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Analysis of Model Rotor Blade Pressures During
Parallel Interaction with Twin Vortices

F. N. Coton,* R. B. Green," and R. A. McD. Galbraith*
University of Glasgow, Glasgow, Scotland G12 8QQ, United Kingdom

This paper presents and analyzes unsteady surface pressures measured on a model rotor blade as the blade
experienced near-parallel blade-vortex interaction with a twin-vortex system. To provide a basis for analysis, the
vortex system was characterized by hot-wire measurements made in the interaction plane but in the absence of
the rotor. The unsteady-pressure response resulting from a single-vortex interaction is then presented to provide
a frame of reference for the twin-vortex results. A series of twin-vortex interaction cases are then presented and
analyzed. It is shown that the unsteady blade pressures and forces are very sensitive to the inclination angle and
separation distance of the vortex pair. When the vortex cores lie almost parallel to the blade chord, the interaction is
characterized by a two-stage response associated with the sequential passage of the two cores. Conversely, when the
cores lie in a plane that is almost perpendicular to the blade chord, the response is similar to that of a single-vortex
interaction. In all cases, the normal force response is consistent with the distribution of vertical velocity in the
flowfield of the vortex system. The pitching moment response, on the other hand, depends on the localized suction
associated with the vortex cores as they traverse the blade chord.

Nomenclature

C,1ys = sectional quarter chord pitching moment coefficient
(M/%p Vipe?)

C, = sectional normal force coefficient (N /3 pVZpc)

C, = pressure coefficient (P/ % oVip

c = interacting blade chord, m

Cp = vortex generator blade chord, m

d = diameter of twin-vortex generator placement circle

L, = geometric lateral distance of either single generator or
centroid of twin generator placement circle from the
tunnel centerline, m

R = rotor radius, m

r = radial position of measurement array, m

Te = vortex core radius, m

rr = nondimensional vortex core radius (r./cp)

U = freestream velocity, m/s

Vmp = rotor tip velocity, m/s

v = vertical velocity

v* = nondimensional vertical velocity (v/(€2r))

X = distance along chord, m

Xy = perpendicular horizontal distance between the
leading-edge pressure transducer and vortex
generator, m

Yo = geometric height of either single generator or centroid
of twin generator placement circle above or below
rotor disk, m

r = vortex strength, m%/s

r* = nondimensional vortex strength (I'/(Ucy))

I, = nondimensional interaction parameter (I"/(2rc))

8 = inclination angle of twin generator blade tips

0 = rotor pitch setting (°)

" = advance ratio QR/U
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Introduction

HE tip vortices trailed from helicopter rotor blades may be

considered to be the primary features of the highly complex
aerodynamic operating environment of the aircraft. In addition to
limiting its operational capabilities, these vortices interact with ei-
ther their originating blade, other blades in the rotor system, or
the helicopter fuselage to produce unwanted noise and vibration.
Much has been done to develop an understanding of vortex gener-
ation, convection, and interaction, including both experimental' ~°
and numerical studies,'®"!* which have provided a basis for many
design improvements. As understanding of the flow phenomena has
increased, attention has focused on the potential for both active and
passive flow control to ameliorate undesirable aerodynamic effects.
Efforts have concentrated on modifying the rotor tip vortex system
either by direct intervention during its formation or through changes
to the tip planform shape.

The most popular direct intervention method has been the injec-
tion of air at the blade tip.'* Early attempts to do this relied on high
levels of blowing to achieve any significant levels of vortex con-
trol. More recent studies using discrete jets, however, have demon-
strated that significant changes can be made to the vortex structure
with relatively low levels of blowing. For example, Gowanlock and
Matthewson'> have recently shown that selective use of discrete jets
oriented in the spanwise direction can reduce the peak rotational ve-
locities in the tip vortex by as much as 50% on a model rotor, even
at momentum blowing coefficients as low as 0.0033. Similarly, Liu
et al.'® computed the benefits of blowing air at 5% of the freestream
speed from a spanwise slot positioned near the tip trailing edge on the
upper surface of a rotor blade. They postulated that pulsed blowing
from this type of slot could be useful in reducing the higher harmonic
loads and noise during a blade—vortex interaction (BVI). More re-
cently, Coton et al.!” demonstrated that multidirectional blowing at
the tip trailing edge can produce an expansion of the vortex core and
a corresponding reduction in the severity of near-core BVI events.

