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Experimental Study of the Three Dimensionality
of Orthogonal Blade–Vortex Interaction

Tongguang Wang,¤ C. J. Doolan,† F. N. Coton,‡ and R. A. M. Galbraith§

University of Glasgow, Glasgow, Scotland G12 8QQ, United Kingdom

Wind-tunnel tests were conducted to investigate orthogonalvortex interaction with a stationary blademimicking
the main-rotor/tail-rotor interaction. High-quality experimental results with high-temporal resolution for the
interaction have been obtained at different wind speeds and blade incidence angles. A vortex generator was
specially designed for the experiment and produced stable trailing vortices. These were identi� ed by hot-wire
anemometry, with different vortical parameters for different speeds. When the measurement location is aligned
with the vortex axis, pressure data reveal a suction peak on the upper blade surface and a pressure peak on the
lower surface during the interaction. Signi� cant dependence of the pressure on spanwise distance from the vortex
indicates a strong three-dimensional interaction effect. For example, for spanwise positions above the core axis,
a pressure pulse on the upper surface and a suction peak on the lower surface have been observed. It is shown
that these differences can be attributed to the in� uence of the axial and tangential velocity components of the
vortex. Pressure data for the blade at high incidence also show that the interaction can exacerbate and alleviate
� ow separation, depending on the spanwise position.
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Cn0 = normal force coef� cient at t D 0
C pu = unsteady pressure coef� cient (p= 1
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C p0 = pressure coef� cient at t D 0
c = interacting blade chord
p = local static pressure
rc = vortex core radius
T = airfoil thickness
t = sample time
V = freestream velocity
Vµ = vortex tangential velocity
v = vertical velocity
w = cross-stream velocity
w0 = mean axial core velocity
x = chordwise distance measured from leading edge
y = ordinate of point on blade surface measured

from chord line
z = spanwise distance from vortex axis
® = angle of incidence
0 = circulation

Introduction

B LADE–VORTEX interaction (BVI) is a very important aero-
dynamic phenomenon, most often occurring in helicopter
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� ight when the strong tip vortex trailing from a main rotor blade
encountersanother blade of the main rotor and/or the tail rotor. This
kind of interaction can produce unwanted unsteady loading, noise,
and vibration.1 Much research has focused on the case of main
rotor BVI where the vortex interacts with another main rotor blade,
for example, Strauss et al.2 and Masson et al.,3 among many oth-
ers. However, less is known about the orthogonal interactionof the
main rotor vortex with a tail rotor blade. Understandingof the latter
event is important to increase the performance and acceptance of
future rotorcraft. In recent years, therefore,orthogonalBVI (OBVI)
research has become of increased interest to aerodynamicists.

In forward � ight, the tip vortex from a helicoptermain rotor blade
is ingested into the tail rotor disk and severedby the rotating blades.
The trailing vortex can approach the tail rotor at various angles, but
an importantand limitingcase is an orthogonalinteraction.Previous
research into the OBVI has included both mathematical and exper-
imental studies. Analytical investigations have been conducted by
Howe4 and Marshall.5 Computational studies6¡9 show that the vor-
tex dynamics during cutting are controlled by the axial � ow within
the vortex core. If the axial � ow is directed toward the cutting sur-
face, the core bulges, and if the axial � ow is away from the surface,
the core thins (Fig. 1). This kind of vortex core distortionduring the
vortex chopping has been veri� ed by � ow visualizations.8;10 The
experimental studies also show the productionof secondary vortic-
ity and entrainmentof the blade boundary layer into the core, which
indicate the complexity of the OBVI mechanisms.Surface pressure
and noise measurements of the orthogonal vortex interaction11;12

show a difference in pressure measurements on either side of the
cutting surface, which could possibly be due to an axial core com-
ponent. However, the vortices produced in these experiments were
representative of the wake of a hovering rotor or propeller rather
than a helicopter in forward � ight.

More recently, an experimental study of OBVI has been con-
ducted in the Glasgow University 1:15 £ 0:85 m low-speed wind
tunnel both on unsteady pressure measurement and on � ow
visualization.13¡18 One of the unique features in the study is the
use of a novelvortex generator.The method employeda one-bladed
rotor rig, placed in the contractionof the wind tunnel,which pitched
a symmetrical blade througha speci� c incidencepro� le as it rotated
so as to generate a transverse vortex. That vortex was then con-
vected through the wind tunneland subsequentlywas cut by a blade
mounted in the working section. The experiment gave invaluable
results of OBVI both in surface pressure measurement and in � ow
visualization.However, the wandering amplitudeof the vortex gen-
erated was estimated to be 19% of the interacting blade’s chord or
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Fig. 1 Orthogonal vortex interaction.

