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ABSTRACT

Perpendicular blade vortex interactions are a common occurrence in helicopter rotor flows.
Under certain conditions they produce a substantial proportion of the acoustic noise. However,
the mechanism of noise generation is not well understood. Specifically, turbulence associated with
the trailing vortices shed from the blade tips appears insufficient to account for the noise
generated. In this report we examine the hypothesis that the first perpendicular interaction
experienced by a trailing vortex alters its turbulence structure in such a way as to increase the
acoustic noise generated by subsequent interactions. To investigate this hypothesis a two-part
investigation has been carried out.

In the first part, experiments were performed to examine the behavior of a streamwise
vortex as it passed over and downstream of a spanwise blade in incompressible flow. Blade
vortex separations between +% chord were studied for at a chord Reynolds number of 200,000.
Three-component velocity and turbulence measurements were made in the flow from 4
chordlengths upstream to 15 chordlengths downstream of the blade using miniature 4-sensor hot-
wire probes. These measurements show that the interaction of the vortex with the blade and its
wake causes the vortex core to loose girculation and diffuse much more rapidly than it otherwise
would. Core radius increases and peak tangential velocity decreases with distance downstream
of the blade. True turbulence levels within the core are much larger downstream than upstream
of the blade. The net result is a much larger and more intense region of turbulent flow than that
presented by the original vortex and thus, by implication, a greater potential for generating
acoustic noise.

In the second part, the turbulence measurements described above were used to derive the
necessary inputs to a BWI noise prediction scheme. This resulted in significantly improved
agreement between measurements and calculations of the BWI noise spectrum especially for the
spectral peak at low frequencies, which previously was poorly predicted.
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1. INTRODUCTION

When a helicopter blade passes }hrough or near the tip vortex shed by a previous blade,
noise is generated. When the vortex is approximately parallel to the blade (figure 1.1a), noise is
generated as a consequence of the unsteady lift produced by the blade as it passes through the
steady swirling flow of the vortex. When the vortex is more or less perpendicular (figure 1.1b),
the noise is generated by the blade passing through turbulence associated with the vortex (Brooks
et al. (1987), Glegg (1989)). Most research in rotor aerodynamics and acoustics has focussed on
parallel interactions. Perpendicular interactions (also known as Blade Wake Interactions or BWIs)
have received relatively little attention, despite the fact that they are the most important
contributor to helicopter noise during level flight and mild climb conditions (Brooks and Martin
(1987)).

One of the difficulties of BWI noise prediction is that it requires knowledge of the
turbulence structure and spectrum of the vortex as it passes the blade (Glegg (1989)). Devenport
et al. (1992) attempted to provide this knowledge by studying the turbulence structure of trailing
vortices in isolation. The assumption here was that the impact of the blade would not
significantly alter the turbulence structure from the point of view of noise prediction. However,
upon incorporating their results into the BWI noise prediction method of Glegg (1989) they found
the turbulence structure of the isolated vortex to be insufficient to account for all the BWI noise
generation. There are two possible explanations for this result; either changes in the flow structure
during the interaction strongly effect the noise produced or the vortex structure is significantly
altered by its encounter with the blade, changing the nature of all subsequent interactions. In
either case a study of the details of the interaction and the flow it produces is required.

With the exception of the presentninvestigation there has been surprisingly little research
into the fluid mechanics of BWI. What has been done has concentrated primarily on the

aerodynamic characteristics of the blade rather than on the vortex itself.
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Perpendicular blade vortex interactions at transonic speeds have been studied by
Kalkhoran et al. (1992) and Phillipe and Armand (1978). Kalkhoran et al. examined the influence
of a trailing vortex on a rectangular NACA 0012 section blade at zero angle of attack for Mach
numbers between 0.7 and 0.8 (figure 1.2). They took total pressure surveys of the vortex at the
leading and trailing edge of the blade as well as pressure measurements on the blade surface
under the vortex for blade-vortex separations A of 0.3, 0.2 and 0.1 chordlengths (figure 1.1b).
They found the vortex to significantly affect the pressure distribution on the blade especially
upstream of its maximum thickness. The magnitude of this disturbance increased with reduction
in A. Their total pressure measurements show unsteadiness in the approaching vortex and some
gross mean-flow features of the interaction, such as the relative location of the vortex and blade
and vortex-generator wakes. In particular they observe a spanwise drift of the vortex as it passes
over the blade under the influence of its image in the blade surface. Phillipe and Armand (1978)
studied the influence of a trailing vortex on the integrated lift and drag characteristics of also
used a rectangular NACA 0012 blade for M=0.6 (configuration shown in figure 1.3). They varied
both the blade angle of attack and vortex strength while apparently holding the nominal
blade-vortex separation constant. They found the vortex reduced the blade lift coefficient by a
fairly constant amount over the angle of attack range of the blade (figure 1.4a) as though a
negative camber had been added to the blade. They also found the blade drag coefficient to be
increased by as much as 40% in the presence of the vortex (figure 1.4b).

