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EFFECT OF VORTEX DEFLECTION ON VORTEX-ROTOR INTERACTION

Berend G. van der Wall, berend.vanderwall@dIr.de, DLR (Germany)

Abstract

Vortex-rotor interaction has been studied mostly with “rigid” straight-line vortices (longitudinal, lateral and or-
thogonal to the rotor disk). Vortex deformation during encounter with the rotor was only addressed by means
of CFD codes. This paper investigates the interaction by a simplified vortex deflection model, where the in-
teracting vortex is convected in parallel to the wake tube of the rotor once it penetrates the rotor disk. The
consequences on rotor controls required to keep the trim constant are compared to former results obtained

with a rigid (undeflected) vortex model.

1. INTRODUCTION

A limited number of investigations concerning the
effects of rotorcraft encountering the tip vortex wake
of fixed-wing aircraft have been conducted in the
past decades and a comprehensive overview is giv-
en in [1]. The focus was on flight mechanics reaction
and handling qualities of helicopters encountering a
wake vortex by means of flight tests [2], comprehen-
sive code simulation [3], and by use of ground-
based simulators [4].

In all simulations the vortex was modelled as “rigid”
and no mutual interaction with the helicopter and/or
its downwash was considered. This was taken into
account for the first time by means of CFD computa-
tions [5], with the observation that the vortex was
immersed into the rotor wake and convected with it,
which resulted in weaker rotor response, compared
to that of a “rigid” vortex. Fig. 1 shows an example
for slow forward flight with large rotor impact on the
vortex and a high speed encounter with very little
impact on vortex morphology.

This triggered investigations of the author first re-
garding the wake vortex hazard for rotorcraft en-
countering wind turbine wakes, because the number
of wind energy power plants on the country side in
Germany is huge and in notable proximity to airfields
[6]. The downstream wake of such horizontal axis
wind turbines is characterized by a spiral helix of
usually three blade tip vortices on the surface of the
wake tube.
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This is justified because the number of blades is
three for the overwhelming majority of the installed
systems. When crossing the wake tube at its upper
or lower boundary, i.e., in the immediate vicinity to
the center of these vortices, the strong rotational
swirl field of them acts on the interacting helicopter
rotor blades, generating a change in rotor thrust, hub
pitching and rolling moments, torque and hence
power, flapping motion, etc. Recent investigations of
the author made use of equivalent “rigid” vortices to
investigate these effects, because this allows an an-
alytical solution using blade element momentum
theory [7].

In this paper, a simplified vortex deformation model
based on momentum theory is used to quantify the
amount of mitigation in dependence of flight speed
(advance ratio p). The basic assumption here is that
the rotor wake tube is skewed by the mean induced
velocity, and thus is a function of rotor thrust coeffi-
cient C, advance ratio, rotor angle of attack (= disk
tilt angle) «, and the total rotor inflow ratio A = A; +

My

The principle is sketched in Fig. 2. Therein, the red
solid line represents a “rigid” vortex as used in for-
mer studies, the wake tube for two advance ratios of
u = 0.05 and 0.3 is indicated by thin black lines, and
once the interacting vortex penetrates the rotor disk
it will be convected downstream with the rotor wake,
sketched by the dashed red line. As suggested by
the figure, a small advance ratio will lead to large
deviation from the “rigid” vortex trajectory, and with
increasing advance ratio this deviation progressively
diminishes, such that at an advance ratio from
u = 0.2 on the deviation from the “rigid” vortex be-
comes very small.

Obviously, this is a nonlinear effect, because the re-
duction of the mean induced velocity with advance
ratio is highly nonlinear and asymptotically ap-
proaches zero for p — . Therefore, the impact of a
vortex deformation will be largest at low u, and
smallest for large p.
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(b) Large advance ratio, u = 0.35

Fig. 1. Vortex and rotor wake morphology during a parallel interaction, from [5].

2. MODELLING OF THE VORTEX DEFOR-
MATION

The interacting vortex is a semi-infinite straight-line
vortex until its impingement on the rotor disk, see
Fig. 2. From that point on it is continued as a second
semi-infinite long straight-line vortex, but inclined by
the wake skew angle.