29.5 mm; this was considered to be too large. It was, therefore, de-
sirable in the second phase of the work to generate a more stable
vortex to improve the experiment.

The second phase of the OBVI study was carried out in the
Glasgow University 2:65 £ 2:04 m Argyll wind tunnel, and the vor-
tex produced by the new vortex generator proved to most satisfac-
tory. In the presentpaper, the experimentalresults from this phaseof
the work are presented and discussed.First, velocity measurements
of the three-dimensionalvortexgeneratedfor the interactionare con-
sidered. These were obtained using hot-wire anemometry and con-
� rmed the acceptability of the vortex generator. Second, an instru-
mented blade was then placed in the wind tunnel’s working section
to obtain surface pressures during the interaction for different wind
speeds. The interacting blade was adjustable both vertically and in
incidence.This permitted interactionsat various vortex positions to
be recorded, and also the effect of blade incidence to be examined.

Experiment
Experimental Facilities

The experiments were conducted in the Glasgow University
2:65 £ 2:04 m Argyll low-speed wind tunnel. This is a closed-
return facility with a maximum operating speed of 76 m/s. During
testing, the freestream velocity and temperature were monitored
continuously.

The new single-bladed vortex generator for use in the Argyll
wind tunnel is larger than that used in the previous phases of the
work.19 It also required a re� nement in technology and design that
included a special hard-chromed cam plate together with a fully
articulated rotor hub, which incorporates � ap and lag hinges with
a cantilevered � ap spring and elastomeric lag dampers. It has a
rotor of radius 1.6 m with a single rectangular planform blade of
chord 0.16 m with a NACA 0015 cross section. The blade is rotated
by a variable-frequencydrive motor and is pitched to a maximum
incidence of 10 deg using a spring-loaded pitch link running on a
cylindricalcam con� gured such that the blade pitchvaries smoothly
in four equivalent (90-deg) phases of azimuth.13¡19

Velocity measurements of the convecting tip vortex were made
using a TSI IFA-300 constant temperature hot-wire anemometer
system using DANTEC P61 cross-wire probes. The probes used
5-¹m-diam plated tungsten wires with a length-to-diameter ratio
of 250. The measuring volume of each probe was approximately
0.8 mm in diameter and 0.5 mm in height.

During interactionexperiments,a NACA 0015bladeof chord275
mm was mounted vertically in the path of the vortex (Fig. 2) at a

Table 1 Arrangement of transducers
around blade section

Transducer no. x=c, % y=c, %

1 94.54 ¡1.0839
2 83.64 ¡2.7639
3 72.70 ¡4.2452
4 61.82 ¡5.5139
5 50.91 ¡6.5446
6 40.00 ¡7.2538
7 29.09 ¡7.4999
8 20.00 ¡7.1719
9 12.73 ¡6.3565
10 7.27 ¡5.1856
11 3.64 ¡3.8705
12 1.82 ¡2.8235
13 0.91 ¡2.0360
14 0 0
15 0.91 2.0360
16 1.82 2.8235
17 3.64 3.8705
18 7.27 5.1856
19 12.73 6.3565
20 20.00 7.1719
21 29.09 7.4999
22 40.00 7.2538
23 50.91 6.5446
24 61.82 5.5139
25 72.70 4.2452
26 83.64 2.7639
27 94.54 1.0839

Fig. 2 Vortex generator and interacting blade in wind tunnel.

location 4 m, or 14.55 blade chord lengths, downstreamof the rotor
rig axis. To avoid the worst of the turbulent wake from the vortex
generator, the blade was placed on the right side 370 mm from the
tunnel centerline, facing into the settling chamber. The two dimen-
sionality of the � ow at this position was established by hot-wire
and blade pressure measurements with the vortex generator in situ
but not operating. At this position, the vortex was predicted to col-
lide nominallyorthogonallywith the blade using a numericalmodel
comprising a free-wake analysis and panel method that simulated
the vortexconvectionand wind-tunnelwall constraint.19 The predic-
tions from this model were validatedby the hot-wire measurements
in a manner similar to that described by Doolan et al.16

The blade was instrumented with the three chordal arrays of
27 miniature Sensym SCC05GSMT pressure transducers. These
transducers have a frequency response of 10 kHz and were indi-
vidually calibrated against a Druck DPI 610 pressure calibrator
while wired to their own current sources. The separation distance
between each array was 68.75 mm, and the positions of the trans-
ducers around the blade section are listed in Table 1. Additional
transducers were placed between the chordal arrays to provide de-
tail of spanwise loading distributions at six chordal locations. The
transducers were connected to a surface ori� ce of 1-mm diam and
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mounted as close as possible to the undersurfaceof the blade; how-
ever, because of the lack of space, three of the transducers were
connected via small lengths of plastic tubing at the trailing-edge
location. A computational analysis of this tubing arrangement in-
dicated that no signi� cant attenuation or phase shift would result.
During testing, the blade could be set at different incidence values,
and it could be moved vertically to allow the relative location of the
chordal arrays with respect to the vortex core to be changed.