Modification of the blade tip planform is not a new concept;
in fact, tip shapes designed to enhance specific aspects of heli-
copter performance are now commonplace on in-service helicopters.
Possibly the most notable of these is the Westland Helicopters
British Experimental Rotor Program tip. It has been documented
by Scott et al.'® that this tip can generate two trailed vortices at
moderate-to-high incidence, with the outboard vortex being stronger
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Fig. 1 Vane tip configuration with trailed twin vortices (taken from
Ref. 22).
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than the inboard, which is of opposite sense. Lowson'? also stated
that this tip reduces the noise in low-speed descent, where BVI is
predominant.

It has also been possible to consider the design of tip planforms
specifically to modify the tip vortex structure in a manner that po-
tentially reduces the severity of the associated BVI events. Hoad>
studied the effects of a variety of different tip planforms on the im-
pulsive noise from blade vortex interaction. Some of these planforms
resulted in the generation of a small secondary vortex in addition to
the main tip vortex. Others, such as the subwing tip?' and later the
vane tip?> (Fig. 1), distributed the vorticity at the blade tip as a pair
of vortices. It has been shown that this type of design has the po-
tential to reduce the severity of individual BVI events considerably,
thus producing a corresponding reduction in noise.?

Until relatively recently, little was known about the temporal and
spatial development of two such closely spaced trailed vortices, and
so it is difficult to assess the actual effect that such a tip design
would have. A study was conducted at the University of Glasgow to
investigate possible methods of generating such a vortex pair in the
controlled environment of a wind tunnel and to further investigate
the temporal and spatial development of the vortex system.?* The
primary objective of this study was to provide a suitable twin-vortex
generation method for subsequent blade—vortex interaction studies.
It was demonstrated that a stable vortex pair could be generated
and that the rotation of the pair could be represented in time by a
relatively simple two-dimensional induced velocity model. It was
also shown that the spacing of the vortex pair and their strengths
remained almost constant with downstream distance from the vortex
generator. In contrast, the vortex cores grew almost linearly with
downstream distance and eventually merged far downstream when
the ratio of the separation distance to the vortex core diameter was
approximately 1.9 or less, as originally suggested by Rossow.?

In this paper, a twin-vortex system is generated in a low-speed
wind tunnel and used to study its parallel interaction with a rotating
blade set at zero incidence. The results are compared with those
from interaction experiments in the same facility involving a single
vortex.?

Experiment

Model and Test Setup

All tests were performed in the University of Glasgow low-speed,
atmospheric pressure, closed-return 1.61 x 2.13 m Handley Page
wind tunnel at a flow velocity of 47m/s. Figure 2 illustrates the basic
test setup, which consisted of a vortex generator located upstream
of arigid, untwisted single rotor blade. This arrangement is similar
to that used by Horner et al.3*

Two vortex generators were manufactured to produce either a sin-
gle vortex or a twin vortex system. Each vortex generator consisted
of two NACA 0015 section cantilever wings of chord 0.1524 m
made of suitably shaped aluminum spars enclosed in glass fiber
skins. These wings were positioned at the roof and floor of the
mouth of the working section and set at equal and opposite inci-
dences to produce vortices of the required strength and rotational
sense. For the single BVI investigations, the generator wing pair
was pinned at the blade intersection and was of sufficient length
to pass through the tunnel roof and floor. Because of the proxim-
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Fig. 2 Illustration of the Glasgow University blade—vortex interaction
facility.

ity of the pinned intersection, a single vortex was formed. For the
twin vortex generator, the wing tips could be separated laterally and
vertically, resulting in two distinct rolled-up vortices. The resulting
vortex system was then convected downstream by the tunnel flow
to interact with the clockwise-rotating rotor (viewed from above).
This approach to twin vortex generation was adopted on the basis
of the previous proof-of-concept study by Copland et al.>* Vertical
positioning of the twin vortex generator was achieved by a tele-
scopic arrangement in which the bases of the generator wing pair
were moved in and out of streamlined fairings. Lateral positioning
of the wings was achieved manually.

Velocity measurements of the vortices produced by the two gener-
ators were made using a TSI IFA-300 hot wire anemometer system
using DANTEC 55P61 cross wire probes. The probes used 5-um-
diam platinum-plated tungsten wires with a length-to-diameter ra-
tio of 250. The measuring volume of the probe was approximately
0.8 mm in diameter and 0.5 mm in height. The probe was calibrated
in a special wind tunnel dedicated to the purpose. During calibration,
the probe was rotated (in 6° steps) +30° in the plane of the sensor
wires to determine yaw sensitivity. A full account of the calibration
procedures used can be found in Copland.?’