This assumption is justified, because the vortex con-
sists of air, as does the air inside the wake tube,
which is generated by the rotor thrust and its in-
duced velocities. Momentum theory in forward flight
leads to a quatrtic to solve for the induced inflow ratio
2; and with it for the total inflow ratio, Eq. (1). There-
in, u, is the inflow ratio normal to the disk due to
flight speed V,, and disk tilt angle; u accordingly is
the inflow ratio in the plane of the disk. The rotor
blade tip speed QR is used for nondimensionaliza-
tion of all velocities. This equation requires an itera-
tive solution until convergence is obtained. 4, is the
induced inflow ratio in hover, where u = 0.

W A4 =4c. /2

A vu A+ A -2 =0,
pu=V_cosa/(QR); u =-ptana

Next, the wake skew angle y needs to be computed,
based on the velocities acting in the plane of the ro-
tor and normal to it, see Fig. 2.

2 = arctan
@) g A+ 1,

As an example for the behavior of the mean induced
inflow ratio with respect to advance ratio and roto
thrust coefficient are given in Fig. 3 for zero rotor
angle of attack, such that the argument of Eq. (2)
reduces to u/A;. Zero thrust generates zero induced
inflow ratio, thus the wake skew angle then is 90 deg
for all advance ratios. With increasing thrust the in-
duced inflow ratio grows proportionally to the square
root of the thrust coefficient, but asymptotically di-
minishes with advance ratio.

In consequence the wake skew angle is quickly ap-
proaching 90 deg. Typical thrust coefficients of heli-
copter rotors are about C; = 0.008 and maximum
advance ratios around 0.35, where it can be seen
from Fig. 3 that the wake skew angle is close to
90 deg, and major vortex deflections will only occur
for advance ratios less than 0.2.
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Fig. 2. Principle of the deflected vortex model.
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Fig. 3. Induced inflow ratio and resulting wake skew angle for zero rotor angle of attack.
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3. ROTOR INVESTIGATED

The four-bladed Mach scaled Bo105 model rotor is
used as example rotor with a radius of R=2m, a
root cutout of 22% radius, a chord length of ¢ =
0.121 m, has a rectangular blade planform leading to
a solidity of ¢ = 0.077. The airfoil is a NACA23012
with a trailing edge tab, the blade has a linear twist
of -8 deg per radius and it operates at a rotational
frequency of Q = 109 rad/s resulting in a tip speed of
QR = 218 m/s. Elastic rotor blades are modeled us-
ing two flapping modes and one lead-lag and one
torsion mode. The induced downwash model of
Mangler and Squire is employed and unsteady blade
element aerodynamics are used. 40 blade elements
represent a sufficiently high resolution along the
blade radial axis, Fig. 4, and 2 deg azimuth steps
are used for time integration.

0.3

vortex core
0.2 m
U
0.1 4 “swirl velocity field
R
00— L LT TTE Ty
0.1 - rotor blade element discretization
-0.2

02 04 06 08 10
/R
Fig. 4. Bo105 rotor blade discretization.

As in former publications of the author a nondimen-
sional strength of A,, =T/(2rQR?) =0.01 and a
core radius of . = R./R = 0.1 are chosen for the in-
teracting vortex. The vortex core diameter thus ex-
tends more than three chord lengths and covers a
minimum of 8 blade elements when oriented normal
to the blade axis as shown in Fig. 4. During a paral-
lel interaction with the blade, the blade tip passes a
length of 0.0349R and thus experiences almost 6
steps inside the vortex core radius; all inner radial
positions experience more (up to 26 steps for the
root cutout) time steps inside the vortex core. There-
fore, vortex orientations normal and parallel to the
blade axis are sufficiently well resolved both in
space and in time.

The rotor is trimmed in undisturbed atmosphere with
a constant flat plate drag area virtually representing
the fuselage drag that needs to be compensated by
tilting the rotor forward to generate an equal amount
of propulsive force. The rotor is trimmed to zero hub
moments and a constant thrust of 3750 N (equiva-
lent to a 2.3 t Bo105 helicopter) which represents a
thrust coefficient of C; = 0.005126, resulting in a
specific blade loading of Cr/o = 0.0666. The de-
grees of freedom to obtain the trim goal are the shaft
angle of attack «, the collective control angle 6,, the

_——
SRF—>"

European Rotorcraft Forum

longitudinal control angle ®; and the lateral control
angle O.. Since the dynamic pressure is increasing
to the square of the flight speed the shaft angle will
represent this behavior as is illustrated in Fig. 5.

