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Blade-Vortex Interaction

David R. Poling* and Leo Dadonef
Boeing Helicopter Company, Philadelphia, Pennsylvania

and
Demetri P. TelionisJ

Virginia Polytechnic Institute and State University, Blacksburg, Virginia

A conformal transformation and discrete vortex dynamics are used to calculate the interaction of a blade with
vortices drifting with the freestream. An unsteady Kutta condition is employed to estimate the strength of vortices
shed at the trailing edge. Instantaneous pressure distributions are calculated and compared with earlier experimental
and analytical data.

Introduction

THE vorticity trailed by finite wings and rotor blades rolls
up and develops into almost ideal vortex filaments. When

wings, control surfaces, or helicopter blades encounter such
vortices, the ensuing interaction influences greatly the aerody-
namic performance and vibratory airloads experienced by the
aircraft. Moreover, it was found that aerodynamic interaction
of a vortex and a blade may generate impulsive noise as at high
speed, in descent, and during some maneuvers. Complex rotor
codes have been developed that use lifting-line theory to calcu-
late blade airloads and rotor performance. The results for a
typical, instantaneous wake model are shown in Fig. 1 to illus-
trate the relative positions of the trailed vorticity on the com-
putation blade. The two-dimensional counterpart of this, i.e.,
the parallel vortex interaction with the blade, has recently been
examined both theoretically and experimentally.

In two-dimensional modeling usually it is assumed that the
vortex is parallel to the airfoil axis and drifts from far up-
stream. Inviscid theories as well as full Navier-Stokes equa-
tions have been employed. Significant advances have been
made in transonic flow problems.1'5 The incompressible flow
problem has also been studied,6-7 and later, Hsu and Wu8 pre-
sented both discrete-vortex solutions as well as full Navier-
Stokes solutions to the problem. Most recently, Mook and
Alexander9 refined their method of vortex splitting to calculate
the interaction of two airfoils in close proximity. Panaras10 also
investigated the problem of blade-vortex interaction by model-
ing the oncoming vortices in terms of clouds of point vortices.

On the experimental side, a number of contributions have
been centered around the noise generated during the interac-
tion process. Two recent investigations that also refer to earlier
work11-12 reported on the lift history as well as instantaneous
pressure distributions, but only for the 20% forward portion of
the chord. Favier et al.13 reported complete sets of instanta-
neous profiles, but their oncoming vortices were generated by
a periodically stalling airfoil that would not be easy to model
analytically. Poling and Telionis14 also report results on the
interaction of vortices with an airfoil but limit their data to the
trailing-edge region. Rockwell and his associates, on the other
hand, have been examining the interaction of vortices with
sharp leading edges (see, e.g., Ref. 15).
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In the present paper we discuss an incompressible, inviscid
numerical method capable of calculating the interaction of a
two-dimensional airfoil with discrete and periodically spaced
oncoming vortices. Whereas Basu and Hancock16 and Kim and
Mook17 employed a panel approximation in the calculation of
the flow about pitching airfoils, the present work employs a
conformal transformation method. The interaction of a NACA
0012 airfoil with a single oncoming vortex as well as a sequence
of vortices is investigated. The results are compared with ear-
lier experimental and analytical data.

Theoretical Considerations
The first attempt to estimate unsteady forces due to viscous

wakes was presented by Kemp and Sears.18 In fact, Sears, to
whom the present article is dedicated, essentially opened the
area of unsteady airfoil aerodynamics in the late 1930's.19'20

The present analytical scheme is based on discrete vortex
dynamics and on the circle theorem as outlined in Milne and
Thomson.21 By virtue of Joukowski's transformation

(1)

the unsteady flowfield over a circular cylinder in the z plane is
mapped into a Joukowski airfoil in the ( plane or physical
plane. In response to changing events, a vortex is shed and the
bound vorticity is readjusted. The shed vortex is placed at an
arbitrary distance slightly downstream of the trailing edge.