Test Program
The test program consisted of measuring the unsteady pressures

during the OBVI. This was done for a variety of wind-tunnel
speeds and blade settings. For the current tests, the freestream
velocities used were 20, 30, 40 and 50 m/s, and the correspond-
ing rotational speeds of the vortex generator were 168, 252, 336,
and 420 rpm. These settings had been identi� ed using the free-
wake/panel method19 to provide a clear, well-de� ned tip vortex
structure in the working section. The blade angles of incidence
ranged from ¡12 to 12 deg with a 2-deg increment.

Before these tests, a hot-wire survey was conducted to locate the
verticalpositionof the vortex in the wind tunnel.The hot-wireprobe
was mounted on a computer-controlled traverse system 370 mm
from the tunnelcenterlineat the locationwhere the interactingblade
would be placed. The probe was traversed vertically capturing the
vortex velocity components. The height of the vortex center above
the � oor of the working section could be estimated from these mea-
surement results.

The interactingbladecouldbemoved verticallyso thatthechordal
transducer arrays could be moved with respect to the interaction
vortex. In the current program, � ve verticalpositionswere used, and
so, with three arrays of transducers, the interactional data at a total
of 15 blade sections were recorded for each speed and at each blade
incidence setting. Table 2 lists the locations of the instrumented
arrays with respect to the vortex center, where positive and negative
values of z indicate that the array is above and below the vortex
center (Fig. 3), respectively.

Table 2 Distances between instrumented blade
section and vortex

Vertical distance from
instrumented section to

Position no. vortex center z, mm z=c

1 ¡108.75 ¡0.3954
2 ¡88.75 ¡0.3227
3 ¡68.75 ¡0.25
4 ¡48.75 ¡0.1772
5 ¡40 ¡0.1454
6 ¡28.75 ¡0.1045
7 ¡20 ¡0.0727
8 0 0
9 20 0.0727
10 28.75 0.1045
11 40 0.1454
12 48.75 0.1772
13 68.75 0.25
14 88.75 0.3227
15 108.75 0.3954

Fig. 3 Schematic showing rela-
tive position of blade section and
vortex.

Data were acquired using the BE 256 data logger with a 50-kHz
sampling rate in 16 blocks of 2000 samples each. The trigger timing
was arranged so that each 2000 sample block contained a separate
vortex interaction.

Experimental Errors
The data acquisition system and software has an automatic gain

adjustment feature that allows measurements to be taken at the
maximum resolution of the system. On the basis of previous ex-
periencewith Kulite miniature transducers3 and taking into account
discretization and calibration factor errors, the uncertainty in the
measured pressure coef� cients is estimated to be 0.5%. Given this
uncertainty in the pressure measurement, and accounting for the
approximation of numerical integration, the uncertainty in the pre-
sented normal force coef� cients is estimated to be 2.0%.

A source of uncertainty in the measurements was the vortex po-
sition. Once produced by the rotor rig, the vortex connects through
the wind tunnel. Each successive vortex follows a slightly different
path due to variations in local conditionson the rotor blade and free-
stream turbulence levels. When a numerical procedure16 is used to
analyze the hot-wire measurements,the wanderingamplitudeof the
vortices has been estimated to be 5 mm or 1.8% of the interacting
blade chord. This is much smaller than the previous amplitude of
vortex wandering produced by the small rotor rig in the � rst phase
of the investigation.15

Results and Discussion
Vortex Parameters

The vortex was expected to interact with the instrumented blade
orthogonally.The height of vortex core passagewas determined us-
ing two criteria. These consisted of the height where the maximum
vertical velocity was measured (a measure of the vortex tangen-
tial velocity) and also where the measured freestream component
changed from a negative reinforcement (indicating that the vortex
passed beneath the probe) to a positive reinforcement (vortex pas-
sage above the probe). Vortex wander usually showed both positive
and negative reinforcements in successive vortices at the approxi-
mate vortex passage height. When an estimation method developed
by Doolan et al.16 was used, the vortex passage height in these tests
was located to within 5 mm, indicating signi� cantly lower wan-
dering than the 29.5 mm (Ref. 16) measured in the test using the
small-scale vortex generator rig. This provided a basis on which
more reliable interaction information could be obtained. The vor-
tex passage heights at different wind speeds and the corresponding
vortex generator speeds are given in Table 3.