The interacting rotor blade, of NACA 0015 cross section, was
manufactured from carbon fiber using a purpose-built Nylatron
mould and had a chord of 0.1524 m and a span of 0.944 m (based on
rotor disk radius), resulting in an aspect ratio of 6.19. The blade
merged to a tapered circular section at the root which was lo-
cated within an aluminum hub and counterweight assembly. The
tapered section provided the centrifugal pull-out load reaction force,
whereas the circular section and pitch grip clamp allowed the rotor
pitch angle to be set at discrete values. The blade was instrumented
with 72 miniature Kulite pressure transducers located at the span-
wise locations shown in Table 1 and on the dashed lines shown in
Fig. 3. This allowed detailed chordwise and spanwise pressure data
to be collected along the blade during a BVI event.

The rotor blade, hub, and counterweight were mounted on a hol-
low cylindrical drive shaft located vertically in the test section and
passing through the tunnel roof and floor (Fig. 1). The rotor was
driven at 600 rpm (10 Hz) by a dc electric motor and bevel gear ar-
rangement located above the tunnel roof. The resultant rotor speed
provided a tip Mach number of 0.17 and a nominal tip Reynolds
number of 600,000. The electrical wiring from the pressure trans-
ducers was passed through the drive shaft, and the signals were
collected via a slip ring set by a BE256 data logger. All data were
recorded over a 144° capture angle at sampling rate 50 kHz, with
32,000 samples being logged per channel, per run, over 16 revolu-
tions. The resulting azimuth angle resolution between samples was
0.072°.

The flow velocity and rotor rotational speeds used in the experi-
ment correspond to an advance ratio u = 0.79, which contrasts with
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Table 1 Pressure transducer locations (x/c) on rotor blade @
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0.895
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the nominal range of 0.15-0.2 generally associated with BVI on a
helicopter rotor. One consequence of this is that unrepresentative
local flow skew angles exist in the measurement region of the blade
and will inevitably influence the measured data. Comparisons of
previous measurements in the same facility with other experiments
and numerical predictions,® however, suggest that the collected data
will exhibit the essential features of parallel BVI.

Test Geometry

The test geometry used for the single BVI investigations is il-
lustrated in Fig. 4. All parameters were taken relative to the vortex
generator wing junction located 2.1 rotor radii upstream of the ro-
tor. Parameter [, was used as a measure of the lateral offset of this
junction from the tunnel centerline, which, for parallel interactions,
was zero.

To provide a temporal reference frame for a BVI interaction, the
X, parameter was used. This provided a measure of the perpendicular
distance between the generator—wing junction and the leading-edge
pressure transducer at a particular station. Hence, x,, was a function
of both blade station, r/R, and blade azimuth angle.

Figure 5 illustrates the test geometry used for the twin BVIinvesti-
gations. For this case, parameters x, and /, were taken relative to the
center of the placement circle about which the top and bottom wings
of the twin vortex generator were positioned. This placement circle
also introduced a slight obliqueness within the twin BVI events
considered. Additional parameters were used to position the twin

Fig. 4 Geometric parameters defining BVI settings.

generator wings geometrically on the circumference of this circle,
namely the placement circle diameter, d, and the blade angular po-
sition on the placement circle, 8.

It should be noted that all the above parameters are geometrical
in origin and do not account for the effects of vortex meander.

The twin vortex test program was performed for a rotor pitch
setting of & =0° only. The center of the generator placement circle
was placed in the [, /c =0 position and at heights of y, =0+£0.2¢c,
about which points the placement circle diameter, d, was set at either
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Table 2 Twin vortex interaction test matrix

Vertical position
Vortex strength  y, /c of generator
r* centroid d/c 8 (deg)

0.405 -0.2 0.5 0,15,30,45, 60, 70, 90,
105, 120, 135, 145, 150
0.75 0,45,90, 135
1.0 0,45,90
0 0.5 0,15,30, 45, 60, 70, 90,
105, 120, 135, 145, 150
0.75 0, 15, 30, 45, 60, 70, 90,

135
1.0 0,15, 30, 45, 60, 70, 90,
105, 120

0.2 0.5 0,15, 30, 45, 60, 70, 90,
105, 120, 135, 145, 150
0.75 0,45,90, 135

1.0 0,45,90

Placement Circle
(diameter, d)

Top Wing

Bottom
Wing

Fig. 5 Twin vortex generator geometry.

0.5¢,0.75c¢, or 1c. The angular position of the twin vortex generator,
8, together with the other parameter settings used in the test program
is detailed in Table 2.

In the following discussion, BVI measurements corresponding to
cases in which there was no lateral or vertical offset of the vortex
system, i.e., y, =1, =0, are presented. Twin-vortex BVI measure-
ments are presented for arange of vortex-generator angular positions
but with the core separation and individual vortex strength fixed at
0.5¢ and 2.9 m?/s, respectively. These results are compared with a
single-vortex parallel-B VI interaction case with a vortex strength of
5.8 m%/s, corresponding to a generator blade incidence of 12.5°. It
should be noted that this is the same incidence setting as that used
on the twin vortex generator to generate the weaker twin vortices.

