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This paper describes the design, development and initial testing of a new 
facility for the generation of transverse vortices for use in a wind tunnel 
based study of helicopter tail rotor blade-vortex interaction. The facility 
consists of a single-bladed pitching rotor, positioned in the contraction of a 
low speed wind tunnel, which generates a transverse vortex representative of 
the idealised vortex system associated with a rotor blade. The manner in 
which a numerical model was utilised during the design process, to provide 
an accurate means of determining design parameters such as vortex 
generator position, rotational speed, working section velocity and blade pitch 
profile, is described. Initial hot-wire measurements, which were made 
downstream of the generator and document the periodic motion of the 
convecting vortex structure, are also presented. Finally, the remaining 
stages of the research programme are outlined. 

Introduction 

The interactional aerodynamics of tail rotors have 
been minimally researched in comparison to those 
of main rotors1

·
2
·
3

• There is, consequently, a 
universal lack of understanding of the many 
interactional mechanisms that affect helicopter tail 
rotor performance. Inevitably, there are significant 
differences between interactions where the vortex 
path lies in, or close to, the plane of the main rotor 
blade (Fig. 1), i.e. the common conception of 
Blade Vortex Interaction (BVI), and interactions 
associated with the tail rotor environment where 
the vortex is orthogonal to the tail rotor blade (Fig. 
2). 

Despite the importance of BVI being recognised 
for many years._7 and being the focus of several 
experimentala-14 and numerical15

·
16 studies, very 

few studies have investigated tail rotor 
interactional effects. Possibly the most notable 
was the in-flight study of Ellin 1, which considered 
the interaction of the main rotor wake with the tail 
rotor for a range of flight conditions. Ellin stated 
that the isolated convecting main rotor vortex can 
interact with the tail rotor itself (Fig. 2. Posttion 1), 
or with its wake both during the roll-up of the 
trailing tail rotor tip vortex (Fig. 2. Position 2) and 
with the fully rolled up tip vortex(Fig. 2. Position 3). 
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Unfortunately, there is no apparent work 
documented on the specific mechanisms that are 
associated with these particular phenomena. 

Fig.1-lllustration of the vortical flow field 
associated main rotor BVI. 

It is well known that a helicopter in forward flight 
can generate a flow field similar to that of a fixed 
wing aircraft (Fig. 3). These vortices are generated 
from the individual blade tip vortices rolling around 
each other to form larger trailed structures. In 
addition to these structures, a series of connecting 
transverse tip vortex segments are produced by 
the passage of the rotor blades around the forward 
and aft regions of the rotor disk. Thus, in forward 
flight the tail rotor will be in the centre of the main 
rotor wake and will cut each of these transverse 
vortex segments in sequence as they are trailed 
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from the rear of the disc. In quartering flight (Fig. 
4), however, the tail rotor can become immersed 
in the large rolled up vortex structures trailed from 
the edge of the main rotor disc. This flight 
condition has the most significant effect on tail 

Fig.2- Illustration of the vertical flow field 
associated with tail rotor BVI. 

rotor performance. Depending on the relative 
rotation of the vortices and tail rotor, the net effect 
can be a dramatic loss in tail rotor performance. 

It is well known that the direction of the rotor 
rotation, the type (pusher or puller) and the 
position relative to the main rotor disk, all have a 
significant effect on tail rotor performance. It is 
likely that all these design factors are related to 
the interaction with the main rotor tip vortices and 
wake. It is not understood why this is the case. 
The evolution of a specific helicopter tail rotor 
design has followed a trial and error approach but 
the general consensus is top blade forward gives 
the best tail rotor performance. In many cases it is 
only when the yaw handling of a helicopter is 
unsatisfactory that research has been carried 
out17

. Although understanding of the tail rotor has 
improved over the years, the fundamental 
orthogonal interactions are still not understood. 

Fiq.3- Illustration of the flow field associated 
with a helicopter in forward flight. 

In his study, Ellin concluded that the furtherance of 
the understanding of main rotor/tail rotor 
interactions would benefrt from two particular 
areas of research; 

1) An experimental investigation of interactions 
where the vortex is orthogonal to the blade 
leading edge 
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2) An experimental investigation of blade vortex 
interaction with the vortex perpendicular to 
the blade chord. 

This paper documents the first stage of a 
research programme to address the latter of 
these two topics and goes on to describe the 
remaining stages of the programme. 

\ 

Fiq.4- Illustration of a helicopter in quartering 
flight. 