Figure 4 shows the measured vertical velocity component at
the vortex passage height for different freestream velocities. For
V D 20 m/s, the data show a characteristic vortex signal of an in-
duced velocity � eld around a viscous core region. Also, the peak
velocity signal is higher on the inboard, or downstream side, of the
vortex. This is due to the curvature of the vortex causing a self-
induced increase in velocity magnitude. Strong vortex signals are
againnoticedat V D 30 and 40 m/s. However, a periodicdisturbance
between each vortex can be identi� ed. This disturbance becomes
dominant at 50 m/s freestream and takes the form of another con-
vecting vortex rotating in the opposite sense. The strength of this

Table 3 Summary of vortex parameters

V , m/s

Parameter 20 30 40 50

Rotor speed, 168 252 336 420
rpm

Vortex height, 980 960 920 900
mm

rc , mm 74:18 § 16:35 84:83 § 33:31 76:30 § 10:24 90:30 § 49:32
Maximum 2:77 § 0:35 3:20 § 0:45 3:17 § 0:38 1:72 § 0:41

Vµ , m/s
w0, m/s 1:62 § 0:23 1:27 § 0:23 1:91 § 0:25 2:20 § 0:20
0, m2 /s 0:90 § 0:26 1:26 § 0:41 1:26 § 0:25 0:77 § 0:27
T=rc 0.556 0.486 0.541 0.457
2¼rc V=0 10.36 12.69 15.22 36.84
2¼rcw0=0 0.84 0.54 0.73 1.62
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V = 20 m/s

V = 30 m/s

V = 40 m/s

V = 50 m/s

Fig. 4 Vertical velocity record at vortex passage height.

counter-rotatingvortex is signi� cantly greater than the primary vor-
tex that the generator was designed to produce. These two vortices
are separated by a time period of about 0.07 s, whereas the time pe-
riod of the pressure data acquisition was 0.04 s around the primary
vortex. This counter-rotating vortex, therefore, had little in� uence
on the collected data.

The counter-rotatingvortex may be attributed to the � apping mo-
tion of the blade. At V D 50 m/s, this motion could signi� cantly
increase the effective incidence of the blade while it is pointing
into the settling chamber. It may also cause a decrease in effective
incidence while the blade is pointing toward the working section.
Only through a dynamic study of the rotor/hub combination could
an understanding of this event be known. However, the very peri-
odic nature of the disturbance may suggest that its origin exists at
the blade tip.

By the rotation of the probe through 90 deg, the cross-stream
velocity component can be measured. When the probe is placed
at the vortex passage height, the axial component of the vortex
core � ow is acquired. Figure 5 shows the measured cross-stream
component of the core � ow for V D 20 and 30 m/s. In each case, an
axial core velocity was measured in the direction of rotor rotation.
The magnitude of the core component is of the same order as the
peak tangential velocity component. This is a similar result to the
velocity measurements taken with the small-scale rig.13

A summary of the vortex parameters can be found in Table 3. The
informationfor thecore radiusrc, maximumvortex tangentialveloc-
ity Vµ , mean axial velocityw0 within the core, and vortex strength0
is presented as a mean value and with a tolerance that represents the
standard deviation over 10 vortex measurements. The other values
for the thickness parameter T=rc, impact parameter 2¼rc V=0, and
axial � ow parameter 2¼rcw0V=0 are calculated using their corre-
sponding mean values. Note that the high tolerance on some values
may not indicatesuch largevariationsin successivevortexstructure.
Hot-wire probe interferencecan affect the information,particularly
core size.16

Three dimensionlessparametershavebeen identi� ed by Marshall
and Krishnamoorthy8 as quantities that indicate the severity of the
physical response to the vortex cut: They are the impact parameter
2¼rcV=0, which represents the ratio of the relative impact velocity

V = 20 m/s

V = 30 m/s

Fig. 5 Cross-stream velocity record at vortex passage height.

of the vortex blade to the maximum vortex tangential velocity, the
thickness parameter T=rc, which is the ratio of the blade maximum
thickness to the vortex core radius, and the axial � ow parameter
2¼rcw0V=0, which is the ratio of the mean axial velocitywithin the
core to the maximum vortex tangential velocity. In the present case,
the relatively large core size results in very high values of 2¼rc V=0
and small values of T=rc , which implies that the vortex swirling
motion causes no boundary-layer separation from the blade before
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a) Upper surface at vortex height (z/c = 0)

b) Upper surface below vortex height (z/c = ¡ 0.3227)

c) Upper surface above vortex height (z/c = 0.3227)

d) Lower surface at vortex height (z/c = 0)

e) Lower surface below vortex height (z/c = ¡ 0.3227)

f ) Lower surface above vortex height (z/c = 0.3227)