Experimental Errors

The data acquisition system and software have an automatic gain
adjustment feature that allows measurements to be taken at the max-
imum resolution of the system. On the basis of previous experience
with Kulite miniature transducers?® and taking account of discretiza-
tion and calibration factor errors, the uncertainty in the measured
pressure coefficients is estimated to be 0.5%.

The blade pitch of the vortex generator could be set to an ac-
curacy of better than 0.25°. The vortex strengths, determined from
the hot-wire measurements, were accurate to within 2% and the
corresponding estimates of core size to within 5%. A significant
source of uncertainty in the measurements was the position of the
vortex system. Once produced by the rotor rig, the vortex system
convected through the wind tunnel and was subject to forcing from
the rotating blade in the working section. Although the position of
the vortex generator could be set to within 0.5 mm, the vortex system
was found to meander. The maximum meander has been estimated,
using particle image velocimetry (PIV), to be around 40 mm; the

primary effect is a change in vortex height. To provide an indication
of the effect this has on the normal force and pitching moments,
plots of several cycles of data are presented in the Results section.

Results and Discussion

Vortex Characteristics

In the present study, measurements of both the twin- and single-
vortex systems were made with the hot-wire anemometry system,
using an X-wire probe in the BVI measurement plane but in the
absence of the rotor rig. These measurements were used to establish
the relationship between the vortex generator settings and the result-
ing vortex systems. The technique used to determine the individual
strength of each of the twin vortices followed that used in a previ-
ous study in a smaller wind tunnel by Copland et al.?* In essence,
the cross-flow velocities due to the twin vortex system were mea-
sured on a two-dimensional grid at a specific location downstream
of the vortex generator. The vortex core locations were then input
to a numerical model based on superposition and the core sizes
and vortex strengths adjusted until a best fit was obtained between
the model and the experimentally measured flowfield. Full details
of this method and example comparisons between the model and
experimental data are provided in Ref. 24.

The variation of vortex strength is plotted against the incidence
setting of the generator wings for both the twin- and single-vortex
cases in Fig. 6. From this figure, it may be observed that, for a given
generator wing incidence, the strength of the single vortex is twice
that of each of the twin vortices. In essence, this implies that in the
former case the vorticity from the two generating wings is channeled
into one intersection vortex, whereas, in the latter, the vorticity from
each wing is channeled into its own isolated tip vortex.

In their previous study, Copland et al.>* found that the core sizes
of the vortices produced by the generator were insensitive to the
wing incidence. This is confirmed in the present case by Fig. 7,
which shows that the variations in the core sizes of both the twin
and single vortices with wing incidence are very small. Interestingly,
however, the core size of the single vortex is around 30% larger than
those of the twin vortices.

Generally, it was found that the measurements of vortex core size
and strength were repeatable for a given generator wing incidence,
regardless of the wing tip location in the generator placement cir-
cle. Copland et al.>* noted, in the previous study, that the spacing
between the two vortex cores showed some dependency on the ori-
entation of the vortices with respect to each other. This effect was
attributed to interference from the probe traversing system and was
again observed in the present study. This effect introduces some
uncertainty into the measured orientation and spacing of the vor-
tices. Table 3 shows the measured geometric characteristics of three
different twin-vortex configurations in the BVI measurement plane.
The three vortex systems were produced with a spacing of 0.5¢
between the vortex generator wings and § settings of 0°, 45°, and
90°. Although the measurements exhibit variability in core spac-
ing, it should be noted that this should not be attributed solely to
traverse interference, because the roll-up process is also influential.
It is known that tip vortices roll up slightly inboard of the wing tip,
which in the § = 90° case where the wing tips were separated ver-
tically, would result in an increased spacing between the cores, in
line with the measured data. Possibly, however, the most interesting
feature of the measurements is the angular difference between the
three vortex systems. In terms of the tips of the vortex generator

Table 3 Specific twin vortex test cases

Case no. 1 2 3
Generator settings
d/c 0.5 0.5 0.5
8 0° 45° 90°
0 12.5° 12.5° 12.5°
Characteristics in measurement plane

d/c 0.47 0.49 0.79
8 0.00 75.41 161.71
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Fig. 6 Variation of single and twin vortex strength with generator blade incidence (twin vortex d/c =0.5).
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Fig. 7 Variation of twin and single vortex core size with generator blade incidence (twin vortex d/c =0.5).

wings, the three cases are progressively spaced by 45°, whereas the
measurements indicate a progressive rotation of more than 75° be-
tween the vortex systems. The reason for this is unclear, but the way
in which the roll-up process is influenced by the mutual inductance
between the two wings may be a factor. The previously mentioned
traverse interference is also a possible contributory factor, although,
from the BVI results presented in the following section, it appears
that the measured orientations are not significantly different from
those experienced by the interacting blade in the absence of the
traverse.