Depending on the position and radius of the circle in the z
plane, a variety of shapes in the f plane may be obtained. In the
initial stages of the work it was decided to use a NACA 0012
airfoil in the computation scheme, since results from a finite
trailing-edge wedge angle would correlate better with test data
than would a trailing edge with a cusp. Therefore, it was neces-
sary to adjust the radius of the image circle and its position in
the z plane until the shape in the f plane represented very
nearly that of a NACA 0012 airfoil. The Joukowski airfoil thus
employed has a trailing-edge radius of curvature equal to that
of a NACA 0012, namely, 0.5% of the chord length, and coor-
dinates no different than 1 % of chord when compared with a
NACA 0012. The corresponding quantities of the circular
cylinder in the z plane, namely, the radius of the circle and the
Cartesian coordiates of its origin, are 1.111, 0.079, and 0.00,
respectively.

In order to render the solution unique at each time step, a
generalized Kutta-Joukowski condition at the trailing edge was
imposed. The condition employed here was essentially the one
proposed by Giesing.22 This is similar to the condition em-
ployed by Ham,23 Mathioulakis and Telionis,24 and Kim and
Mook.17 Experimental confirmation of this condition and fur-
ther discussion of the topic can be found in Refs. 25 and 26. In
a more recent publication, Hsu and Wu7 propose an alternative
condition that in principle determines both the inclination and
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the magnitude of the velocity downstream of a trailing edge.
The flow over an airfoil of a stream containing one or more

drifting vortices can be calculated in the image plane by super-
imposing the elementary solutions of a uniform stream, a dou-
blet, and vortices. In dimensionless quantities, the complex
potential in the z plane becomes

F(z) = -ze™ - —— 4- iYtnz 4- / - zq)
q=\

- Sn( -zq)] (2)

where T and Tq represent the circulation around bound and
free vortices, respectively, and a is the angle of attack in the
physical plane. In this equation, lengths and circulations are
rendered dimensionless in terms of the radius of the cylinder R
and the quantity 2nRU^ respectively, with U^ the freestream
velocity. The terms with overbars in Eq. (2) denote complex
conjugate quantities. The condition of no penetration on the
surface of the cylinder is satisfied by placing two vortices inside
the circle for each vortex in the flowfield. One vortex is placed
at the center of the circular cylinder and another at the conju-
gate point, namely, the point at \/zq.

The z-plane complex velocity w(z) expressed in terms of the
complex potential function reads

Fig. 1 Instantaneous rotor wake model obtained via lifting-line theory;
thick solid lines represent outboard tip vortices, dashed tines represent
inboard tip vortices, and dots represent trailing-edge vortex sheets.

dz

Fig. 2 Two-dimensional blade-vortex interaction; unsteady flow over an
NACA 0012 airfoil at an angle of attack of 5 deg.
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Numerical Analysis
The initial flowfield is calculated via Eq. (2), where 7V takes

the value 1 or 20 for the interaction of the blade with one or a
street of 20 vortices, respectively. In the first case, the free
vortex is positioned a few chord lengths upstream of the blade
(see Fig. 2). In the second case, the blade is positioned in the
middle of the street (see Fig. 3). The solution then proceeds in
increments of time Af. Vortices are allowed to drift with the
flow. They are displaced by increments equal to the product of
the local velocity times A/. At each instant, the bound circula-
tion is allowed to readjust, and a new vortex is released at the
trailing edge to simulate the shedding of vorticity.

At each time step, the number of vortices simulating the
wake increases by 1. The two unknowns, the instantaneous
value of bound circulation T and the strength of the nascent
vortex rN, are determined by virtue of the unsteady Kutta
condition and the conservation of the total amount of circula-
tion:

. e~l* iT £ ^ / 1 1 1 \-e'* + —^+— + i £ rJ ———— —————_+— =o
zTf zte ~i \zte-zq zte-(\lzq) zte)

(4)

(5)

The subscript te denotes the location on the circle that corre-
sponds to the trailing edge of the airfoil.