Incompressible perpendicular blade vortex interactions have been studied by Seath and
Wilson (1986), Miiller (1990) and Ham (1975). Seath and Wilson used a rectangular NACA
64A015 blade (figure 1.5) at zero angle of attack for a chord Reynolds number of 417,000. They
considered a range of trailing vortex strengths I') and of blade vortex separations A. Like
Kalkhoran et al. they observed significant changes in the pressure distribution on the blade in the
vicinity of the vortex and the spanwise drift of the vortex over the blade surface. The spanwise
drift reached a maximum for A=7% chord and increased with vortex strength. They also present
a fléw visualizétions performed on the blade surface which show three-dimensional separation

and reattachment lines induced by the nearby vortex. Muller (1990) used laser Doppler
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anemometry to examine the mean flow structure immediately downstream of a blade-vortex
interaction for a chord Reynolds number of 100,000. He used a blade with a varying twist angle
to simulate the lift distribution on a helicopter rotor (figure 1.6). He considered only one vortex
strength, blade angle of attack and blade vortex separation, for which the vortex passed close to
the pressure side of the blade near its tip. His mean velocity vectors downstream of blade show
the trailing vortex and blade tip vortex. He postulates, based on his measurements and theoretical
considerations, that the disturbance of the vortex to the blade lift distribution causes the local
shedding of a 'mid-span’ vortex from the blade with a strength of one quarter to one third of that
of the blade tip vortex. Ham (1975) measured blade surface pressure distributions in the
configuration shown in figure 1.7. He considered a range of vortex strengths and blade pitch and
yaw angles. Rather than fixing the blade vortex separation distance he oscillated the vortex
generator to move the vortex periodically across the blade leading edge. Ham concluded that the
disturbance to the blade pressure distribution cannot exceed a certain peak value, beyond which
the flow under the vortex stalls. He argues that this peak value is dependent on the two thirds
power of the vortex circulation but is largely independent of blade pitch or yaw angle.

Overall very little is known about the influence of a perpendicular blade on a trailing
vortex. The work described above includes only a few mean flow measurements and flow
visualizations. Nothing is known about the turbulence structure or the development of the flow
for any significant distance downstream of the blade. There is therefore little to base predictions
of BWI noise upon.

The aim of the present investigation is remedy this situation. Specifically, to document
the details of perpendicular blade vortex interactions and the flows they produce over a range of
conditions and then incorporate that information into a theoretical BWI noise prediction method.
The experimental investigation was performed at Virginia Tech in two parts;

(1) helium-bubble flow visualizations to examine the nature of the interactions and the
gross features of the resulting flows, and
(ii) detailed three-component hot-wire velocity and turbulence measurements.

The theoretical work was performed at Florida Atlantic University.
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This report describes the results of the velocity and turbulence measurements and of the
theoretical investigation. Flow visualizations results, already presented by Rife et al. (1993), are

only summarized here.
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b  perpendicular
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Figure 1.1 Two types of blade vortex interactions.
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Figure 1.2 Configuration studied by Kalkhoran et al. (1992).
Figure from Kalkhoran et al. (1992).

1-6



Perpendicular BVI Part 1

).

y Phillipe and Armand (1978

Figure from Phillipe and Armand (1978).

Configuration studied b

Figure 1.3

1-7



Perpendicular BVI Part [

¢
Q75 — _
/ \“
//
4 - ACL
oso—  JE-B
/
/ interacted blade
025(— /! .
//
a |  «le)
0 V4 : >
L/ 5 10 ° 15
A G
| g
S K=
7 AC
— o
interacted blade
| YN
: - >
of | 005 010

Figure 1.4  Effects of perpendicular blade vortex interaction on blade characteristics. (a) lift

coefficient. (b) Drag coefficient.



Perpendicular BVI Part 1

/_TU NNEL SIDE
3 * = nﬂ:mgnﬂﬂlm

-TEST-WING MODEL T N\_END
HALF-WING MODEL —»] | |

lqz‘..a%
L-PRESSURE ORIFICES %u

) B G r s ) A z?

35 |—10—] \-TIP VORTEX |
- 33.25
S N g TONNEL SIOE _
TOP VIEW
TUNNEL TOP
- bW WA N R AU ‘A““Lu“ixl-l edeadhmatosdbee e b L L ——— . - ‘j
TEST-WING MODEL END
HALF-WING MODEL PLATE
! Vo
4 {0 4]
SR e
h D W € A G U . Y WA W Wi b W Y \X‘é&‘\TXUKN‘N‘EX& \\F\LLOLQELXX A G U R U W W W,

SECTION A-A

Figure 1.5 Configuration studied by Seath and Wilson (1986).
Figure from Seath and Wilson (1986).

1-9



Perpendicular BVI Part I

~ >

distutbing wing

distance betveen
vortex and blade

lip vorlex

Figure 1.6 Configuration studied by Muller (1990).
Figure from Muller (1990).

1-10



Perpendicular BVI Part |

INSTRUMENTED
AIRFOL

=

4 60"

Figure 1.7 Configuration studied by Ham (1975).
Figure from Ham (1975).