BVI Measurements

In this section all aerodynamic data were nondimensionalized
using the rotor tip velocity, Vrp. This resulted in comparable aero-
dynamic scaling between the rotor and vortex generator. To aid in-

terpretation of the twin-vortex BVI results, a case will be presented
in which the blade interacts with a single vortex. This case is typical
of measurements that have been fully described elsewhere,?® but its
description here will allow the gross features of the basic interaction
to be characterized before consideration of the more complex twin
case.

Single Vortex Interaction

Figure 8 illustrates the temporal variation of the upper surface
pressure distribution during a parallel interaction with a vortex of
strength " = 5.8 m?/s at the inboard station. It should be noted that
the data, in this figure, are from one of the 16 recorded revolutions for
this particular case. The plot shows —C, on the vertical axis plotted
against the transducer chord position, x /¢, and the nondimensional
time, x, /¢, in the foreground. It should be noted, at this stage, that the
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vortex was prone to meandering during the experiment. This can be
attributed to the forcing of the rotating blade in the wind tunnel work-
ing section, because the vortex was stable during the hot-wire mea-
surements described previously. This meandering effect has been
observed during previous BVI experiments at Glasgow’~® and its
magnitude has been estimated, using PIV, to be around 0.25¢. Thus,
given the potential variability between individual revolutions, it was
inappropriate to cycle average the data, because this would have re-
sulted in attenuation of significant local features of the response.
Great care has therefore been taken to ensure that the individual
interactions presented in this paper are representative of the general
behavior exhibited in the 16 revolutions collected for each case.
The plot presented in Fig. 8 illustrates the typical upper surface
response to blade—vortex interaction, observed in previous studies,
for a rotor pitch of 0 deg.”~° It shows the characteristic slow increase
in leading-edge suction peak associated with the flowfield induced
by the approaching vortex. This is followed by a rapid collapse of
this peak as the vortex moves onto and over the leading portions of
the blade in the region 0 < x,/c < 0.35. After this, a more clearly
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defined low-pressure ridge associated with the vortex convection
over the blade is seen until the vortex finally leaves the blade at
approximately x, /c = 0.92. Following this, the trailing-edge region
remains disturbed for a short time before gradually returning to
its undisturbed state. The origin of this disturbance was examined
in PIV studies at Glasgow.’ These showed that subsequent to the
passage of the vortex off the trailing edge, the rearmost portions
of the blade remain in a highly disturbed flowfield as the vortex
initially moves downward and then upward in the blade wake.

The behavior on the lower surface of the blade during such an
interaction has been observed in previous studies and will, for com-
pleteness, be described briefly here. Because of the sense of the
vortex, the flow velocities on the lower surface of the blade are in-
hibited and no large suction region occurs as the vortex approaches
the blade. Rather, the pressures aft of the stagnation point on the
forward portion of the lower surface increase slightly as the vor-
tex approaches the blade. Once the vortex passes the leading edge,
there is a recovery in the lower surface suction pressures as the low
pressures associated with the impinging vortex begin to dominate.
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Fig. 8 Upper surface pressure variation for a parallel interaction with a si

ngle vortex (T* = 0.81, T; = 0.641, I,/c =0, y,/c = 0, r/R = 0.785, 0 = 0°).
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The low-pressure ridge associated with the passage of the vortex
across the surface is also observed, although the vortex takes longer
to pass over the lower surface of the blade than the upper. This
may be due to influence of the blade-bound circulation slowing its
progression.

Figure 9 illustrates the sectional normal force coefficient nondi-
mensional time histories obtained by integrating the upper and lower
surface pressures at the 0.785 span station for the case presented in
Fig. 8. It may be observed that C, steadily increases as the vor-
tex approaches the blade and reaches a maximum value just after
x,/c=0. Following this, the normal force decreases abruptly, flat-
tens out, and then, following a sudden decrease in C, near x,,/c =1,
gradually tends toward zero. Consideration of this plot together with
Fig. 8 allows the C, response to be explained in terms of the C, data.
In particular, the initial rise followed by the sudden reversal in C,
occurs as the vortex first approaches and then convects over the front
section of the blade. The resulting suction peak produces the corre-
sponding maximum C,, value just after the x, /¢ = 0. Following this,
the collapse in suction pressures on the forward portion of the blade
results in a rapid reduction in C,. Subsequently, the relatively con-
stant upward force increment associated with the low-pressure vor-
tex convection ridge halts the drop in the normal force. This causes
the C, values to level off until the vortex-convects off the trailing
edge of the blade. The following negative spike corresponds to the
loss of vortex-induced upward force on the rotor as the low-pressure
vortex convects off the blade. In addition, the vortex flowfield also
causes a corresponding increase in the local pressures recorded at
the trailing edge of the lower surface, which further contributes to
the magnitude of this spike. This induced effect then decreases as the
vortex convects away from the blade, and the C, tends toward zero.