Following momentum theory the mean induced ve-
locity is largest in hover and quickly reduces with in-
creasing flight speed as also shown in Fig. 5. How-
ever, the total normal rotor inflow is increasing with
flight speed due to forward tilt of the rotor disk.
Therefore, a high total inflow exist in hover (domi-
nated by induced velocity) and high speed flight
(dominated by inflow due to disk tilt), and less inflow
at moderate speeds. Consequently, the collective
control angle needed to generate thrust is large in
hover and high speed, and less at moderate speed.
It is, however, also depending on the longitudinal
control angle that is needed to compensate the
asymmetry of dynamic pressure on the advancing
and retreating side of the rotor, which increases to
the square of the flight speed. Therefore, the longi-
tudinal control angle represents this square curve
behavior. In hover, with rotational symmetry of flow
conditions, the cyclic controls are all zero.

'8 T T T T T

000 005 010 0.15 020 0.25
1l

Fig. 5. Rotor trim in undisturbed air.

0.30

Finally the lateral control angle rises during the tran-
sition from hover to moderate speeds and slowly de-
cays with increasing flight speed thereafter. This is
driven by the longitudinal gradient in the induced ve-
locities generated by the Mangler/Squire model ap-
plied here. The gradient is zero in hover, thus zero
cyclic control angle, largest during transition where
the mean induced velocity still is large, an decays in
parallel to the diminishing mean induced velocities.

Next, the power required by the rotor P is shown in
Fig. 6. It mainly depends on the product of total in-
flow and thrust, therefore it is quite similar in shape
to the collective control angle for the same reasons.
In high speed flight compressibility effects on the
advancing side and stall impact on the retreating
side may further increase airfoil power, but the max-
imum advance ratio here is u = 0.3 where these is-
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sues only play a minor role. The wake skew angle in
the geodetic system y — a and in the rotor shaft axis
system y are given in Fig. 6 as well. In hover the
wake is vertically blown downwards, thus y =y —
a = 0° because a = 0°. In high speed flight y — «a
asymptotically approaches 90° because the induced
velocity asymptotically approaches zero. In the shaft
axis system, however, the increasing nose-down tilt
of the disk is affecting the more and more the angle
relative to the disk. In the extreme, when the rotor is
tilted forward by -90° (= propeller) against the flight
direction, the skew angle in the shaft system will be
again y = 0°.

100

0 T T T T T
0.00 005 010 015 020 0.25
1]
Fig. 6. Power required and wake skew angle.

0.30

Further results shown in Fig. 7 are the steady and
1/rev components of the first flapping, lagging and
torsion modes at the blade tip. The steady flapping
Bo is the elastic deformation relative to the built-in
precone angle. It is almost constant for the range of
advance ratios due to constant thrust, slight shifts of
the radial center of blade lift cause equally slight var-
iations of steady coning.

0.4

000 0.05 010 015
1l
Fig. 7. Steady and 1/rev components of the first

flapping, lagging and torsion modes.

0.20 0.25 0.30

Steady lag ¢, represents the power curve; positive
deflection is in rotational direction, thus all steady lag
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is backwards due to induced drag and due to airfoil
drag acting against the rotation. The steady torsion
9y in average is around -0.6 deg mainly due to the
propeller moment.

Due to zero hub moment trim the cyclic blade flap-
ping remains at rather small values, as does the cy-
clic lagging and torsion, but the latter is increasing in
magnitude with increasing advance ratio because
stronger aerodynamic moments act at the blade tip
especially on the advancing side.

All following results that include a vortex either as
rigid or deflected by the rotor downwash are includ-
ing a retrim of the rotor. The difference to the trim
results in undisturbed air are shown and explained.

4., RESULTS

First, the baseline case in undisturbed air without a
vortex was trimmed (results see previous section);
second, a trim with a rigid vortex followed (as done
in prior publications); and third, a trim with vortex de-
formation as sketched in Fig. 2 was performed. The
difference in trim controls with respect to the base-
line (= undisturbed air) trim is related to the nondi-
mensional vortex strength as done in prior publica-
tions, showing the differences between the impact of
a rigid and a deformed vortex.