1-11



Perpendicular BVI Part 1

2. APPARATUS AND INSTRUMENTATION

Much of the apparatus and instrumentation has already been described in detail by

Devenport et al. (1993). Only brief descriptions of these items are therefore included here.

2.1 Wind Tunnel
Experiments were performed in the Virginia Tech Stability Wind Tunnel (figure 2.1). It
is a closed-circuit tunnel powered by a 600 horsepower axial fan. The test section is square with
a cross section of 1.83m X 1.83m and a length of 7.33m. Flow in the empty test section is
closely uniform with a turbulence intensity of less than 0.05% (Choi and Simpson (1987)). For

speeds between 6 and 30 m/s there is a slight favorable pressure gradient along the test section

0C,/3x=-0.003/m as a consequence of the growth of the side-wall boundary layers (Reynolds

(1979)). This acceleration causes some convergence of the streamlines. Choi and Simpson (1987)
showed the convergence, illustrated in figure 2.2, to be centered roughly in the middle of the test
section at speeds of 15 and 37.5 m/s. Flow angles produced by the convergence are small near
the middle of the test section but increase to about 2° near the walls.

During operation of the wind tunnel the free stream dynamic pressure and flow
temperature are monitored continuously. The former is measured using a pitot-static probe located
at the upstream end of the test section connected to a Barocell electronic manometer. The latter
is sensed using an Omega thermocouple located within the test section boundary layer, there

being no significant temperature gradient across the boundary layer.

2.2 Wing models
Mason and Marchman's (1972) wing model was used along with a copy produced on a
numerically controlled milling machine. Both models have a rectangular planform, NACA 0012

airfoil section and a blunt wing tip. The chord and span are .20 m and 1.22m respectively.
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Mason and Marchman's wing is made from solid brass while the copy is made from solid
aluminum. Surfaces of both wings are accurate to within +.25mm.

The aluminum model was used as the vortex generator. It was mounted vertically as a half
wing at the center of the upper wall of the test section entrance (figure 2.3). Its root was held
cantilever fashion in a turntable and cable assembly (figure 2.4), this allowing the wing to be
rotated to angle of attack about its quarter chord location. In this arrangement 0.88m of this wing
protruded into the test section flow. The brass model, used as the interaction blade; was mounted
in a similar manner 14 chord lengths downstream (figure 2.3), its effective span being 1.0m. Here
the mount consisted primarily of two large aluminum beams resting on the tunnel superstructure
(figure 2.5). These allowed the angle of attack and lateral position to be independently adjusted.

The wing models were initially placed at zero angle of attack, with an accuracy of +0.2°
by using a removable wing tip holding 48 static pressure ports. The tip was first placed on the
rear wing and used to position it at zero angle of attack by equalizing the static pressures on both
sides. The forward wing was then put in place and zeroed in a similar manner.

To eliminate possible unsteadiness and non-uniformity that might result from natural
transition, the boundary layers on the wings were tripped. Glass beads with a diameter of 0.5mm
were glued to the wings in a random pattern in a strip extending between 20% and 40% chord
locations. Average density was 200 beads/cm?. The resulting turbulent boundary layers were

documented for a range of angles of attack by Devenport et al. (1992).

2.3 Hot-wire anemometry
An Auspex Corporation four-sensor hot-wire probe, type AVOP-4-100, was used to make
three-component velocity measurements. The probe, shown in figure 2.6, consists of two
orthogonal X-wire arrays with each wire inclined at a nominal 45° angle to the probe axis. Eight
prongs, 75um in diameter at their tips, position the wires some 40mm upstream of the main part
of the probe. Each wire is 0.8mm long and Spm in diameter. The total measurement volume is

roughly 1.1mm?®,
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The probe was operated using four Dantec 56C17 bridges and four 56C0O1 constant
temperature anemometer units mounted in a Dantec 56B12 main frame. The output voltages
from the anemometer bridges were recorded by the IBM AT compatible computer using an
Analogic 12 bit HSDAS-12 A/D converter having an input voltage range of 0-5 volts and 12 bit
resolution. The HSDAS-12 can sample up to four of its sixteen channels simultaneously at a
maximum rate of 100 kHz per channel. In addition to those channels used for hot wire signals,
two other channels of HSDAS-12 were used to measure flow temperature and free-stream
pitot-static pressure. Raw hot wire signals were linearized and processed in the computer using
an 18-8 laboratories PL1250 array processor. Optical disc cartridges were used to store the raw
and processed data.

A nominal overheat of 1.7 was used. The wires were calibrated frequently by placing the
probe in the free stream and comparing the wire output voltages (E) with cooling velocities (U,g)
determined from the velocity sensed by the pitot-static probe located at the test-section entrance
and the wire angles. The absolute wire angles were determined in advance by pitching and
yawing the probe in the uniform potential core of a jet. The absolute flow direction at the

calibration location was determined in advance using a 7-hole yaw probe. King's law

E? =4 + BU (1)

was used. The exponent n was taken as 0.45 the constants A and B were determined via linear
regression from 10 to 20 calibration points. Root mean square errors between the points and the
King's-law fit were typically less than 0.5% in velocity. Flow temperature in the stability wind
tunnel was found to drift by typically 1 to 2°C per hour. Hot wire signals were corrected for
temperature changes using the method of Bearman (1970). The anemometer bridges were
balanced to give a frequency response of better that 20kHz.

