolution was used. Experimental data were included
in the figure for the comparison. It can be seen that the radial
contraction of the wake agrees very well with the measured data,
whereas the downward convection of the wake is slightly over-
predicted, compared with the measurement.

Figure 12 illustrates the vorticity contour in a sectional plane
normal to the rotor plane after 10 revolutions. It is shown that the
strong tip vortices and weak inboard vortices were captured very
well.

For the complicated tip-vortex pairing simulation, the subscale
AH-1G model [18] is simulated. The AH-1G model with a radius of
1.0414 m rotates at 1800 rpm. This model has a climb rate of
1.067 m/s, with 2.928 m/s in the axial direction. During 80
revolutions, this model is performed at a collective pitch angle of
11 deg. The blade is composed of 40 chordwise panels and 12
spanwise panels. The pairing case has been obtained with an
azimuthal step of 15 deg; 12 CPUs are used for parallel computation
and the total computational time is about 29 h.

The predicted tip-vortex positions of AH-1G are shown in
Figs. 13-16. Figure 13 indicates the predicted tip-vortex geometry in
the cross section. In this figure, the fourth vortex is pared with the
fifth vortex. Tip-vortex pairing progresses until their positions
interchange. In Figs. 14-16, the tip-vortex pairing position is shown
quantitatively. The radial /R and axial —z/R positions of the tip

Fig. 19 Rotor wake geometry in forward flight.
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vortex at the 30th-33rd revolutions are displayed. Their positions
have a 180 deg phase shift because of the two blades. These predicted
results correlate well with experimental data. Figure 17 shows a
vorticity contour in a sectional plane. In this figure, tip-vortex pairing
is visualized with vortex age. At a vortex age (reference azimuth) of
360-720 deg, two tip-vortex trajectories cross due to the interchange
of pairing. Figure 18 shows all tip-vortex trajectories during 40
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Fig. 20 Sectional thrust coefficients with azimuth variation.

revolutions. In this figure, it is shown that convergence of the tip-
vortex pairing position is initiated at an azimuth angle of 7200 deg
(20th revolution), demonstrating that the numerical simulation
requires many revolutions of the rotating blades to capture the
detailed behavior of the wake dynamics.

C. Helicopter Rotor in Forward Flight

For a forwarding simulation, the AH-1G model [19] is simulated.
The aspect ratio of the rotor blade is 9.8 and the linear twist rate is
—10 deg fromroot to tip. The rotor is operated at a tip Mach number
of 0.65 and an advance ratio of 0.19. The computational blade model
is composed of 40 chordwise and 16 spanwise panels. An azimuthal
angle step is Ay =3deg. The computational time to run 4
revolutions took about 8 h with 16 CPUs for the current case.

The AH-1G model has two blades with periodic pitching and
flapping motions. Pitching and flapping motions are described by a
sinusoidal function of azimuth angle .

Pitch angle:
0() = 6y + 6, cos(¥) + 6, sin(y) + - -- (28)
Flapping angle:
B = Bo + Biccos(Y) + By sin(y) + -+ (29)

where 6 and  represent the pitch and flap angles, respectively. Blade
motion coefficients are determined through the flight trim process.
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By varying cyclic pitch-angle coefficients (6, 6,., 6,,), thrust and
moment can be converged to the desired level:

CT = CT(QOa 01(.‘7 9].?) CMx = CM,\‘(GOa 014:7 Hls)

(30)
CMy = CMy(e()v 91(:7 913’)

where the subscripts x and y denote the x and y coordinates of the
rotational plane x—y.

aCr  aCr  aCr -1

Ab, %0,  06,, 00, ACy
_ | 9Cux  3Cyy  Chy
Afy | = 96 96, 06, ACy, G
A91 d0Cyy  3Cyy  Cyy ACM
s Ay Ay A y
90, 00, 00y, ’

where ACy, ACy,,, and ACy,, are differences between the desired
valued and the computed value. Equation (31) indicates the algebraic
relation between the aerodynamic properties and control angles. The
Newton—Raphson iterative method is used for iteration of the pitch-
angle coefficients. After this convergence process, cyclic pitch-angle
coefficients are determined for simulation of forward flight.

Table 1 shows the cyclic pitch angle after the trim procedure.
Table 2 indicates the predicted thrust and moment coefficients. In
Table 2, the predicted trim results and experimental data are almost
the same. Figure 19 shows the rotor wake calculated by the present
unsteady panel method. In this figure, the wake roll-up at the blade tip
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Fig. 22 Pressure coefficient atr/R = 0.91.
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Fig. 23 Vorticity contour of the rotational section in forward flight.

is captured well and wake convection is also observed. Figure 20
illustrates the variation of the sectional thrust coefficient at selected
spanwise positions over one revolution. Figures 21 and 22 show the
pressure coefficient at specific span positions (r/R = 0.6, 0.91) at
azimuth angles of 30, 90, 270, and 300 deg. It is shown that the
predicted results agree well with the measured data. Figure 23 shows
the vorticity contour in the rotational sectional plane. To investigate
the trailing vortex strength, the sectional plane also rotates. The
vortex strength is plotted at a plane of 30 deg after the blade. The
position and strength of the tip vortex at the specific azimuth angle
were clearly captured. The inboard wake vorticity variation was also
observed. In this figure, we can confirm that the inboard wake
strength variation as well as the tip vortex are investigated. Figure 24
also presents a vorticity contour of a sectional plane in the flight
direction. These sections are located at specific positions (R, 2R, 3R,
and 4R). In Fig. 24, it is shown that the wake is distorted in each
section. The figures show the movement of the tip and inboard wake
during forward flight.

VI. Conclusions

A potential-based doublet panel method coupled with a free-wake
method is proposed to predict the unsteady aerodynamics and wake
dynamics in a rotorcraft application. The doublet panel method and
the advanced time-marching free-wake method are tightly coupled
using the equivalence between the doublet potential wake panels
and vortex filaments. The respective advantages of both methods
are maintained in the present method. The doublet panel method
provides a detailed pressure distribution along the chord, and the
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Fig. 24 Vorticity contour of the fixed section in forward flight.

free-wake method provides accurate modeling of the wake
dynamics.

The present coupled method was applied to a helicopter rotor in
both hovering and forward flights. It was shown that the predicted
airloads agree very well with measured data. The wake dynamics was
analyzed in detail by investigating the tip-vortex trajectory in
the radial and axial directions, as well as the tip-vortex pairing
phenomena. The tip-vortex pairing was first captured in the unsteady
panel method. Parallel processing was implemented such that the
induced velocity computation from each vortex filament is separately
calculated.

It should be noted that the current potential method fails to address
flow compressibility such as shock around the blades with high
tip Mach number, dynamic flow separation, and turbulence effects,

although the viscosity effect can be modeled if a boundary-layer
formulation is correlated with the current method. Those effects,
however, are known to not play a significant role in determining
wake dynamics. In addition, the method can be used to design
advanced blade platform shapes or rotors with high twist for high
performance with high accuracy and less intensive computational
effort.
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