Previous experimental studies of main rotor BVI 
have been predominantly wind tunnel based and 
have utilised a variety of test geometry's to create 
the BVI phenomenon. Early studies attempted to 
isolate single interactions in the hope that a clear 
description of the process would be forthcoming. 
Unfortunately, these tests were often hampered by 
problems associated with vortex generation or 
poor measurement resolution. In recent years, 
improvements in instrumentation technology have 
allowed more detailed studies of BVI, both as an 
isolated phenomenon and also in the full rotor 
domain to be conducted. In the surface pressure 
measurement and ftow visualisation work of 
Homer et al. 12

' 
13

' 
14 a vortex generator was located 

upstream of a single-bladed rotor in the working 
section of a low-speed wind tunnel. During the 
interaction of the vortex with the rotor blade, 
unsteady surface pressures were measured and 
Particle Image Velocimetry was used to obtain 
quantitative ftow field information. 

Other studies have used different experimental 
set-ups to investigate the fundamental asfects of 
blade vortex interactions. Booth et al.8

·
9
·
1 utilised 

an oscillating aerofoil to generate transverse 
vortices. However, the wake behind the aerofoil 
contained pairs of vortices which resembled a 
Karman vortex street. It was pointed out that there 
are some inherent limijations in this experimental 
method. Firstly, the vortex pairs cannot be 
considered to be exactly equivalent to an isolated 
tip vortex encountering a rotor blade on a 
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helicopter, Since the vortices occur in pairs, they 
influence each other. Secondly, in the presence of 
a blade, the spacing between the filaments 
becomes important. The blade can be said to have 
an isolated encounter only if the spacing between 
the vortices is greater than the blade model chord. 
Such a requirement may confiict with the need for 
a well defined vortex and consequently the 
condition for an isolated encounter is not always 
met. 

____!:__.. Positive Vort<::t yl 
r., 

LK--- I '­
m:rJ --~'""'----,;x 

Vort.::x Generator 

(j 
Negativ;: Vortex 

ln~lrumLTJL.::tl Hlatl.: Mndcl 

Fiq.S- Illustration of the vortex system 
associated with an oscillating wing (Ref.8) 

Straus et al. utilised a similar facility to Booth but 
limited the pitching motion to a single ramp up 
profile rather than a continuously oscillating 
motion. The aerofoil was rapidly pitched to try and 
obtain a single two-dimensional shed vortex. 
However, as stated by Straus, the response time 
of the pitching system is crucial to produce a 
single rolled-up shed vortex. The required time of 
motion of the pitching aerofoil should be less than 
the time it takes the air to travel one chord length. 
If the time is too long the shed vorticity will not roll­
up into the required vortex. As expected, at low 
velocities the time to pitch the aerofoil is short - a 
threshold time of 21 ms is quoted at a freestream 
velocity of 12.2 m/s. However, if the freestream 
velocity were to be increased, the threshold time 
to attain a single vortex would decrease and so 
mechanical actuation limits may be reached which 
could limit the operational range of the generator. 
Flow separation may also occur which could result 
in the generation of another vortex of opposite 
sense to the original shed vortex. It is also difficult 
to vary the size and strength of the generated 
vortex. 

It may, therefore, be concluded that the crucial 
factor in all experiments to date has been the 
manner in which the interacting vortices have 
been generated and their subsequent trajectory 
through the wind tunnel's working section. These 
two features are of critical importance in 
interpreting the resultant data collected and in the 
application of such interpretations to real aircraft. 
When data pertaining to blade vortex interactions 
are acquired from experiments in which the 
generation of the interacting vortex differs, there 
are clear differences in the flow development. 
How important these differences are is not clear, 
and it may be that they simply affect the peripheral 
response and not the fundamental interaction. 
Nonetheless, whatever system is used, it is 
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essential that the detailed structure of the 
interacting vortex is known. It is also important to 
have a good knowledge of the vortex trajectory, 
stability and tendency to wander from its mean 
path. This applies irrespective of the method of 
generation. 

To mimic the convection of a main rotor tip vortex 
requires the generation of a transverse vortex 
which will travel in a stable fashion through the 
wind tunnel's working section. As discussed 
previously, the conventional generation method for 
such a vortex is to place an aerofoil at the 
entrance of the working section and subject it to a 
rapid change in incidence. Although this 
procedure is fraught with difficu~y. it does produce 
a vortex, but one in which the structure may not 
comprehensively mimic the trailing vortex from the 
tip of a rotor. Accordingly, it was decided to 
investigate the generation of a tip vortex via the 
alternative method of a rotor placed in the settling 
chamber of a wind tunnel. The first stage of the 
present study was to establish the feasibility of this 
method of vortex generation. 