Fig. 6 Pressure measurement on airfoil surface for V = 50 m/s and ® = 0 deg.

the vortex impingement. This kind of weak interaction, a dominant
feature during main rotor/tail rotor interaction for a helicopter in
forward � ight,10 is also accompanied by little vortex deformation
before the vortex collision with the leading edge.6

The value of the axial � ow parameter determines the vortex re-
sponse during vortex cutting. It has been shown with an assumption
of uniform axial velocity and vorticity that the � ow is supercritical
for 2¼rcw0=0 >

p
2=2 and subcritical for the axial � ow parameter

less than this value.20 It can be seen from Table 3 that, dependingon
the freestream velocity and vortex generator speed, the experiment
involved both supercritical and subcritical � ows. The subcritical
� ow implies both upstream- and downstream-propagating waves
of small amplitude. For the supercritical � ow, only downstream-
propagatingwaves of small amplitude can be supported in the core,
a jetlike � ow impacts on the cutting surface of the blade, and a
thinning of the vortex core occurs on the other side of the blade.

The large vortex core and low peak swirling velocity obtained in
this study make the interactionsweak. They will, however, be ben-
e� cial for any future laser-based � ow measurement such as particle
image velocimetry because the lower peak velocity and larger core
will facilitate seeding within the core region.

Interaction with an Unloaded Blade
Doolan et al.15 described the unsteadysurface pressurevariations

experiencedby a blade set at zero incidenceduringOBVI. Although
the present tests were conducted at higher wind-tunnel velocities
than those in Ref. 15, similar,althoughnot identical, trendswere ob-
served.Figure 6 shows the temporalvariationof the upper and lower
surface pressure distributions at three measurement positions rela-
tive to the vortex core for a wind speed of 50 m/s. The lower surface
of the blade is de� ned as the cutting surface toward which the axial
� ow is directedand theuppersurfaceas the side fromwhich theaxial
� ow is away. The directionsof positiveand negativeblade incidence
are alsode� nedon thisbasis. InFig.6, the initialvalueof thepressure
C p0 at time t D 0, has been removed from the unsteadydata C pu for
clarity.To increasethe clarity of Figs. 6 further,only every 16th data
sample is presented. If the vortex deformation is negligible before
interaction,the pressuredistributionC p0 at the sample time t D 0 can
be regarded as the clean pressure on the blade surface in a � ow� eld
with vortex induction.Therefore, the value of ¡.C pu ¡ C p0/ on the
vertical axis represents the net contributionof the interaction to the
surface pressure. The other two axes in the plot denote the chordal
position x=c and the nondimensional time Vt=c, respectively.
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At z=c D 0, the upper surfacedata in Fig. 6a showa strong suction
peak at the leading edge when the vortex encounters the blade. The
subsequentpassageof the vortexover the surfaceproducesa suction
ridge that abates toward the trailingedge.Meanwhile,the interaction
retains its in� uence on the upper surface loading in the form of
increased suction in the leading-edge region. In fact, the vortex has
passed downstream by several chord lengths before the pressure
returns to its clean value C p0.

For the lower surface(Fig. 6d), an increase in pressureoccurs just
downstream of the leading edge when the vortex collides with the
blade. With the passage of the vortex over the chord, this impacting
pressuredecreases,and eventuallythepressureridge transformsinto
a slight suction ridge. The magnitude of the pressure and suction
ridges on the lower surface is less than that of the suction ridge on
the upper surface.Note that, for all lower surface plots in this paper,
the leading-edgepressure record is presented for completeness.

The aspects of the pressure response to the orthogonalvortexcut-
ting for both upper and lower surfaces identi� ed earlier have been
observed previously for the small-scale vortex generator case.15 As
in the previous study, before the encounter of the vortex core with
the blade .V t=c ¼ 0 » 1/, the pressure, even in the leading edge,
deviates little from the initial value C p0, attesting again that there
is little vortex deformation and little interactional effect before the
blade–vortex collision for the weak interactioncase.The current re-
sults do, however, show a generally lower level of response in terms
of both peak and ridge values. This may be attributed to the higher
value of the impact parameter in this case, producing a generally
weaker interaction. Also, in Ref. 15, the unsteady response to the
interaction is rapid, short lived, and localized, whereas, in this case,
the duration of the interaction is much longer. One likely reason for
this is the much larger ratio of the vortex core radius to airfoil chord
in this case (0.328) compared with that of Ref. 15 (0.065).

