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Induced Drag Based on Leading Edge Suction
for a Helicopter in Forward Flight

Chenhao Li,* David Poling,t and David Wu$
Boeing Helicopter Company, Philadelphia, Pennsylvania

Estimating induced drag for a helicopter in forward flight is a three-dimensional, unsteady aerodynamic
problem complicated by fluid compressibility and wake geometry. Based on an acceleration potential approach,
the chordwise velocity and the derivative d$/dt of the velocity potential at the leading edge of a thin rotor blade
in subsonic flow were re-examined in this paper to assess unsteady and compressibility effects on the induced
drag using a leading-edge suction model. The chordwise velocity was shown to have a singular and a continuous
component. The d$/dt was shown to be continuous and hence does not contribute to induced drag. The induced
drag calculated from the leading-edge suction model and the more traditional model to be referred to as the
induced angle model were compared to quantify the differences in the two approaches. The results show that
variations can be significant. While these variations cannot substantiate the validity of either approach, it is clear
that the leading edge suction model is simpler to apply with fewer assumptions.
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Nomenclature
slope of curve of section lift against angle of attack
speed of sound in the undisturbed air
defined in Eq. (16) as (1 -M2)
semichord
induced drag based on induced angle method
induced drag based on leading-edge suction method
distance from (x,y,z) to (£,??,£) or
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direction cosines of the blade and its wake surface
defined in Eq. (11) as
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S = leading-edge suction
t = defined in Eq. (11) as ( t- —
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Ui = local section velocity of the blade element
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chordwise velocity on the thin blade = u\ + u2
forward velocity
spanwise velocity on the thin blade
inflow or the normal velocity induced by the wake
sectional lift
coordinate at which velocity is calculated
blade element angle of attack
pressure difference
coordinates of doublet path
cylindrical coordinates of the doublet on the blade
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Pa, = undisturbed air density
r = time the doublet emits a disturbance defined in

Eq. (16) as

0 = azimuth angle measured from downward position in
the direction of rotation

$ = velocity potential for the entire rotor
$' = velocity potential for a moving doublet
\l/ = acceleration potential
ft = rotor speed
co = defined in Eq. (18) as ( . , _ _ )
a—— = normal derivative of the surface of the doublet

£i , ry i = blade Cartesian coordinates (see Fig. 2)

Introduction

I T is very important to calculate drag in order to estimate the
power required by a helicopter. Induced drag is the largest

component of drag for a helicopter in hover or in low-speed
forward flight. In high-speed forward flight, induced drag
produces torsional moments when there is out-of-plane bend-
ing of the blades. The torsional deflection caused by the drag
contributes to the change in the angle of attack of the blade
element which affects airloads and pitch link loads.

We begin by presenting the less complicated derivation of
induced drag for fixed-wing aircraft. We then extend the dis-
cussion to helicopters. There are two successful models for
estimating the induced drag of fixed-wing aircraft. The tradi-
tional model and the induced angle model requires tilting the
lift to an induced angle of W/ V^.1 In order to estimate induced
drag from a lifting surface theory using this model, the distri-
bution of normal induced velocity W over the whole chord
must be calculated. The second model requires calculating the
leading-edge suction and subtracting it from the backward
component of the aerodynamic force normal to the chord.2'3
In this manner the 2-D concept of leading-edge suction is ex-
tended to 3-D assuming that it depends only on the character
of the chordwise velocity at the leading edge. This model ne-
glects the effects of airfoil thickness, which does not influence
induced drag. Only the chordwise velocity at a single point is
necessary for this analysis.

For a helicopter in forward flight, the traditional approach
for estimating induced drag4 is to first calculate the normal
velocity W, which is induced by the wake. The lift is then tilted
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to an induced angle of W/U\. This is an extension of the
traditional fixed-wing-induced angle model. An alternative ap-
proach for estimating induced drag of a helicopter rotor is to
extend the 3-D fixed-wing, leading-edge suction model to a
rotor.

The Boeing Helicopter Company has been developing a new
method based on the leading-edge suction model to calculate
induced drag and performance of a helicopter rotor in hover.
By using an acceleration potential technique with a prescribed
wake, which accounts for compressibility effects, the lift dis-
tribution is obtained from the solution of an integral equa-
tion.7 Figure 1 is an example of the predicted rotor perfor-
mance showing good correlation with measurements.

To date, the application of the leading-edge suction model
has been limited to helicopters in hover.5 This paper extends
the leading-edge suction model to helicopters in forward flight
by examining two parameters, specifically u and d$/dt and
also to account for unsteady and compressibility effects.
Though the approach may be applicable in supersonic flows,
the current discussion will be limited to subsonic flows.