This paper examines the method of generation 
and subsequent behaviour of a transverse vortex 
in a wind tunnel environment. The initial 
parametric design of the vortex generator, using a 
numerical model, is presented along with the 
mechanical design of the facility. Preliminary 
results, obtained using hot-wire anemometry, 
which document both the clarity of the vortex 
structure and its downstream movement are also 
presented and discussed. Finally, the remaining 
phases of the experimental programme, which are 
currently underway, are outlined. 

Numerical Modelling 

To aid in the experimental design, development 
and verification of the experimental facility, it was 
initially decided to model the convecting vortex 
numerically. This model was then used to 
determine design parameters for the subsequent 
manufacture of the test facility. 

The transverse vortex was to be produced by a 
rotating blade placed in the contraction a low 
speed wind tunnel. This configuration posed a 
number of complex problems that could only be 
overcome with the aid of the numerical model. 
The first, and most significant problem, was the 
accelerating flow field associated with the 
contraction of the tunnel. This had to be modelled 
to determine the effect of the velocity gradient on 
the convecting tip vortex and wake. 

Also of interest at this stage were the relevant 
geometrical parameters of the blade, and the 
operating conditions of the blade and wind tunnel, 



24th European Rotorcraft Forum 
Marseilles,France 15th-17th September 1998 

to attain a good representation of a transverse 
vortex. The developed code, therefore, had to be 
adaptable to enable a comprehensive analysis of 
the fundamental input parameters such as 
position, size and motion of the blade, and working 
section velocity. Results had to illustrate the three 
dimensional development of the wake (and related 
tip vortex) through the wind tunnel with enough 
clarity to isolate the specific effects of a particular 
design parameter. 

Fig.G- IIJustration of the discretised tunnel 
geometry used as input to the 3 dimensional 

panel method. 

The features of the experimental facility that had to 
be modelled were the vertical wake structure 
generated from the rotating blade and the main 
flow through the wind tunnel. The rotor wake was 
represented by a free wake vortex model 
consisting of a lattice of shed and trailed vortex 
elements which were generated using classical 
lifting line theory. This vortex system was then 
convected through the contraction and working 
section of the wind tunnel with the superposition of 
the local velocity, calculated via a three 
dimensional source panel method, and the 
induced velocity components from the vortex 
elements. Due to the inviscid nature of this model, 
no account was taken of vortex dissipation or the 
change in vortex strength due to deformation of 
the vortex element, and so the strength of each 
vortex element was invariant wtth time. 

A source panel method was used to represent the 
constraining effects of the wind tunnel walls. The 
method adopted was based on the work of Hess 
and Smtth and was chosen for its relative 
simplictty and adaptability to internal ftows. Due to 
the simple geometry of the modelled portion of the 
wind tunnel and the non-lifting nature of the body, 
it was deemed sufficient to represent the wall 
surfaces using plane quadrilateral elements with 
constant source distributions. 

The internal surface of the wind tunnel was 
discretised into approximately 1000 individual 
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quadrilateral elements representing the settling 
chamber, contraction, working section and diffuser 
(Fig.6). This representation gave sufficient 
distance upstream of the vortex generator location 
to be out of its disturbance environment, and 
extended far enough downstream to allow the 
vortex system to convect through and out of the 
working section. Since the accuracy of such 
calculations can depend not only on the number of 
quadrilateral elements used but also on the 
manner in which these elements are distributed 
over the surface, a non-uniform distribution of 
panels was used. In particular, panels were 
concentrated in the region of the contraction (area 
of high curvature) and the working section (area of 
interest). 

The panel method and the wake model were 
loosely coupled in that the induced velocities from 
the wake were not taken into account when 
calculating the source strengths of the panels. 
This was done for efficiency since strongly linking 
the two models, by calculating the induced 
velocities from the wake at each panel collocation 
point, would have significantly increased the 
computational time and so limited the range of 
cases which could have been considered in the 
parametric study. This approach was considered 
acceptable due to the low blockage presented by 
the generator assembly. 