A probe holder, shown in figure 2.7 was used to attach the to the wind-tunnel traverse
gear. The holder was designed to position the measurement point of the probes 0.84m upstream
of the leading edge of the traverse. It consisted of a 23.6mm diameter steel tube aligned with the

free stream and two 6.2mm diameter rods normal to it. The purpose of the rods was to offset the
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axis of the probe from that of the tube by 114mm. Thus the tube did not have to be placed in
or near the vortex core for measurements to be made there. For all measurements the axis of the
probe and tube were held parallel to the test section axis and thus free-stream flow direction. The
probe was not pitched or yawed to face the local mean flow direction since, as demonstrated by
Mason and Marchman (1972), this can seriously disrupt a trailing vortex flow.

‘To turn the four effective velocities obtained simultaneously from the hot-wire probe into
velocity components the following analysis was used. Consider the velocity components and wire
angles deffned in figure 2.6. Following Jorgensen (1971) we would expect the effective velocities

to be related to the velocity components through the relations,

Uz = (Usin®, +VeosB,)* +k; (Ucos, -Vsin®,)? +h, W*
U, = (Usin®, +Weos,)? +k;(Ucos®, - Wsing,)* +h, V> )
Uz = (UsinG, - Veos8,)* +k; (UcosO, + Vsind,)? +h, W>
U = (Usin®, - WeosB )? +k;(Ucos, + Wsind )? +h, V>

where k and h refer to the axial and pitch sensitivity of each wire. Splitting velocity components
into mean and fluctuating parts, taking the square root and ignoring second order terms leads to

the expressions
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where
A, = sin®0, +kicos®, D, = 2sin28,(1-k;)
A, = sin®6,+k}cos?0, D, = Lsin20,(1-k})
A = sin’®,+kjeos8; D, = -2sin20,(1-k;)
A, = sin’®,+kjeos™, D, = -2sin20,(1-k;)

rearranging equations 3 gives, finally,
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V _ Al‘/‘Tsvm—A3\/JTl-Uﬂ
A\Dy-4;D,
W - A*z\/’T‘thngM/X:Uem
A,D,-AD, (5)

The above analysis treats the probe as two orthogonal X-wire arrays and thus gives two estimates
of U. As discussed by Devenport et al (1992) measurements of axial velocity U with X-wire
arrays can be contaminated by streamwise vorticity because of the finite size of the probe.
However, the two X-wire arrays of the present probe are influenced by streamwise vorticity to
in an and opposite fashion. Averaging the two estimates of U therefore tends to eliminate this

contamination, i.e. U is calculated as

w (6)

the above equations were used to determine the instantaneous velocity components from the
instantaneous effective velocities. Averaging was then used to determine mean velocities and

Reynolds stresses, fast Fourier transforms were employed to compute velocity spectra.

2.4 Helium Bubble Flow Visualizations
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The helium bubble flow visualization system used by Rife et al. (1993) was used in

setting up the blade position, see section 3.1. For a full description of this system see Rife et al.
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velocity components used in analysis.
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wire attached to the wind-tunnel traverse gear.
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3. RESULTS AND DISCUSSION

3.1 Coordinate System, Flow Conditions and Table of Measurements

The wind-tunnel fixed coordinate system shown in figure 2.3 will be used in presenting
results. The direction of the free stream flow is along the X axis, Y is parallel to the wing spans
and, Z is opposite to the direction of lift. The origin of the coordinate system is the leading edge
of the tip of the vortex-generator. In this system the leading edge of the blade is at X/c = 14 and
its tip is at Y/c = -0.613, where c is the chord length. Mean velocity components U, V, W and
fluctuating components u', v' and w' are defined in the X, Y and Z directions respectively.

All velocity measurements were performed at a Reynolds number based on chord ¢
(Re=U,«c/v) of 260,000, corresponding to a free-stream velocity U, of 20 m/s. The free stream
velocity U, was monitored using a pitot static tube placed at (3.9¢c, 2.8c, 3.0c). Both blade and
vortex generator were fixed at 5 degrees angle of attack, measured according to the right-hand
rule for the negative Y axis. The vortex was therefore rotating according to the right hand rule
in the positive X direction. Measurements were made for several lateral (z) positions of the blade
measured in terms of the blade-vortex separation distance A, defined in figure 2.3'. Zero A
corresponds to the blade position where the streamline marking the vortex center stagnates upon
the blade leading edge. This blade position was determined at the start of the hot wire
measurements by using helium-filled soap bubbles to visualize the vortex core. A is negative
when the vortex passes to the pressure side of the blade and positive when it passes to the suction
side.