Preliminary Comparison of Approaches
to Estimate Induced Drag

The two approaches will be initially compared using lifting-
line theory before extending the comparison to lifting-surface
theory. For fixed-wing aircraft flying in an incompressible
steady flowfield,

(1)
where the lift per length is

(2)

By extending the 2-D airfoil relationship between u and the
leading-edge suction to 3-D, the leading-edge suction S and
induced drag Dg can be written as

5 = 7

The lift-per-unit span can be written as

___ Leading Edge Suction Model

0 Experiment (NASA TM 86833)
0.645 < Mtip < 0.665

(3)

(4)

(5)

THRUST COEFFICIENT

Fig. 1 Variation in power with thrust coefficient. Comparisons with
experiment and predictions from the leading-edge suction model. (Ex-
periments were performed at the NASA Ames Outdoor Aerodynamic
Research Facility using the XV-15, three-bladed, full-scale rotor con-
figuration with a NACA 64-series airfoil.)

and based on the induced angle model, the induced drag D{ is

(6)

From these equations, it can be shown that Di=Dt if
^4oo = 27r, the theoretical value for steady flow. This compari-
son shows that there is no difference in the two approaches for
fixed-wing aircraft in steady flows based on lifting-line theory.
For fixed-wing aircraft not complicated by curved wakes, this
result can be extended to compressible flow using the Prandtl-
Glauert compressibility factor.

Lifting-line theory is not adequate in describing helicopters
in forward flight because the flowfield is unsteady; there are
multiblade interference effects, and the wake is curved. It is
therefore unreasonable to expect the estimated induced drag
based on the induced angle model to be the same as that
obtained from the leading-edge suction model. Furthermore,
the d$/dt contribution to induced drag is often ignored in the
induced angle model.

In order to estimate induced drag using the leading-edge
suction model, an expression for the chordwise velocity must
be obtained. By constructing a small circle around the leading
edge in a plane perpendicular to the span of the blade, it can
be deduced that the contribution of the continuous terms to
the resultant force from the pressure acting on the circle, as
given by the unsteady Bernoulli equation

AP u2 a$
— + -r- + -TT = constPoo 2 dt (7)

goes to zero when the circle shrinks to the leading edge. There-
fore, it is only the singular portion of the chordwise velocity
and the unsteady term d$/dt which contribute to the induced
drag. These terms will be examined separately. For a fixed-
wing aircraft and for a small perturbation of the flow

AP = POO [>.(£/„ - Ud + V2(U2 - U2)] = 2Po (8)

where the subscripts u and £ mean upper and lower surface,
respectively. Hence u =AP/2p00V00. At the leading edge, u is
singular as well as AP.

The comparable equation for a helicopter in forward flight

AP d$/dt + Qy)u - tixv + (9)

The relationship between u and AP cannot be derived from
Eq. (9) directly. However, the desired relationship can be
derived from an analysis of pressure doublets moving with the
blade and wake.

Acceleration Potential and Velocity Potential
For a small perturbation of an undisturbed medium, the

governing equation in a fixed reference frame for the accelera-
tion potential ¥ is the wave equation.7 Thus,

a2* i n
~

(10)

The acceleration potential for a moving doublet is expressed as

(ID

Clearly the curved wake compressibility effects do not take
the form of the Prandtl-Glauert compressibility factor. The
clear advantage of using the acceleration potential technique is
to properly account for the curved wake effects in a compres-
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sible medium. For a small perturbation

(12)

Assuming $^0 as /-» — oo, which is the theoretically correct
lower limit for Eq. (12)8

Vdt
XI

The velocity potential of a moving doublet $' at t = 0 is

r° a
and the contribution of all the doublets to the velocity poten-
tial $ at t = 0 is written as

{{ r° d iAPu^T)}— K\ \ d^drji 1 -— ————-— dtJ J J-ooar/o Id + Qm/a^] (13)

Continuity of Chordwise Velocity and d$/dt
The chordwise velocity along the blade is u = &™ d$/dx. To

separate the multiblade interference effects, the chordwise ve-
locity is separated into two components u\ and u2. The compo-
nent «2 is the contribution from the reference blade, and u\ is
the contribution from all the other blades and wakes. Since the
flowfield generated by a doublet is singular only at the location
of the doublet, u\ must be continuous.