Parametric Design Study 
Two possible operating strategies were 
investigated for the vortex generator. Both 
involved the blade undergoing a specified variation 
in pitch angle with azimuth position. The intention 
was to have zero pitch on the upwind pass of the 
blade and then a variation of pitch angle on the 
downwind pass where the desired vortex structure 
would be produced. The aim was to produce an 
interacting vortex whose strength was as constant 
as possible along its length. 

The first operating strategy involved the rotating 
blade accelerating from rest up to a specified 
speed and then being returned to rest; all within 
one rotor rotation. This had the advantage of 
producing one clean vortex structure which could 
be very carefully controlled by variations in 
rotational velocity and pitch profile. 

The attemative strategy was to use a blade 
rotating continuously at constant speed. This 
approach did not require the complicated motion 
profiles of the single rotation cases. ln fact, with 
the blade operating at constant rotational speed, 
only a pitch variation has to be specified. It is 
worthy of note that, while the blade traverses the 
area ahead of the working section, the magnitude 
of the normal velocity component on the blade 
from the tunnel ftow is small compared to that of 
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the rotating blade itseiL Hence, tt is appropriate to 
conclude that with an almost constant tip velocity 
profile in this region, a constant pttch incidence 
would be acceptable to attain (approximately) a 
constant tip vortex strength. 

Preliminary analysis indicated that the wind tunnel 
veloctty, the blade rotational speed, and the 
position of the hub axis primarily determine the 
wake geometry. The relative magnttudes of the 
tunnel velocity and the rotational speed determine 
the extent to which the wake is skewed and, in the 
continuous running case, the separation between 
each consecutive convecting wake structure. The 
rotor hub position, on the other hand, dictates the 
wake curvature and elongation. For the latter, tt is 
important for the blade to be positioned close to 
the working section to minimise vortex dissipation 
and to ensure the generation of a well-structured 
vortex with a high local convective velocity. These 
three parameters are cmical for the generation of 
a tip vortex which is suitable for interaction 
experiments. 

Investigation of the two operating strategies 
indicated that the optimum theoretical 
configuration for the generation of a lateral vortex 
was a single revolution acceleration/deceleration 
case. To achieve this at even moderate wind 
speeds necessitated very high rotational 
accelerations of the blade and, hence, high 
actuation loads. In fact, these loads were such 
that design of an appropriate actuation system 
proved impracticaL Attention was, therefore, 
focused on the continuous running strategy_ 

Figure 7 depicts three examples of continuous 
running cases which illustrate some of the effects 
predicted by the numerical modeL In all the cases 
presented, the rotational speed of the blade is 
such that the blade tip speed is a constant SOmis. 
In Fig. 7a the blade rotational axis is a 
considerable distance upstream from the working 
section. The diagram illustrates the distortion that 
occurs in the wake with the blade at this location in 
the contraction/settling chamber. As may be 
observed, lower streamwise velocity in this region 
of the tunnel necessitates a lower tip speed to 
avoid interaction of consecutive wakes. 

An increase in wind tunnel velocity to 30 m/s is 
illustrated in Fig. 7b. It is interesting to note that 
each wake structure is now well separated from 
those around it but its general form is still 
unacceptable because of the high curvature of the 
vortex system in the working section. 

Figure 7c illustrates the optimum continuous 
running case examined in this study. As in Fig. 7a 
the wind tunnel velocity is 20m/s but this time the 
rotor hub is located much closer to the working 
section of the tunnel. This has the effect of 
reducing the wake curvature and, thus, increasing 
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the separation distance between consecutive 
wake structures. In fact, the separation between 
tip vortices is approximately equal to the length of 
the working section and is sufficient to measure 
the vortex trajectory without significant influence 
from preceding vortical wake structure. For this 
case, the rotor had a of radius 0. 75 metres. 

a) 20 m/s 

b) 30 m/s 

c) 20 m/s 

Fiq.7-lllustration of Calculated Rotor Wake 
Shapes 

Practical consideration must also be given to the 
proximity of the blade tip to the tunnel wall during 
the rotation of the blade. The numerical model 
takes no account of the viscous effects that would 
be experienced in this region. This is not a feature 
when the blade crosses the working section, but 
must be considered when the blade initially 
pitches up to generate the wake. Viscous 
interaction with the wall may result in vortex 
dissipation and produce unwanted phenomena in 
the convecting vortex structure. If this does occur 
then alteration of the radius of the blade would 
probably be required. 
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The strength of the tip vortex produced by the 
generator depends, to a large extent, on the pitch 
profile which the blade is subject to. If this profile 
is expressed non-dimensionally, the magnitude of 
the interacting vortex is simply related to the 
maximum pitch of the blade. 