Table 3.1 lists all the conditions and locations at which velocity measurements were made.
Measurements were made upstrearh of the blade location, at X/c=10 (for which the blade was
actually removed), and downstream of the blade at X/c=30 (15c downstream of the blade trailing

edge) for A/c =-0.125, -0.0625, 0, 0.0625 and 0.125. For the closest pressure-side passage, A/c

'Note that Rife et al. (1993) used z, to denote blade-vortex separation. A=-z,.
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= -0.0625, measurements were also performed at X/c=15.33 (0.33c downstream of the blade
trailing edge) and X/c=22.6 (7.6¢c from the blade trailing edge). For the closest suction side
passage additional measurements were made only at X/c=22.6. At most locations and conditions
grids of mean velocity and turbulence stress measurements were made to reveal the overall flow
structure, detailed profiles were measured through the core center(s) and velocity spectra were
measured at representative locations. Note that in presenting many of these data we shall use for
convenience the coordinates y and z, identical to Y and Z, except measured relative to the center
of the largest measurement grid at each streamwise location. In the text below positions will be
referred to in coordinate pairs, for example, (1,2); will refer to a (y,z) position and (1,2), a (Y,Z)

position. Uncertainty estimates for velocity measurements are listed in table 3.2.

3.2 Summary of relevant flow-visualization results

Rife et al. (1993) performed helium bubble visualizations to reveal the gross features of
the blade vortex interaction. Visualizations were performed for a number of vortex

generator/blade angle of attack combinations and a range of blade-vortex separations A.
_ For the conditions of interest here (i.e. vortex generator and blade at 5° angle of attack)
a range of phenomena were observed depending on A. For A greater than a few percent chord
(figures 3.1 to 3.4) the vortex was deflected as it passed the blade under the influence of the local
streamline curvature and its image in the blade. During a pressure side passage (figures 3.1 and
3.2) the image deflected the vortex inboard as it passed the blade. The reverse occurred for
suction-side passage (figures 3.3 and 3.4). Initially the interaction appeared to have no influence
on the core. Downstream, of the blade however, the vortex core began to diffuse and grow,
presumably as a consequence of its interaction with the blade wake. The core also interacted with
the blade tip vortex, the two rotating slowly about each other with distance downstream. The
magnitude of these effects increased with reduction in A. For A near zero the form of the
interaction changed. With both vortex generator and blade at 5° angle of attack (figure 3.5) the
voﬁex appeared to split into two filaments at the leading edge of the blade, one passing on the

pressure and one passing on the suction side.



Perpendicular BVI Part I

Table 3.3 and figures 3.6 and 3.7 present quantitative data taken from the flow
visualizations and relevant to the present velocity measurements. Figure 3.6 presents
measurements of the spanwise drift of the vortex over the blade as a function of A. Figure 3.7
gives estimates of the divergence angle of the bubble stream marking the core downstream of the
blade. These data are also listed in table 3.3 along with estimates of the maximum amplitude of
any vortex wandering motions observed in the flow visualizations. Wandering is often a serious
problem when tip vortices are generated in wind tunnel test sections. As discussed by Devenport
et al. (1992) wandering motions in the present flows are small (a few percent chord), when
compared to those present in other studies. However, they should be taken into account when
interpreting velocity measurements made in and very close to the vortex core. Note that the
estimates in table 3.3 are very definitely upper limits on wandering motions. Velocity
measurements presented below suggest that in many cases the actual amplitude of wandering was

considerably smaller than these values.

3.3 The approach vortex
_The overall structure of the approach vortex is shown in figures 3.8 to 3.12 in terms of

mean cross flow velocity vectors and contours of axial mean velocity U/U,, mean vorticity

®,c/U,;, normal stress U%/U%, and turbulence kinetic energy k/U,> Here o, =g—w—g—v,
y 0z

determined by linear central difference, and k = %(EZJZ’LWE ) Results are presented on two scales
reflecting the coarse and fine measurement grids. The vectors, figure 3.8a and b, show the strong
rotational flow associated with the vortex, the vortex center appearing at (0,0);. Its absolute
location (0.18,-0.058), is somewhat inboard of the generator tip, as one would expect (sée table
34).

The structure of this rotating flow, most clearly shown in figures 3.9-3.12, consists of a
cenﬁal core of high axial vorticity (figure 3.10), where there is a significant axial velocity deficit

(figure 3.9) and turbulence levels appear high (figure 3.11 and 3.12). Spectra to be presented
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below show the high turbulence levels within the core to be a consequence of core wandering
motions rather than true turbulence. Surrounding the core there is no substantial region of
axisymmetric turbulent flow. Instead the wake of the vortex generating wing wake is wound in
a loose spiral. This wake contains the un-rolled-up portion of the vortex sheet shed by the
generator and thus has a significant streamwise vorticity (figure 3.10). This, and the curvature
and straining of the wake in the rotational velocity field of the vortex, have a significant
influence on its turbulence structure.