Figure 10 presents the temporal variation in the quarter-chord
sectional pitching moment coefficient obtained by integration of the
chordal pressure distribution at the 0.785 span station for the same
case as before. It may be observed that, as the vortex approaches
the leading edge, there is a very gradual increase in C,,;/4. Shortly
after the peak C, is attained, the C,,; 4 reaches a maximum and then
steadily decreases until it becomes almost neutral. Finally, as the
vortex passes the trailing edge, there is a sharp upward spike in the
C,u1/4 curve before it returns to a negative value, which slowly tends
toward zero.

The behavior exhibited in the C,, /4 curve can, once again, be
explained in terms of the pressure response. As indicated above, the
approach of the vortex causes an increase in the nose-up moment,
which continues past the x,/c =0 region. This delay in recording

the maximum C,, value is thought to be due to greater net suction
occurring on the forward portion of the blade as the low-pressure
vortex first convects onto the rotor. The C,,; 4 values then drop as the
vortex convects past the quarter-chord. This effect is produced by the
low-pressure vortex convection ridge, which generates an increasing
negative nose-down pitching moment as its moment arm increases
during its movement toward the trailing edge. This continues until
the vortex convects off the blade, where the sudden gain in negative
C, atthe trailing edge and the large moment arm combine to produce
a fast-acting surge in C,,1/4. This then reverses as the vortex moves
away from the blade. As the blade continues to move, this influence
is further reduced and the pitching moment slowly returns to a zero
value.

Twin-Vortex Interaction

In the following discussion, data are presented for twin BVIevents
involving vortex pairs with an initial separation, d/c, of 0.5¢. Cases
are presented for arange of vortex generator inclination angles to ex-
amine how the nature of the interaction changes with the orientation
of the vortex system. In all cases, the parameters y,/c and [, /c were
set equal to zero and each vortex had a strength of I' = 2.9 m?/s giv-
ing a combined vortex strength of the twin system of I' = 5.8 m?%/s.

Figure 11 presents the temporal variation in the upper surface
pressure distribution measured during a parallel BVI with the vor-
tex system identified as case 1 in Table 3. As mentioned previously,
16 revolutions of data were recorded for each interaction case
and Fig. 11 presents interaction data from three of the revolutions
recorded for this case. These three data sets are representative of the
range of responses measured for this particular case. In Fig. 11a,
cycle 1, the upper surface response exhibits some of the features
observed in the single vortex interaction. In particular, the charac-
teristic slow increase in leading edge suction peak associated with
the flow field induced by the approaching vortex system is again ev-
ident. In this case, however, the rapid collapse of the leading-edge
suction peak is followed by the formation and subsequent collapse
of a weaker second peak. The response over the remainder of the
chord is dominated by two low pressure ridges emanating from the
leading edge peaks. These ridges, indicative of the passage of the
twin vortex cores, appear to maintain almost uniform spacing during
their passage down the chord. After the first vortex leaves the trail-
ing edge, the trailing-edge pressure response becomes disturbed and
this continues up to and beyond the passage of the second vortex.

A quite different response is obtained in Fig. 11b, cycle 10, where,
although the pressure levels before and after the interaction are
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almost identical to cycle 1, the interaction itself is quite different.
Here, the severity of the leading-edge response is greatly reduced
and the second suction peak is barely discernible. There is also little
evidence of the two suction ridges associated with the passage of
the vortex system over the blade.

The response exhibited in Fig. 11c, cycle 13, is almost identical
to that in cycle 1. The only obvious differences in the two plots are a
higher secondary leading-edge peak in cycle 13 and the reduced dis-
turbance at the trailing edge subsequent to the passage of the vortex
system. Otherwise, both plots display the same general features.

A fuller understanding of the interaction characteristics can be
gained by examination of the corresponding lower surface pressure
responses for the three cases presented above. The lower surface
response for cycle 1 is shown in Fig. 12a. As the vortex reaches the
blade leading edge, there is a significant increase in suction at the
leading-edge transducer. Aft of the stagnation point, however, the
local pressure can be observed to increase in a manner that is consis-

COTON, GREEN, AND GALBRAITH

tent with the single vortex interaction case described earlier. Once
the vortex passes the leading edge, there is a noticeable increase in
suction across the entire chord. Interestingly, however, there is no
obvious indication of the passage of the vortex across the chord.