When the measurement location is below the vortex (z=c < 0),
the upper surface interaction is characterized by enhanced suction
in the leading-edge region that diminishes with distance from the
vortex axis. According to the so-called tornado effect of Hagen and
Kurosaka,21 the vortex cutting results in a pressure gradient, which
pumps � uid away from the upper surface through the (distorted)
vortex core. Figure 6b shows the pressure variation for the case
when the transducer array just coincides with the edge of the vortex
core. At this location, the rise in suction during the interaction is
less dramatic than when the measurement array is aligned with the
vortex core. There is also no evidence of the sustained suction ridge
that extended to the trailing edge in the previous case. In fact, this
ridge was only apparent at measurement locations that lay within
one-half of the core radius from the vortex axis. Again, this result
differs from that observed in Ref. 15, where the suction ridge was
apparent when the measurement station was as much as two core
radii below the vortex axis. This may again be attributed to the
higher impact parameter in the present case producing a weaker
interaction.

The corresponding lower surface pressure response is presented
in Fig. 6e. At this location, and for all measurement locations be-
low the vortex axis, a pressure peak is evident in the leading-edge
region. Unlike the response observed when the measurement loca-
tion was on the vortex axis, there is little evidence of the effect of
the vortex downstreamof the leading edge. Again, presumably as a
consequenceof the higher impact parameter in this case, this result
differs markedly from Ref. 15, where a strong suction ridge was
observedon aft portionsof the chord on a measurement section two
core radii below the vortex axis.

When thevortexpassesbelowthemeasurementsection(z=c > 0),
the magnitude of the upper surface suction peak at the leading edge
decreaseswith increasedverticaldistancebetweenthevortexand the
measurement section in a similar manner to that described earlier.
However, signi� cant differencesbetween the responsesat measure-
ment locations above and below the vortex become apparent as the
distance between the measurement location and the vortex axis in-
creases and the dominance of the axial core � ow diminishes. Most
noticeably (Fig. 6c) in the leading-edge region, a pressure trough
forms and becomesmore signi� cant with increasingz. Note that this
trough was not observedby Doolan et al.15 This discrepancymay be

attributed to two aspectsof the tests. First, as alreadymentioned, the
size of the vortex core relative to the blade chord in the current tests
is much larger than in the � rst phase. This may result in reduced lo-
calized coupling between axial and rotational � ow in� uences from
the vortex. Second, the vortex wander was much greater in Ref. 15,
which increased the uncertainty in the measured values.

At � rst glance, this pressure trough on the upper surface seems
contradictoryto the tornadoeffect of Hagen and Kurosaka.21 In fact,
the � ow� eld over the blade sectionfor z > 0 is differentfrom that for
z < 0. As the vortex approachesthe blade, the vortex induces a neg-
ative reinforcement in streamwise velocity for z > 0 and a positive
reinforcementfor z < 0 (Fig. 3). During vortex cutting, the distorted
primary vortex and shed secondary vortex22 produce complicated
but distinct � ow� elds for different vortex passages relative to the
blade section under consideration. These different vortex-induced
� ows can mix with the boundarylayer over the bladeand pump � uid
away from the boundary layer on one side of the section and ingest
� uid into the boundary layer on the other side. These different � ow
patterns at the different spanwise positions have been identi� ed by
Early et al.18 in a � ow visualization study.

For measurementlocationswhere z=c > 0, the lower surfacepres-
sure response close to the vortex axis is similar to that shown in
Fig. 6d. With increasingdistancebetween the measurementlocation
and the vortex axis, the leading-edge pressure peak and suction
ridge,noted in Fig. 6d, graduallydiminish,and a suctionpeak forms
in the leadingedgeregion(Fig. 6f). This suctionpeak seems to reach
its maximum value when the blade section is situated at the vortex
core edge where the maximum swirling velocity is obtained. Note
that this suction peak was not observed in Ref. 15. This may also
be indicative of reduced localized coupling between the axial and
rotational � ows in the vortex in the present case.