Far from the core the turbulence structure of the wake is presumably much like that of
a two-dimensional wake (see for example Wygnanski et al. (1986)). Approaching the core peak

turbulence levels first rise as the wake begins to curve (figures 3.11 and 3.12) reaching a
maximum of U%/U%; = 0.00035 and k/U_> = 0.0005 near (0.2,0.4). They then fall by more than

a factor of two as the wake wraps 180° around the core to a minimum near z/c = -0.15. It is
unclear whether the fall continues from this point on or not because of the possible influence of
wandering on turbulence levels closer to the core.

A plausible explanation of the decrease in wake turbulence levels is that the vorticity,
rotational rate of strain and axial vorticity inhibit the formation of large scale coherent structures
in the wake. There is no equivalent explanation of the initial increase in turbulence levels. This
phenomenon has been seen before by Zsoldos and Devenport (1992) who found increases of up
to 50% in peak turbulence levels in the spiral wakes of a pair of interacting trailing vortices. One
possibility is that this effect has nothing directly to do with the influence of the vortex but is a
consequence of initial non-uniformity in the wake produced by the three-dimensionality of flow
over the generating wing. Alternatively it may be that the lengthening of the wake as it is wound
into a spiral initially causes some stretching and intensification of its spanwise turbulence
structures.

Mean-velocity and normal turbulence stress profiles along the line y=0 are presented in
figures 3.13 and 3.14. Near the vortex center (figure 3.14) the mean V profile shows a core radius
of 3.8%c and peak tangential velocity of 27% U,,, implying a core circulation of 27%TI,, I,

being the root circulation of the wing calculated using lifting line theory. The axial velocity
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profile shows a deficit of 15% U, at the core center - presumably a consequence of the drag of

the generating wing and the gradual decay of the vortex (sce. Batchelor (1964), Moore and

Saffman (1973)). The normal stresses, especially ;72- and 7, reach fairly substantial maxima

in the core of about 0.006 U,/ . Spectra presented below show these maxima to be primarily a
consequence of the wandering motions, even though the implied magnitude of these motions is
small. Core motions of an r.m.s. amplitude of only 0.005¢ (7% core diameter) would be sufficient
to produce these entire stresses given the steep tangential velocity gradient in the core. In reality
the motions were probably smaller than this since some of these stresses would have been
produced by true turbulence. |

Looking at these profiles on a larger scale in figure 3.13 we see the regions where they
cut the spiral wake. The wake produces shallow dips and inflections in the U and V profiles
respectively (at z/c=-0.2 and 0.35) and local maxima in the turbulence stresses. Overall the wake
structure seen in these profiles appears much like that observed and discussed by Devenport et
al. (1992).

Figure 3.15 and 3.16 compare mean tangential (V) velocity and circulation profiles
deduced from the above measurements with predictions from Betz's theory. Measured circulations
were calculated by assuming axisymmetry, i.e. as 2nrV. Betz's theory, described by Donaldson
and Bilanin (1975) and others, relates the spanwise distribution of circulation on a wing to the
radial distribution of circulation and tangential velocity in the tip vortex it sheds. It was applied
using the equations derived in appendix 1 and a lifting line theory calculation of the vortex-
generator circulation distribution. Wall interference effects were ignored in this calculation since
they should have been negligible. Betz's theory assumes potential flow and thus cannot account
for the presence of the core. It also assumes axisymmetry and so does not model the spiral wake.
of the vortex. Given these limitations it does a remarkably good job of predicting the tangential
velocity profile all the way in to the edge of the core (figure 3.15). The agreement is not as good
in the circulation profile (figure 3.16) primarily because of the large deviations in measured

circulation around z/c = 0.35 and -0.2 produced where the spiral wake cuts the profile. The
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non-axisymmetry of the real flow may also explain why the measured circulation profile falls
some 4 to 10% below Betz's at large radius.
Velocity autospectra were measured at a number of locations along the center of the spiral

wake and on a radial profile into the core, see figure 3.17(a). The spectra, normalized as

Cu Gw Cw . S

U"fc U,,fc U,q.c U,,ae

where G is the power spectral density per Hertz and f is frequency in Hertz, are plotted in figure
3.17b through g. Furthest from the core, at point A the spectra look qualitatively like those of
a two-dimensional turbulent wake (see Wygnanski et al. (1986), Antonia and Britz (1989)). The
U spectrum (figure 3.17b), fairly constant at low frequencies, begins to roll off near fc/U . = 2.
The roll off shows a clear inertial subrange (-5/3 slope) between fc/U. . = 2 and 20 and the
beginnings of a dissipation range (-7 slope) thereafter. The V and W spectra (figures 3.17d and
f) are similar except that they show a peak near fc/U,; = 3.4. This peak, strongest in W,
presumably marks the typical passage frequency of large scale structures in the wake. Assuming
Taylor's hypothesis gives these structures a characteristic length scale of c¢/3.4, almost exactly the
width of the wake at this location.