Experimental Facility and Apparatus 

The experiments were conducted in the 1. 15m x 
0.85m low speed wind tunnel of the Department of 
Aerospace Engineering, Glasgow University. This 
is a closed return facility capable of speeds up to 
33 rnfs. The test section length is 1 .Sm. The 
tunnel is equipped with an automated two 
component traverse which can be wall mounted 
vertically or on a support structure horizontally. 
The traverse is actuated via stepper motors 
controlled through a data acquisition board by 
software written under Labview. The positional 
error of the traverse is of the order of 0.5%. 

The transverse vortex generator facility consisted 
of a single, variable pitch, rotating blade with a 
NACA 0015 cross section, positioned in the wind 
tunnel contraction (Fig 8). The rotating blade had 
a rectangular planform of chord 0.1 m and tip 
radius 0.75m from the hub centre (0.66m total 
blade length). This resulted in a minimum 
clearance of 0.025m between the rotor tip and the 
tunnel waiL As discussed previously, these 
parameters were determined from the numerical 
modeL 

Fiq.8- Illustration of Experimental Set-Up. 

The rotor configuration adopted was that of a rigid 
blade with no flap and lag hinges. A flap hinge 
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would have alleviated the root stresses and 
moments transferred to the hub by allowing out of 
plane motion. However, the vertical location of the 
tip could possibly have varied causing the position 
of the generated tip vortex to be uncertain. Also, if 
a flap hinge had been employed the motion of the 
blade would have introduced aerodynamic and 
inertial forces in the plane of the rotor and so, a 
corresponding lag hinge would probably have 
been required (as is the case with helicopter 
rotors). These hinges would have increased the 
complexity of the apparatus significantly and 
therefore the cost. Adaptation of the numerical 
model may also have to have been made for 
comparative purposes. In the rigid blade design, 
the aerodynamic forces generated on the blade 
were transferred through the hub and shaft to the 
external support structure. 

The required blade pitch profile was produced by a 
spring-loaded pitch link mechanism connected to a 
roller which was designed to follow an 
appropriately shaped non-rotating cam. This cam 
took the form of a shroud around the lower section 
of the rotating shaft assembly which was isolated 
from the rotating shaft and bolted to a mounting 
plate below the wind tunnel floor. The actual pitch 
profile was machined along the top edge of the 
shroud. Thus, as the blade hub rotated, the roller 
followed the cam profile causing the pitch link to 
be displaced vertically which, in turn, produced the 
pitching motion of the blade. 

The cam profile was such that zero degrees blade 
incidence, occurred when the blade was pointing 
into the settling chamber (45 degrees azimuthal 
travel on either side of the centre line). In this 
phase, the roller was at its lowest position. In the 
next 90 degree phase of motion, the blade was 
pitched up to 10 degrees. In this phase, the 
constraining arm and pitch arm return to the 
horizontal and the spring internally housed in the 
hub is compressed. After this, the blade crossed 
the working section at a constant incidence of 10 
degrees (azimuthal position 45 degrees either side 
of the centre line). In the final 90 degree phase, 
the blade returned to zero degrees. In this phase, 
the spring forced the roller to remain in contact 
with the cam. Due to the roller being 90 degrees 
ahead of the rotating blade, the cam was 
necessarily 90 degrees out of phase with the 
blade. 

The rotor rig was equipped with two sensors. The 
first optical sensor provided a measurement of the 
rpm of the rotating blade to enable the rotational 
speed of the blade to be controlled. The second 
sensor provided an external trigger for the hot-wire 
system via a 16 channel BNC input board for the 
internal AID Converter. 
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Measurements of the magnitude and associated 
direction of the time-dependent velocities, 
produced in the wind tunnel working section by the 
wake passage, were obtained using a cross-wire 
probe connected to a TSI IFA-300 three-channel 
constant temperature anemometer system. For a 
single cross-wire, the maximum sampling rate for 
this system is 400 kHz. The cross-wire probes 
used in this study were DANTEC 55P61 probes. 
The sensor wires on these probes are 5mm 
diameter platinum plated tungsten wires with a 
length/diameter ratio of 250, which fonn a 
measuring volume of approximately 0.8mm in 
diameter and 0.5mm in height The wires are 
orientated perpendicular to each other 
corresponding to 45 degrees from the freestream 
direction which gives the best angular resolution. 
An additional temperature probe was used to 
correct the anemometer output voltages for any 
variation in ambient flow temperature. 