Integrating the pressure distribution along the surface yields the
forcesandpitchingmomenton theairfoil at a givenmeasurementlo-
cation. Figure 7 illustrates the differencebetween the instantaneous
normal force coef� cient Cn and the initial value Cn0 , at time t D 0,
during the interactionfor V D 50 m/s and ® D 0 at � ve measurement
positions relative to the vortex axis. Generally, the normal force co-
ef� cient changes little before nondimensional time V t=c D 1:5, due
to minimal deformationof the vortex becauseof the low ratio of the
airfoil thickness to the core size, T=rc. A small decrease in the nor-
mal force then follows before it rises abruptly. This initial decrease
can be related to the pressure traces presented in the earlier � gures.
For example, if the Cn responseat z=c D 0 is referencedto Fig. 6a, it
may be observed that there is a localized increase in pressure at the
upper surface leading edge just before to the rapid rise in leading-
edgesuction.This occursat a nondimensionaltime of approximately
2 and is accompaniedby a correspondingrise in suctionon the lower
surface (Fig. 6d). These two effects combine to produce the drop in
normal force coef� cient identi� ed in Fig. 7. This drop is followedby
an abrupt rise between V t=c ¼ 2 and 3, which is caused by the for-
mation of the sharp suction and pressurepeaks on the upper and low
surfaces,respectively.After reachingitsmaximumvalue,thenormal
force behavior becomes very dependent on the relative position of
the measurementlocationwith respectto the vortex.For z=c D 0 and
¡0:0727, the normal force decreases as the vortex passes over the
chord and the pressure peak on the lower surface transforms into a
suction ridge. At the lowest measurement position, z=c D ¡0:3954,
the drop in Cn is much more gradual, presumablybecause this loca-
tion lies outside the vortex core and the tangentialcomponentof the
vortex � ow provides a positive reinforcement of the local dynamic
pressure throughout the interaction. When the measurement loca-
tion is above the vortex, the rise in Cn is less signi� cant than in the
other cases. Indeed, the Cn continuesto rise even after the vortex has
passed the trailingedge, albeit at a reducedrate. It is likely that this is
indicativeof the ameliorationof the negativeinducedvelocitiespro-
ducedby the senseof rotationof the vortexat measurementlocations
above the vortex centerline. After the vortex moves farther down-
streamfrom the trailingedge, the valuesof Cn for differentpositions
tend to convergeon a stable value and decreasegraduallywith time.

As expected, the rate of change in Cn is at its maximum when
the measurement section aligns with the vortex passage height and
the rate decreases with increased vertical distance between the
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Fig. 7 Variation of normal force coef� cient during interaction at V = 50 m/s and ® = 0 deg.

Fig. 8 Variation of normal force coef� cient during interaction at ® = 6 deg and z/c = 0 for different wind speeds.

measurement section and the vortex. For z > 0, where the stream-
wise velocity along the chord is lower than for z < 0 because of the
vortex induction, the effect of the interaction on the normal force is
more gradual and less severe.

Interaction with Loaded Blade
Surfacepressuremeasurements,and integratedforce coef� cients,

for the orthogonal interaction of a vortex with a blade at incidence
have been previously described by Doolan et al.13 Because the un-
steady pressureresponsesobservedduring the presentseries of tests
are broadly similar to those described in Ref. 13, they will not de-
scribed in detail here. Rather, this discussion will focus on aspects
of the present results that differ from those presented previously.

Figure 8 shows the variation with time of the interactional con-
tribution to the normal force coef� cient for different freestreamve-
locities for the ® D 6 deg and z=c D 0 case. One interesting feature
in Fig. 8 is that the impulsive increment in (Cn ¡ Cn0/ in the case

of V D 30 m/s is much less than in the other three cases for which
the normal force increments exhibit considerable similarity. The
Reynolds number will inevitably play a role in the normal force
variation with velocity, and this may be one of the reasons for the
differences in (Cn ¡ Cn0/ for the various cases. However, it is un-
likely to be the only reason because it has already been shown that
the physical behavior during vortex cutting is strongly in� uenced
by speci� c vortex parameters.Note that the only case for which the
axial � ow parameter (Table 3) is subcritical is the V D 30 m/s case,
whereas the � ow aroundthe bladeon impingementat the other three
velocities,and in the cases previouslyreportedby Doolan et al.,15 is
supercritical.8;20 For the subcritical � ow, the pressure waves propa-
gate both upstream and downstream8 resulting in a more moderate
vortex cutting response. Marshall and Krishnamoorthy8 provided a
theoretical estimate of the normal force coef� cient response during
vortex cutting for subcritical � ows. They noted that the response
is characterized by a reduction in normal force in the early stages
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a) z/c = ¡ 0.25

b) z/c = 0

c) z/c = 0.25

Fig. 9 Surface pressures measured at ® = 12 deg for V = 50 m/s.

of the interaction followed by a monotonic rise toward an asymp-
totic value. This description is in general agreement with the result
presented in Fig. 8 at V D 30 m/s.