The vortex passes the rotor disk in its center and its
lateral position is varied along the rotor y axis from
two rotor radii left of it to the same amount right of it.
Therefore, in the front of the rotor disk the vortex po-
sition relative to it is the same for the rigid and the
deformed vortex, but in the rear half of the disk the
vortex deformation becomes effective. At every lat-
eral position of the vortex a trim is performed. Black
lines represent the influence of a “rigid” vortex, red
lines those of a deformed vortex as sketched in
Fig. 2.

4.1. Wake skew angle

To better understand the following results, the ge-
ometries of both the rigid and the deflected vortex
are shown in Fig. 8 for different advance ratios. The
wake skew angles can be taken from Fig. 6. In
Fig. 8 (a) for a very small advance ratio of 4 = 0.01
the rotor downwash is dominating and strongly de-
flects the oncoming vortices from the point of its
penetration of the rotor disk. Compared to the rigid
vortex in black the deflected vortices show a large
change of orientation.

Depending on their longitudinal position of the pene-
tration point the deflected vortices will have a rather
small influence on the rotor blade aerodynamics
when this point is at the front end of the disk
xo/R = —1 (solid blue line). They at least will have a
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strong impact on the front half of the rotor disk but
not in the rear when penetrating the disk in the rotor
center (x,/R = 0, red line) and they will have a quite
similar impact when penetrating the disk at the rear
end (x,/R = +1, dashed blue line).

L

(b) Low to moderate advance ratio u = 0.05

y/R +1 x/R
‘\
dl 0%
J a o
1
—’..
Vio Lo
XL

(c) High advance ratio u = 0.3
Fig. 8. Geometry of rigid and deflected vortices for
different advance ratios.

Because the wake skew angle y quickly increases
already during the transition phase from hover with
x = 0 deg to forward flight, see Fig. 6, advance rati-
0s even as low as u = 0.05 will have already have
x = 51 deg. This leads to a much less vortex deflec-
tion from the horizontal plane as sketched in
Fig. 8 (b) compared to Fig. 8 (a), positioning the vor-
tices closer to the disk.

At high advance ratios the wake is almost parallel to
the flight direction with only little deflection relative to
it, Fig. 8 (c). Thus it can be assumed with reasona-
ble justification that at this high advance ratio the dif-
ferences between results using a rigid vortex and
those using a deflected vortex will be almost identi-
cal, because the vortex position relative to the rotor
disk is only marginally affected.

**
e — * *
ERF—"
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4.2. Control angles required to retrim the rotor

Two examples for the influence of advance ratio on
rotor controls required for retrim are given in
Fig. 9 (@) and (b) representing the conditions of
Fig. 8 (b) and (c). The vortex sense of rotation is al-
ways clockwise looking upstream. It can be seen
that at high advance ratio, Fig. 9 (b), there is virtually
no difference between the rigid vortex and the de-
flected vortex as would have been suggested by the
little amount of deformation sketched in Fig. 2 and
Fig. 8 (c). At small advance ratio the deviation is
much larger, Fig. 9 (a), and especially the collective
and longitudinal cyclic control angles are smaller
than for the “rigid” vortex interaction, confirming the
CFD results of [5].

rigid vortex
deflected

-4 T T T
-2 -1 0 1 2
Yo/R
(&) p=0.05
4
xo/R = +1 Ve rigid vortex

deflected

Yo/R
(b)p=0.3
Fig. 9. Rotor controls required to maintain trim.
Lines: vortex at x,/R = 0; blue circles: x,/R = +1

The lines in Fig. 9 are for a vortex penetrating the
rotor disk at its center in longitudinal direction, i.e. at
Xxo/R = 0. A further reduction must be expected
when the penetration point moves to the front end of
the rotor disk, i.e. at x,/R = —1, and this case is ad-
ditionally shown in Fig. 9 (a) by blue circles; the blue
arrows indicate the further reduction of controls re-
quired. A penetration of the rotor disk at its rear end,
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xo/R = +1, also represented by a blue circle in
Fig. 9 (a), leads to a result practically the same as
obtained using the rigid vortex. This was expected
because now the vortex affects the entire disk prac-
tically the same as the rigid vortex, only at the rear
gets the deflection downwards, but this does affect
the rotor only marginally.