Figure 12b presents the lower surface response corresponding to
cycle 10. This case exhibits the same gross features as cycle 1, but
the detail response is quite different. In particular, two clear ridges
associated with the chordwise convection of the vortex system are
evident in this case.

Finally, Fig. 12¢ presents the lower surface response measured
during cycle 13. The early stages of the response in Fig. 12¢ are
almost identical to those in cycle 1 but the latter stages are quite
different. Both figures show a two-stage rise in suction as the vor-
tex system moves over the blade, but the second stage response in
Fig. 12¢ is much more dramatic than in Fig. 12a.

The behavior exhibited in Figs. 11 and 12 is illustrative of the
extent to which vortex meander can significantly change the detail
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Fig. 13 Normal force coefficient variation during a parallel interaction with a twin vortex system of combined strength I'* =0.81, I'; =0.641.
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(continued).

of the interaction. For this case, Table 3 suggests that both vortices
in the system lie in the plane of the blade. Thus, on a purely geomet-
ric basis, it would be expected that the blade would cut the vortices
one after the other. If this were to happen, it would also be expected
that the passage of the vortex fragments over the upper and lower
surfaces would be marked by the appearance of convective ridges of
the type observed in Figs. 11a and 12b. This is clearly not happening
because, in each of the cycles presented, the ridges only appear on
one surface. In other words the vortex system is being convected ei-
ther above (cycles 1 and 13) or below (cycle 10) the blade. This is not
unexpected as previous studies in the same facility have shown that
the vortex system is prone to meandering in this way with the vortex
core tending to pass either above or below the blade rather than im-
pacting directly on the leading edge of the blade. This is likely to be
an artifact of the experimental configuration, as it has been shown
that vortex meander can be avoided in carefully designed tests,?
although vortex meander will occur during helicopter flight due to,
for example, atmospheric turbulence.

Although cycles 1 and 13 are very similar, the slight differences
observed may be attributable to another aspect of the behavior of
the vortex system. The almost identical response in the two cycles
as the first vortex approaches the blade suggests that the position
of the first vortex with respect to the plane of the blade is the same
in the two cases. The rise in suction due to the approach of the
second vortex is, however, much weaker in cycle 1. This suggests
that the second vortex is further away from the plane of the blade in
cycle 1. This may be due either to inclination of the vortex system
with respect to the plane of the blade or to convection of the entire
system away from the blade as the interaction progresses. Because
the vortex system was found to be spatially stable during the hot-wire
measurements, it is likely that the forcing from the rotating blade
is, again, responsible for this variability from cycle to cycle.

Similar cycle-to-cycle differences exist for all three cases docu-
mented in Table 3. Figure 13 again illustrates these variations, by
presenting integrated normal force data for eight consecutive cycles,
but also compares the gross response for each of the three vortex
orientations. Figure 13a presents the integrated normal force co-
efficients for Case 1 in Table 3. Despite the variability, the gross
response retains many of the features of the single-vortex interac-
tion. In particular, the normal force rises during the early stages of
the interaction before falling sharply as the vortex system crosses
the leading edge of the blade and then drops to a minimum value,
from which there is a progressive but slow recovery. The magni-

tude of the change in normal force is also only marginally less than
for the single-vortex interaction. Some features do, however, distin-
guish the response from that of the single vortex. In particular, the
overall duration of the interaction is increased as a consequence of
the spacing between the twin vortex cores. In addition, the down-
ward trend in normal force, after the initial interaction, is arrested,
and even reversed, for a short time as the upwash from the second
of the two vortices produces a recovery in the leading-edge suction
peak. Following this, the rate of decrease in normal force is greater
than during the initial stages of the interaction, possibly as a conse-
quence of either translation or rotation of the vortex system during
the interaction.

Figure 13b presents the corresponding normal force data for
Case 2, where the inclination angle of the vortex pair is expected
to be around 75°. The degree of scatter in the data is similar to that
in Case 1, but the characteristics of the interaction are noticeably
different. First, the magnitude of the change in normal force during
the interaction is considerably smaller than in the previous case. In
addition, the drop in normal force after the initial interaction is al-
most monotonic, with little evidence of the influence of a “second”
vortex.

In the final case, Fig. 13c, the normal force response is similar to
that in Case 1, with the recovery in normal force associated, with the
passage of the second vortex clearly visible. The overall magnitude
of the response is, however, marginally less than in Case 1, and it
also appears to have a longer duration. These features are consistent
with the increased separation distance between the two vortices in
the measurement plane, identified by the hot-wire measurements.