Moving inward along the wake towards y/c = -.02, z/c = -.13 U spectral levels at low ‘
frequencies, fc/U <10, fall monotonically (figure 3.17b). This tends to confirm our hypothesis
that the additional strain rates, curvature and embedded vorticity experienced by the wake nearer
the core center inhibit the formation of larger scale structures. At frequencies above fc/U,_ =10
spectral levels remain almost unaltered, however. This is a little surprising and difficult to
explain, especially when one recalls that those parts of the wake near y/c=-.02, z/c=-.13 and near
y/c=0.41 and z/c=0.40 have developed under quite different conditions. Intuitively one would
expect the suppression of low-frequency motions to produce a drop in the amplitude of
high-frequency motions through the energy cascade. Obviously, this does not happen. Similar
effects are seen in the V and W autospectra (figures 3.17d and f). Here the loss of low-frequency

energy is closely associated with the flattening and eventual disappearance of the peak at fc/U,,,
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= 3.4. The development of this peak is obscured to a certain extent by the rotation of the wake
with respect to our rectangular coordinate system, which has a tendency to shift the peak from
the W to the V component over this range of positions.

Fairly dramatic changes are seen in those spectra measured in the final tail of the wake
and in the core region. At low frequencies fc/U,; < 10 spectral levels increase, especially in the
V and W components, because of the coherent wandering of the core (figure 3.17e and g).
Because these motions are small the velocity spectrum they produce at different locations has
more or less the same shape. At higher frequencies, spectral levels fall by as much as an order
of magnitude. Within the core there is little sign of an inertial subrange in any of the components
but a dissipation range is clearly visible extending to relatively low frequencies. The implication
is that any turbulence inside the core is of low effective Reynolds number.

A striking feature seen in those spectra measured in or near the core center is a fairly
sharp spike at a frequency of about fc/U ;= 5. In U this spike is strongest at z/c=.02. In V it is
clearest at the core center and edge; z/c=0.0 and 0.04. In W the peak at fc/U, =5 only appears
at the core center (point P) - at the core edge (point N) a spike is seen but at approximately
double the frequency. After having considered many possibilities we are still mystified as to the
fluid mechanics producing these features, though we suspect that they are generated by some kind
of core wave. The frequency doubling in the W component would seem to rule out any type of

probe or sensor vibration as the source.

3.4 Flow over the blade
The leading edge of the blade was positioned 4 chordlengths downstream of the above
measurement location. The flow visualizations of figures 3.1 to 3.4 show the vortex center
passing the blade leading edge 85%c 2 from the tip (Y/c = 0.21), this distance varying by no
more than +3%c with A. We therefore conclude there was an inboard movement of the vortex

of about 10%c between X/c=10 and this location.

*This distance was mis-stated by Rife et al. (1993) at 92%c.
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Figures 3.18 and 3.19 show the probable structure of the flow over the blade and
immediately downstream as a function of A. With the vortex passing to the pressure side of the
blade (A<O figure 3.18) it drifts inboard under the action of its image in the blade surface. The
rotational flow of the vortex has a strong influence on the local angle of attack of the blade o
Outboard of the vortex center o is increased, inboard it is decreased. Judging from the tangential
velocity profile at X/c=10 (figures 3.13a and 3.14a) the effect could be as much as 15° close to
the vortex core, and about 2° at the blade tip. Bearing in mind the geometric angle of attack of
the blade of 5° o could be large enough outboard of the vortex center to cause local stall or at
least a substantial thickening of the suction side boundary layer. The changes in o with spanwise
distance Y along the blade should cause the shedding of streamwise vorticity from the blade
trailing edge. Outside the immediate vicinity of the core do/dY is positive and thus positive
vorticity is shed. Only close to the core is negative vorticity shed. Downstream of the blade
trailing edge we would expect the vortex to interact with this shed vortex sheet and the blade tip
vortex. The flow visualizations showed the vortices to rotate about each other as a consequence
of their mutual induction. The influence of the vortex on the blade boundary layer is not limited
to angle of attack effects. Between its center and the pressure side of the blade the vortex induces
a spanwise flow that runs counter to the natural outwash on the blade. The negative streamwise
vorticity produced by the friction between this flow and the blade surface is the same as that
inferred from changes in the local angle of attack. Inboard of its center the vortex is tending to
lift this spanwise flow away from the blade surface. This would be likely to produce some
thickening of the pressure-side boundary layer here.

With the vortex passing the suction side of the blade (figure 3.19) its effects on the local
angle of attack and thus the shed vorticity distribution are qualitatively the same as those
described above. Other aspects of the flow structure, however, are not the same. First, the vortex
drifts outboard under the action of its image. Second, the spanwise flow that it generates is found
primarily on the suction side of the blade and is outward towards the tip (though this is still in
oppbsition to the natural inwash that would otherwise be found here.) Third, and perhaps most

significant, the vortex is rotating so as to lift the flow outboard of its center away from the
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suction side surface of the blade. In contrast to the pressure side case, the outward flow generated
by the vortex and the variations it produces in local angle of attack therefore act together here
to thicken the boundary layer and promote separation.