The velocity of the qth vortex at any point in the z plane is
obtained from the equation

= w - (iTJz - zJ (6)

where w is given by Eq. (3). This is the condition for a free-
force vortex. This type of vortex is convected with the local
velocity. In the computer program, a cutoff statement was used
when two or more vortices approached one another. If the

0 0

Fig. 3 Initial configuration of an undisturbed sequence of alternating
vortices over an NACA 0012 by Joukowski transformation; the angle of
attack is 5 deg.

positions of two vortices were within a small distance s of each
other,

k-z|ge (7)

the computer program would skip that calculation and con-
tinue until the difference of any two neighboring positions was
outside of this limit. The parameter e was chosen to be 0.05.
This scheme was employed because artificially high velocities
would occur in the neighborhood where vortices gather. Sev-
eral other schemes have been developed in the past to avoid
this particular problem. A description of different methods and
their relative success can be found in Ref. 27. It should be
emphasized that a variety of techniques discussed by these au-
thors are designed to predict accurately the rolling up of free
shear layers at large times. This is not the aim here. We are
rather interested in the effect of free disturbing vortices on the
instantaneous pressure distribution on the airfoil.

The convection of the vortices at each time step was per-
formed via the equation

zq(t 4- AO = zq(t) 4- - A* (8)

where Af is the time increment and zq(t 4- AO is the new posi-
tion of the corresponding vortex. The value of the parameter
A* ranged from 0.05 to 0.30.

The initial positions of the vortices in the z plane zq(f) corre-
spond directly to positions in the ( plane £q(t) through the
conformal transformation. However, positions at the second
time step and time steps thereafter, namely, zq(t 4- AO and
£q(t 4- AO, are not image points of each other. Routh's theorem
dictates that the path of a vortex in the z plane does not follow
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the same path of the corresponding vortex in the ( plane. Ac-
cording to Routrrs theorem, the vortices in the f plane are
converted by the equation

1

dz „

• A / (9)

** *-*.

The classical formula for lift, pU^T is not valid in unsteady,
attached, or separated flow. Thus, flows of this nature require
direct integration of the pressure distribution. The Bernoulli
equation in its nondimensional unsteady form reads

(10)

where ws is the velocity on the surface of the blade. This em-
ploys the potential function that is the real part of the complex
potential F(z). The partial derivative dfydt at a time / is ap-
proximated by the following equation:

(11)

The pressure distribution is determined using 180 points posi-
tioned around the surface of the airfoil. At each of these points,
the pressure p is determined and then plotted with respect to
the airfoil chord.

Results and Discussion
All the results presented in this paper are displayed in terms

of a Cartesian system of coordinates, aligned with the
freestream, with its origin at the leading edge of the airfoil.
Lengths are rendered dimensionless with the chordlength of the
airfoil.

Typical instantaneous pressure distributions and corre-
sponding vortex positions are shown in Figs. 4 and 5 for inter-
action with single and multiple vortices, respectively. In both
cases, the airfoil is positioned at an angle of attack of
a = 5 deg. Figure 4 displays the trajectory of the oncoming
vortex arid the configuration of the trailing vortex sheet for a
vortex of strength T= —0.035 released at the point x/c = l,
y/c — —0.25. Figure 5 shows a similar behavior, 17 time steps
after the airfoil was suddenly immersed in the middle of the
vortex street and then allowed to interact with it. In both
figures it appears that the airfoil tends to push away the
oncoming vortex on both its sides. Moreover, a free vortex
distorts the shape of the trailing-edge vortex sheet as shown in
Fig. 5. Vortex imprints can be identified on the pressure side of
the blade in both figures.

Cp

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

PERCENT CHORD

Fig. 4 Vortex trajectory and corresponding pressure distribution; the
angle of attack is 5 deg, the nondimensional vortex strength F is —0.035
clockwise, and the vortex release point is xjc = — 1, y/c = —0.25.