At high advance ratio, Fig. 9 (b), the vortex penetra-
tion point has much less effect, because the vortex
deflection is much less and its position relative to the
rotor disk is only little modified, even for penetration
points at the front end of the disk.

The physics behind the shape of the curve have
been outlined in [7] and are repeated here at the ex-
ample of Fig. 9 (a). Vortex positions far away from
the rotor to either side have a vanishing influence
due to vanishing induced velocities at the rotor. A
position at the left side y,/R = —1 induces the max-
imum average normal velocity oriented downwards
(the sense of rotation was defined as clockwise seen
upstream), thus requiring a positive collective to
come up for the loss. Also, the lateral gradient of ve-
locities is maximum at this position, requiring a neg-
ative longitudinal control to come up for the loss of
lift on the retreating side.

A vortex position at the right side y,/R = +1 induces
the maximum average normal velocity oriented up-
wards (the sense of rotation was defined as clock-
wise seen upstream), thus requiring a negative col-
lective to come up for the loss. Again, the lateral
gradient of velocities is maximum at this position,
requiring a negative longitudinal control to come up
for the loss of lift on the retreating side.

Finally, a vortex position in the rotor center induces
as much downwash on the advancing side as up-
wash on the retreating side, such that the overall
thrust remains unaffected and no collective control is
needed. However, an opposite induced velocity gra-
dient across the disk is present now, hence the lon-
gitudinal control to eliminate the associated aerody-
namic rolling moment is positive.

An increasing advance ratio introduces some
asymmetry due to increasing dynamic pressure on
the advancing side and a reduction of it on the re-
treating side. This also couples the collective and
longitudinal cyclic control angles, because any col-
lective control modifies primarily the thrust but also
the aerodynamic rolling moment, as does any longi-
tudinal cyclic control primarily affects the aerody-
namic rolling moment, but also the thrust.

4.3. Influence of the vortex deflection

A comparison of the results obtained using a rigid
vortex (black lines) and a vortex that is deflected
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from the point of penetration of the rotor disk (red
lines) is given in Fig. 10 (a) for the collective control
angle, in (b) for the longitudinal cyclic control angle
and in (c) for the rotor power. The line style denotes
different advance ratios from close to hover to
u=0.3.

4
u= ——0.01
— =01
2
o
=
<
S0
<
2 1 xX/R=0
rigid vortex
deflected
'4 T T T
-2 -1 0 1 2

Yo/R
(a) Collective control angle

ABs/Ayg

rigid vortex
deflected

-2 -1 0 1 2
Yo/R
(b) Longitudinal control angle

1 x/R=0

rigid vortex
deflected

-2 -1 0 1 2

(c) Rotor power
Fig. 10. Vortex effect on rotor controls and power.

In any of the figures the effect of vortex deflection is
largest near hover, where the vortex from the point
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of disk penetration on is almost vertically deflected,
mainly inducing in-plane velocities with the deflected
part of it, see Fig. 8 (a). Only the undeflected part
lies in the plane of the rotor from the front end to its
center, inducing normal velocities only in the front
half of the disk, in contrast to a rigid vortex that af-
fects the entire disk. Therefore, controls required to
retrim and the impact on change of power is only
about half of the values obtained with a rigid vortex
(solid lines).

At an advance ratio of u = 0.1 (long dashed lines)
the vortex deflection is much less, see Fig. 2, and
the deflected part of the vortex will still have a signif-
icant impact on the rear half of the disk, although not
as much as the rigid vortex. Consequently the re-
sults obtained with a deflected vortex are much
closer to the rigid vortex results as near hover,
Fig. 10. For advance ratios of u > 0.2 the vortex de-
flection is very small, see Fig. 2 and Fig. 8 (c), and
the results shown in Fig. 10 are almost undistin-
guishable from those using a rigid vortex assump-
tion. Therefore, from advance ratios beginning at
about ¢ = 0.2 on the rigid vortex assumption may be
used with good accuracy.

The physics behind the shape of the power curve
have been outlined in [8] and are repeated here at
the example of Fig. 10 (c). Vortex positions far away
from the rotor to either side have a vanishing influ-
ence due to vanishing induced velocities at the rotor.
A position near the left side y,/R = —1 induces the
maximum average normal velocity oriented down-
wards (the sense of rotation was defined as clock-
wise seen upstream), thus adding inflow to the rotor
(similar to a climb condition) which causes an in-
crease in induced power.