The effect of the interaction on � ow separation was not exam-
ined in previous studies, primarily because of the low test Reynolds
numbers. To examine this in the present study, the blade was set to
12 deg in both positive and negative senses. The highest � ow speed,
V D 50 m/s, correspondsto a chord Reynolds number of 9:45 £ 105

at which, without vortex interaction, the blade should exhibit some
degree of separation from the upper surface at ® D 12 deg and from
the lower surface at ® D ¡12 deg, respectively.23

Figure 9 shows the pressure distribution on the airfoil section
at three measurement positions relative to the vortex axis, for
V D 50 m/s and ® D 12 deg. For the case of z=c D 0, the unsteadi-
ness in the pressure histories indicates that signi� cantly separated
� ow exists over approximately 70% of the chord on the upper sur-
face. Understandably, the axial core � ow away from the surface

produces increased suction at the leading edge, exacerbating the
adverse pressure gradient and, thus, promoting separation.

When the vortex passes above the measurement station, z=c D
¡0:25, the severity of separationis eased. The entire reason for this
is unclearat present,but, in additionto the airfoil boundary-layerin-
teractionwith the offset vortex, the reinforcementin streamwise ve-
locitydue to the vortex tangentialcomponentmay thin the boundary
layer, delaying � ow separation until the region of the trailing edge.
On the other hand, when the vortex passes below the instrumented
section, z=c D 0:25, the reduction in streamwise velocity together
with the interactioncauses severe separation in the leading-edgere-
gion on the upper surface. At this section, the leading-edge suction
peak is effectively destroyed, and the blade section is fully stalled.
As may be expected, the � ow over the lower surface at ® D 12 deg
shows no obvious separation for all three cases.

Given that the interacting blade has a symmetrical NACA 0015
section, the � ow pattern over the lower surface at ® D ¡12 deg
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Upper surface

Lower surface

Fig. 10 Surface pressures measured at ® = ¡ 12 deg for V = 50 m/s and
z/c = 0.

may be expected to be the same as that over the upper surface at
® D 12 deg without vortex interaction. In the OBVI case, this � ow
symmetry no longer exists. Figure 10 shows that the � ow over the
lower surface at ® D ¡12 deg primarily remains attached during the
vortex cutting whereas, as discussed earlier, there is signi� cant sep-
aration on the upper surface at ® D 12 deg for the same wind speed
(Fig. 9b). This asymmetry arises from the impact of the axial core
� ow, which, at ® D ¡12 deg, energizes the lower surface boundary
layer, diminishing � ow separation. Conversely, when ® D 12 deg,
the core � ow is away from the upper surface and, as shown earlier,
would be expected to enhance the adverse pressure gradient aft of
the leading edge.

Conclusions
A vortex generator consisting of a single blade of 1.6-m ra-

dius has been designed for the purpose of an OBVI study in a
2:65 £ 2:04 m low-speedwind tunnel.Velocitymeasurementsusing
hot-wire anemometry showed that well-de� ned, three-dimensional
vortices with different strengths and core sizes were produced and
that the vortex wandering range was within 5 mm. The high impact-
ing parameter obtained implied a weak vortex interaction.

A series of wind-tunnel tests were conducted,which investigated
the orthogonal vortex interaction with an instrumented stationary
blade.High-qualityexperimental resultswith high-temporalresolu-
tion for the interaction have been obtained at different wind speeds
and various blade incidence angles for a number of vortex pas-
sage positions relative to the blade section where the pressure was
recorded.

Pressuredata at different spanwise positions relative to the vortex
axis were acquired and exhibited strong three-dimensional varia-
tions with time and distance from the vortex axis. The suction peak

on the upper surface and the pressure peak on the lower surface de-
creased with increasing spanwise distance from the vortex axis. For
spanwise positions below the vortex axis, the pressure results were
similar to those at the vortex passage height, but the interactional
effects diminished as the distance increased. However, for span-
wise positions above the core axis, a pressure pulse and a suction
peak in the leading-edge region on the upper and lower surfaces,
respectively,became apparentwhen the distance increased.Several
aspectsof thisbehaviordiffer frompreviousmeasurementsofOBVI
made in a smaller test facility.

Integrated normal force data showed a rapid rise as the vortex
impacted with the leading edge. The rate of change of normal force
decreased as the spanwise measurement distance to the vortex was
increased.The normal force increment also exhibiteda dependency
on whether the � ow was sub- or supercritical in terms of the vortex
axial � ow parameter.

The resultsof interactionswith thebladeat high incidenceshowed
that the interaction could both exacerbate and diminish � ow sep-
aration, depending on the spanwise position. On the cutting sur-
face toward which the core � ow was directed, the separation was
diminished.
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