For probe calibration, an open jet vertical wind 
tunnel with a maximum operating velocity of 43 
m/s was used. A support allowed the sensors of 
X-wire probe to be rotated by 30 degs in the plane 
of the sensors. Variation of the flow velocity and 
yaw angle then enabled the coefficients of the 
effective velocity method to be detennined. 

Description of Tests 

The main variables in the tests conducted were 
the working section velocity and rotor rotational 
speed. In addition the measurement position, 
sampling time and sampling frequency were also 
varied. However, a constant sampling frequency 
of 5000 Hz and a sampling time of 0.8 seconds 
was used for the majority of tests. All tests 
reported here were conducted with the x-wire 
probe situated 1.65 m downstream of the rotating 
axis. 

Table 1 details the initial tests which were 
conducted at the two extremes of the operating 
range to investigate the actual existence of a 
periodic signal representative of a transverse 
vortex. Tests 1 and 2 were conducted at low 
working section veloci1y and rotational speed 
settings (1 0 m/s and 400 rpm respectively) and 
tests 3 and 4 at high wind tunnel and rotational 
speed settings (20 m/s and 520rpm (test3), 600 
rpm(test4)). All measurements were made at 
position 30mm to the right of the wind tunnel 
centre line (when looking upstream into the 
settling chamber). This position was largely free 
of disturbances produced in the wake of the rotor 
hub. The vertical position of the probe was 
detennined by traversing the probe vertically until 
a signal indicative of a vortex was detected. The 
position corresponding to the maximum response 
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varied, as would be expected, with the operating 
parameters of the rig. For consistency between 
tests, however, a fiXed location 30mm below the 
rotor plane was used. 

Table 1 -Initial test cases conducted. 

Test Freestream Rotational Sampling 
Case Velocity Speed Time 

(m/s) (rpm) (sees) 

1 10 400 0.4 

2 10 400 0.8 

3 20 520 0.4 

4 20 600 0.8 

A further series of tests were conducted at a 
constant working section velocity of 10 m/s. In 
these tests, the relationship between the rotational 
speed setting and the periodic nature of the 
convecting vortex was investigated as was the 
dependency of the measured signal on the 
horizontal measurement location. These tests 
were then repeated for working section velocities 
of 20 and 15 m/s. 

All the tests documented here used a manual 
trigger to obtain a time history containing the 
signature of several vortex systems. These were 
sufficient to both identify and document the 
characteristics of the periodic vortex passage. 

Discussion of Experimental Results 

The hot-wire results are presented in this section 
in the fonn of time series for the streamwise (u) 
and the vertical (v) velocity components. Figure 9 
illustrates the orientation of the probe in relation to 
a convecting vortex when looking horizontally 
through the working section and indicates the 
associated sign convention used for the velocity 
components. 

In Fig. 1 Oa, the streamwise and vertical velocity 
time series for Test 1 are presented As can be 
seen, there is a strong periodic signal indicative of 
a vortex in both time series, with three vortices 
evident in the 0.4 second sample time. The period 
between each vortex is approximately 0.15 
seconds which corresponds exactly to the 
prescribed rotational speed of 400 rpm. This 
corresponds to a vortex spacing of 1.5m. 

The first two vortex passes are characterised by a 
sharp rise in the measured streamwise velocity 
component as the vortex approaches the probe. 
Subsequently, the veloci1y peaks and then returns 
to the freestream level as the vortex moves 
downstream of the probe. In both cases, the peak 
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in the streamwise velocity component is coincident 
with a sign change in the vertical component. 

Stationary x-wire probe with 
l'ensors 1•ertically orientated 

---"-' jt.u 1 
}'~ l' 

Convecting 
Vorte.:r: 

Freestream (Working 
SecJion) Velocity 

Fig.9- Illustration of probe orientation with 
respect to convecting vortex. 
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As may be observed in Fig.9, if the vortex were to 
pass above the probe, the superposition of the 
freestream velocity with the induced velocity from 
the convecting vortex would result in the observed 
sharp increase in streamwise velocity as the 
vortex passes the measurement location. This 
increase would reach a maximum value if the 
vortex were to pass exactly one core radius above 
the probe. If, on the other hand, the probe were to 
move upwards into the vortex core, the magnitude 
of the response of the streamwise velocity would 
decrease rapidly. Continuing this trend, if the 
vortex were to pass below the probe, the response 
of the streamwise velocity component would 
reverse to become a decrease in velocity. 