The opposite happens for vortex positions near the
right side y,/R = +1, where the vortex-induced ve-
locities partly reduce the thrust-induced inflow (simi-
lar to a descent condition), which reduced the in-
duced power.

Vortex positions near the rotor center increase the
inflow on the advancing (right) side, reducing it on
the opposite (left) side, which in total has a neutral
effect on power. With increasing advance ratio the
power curve does not change significantly except for
a larger power loos for vortex positions on the ad-
vancing side than the power increase for vortex po-
sitions on the retreating side.

Aside from the vortex influence on rotor control an-
gles and power required its impact on modification of
mean and cyclic blade flapping is of interest, and on
the rotor control ratio (RCR). This is defined as the
sum of collective and cyclic controls needed, divided
by the amount of available control angle remaining
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from the trim to the hard stops of the control mecha-
nism. Although the latter depends on the advance
ratio and the available margin will shrink with in-
creasing advance ratio (see Fig. 5: at high u both the
collective and the cyclic control angles grow quickly),
here for simplicity the margin is assumed to be con-
stant at an amount of 8°.

Steady elastic flapping mostly is associated with the
rotor thrust, which is held constant throughout all
variations. However, the radial center of blade lift
may vary with the vortex influence, and this is shown
in Fig. 11 (a). The effect is small compared to the
amount of control angle required to retrim (see
Fig. 10 (@), but it is systematic. Vortex positions at
half of the radius right or left of the rotor center have
the maximum influence on shifting the center of lift,
because then the outer half of the blade at the re-
spective right or left positions experience an upwash
and the inner part a downwash, or vice versa on the
opposite side of the rotor.

The longitudinal flapping response shown in
Fig. 11 (b) is mainly responding to lateral asymme-
tries in blade lift as caused by vortex positions on
the right or left end of the disk, and an opposite gra-
dient for a central position, for the same reasons as
outlined before at the example of the longitudinal
control angle, see Fig. 10 (b) for comparison. Again,
the retrim to zero hub moments eliminates the major
part of the vortex influence and the remaining elastic
response in 1/rev is small compared to the cyclic
control required to retrim.

Finally, the RCR is given in Fig. 11 (c), merging the
collective and cyclic control required for retrim
(shown before in Fig. 10 (a) and (b)) and relating the
result to the available control margin. In this example
the smallest RCR values are obtained near hover
(solid lines) with the RCR of vortex deflection (red)
only about half the value of a rigid vortex (black).
With increasing advance ratio the advancing side
positions of the vortex become more severe than the
retreating side positions. Also, from u = 0.2 on the
RCR of rigid and deflected vortex are practically the
same, which is due to very small deflection angles.

4.4. Influence of the advance ratio

The difference between results of the rigid vortex
assumption and the deflected vortex are best seen
when plotting characteristic values versus the ad-
vance ratio, which is done in Fig. 12. Fig. 12 (a)
shows the collective control angle at vortex positions
at the left end of the rotor disk y,/R = —1, where
near hover the deflected vortex (red) has about half
of the effect than the rigid vortex (black) as was
shown in Fig. 10 (a). With increasing advance ratio
the difference quickly reduces and from = 0.2 on
both curves are merging.
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(a) Mean elastic flap deflection
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0 rigid vortex ‘s —_ =0.1

4 A deflected “*\ - 02

RCR

Yo/R
(c) Rotor control ratio
Fig. 11. Vortex effect on rotor blade flapping and on
rotor control ratio.

In addition the maximum values are plotted that are
obtained at slightly more inboard vortex positions
than y,/R = —1. Again, for 4 = 0.2 the rigid and de-
flected vortex lead to about the same results and the
use of the rigid vortex model appears justified.

The mean elastic blade flapping variation is given in
Fig. 12 (b) for vortex positions at y,/R = 0.5, where
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in Fig. 11 (a) the maximum response was found.
The general trend with advance ratio is an increas-
ing downwards flapping. This indicates the center of
blade lift for this vortex position moves more and
more inboard, thus reducing the moment about the
blade attachment while the opposing moment from
centrifugal forces remains constant.
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(c) Rotor power
Fig. 12. Vortex effect on collective control, mean
elastic flapping and power.
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As before the deflected vortex near hover has about
half of the impact than the rigid vortex, but from
u = 0.2 on both curves are merging. Finally, the rotor
power maximum and minimum due to the vortex in-
fluence are shown in Fig. 12 (c). The overall trend is
quite similar to the former observations.