CP -1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
PERCENT CHORD

Fig. 5 Multiple vortex flow and corresponding pressure distribution; the
angle of attack is 5 deg, and the nondimensional vortex strength F is 0.1.

N \

Fig. 6 Instantaneous velocity field in the vicinity of the trailing edge.

CL = 0.552
CP NOTES: 1. a= 5°

2. TV/TB = 0.242 AT STEP 1
3. VORTEX BELOW AIRFOIL X/C "

CL « 0.523
CP

Fig. 7 Instantaneous pressure distributions from two-dimensional mod-
eling of blade-vortex interaction; the angle of attack is 5 deg, and the
vortex release point is x/c = — 1, y/c = —0.25.
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Cp

NOTES: 1. G=5°
2. FV/FB = o-204 AT STEP 1
3. VORTEX BELOW AIRFOIL

Fig. 8 Instantaneous pressure distribution from two-dimensional model-
ing of blade-vortex interaction; the angle of attack is 5 deg, and the
vortex release point is jc/c = — 1, yjc = 0.
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Fig. 9 Temporal trajectories of vortices over airfoil for a street of 20
vortices calculated with a) 20 free vortices and b) 4 free vortices.

A detail of the velocity field in the neighborhood of the
trailing edge is displayed in Fig. 6. In this figure, the locations
of the vortices are also depicted. Attention should be focused in
the immediate vicinity of the edge where at this instant the
velocity appears aligned with the bottom surface, in agreement
with the unsteady Kutta condition.25

Sequences of instantaneous pressure distributions for inter-
action with a single oncoming vortex are displayed in Figs. 7
and 8 for a strength of a free-vortex-to-bound-vortex ratio of
rV/F* = 0.204, where YB is the undisturbed circulation of
the airfoil at a = 5 deg. The vortex is released at x/c - 1,
yjc = -0.25 and x/c = 1, y/c =0 for the two cases, respec-
tively. The vortex imprint can be identified on the pressure or
suction side of the airfoil for Figs. 7 and 8, respectively, as the
free vortex drifts from the leading to the trailing edge of the
airfoil. The corresponding instantaneous values of the lift co-
efficient are also shown.

For the case of an airfoil immersed in a vortex street, the
time record of vortex positions was calculated for a total of 4
or 20 disturbing vortices. The results are displayed in Fig. 9
together with the experimental data of Ref. 26.

Practically all comprehensive rotor codes employ lifting-line
methods to evaluate local airloads along a rotor blade. A typi-
cal rotor performance and airload analysis is described in Ref.
28. For unsteady flows of the type shown here, lifting-line
theory does not account for all changes taking place during the
close encounter between the vortex and the airfoil. The lifting-
line approach used in the rotor analysis of Ref. 28 calculates
the lift variation by looking up two-dimensional tables of sec-
tional characteristics. This is referred to as the "approximate"
curve in Figs. 10 and 1.1. To compare the results of this theory
with the present method, we calculated the history of the lift
variation for a a = 5 deg. Lift was calculated by integrating the
pressure distribution as described in the previous section. Fig-
ures 10 and 11 show the comparison for vortices released at
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Fig. 10 Variation of lift coefficient from blade-vortex interaction; potential flow model of the passage of a vortex over a NACA 0012; path of
vortex is below the blade; the vortex release point is x/c - ^1.15, y/c = —0.50.
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Fig. 11 Variation of lift coefficient from blade-vortex interaction; potential flow model of the passage of a vortex over a NACA 0012; path of
vortex is below the blade; the vortex release point is x/c = -3, y/c = - 1.25.
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0 0.05 0.10 0.15 0.20

TIME —SECONDS

Fig. 12 Perturbation lift-time history of Ref. 12; nondimensional vortex
strength and time in Figs. 13 and 14 correspond to the same conditions
used in Ref. 12.

CL o.oooo

NONDIMENSIONAL TIME.