The chordwise velocity u2 at (x,y,Q) contributed by a dou-
blet moving with the reference blade is singular when the
doublet passes through the point (x,y,Q). This singularity
disappears after the double integral extending over the blade is
performed. Therefore the limit z-^0 must not be taken inside
the double integral in Eq. (13), but the order of the mathemat-
ical operators may be changed.

The velocity at t = 0 contributed by the doublet moving with
the reference blade is

(14)

where TO, is the time required by the doublet to move from the
point at which the doublet is located at t = 0 to the correspond-
ing trailing edge. From Fig. 2, the chordwise velocity at t =0
is

dt
f=0

(15)

Linearizing the doublet's path yields

— oo —oo

(16)

The contribution to u2 from the integral j"^1 is continuous.
Letting u2 = u2 + H, where H represents the continuous por-

tion and expanding AP in a Fourier series in time yields

exp(inQr)
R (17)

r=o
The innermost integral is uniformly convergent and thus the

order of the differential operator d2/dx\d$ and the summation
operator E can be interchanged. The innermost integral in Eq.
(17) was fully analyzed by Watkins, Runyan, and Woolston,9
and it may be shown that the singularity of the innermost
integral occurs at

a2 f 0 exp(inQr)
J -oo R '

bh
r=o

exp

(18)

By introducing the transformation x — £ = rcose, y — y
= r sinQ/b, the singular term in u2 becomes

(-1)'

r cos9 - + r sine - ,rj) |̂  )i

For £=0 and /n =0 in Eq. (19),

(19)

z-Oc-

for £>0 and m >0 the integral in Eq. (19) is zero due to the
higher power of r and/or \Jr2 + b2z2. Therefore, w2 =
2poo C/i + continuous terms and

U =
A/7 (20)

The continuity of d$/dt can be shown using an argument
similar to that for the chordwise velocity.

Summary and Quantitative Comparison
Using the acceleration potential technique which accounts

for the effects of a curved wake and compressibility, it has
been shown that the chordwise velocity in the neighborhood of
the leading edge is u =AP/2poo(7i+// and that d$/dt and
H are continuous. By combining Eqs. (1) and (20), the 3-D,
fixed-wing relationship between u and the leading-edge suction

Fig. 2 Rotor Blade Coordinate System
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Table

r/R
f

I Value of / for Varying Normalized Radial (r/R) Positions

First Rotor at 0.2 Advance
0.4 0.5 0.6 0.7
0.696 0.691 0.703 0.697

Ratio3'10'12

0.8 0.9
0.692 0.790

1.0
0.838

Second Rotor at 0.38 Advance Ratio12

r/R
f

0.26 0.39
0.978 0.956

0.52
0.863

0.64
0.872

may be extended to a helicopter rotor in forward flight

(21)

In order to quantify the difference between the traditional
induced angle model and leading-edge suction model for esti-
mating induced drag, the following function is defined

W

ya-S
(22)

Table 1 shows the values of the function/for two rotors12

at different advance ratios. The advance ratio for the first
rotor is 0.2. The lift distribution was modified by using the
2-D Theodorsen function. The advance ratio for the second
rotor is 0.38. The values of the function / were obtained as-
suming the near wakes and middle wakes produced a uniform
downwash.

As is clear from the values in Table 1, the induced drag
calculated from the traditional induced angle model ranges
from 69-84% of the induced drag calculated from the lead-
ing-edge suction model at an advance ratio of 0.2 and 86-98%
at an advance ratio of 0.38. In other words, the induced angle
model consistently underestimates the induced drag. This
might result from neglecting the contribution of d$/dt. This
problem does not exist in the leading-edge suction model be-
cause the contribution of d$/dt to the induced drag is prop-
erly accounted for.

Conclusion
By extending the leading-edge suction model to a helicopter

rotor in forward flight, two contributors to induced drag
which have largely been neglected in the traditional induced
angle model can be included. First, the contribution of induced
drag from the nonzero term d$/dt in the induced angle model
is shown to produce a zero contribution to induced drag in the

leading-edge suction model. Second, the Prandtl-Glauert com-
pressibility factor, which should not apply to helicopters in
forward flight due to the motion of the rotor relative to the
air stream, is properly considered using an acceleration poten-
tial technique. A better understanding of the induced drag was
obtained by deriving quantifiable expressions for the chord-
wise velocity u and the time rate of change of the velocity po-
tential d$/dt. A comparison of the present model with the
traditional induced angle model shows the traditional induced
angle model underestimates the induced drag by as much as
31%. While these differences cannot substantiate the valid-
ity of either approach, it is clear that the leading-edge suction
model is based on fewer assumptions and simpler to apply.
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