Streamwise Velocity 
Component (u) 

Time (sec.\ 

0.4 

Figure 1 Oa- Time series for initial test case 1 depicting the periodic convecting vortex. 
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Figure 1 Ob -Time series for initial test case 3 depicting the periodic convecting vortex. 
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In contrast to the above, the expected response of 
the vertical velocity component depends only on 
the distance of the probe from the vortex centre. 
As the probe is moved out from the vortex centre, 
the peak to peak change measured during the 
vortex passage would gradually decrease. This 
trend would continue up to and beyond the edge 
of the vortex core. 

Given the expected behaviour of the two velocity 
components, it is possible to fonmulate an 
explanation for the measured response during the 
passage of the third vortex in Fig. 1 Oa. The 
streamwise response is consistent with the vortex 
passing below the probe by an amount greater 
than the vortex core radius. Consequently, the 
magnitude of the vertical velocity change is slightly 
smaller than the previous cases. 

In Fig. 10b, the freestream velocity has been 
increased to 20 m/s which was the maximum 
design speed of the facility. The rotational speed 
of the blade has also been increased to a value of 
520 rpm. Again, the period between convecting 
vortices (0.115 sees) is consistent with the 
rotational speed of the blade. This figure depicts 
three convecting vortices, numbered 1,2 and 3, 
which, due to the greater downwash from the 
rotor, pass below the probe. In addition, however, 
there appears to be a second weak periodic signal 
between each vortex pass. This signal is 
characteristic of a vortex of the opposite sign to 
the strong transverse tip vortex and is identified in 
the figure by the letters A,B,C and D. As may be 
observed in Fig. 7c, which is a similar case 
calculated using the numerical model, there is a 
strong root vortex which exists to the right of the 
centre line; In Fig. 7, the vortex strength is 
indicated by the line thickness. This corresponds 
to the same location as the measurement probe 
and so this second periodic signal could be a 
rolled up root vortex. The response, however, 
could also be due to a coalescing of the shed 
vorticity produced during the pitching of the rotor 
blade. More detailed tests would be required to 
fully investigate the operating conditions which 
generate this secondary periodic signal and the 
measurement locations where it is evident. 
However, this may be complicated by the fact that 
this weak signal is clearly severely affected by 
turbulence. 

The results presented above are illustrative of the 
basic features apparent in all of the measured hot­
wire signals. In each case, the measurements, 
confinmed the findings of the earlier numerical 
study in tenms of vortex position and phasing. 
Generally, as may be expected, the clearest and 
most consistent vortex signatures were obtained 
at the highest rotor speeds. As indicated in the 
numerical study, this is consistent with the 
production of a wake geometry suitable for 
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interaction experiments, when the rotor is in its 
optimum position. 

Conclusions and Future Work 

The new vortex generator facility has proved to be 
successful in the generation of a transverse vortex 
which convects through the working section of a 
low speed wind tunnel. It is, therefore, intended to 
use this technique for an experimental 
investigation into Blade Vortex Interaction with the 
vortex orthogonal to the plane of the aerofoil. 

The next phase of the work will involve interacting 
the convecting vortex with a stationary blade 
located in the working section of the wind tunnel 
used for the present study. This blade will be 
instrumented with miniature pressure transducers 
to measure the change in surface pressure 
distribution during the interaction. In addition, hot­
wire measurements will be made in the vicinity of 
the blade surface to measure the distortion of the 
vortex as it passes the blade. 

Following this, the new vortex generation 
technique will be implemented in the larger 
2.6mx2.1 m low speed wind tunnel at Glasgow 
University. Once installed, the generator will be 
used for interaction studies on a stationary blade 
which will be instrumented with a large number of 
surface pressure transducers. Then, the 
stationary blade will be replaced by a tail rotor 
model which will have, in addition to basic force 
instrumentation, blades fitted with miniature 
pressure transducers. These two test 
programmes should make a significant 
contribution to contemporary understanding of 
both the pure orthogonal interaction and the more 
complex interactional environment of the tail rotor. 
The work should also compliment research 
planned at DERA within the HELIFLOW project to 
investigate quartering fiight. This will use the 
DERA Mach scaled rotor rig together with a new 
tail rotor model. 
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