Remaining parameters are the longitudinal control
angle, the lateral flapping associated with it, and the
RCR, all shown in Fig. 13 (a)-(c). In addition to the
vortex penetration point in the rotor center at
Xo/R = 0 a point in the front end at x,/R = —1 (blue
solid line) and at the rear end at x,/R = +1 (blue
dashed line) are added. The lateral vortex position is
always the rotor center y,/R = 0. However, as seen
in Fig. 10 (b) the maximum vortex influence shifts to
different lateral positions with increasing advance
ratio from u = 0.1 on; therefore it is also given in the
graphs as black dashed curve only for the rigid vor-
tex computations and denoted as “rigid, max.”. This
can be significantly larger than the influence at

Yo/R = 0.

As expected the vortex front position, where it is de-
flected right at the beginning of the rotor disk, has
only very little impact on the rotor control, flapping
and RCR, while the deflection at the rear end of the
rotor has an impact very close to that of the rigid vor-
tex. Because at high advance ratios the deflection is
becoming increasingly smaller all curves are getting
close together for u > 0.2.

In hover, the longitudinal control angle requires a
large inputs to compensate a rigid vortex influence
on trim, because it crosses the entire rotor disk,
Fig. 13 (a), solid black line. A vortex deflected
downward at the front end of the disk (solid blue
line) leaves the entire disk almost unaffected, thus
very little control is needed for retrim. When the vor-
tex penetrates the center of the disk and then is de-
flected downwards it covers the entire front, but not
the rear half of the disk and about half of the rigid
vortex magnitude is required in the control angle
(solid red line). Finally, when the vortex penetrates
the disk at tits rear end, the entire disk is affected
and the control required is very close to that of the
rigid vortex (dashed blue line).

With increasing advance ratio all curves get close
together because the vortex deflection angles quick-
ly diminish with increasing speed of flight. However,
it is observed already from Fig. 10 (b) that the max-
imum of control required is shifting to vortex posi-
tions more on the advancing side than in the middle
of the disk. Therefore, these maximum values are
obtained from the rigid vortex computations only and
added to the figure for comparison (dashed black
line). It indicates that with increasing advance ratio
the maximum control required is increasing as well.
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(c) Rotor control ratio
Fig. 13. Vortex effect on longitudinal control angle,
lateral flapping and rotor control ratio.

The longitudinal flapping reaction is given in
Fig. 13 (b) in the same manner and the overall be-
havior is quite similar to the one observed in the lon-
gitudinal control angle. Because the RCR is domi-
nated by the longitudinal control angle deflections
given in Fig. 13 (a). The amount of collective for cen-
tral vortex positions is close to zero, see Fig. 10 (a),
the RCR curve forms are almost the same as for the
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longitudinal control angle.

The RCR given in Fig. 13 (c) at all instances is al-
ways less than 0.5, which means more than half of
the available control margin is still left unused, and
thus considered nonhazardous. A value of 1 means
that all available margin is consumed for retrimming
and values exceeding 1 indicate the disturbance
cannot be fully counteracted by the pilot.

5. CONCLUSIONS

In this paper the impact of a vortex interacting with a
rotor is investigated for a straight “rigid” vortex and a
vortex that is deflected following the rotor downwash
tube when penetrating the rotor disk, thus changing
its orientation to it. The major findings are listed be-
low.

e It is shown that the vortex deflection due to the
rotor downwash is nonlinearly depending on the
advance ratio.

e For small advance ratio the vortex deflection is
largest, and the impact on rotor response can
largely be reduced relative to a “rigid” unde-
flected vortex.

e At large advance ratios, however, the vortex de-
flection is small and only a minor reduction of
the rotor response is observed.

e Therefore, former results with “rigid” vortex-
rotor interaction are confirmed in their magni-
tude at high advance ratios for u = 0.2, where
the rotor response was largest, while at small
advance ratio the vortex is “blown away” by the
rotor's induced velocity, thus reducing its im-
pact.
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