As mentioned previously, Copland et al.>* showed that the twin-
vortex system could be modeled in a two-dimensional plane by a
relatively simple superposition technique. Using this technique and
based on the measured vortex parameters, it is possible to reconstruct
the velocity field that the blade travels through for each of the twin-
vortex inclination angles. A major factor in determining the BVI
response is the vertical velocity experienced by the blade during the
interaction. In fact, this is often used as a basis for semiempirical
BVI calculations.? The vertical velocity components have been ex-
tracted from the numerical model and are presented in Fig. 14 for
the three cases discussed above. In each case the vortex inclination
angle and separation distance in the measurement plane have been
supplied as input to the numerical model. In addition, the corre-
sponding vertical velocity distribution produced by a single vortex
of the combined strength of the twin vortices is also shown.
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It is immediately obvious that the basic form of the normal-
force response for each of the cases is mirrored by the correspond-
ing vertical-velocity distribution. In particular, the vertical-velocity
distributions for Cases 1 and 3 both show the characteristic double
peak exhibited by the interaction data. Similarly, the vertical veloc-
ity distribution for Case 2 has a similar form to the single vortex
velocity field, albeit somewhat reduced in magnitude, and this is
consistent with the normal force response in the two cases. The in-
creased extent of the velocity field and the decrease in peak vertical
velocity associated with the increased spacing between the vortices
in Case 3 are also a notable feature of the plot.

Further insight into the nature of the twin-vortex interaction can
be gained by examination of the blade quarter-chord pitching mo-
ment response during the interaction. Of the cases presented above,

Case 1, where the vortex cores are parallel to the chord line, pro-
duces the most pronounced two-stage response in the normal-force
coefficient time history. The corresponding pitching moment data
are presented for this case in Fig. 15. It is immediately obvious that
these data exhibit considerably more noise than the corresponding
normal-force data. This arises because of the increased sensitivity
of the integrated pitching moment coefficient to the small number of
measurement points around the profile of the blade. Nevertheless,
the figure does highlight the basic features of the pitching moment
response for this case. The same gross features identified in Fig. 10,
for the single-vortex interaction, are also present in this figure. The
progressive rise in C,,/4 prior to the interaction and the subsequent
drop toward a neutral value are common to both figures. The strong
upward spike in the pitching moment identified with the passage
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of the vortex over the trailing edge in Fig. 10 was a key feature of
the single-vortex distribution. In the twin-vortex case, many of the
individual traces exhibit two spikes, presumably corresponding to
the sequential passage of the two vortices over the trailing edge.
This result is consistent with the observations of Horner et al.? in
their study of single-vortex interactions, who suggested that, while
the normal force response is dominated by the global velocity field
associated with the vortex system, the pitching moment response
is dominated by the local suction produced by the proximity of the
vortex core to the surface of the blade.

Conclusions

Details are given of a BVI test series performed in the University
of Glasgow low-speed, closed-return, 1.61 x 2.13 m Handley Page
wind tunnel, in which single- and twin-vortex interactions with a
rigid, unloaded model rotor blade were investigated.

A specially designed vortex generator allowed the rotational posi-
tion of the twin vortex pair to be varied so that a range of interaction
geometries could be studied. Hot-wire anemometry was used to
measure strength, size, and orientation of the vortex pairs in the
interaction plane.

It was found that blade surface pressures, normal force, and pitch-
ing moment responses strongly depended on the orientation of the
vortex pair in the interaction plane. When the vortex cores lay al-
most parallel to the blade chord, the interaction was characterized
by a two-stage response associated with the sequential passage of
the two cores. Conversely, when the cores lay on a plane that was
almost perpendicular to the blade chord, the response was similar
to that of a single-vortex interaction.

It was shown that, for all cases, the normal-force response was
consistent with the expected distribution of vertical velocity in the
flow field. It was also demonstrated that whereas the normal-force
response was dominated by the global velocity field, the pitching-
moment response depended on the localized suction associated with
the vortex cores.

It is important to note that the flow velocity and rotor rotational
speeds used in the current study correspond to a much higher ad-
vance ratio than is generally associated with BVI on a helicopter
rotor. This will inevitably result in differences between the fluid dy-
namic response measured here and that which may be expected in
flight. Previous experience suggests, however, that these differences
are likely to be relatively minor. In addition, although the present
results highlight the general features of the blade response to a twin
BVI, there are numerous sources of unsteadiness in the experiments
that introduce variability from cycle to cycle of the interacting blade.
Itis hoped to gain further insight into the detail of the interaction pro-
cess in the future by simultaneously capturing both surface pressure
and global flowfield information during individual interactions.
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