Fig. 13 Calculated lift-time history from the blade-vortex interaction as
shown in Fig. 14; characteristic points are marked with the same notation
as shown in Fig. 12.
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Fig. 16 Lift-time history as shown in Fig. 6 of Ref. 8.
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Fig. 17 Time history of nascent vortex strength corresponding to the
same conditions as shown in Fig. 18 of Ref. 8.

s
-0.05«——

0.00 2.00 4.00 6.00 8.00 10.00 12.00
TIME, C/Uoo

Fig. 18 Time history of vortex shedding as shown in Fig. 4 of Ref. 8.

START

Fig. 14 Trajectory and vortex position over the upper surface of the
NACA 0012; the angle of attack is 0 deg, the nondimensional vortex
strength F,, is —0.05 clockwise, and the vortex release point is
x/c « -0.75, yfc= 0.2.
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0.0000

-0.0625
12 24 36
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Fig. 15 Lift-time history corresponding to the same conditions as shown
in Fig. 16, Ref. 8; the angle of attack is 0 deg, the nondimensional circu-
lation strength F is —0.042 clockwise, and the vortex release point is
x jc = -1.25, y/c = -0.25.

x/c =2.25, y/c = -0.50 and x/c = 3, y/c = -1.25, respec-
tively* Lifting-line theory is quite adequate if the drifting vortex
does not come within one chord length of the airfoil. However,
it fails to predict the behavior of lift if the vortex passes a
distance less than one chord length from the airfoil.

This type of temporal variation of the lift was compared with
the experimental results of Booth12 (see Fig. 12) for an angle of
attack of a = 0 deg. Characteristic peaks are marked in Fig. 13
with the notation of Fig. 12 of Booth.12 There appears to be
good agreement on the values of times at which the event of lift
peaking occurs. However, the magnitude of lift peaks are not
estimated correctly. This may be due to various factors. Per-
haps most important is the fact that in reality the vortex is
actually cut by the blade. This is not modeled by the theory,
which requires that the vortex be allowed to proceed on one of
the two sides of the airfoil, as shown in Fig. 14. (Further
developments in this direction appeared recently.29'30) More-
over, it is possible that the presence of the vortex induces sepa-
ration, and a separated bubble that could drift on the surface
of the airfoil following the path of the free vortex. Such a
bubble could reduce the magnitude of the peaks in the pressure
distribution and the lift history.

In a more recent paper, Booth31 readjusts the scale on his
data. According to this report, peaks B and C correspond to
values of the lift coefficient of 0.08 and —0.13, respectively.
These compare a little more favorably with our prediction
C2 = 0.11 and -0.75, respectively. However, more accuracy is
certainly desirable for such predictions.
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Comparisons of the same type of lift variations with the
calculations of Ref. 8 are displayed in Figs. 15 and 16. There is
some qualitative agreement, but the sharp positive peak is
missing from the results of Hsu and Wu8 (Fig. 16). The two
methods are very similar, and therefore the discrepancy cannot
be explained. Neither is this discrepancy explained by examin-
ing the strength of the nascent vortices shed at the trailing edge.
The history of the strength of nascent vortices is displayed in
Figs. 17 and 18, and it appears clearly that the two methods
predict a very similar behavior of this aspect of the flow.

Conclusions
The present calculations indicate that the passage of a vortex

generates fluctuations on the lift of the airfoil with a period
much smaller than the time required for the vortex to traverse
the distance from the leading to the trailing edge. This finding
is in qualitative agreement with earlier experimental results.
For design purposes, therefore, it is important to anticipate
forcing frequencies higher than the frequency of vortex pas-
sage.

The method of discrete vortex dynamics proved quite ade-
quate for describing this complex phenomenon, at least as far
as the temporal sequence of events is concerned. A vortex ap-
proaching the blade at a level close to its leading edge will
probably be cut. This effect is not modeled by the present
theory. Nevertheless, it appears that if the vortex center passes
just 0.05 chord above or below the airfoil, the results of the
present theory predict with reasonable accuracy the temporal
variations of lift.
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