With the vortex stagnating on the blade leading edge it would still have the same effects
on local angle of attack and shed vorticity described above. Its other effects on the boundary
layer structure are hard to predict without detailed knowledge of the fate of the vortex core.
Assuming the flow visualizations are accurate in this respect and the vortex core splits in two,
one would expect the flow structure to be a combination of that drawn in figures 3.18 and 3.19.

No measurements were made over the blade surface to confirm the above discussion.
However, measurements were made just (0.33c) downstream of the trailing edge with the vortex
passing the pressure side of the blade. The blade-vortex separation for this case was A/c =
-0.0625. Measurements made in grids at this station are presented as vectors and contours in
figures 3.20 to 3.27. In addition to those properties plotted for the approach vortex contours of
turbulence shear stresses 1,/U,, and T/U,,/ and of turbulence kinetic energy production Pc/U,;

are presented’. T, represents the magnitude of the shear stresses associated with the axial velocity
. 772 .77 72 . . . . . . . .
component { v/ +u'w’", this quantity being invariant under rotation about the X axis. T,

represents the cross flow shear stress v‘w’ rotated such that v' lies in the local mean cross-flow

direction and w' normal to it. P is turbulence kinetic energy production neglecting streamwise

derivatives,

— — /
P- —v’l%’—w”’%—w—u’v’%}—u’w’%}—v’w %’+%zt—l) (8)
24

Note that all quantities except P are plotted on two scales corresponding to the coarse and fine

grid measurements. The coarse grid spacing was too large for accurate estimates of P.

® Note that, due to a computer programming error, shear stress measurements were not
recorded for the inflow plane.
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The contours of turbulence quantities and streamwise vorticity (figures 3.22 to 3.27) show
the blade to have cut the spiral wake of the vortex generator in two, the core lying just to the
pressure side of the blade wake. Due to the influence of its image in the blade surface the core
has indeed drifted inboard. The mean velocity vectors (figure 3.20a and b) show the core to be
centered at (0.02,0.04); (0.33,0.02),, 94%c inboard of the blade tip. This indicates a total
spanwise (Y) drift over the blade of 9%c inboard, in approximate agreement with the flow
visualizations, see table 3.3.

The flow structure in this plane may be split into three fairly distinct regions; the spiral
wake, the blade wake and the vortex core. Qualitatively the spiral wake appears little different
than at X/c=10, except for having been cut in two. Turbulence kinetic energy and axial normal .
stress levels still fall with distance along the spiral towards the core (figures 3.24a and 3.23a).
Axial and cross-flow turbulence shear stress magnitudes (figures 3.25a and 3.26a) also drop. -
Overall turbulence levels in the spiral are lower than at X/c=10, but this is probably due to the
natural decay of the turbulence rather than any effect of the blade.

By contrast, flow properties in the blade wake reveal much about the flow over the blade

surface and the influence of the vortex upon it. The blade wake is, not surprisingly, a region of

73

intense turbulent activity where k, #™, axial shear stress magnitude 7, and turbulence production

P reach relatively large values (3.23, 3.24, 3.25 and 3.27). It is also a region of substantial
cross-flow shear stress T, (figure 3.26) presumably associated with a significant amount of
streamwise vorticity embedded within it (figure 3.22a) and of significant axial velocity deficit
(figure 3.21). As might be expected from our arguments above, the properties of the wake appear
quite different inboard and outboard of the vortex core. Most obvious is the fact that the wake
is thicker and more turbulent outboard of the vortex center than inboard. This thickening is
presumably due to the predicted effects of the vortex on the local angle of attack. Lifting of fluid
away from the blade surface by the rotational motion of the vortex may also increase the wake
thickness inboard of the vortex center, but this effect is clearly smaller here. Both inboard and
outboard of the core the positive streamwise vorticity shed from the blade is visible in its wake

(figure 3.22a). This vorticity is associated with significant negative cross-flow shear stress (figure
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3.26a). Interestingly there is also a thin region of positive cross-flow stress on the suction side
of the outboard part of the wake (figure 3.26a, z/c=-0.12 y/c<0). We speculate that this may be
due to early separation of the boundary layer from the blade surface under the influence of the
vortex. The negative vorticity shed in the vicinity of the core is also visible, near (0.1,0); in
figure 3.22. This negative region appears to form part of a tongue of relatively turbulent fluid that
extends around the periphery of the core from the wake on its inboard side (figures 3.23, 3.24,
3.25, 3.26). The implication is that this fluid in the process of being ingested into the core.

Turbulence levels in the core center appear somewhat lower than at its edge, presumably
because of the stabilizing effects of rotation. Production here is also strongly negative, there being
a strong positive region between the core and blade wake at (0.02,-0.02);, figure 3.27. Note that
a portion of this production could be due to coherent motions of the core rather than true
turbulent motions.

A Z-wise profile of mean velocity and Reynolds stress components measured through the
vortex core blade wake and vortex core at y/c=0 is plotted in figures 3.28 and 3.29. The U-profile
(figure 3.28a and 3.29a) shows the axial velocity deficit in the core which occupies the region
between z/c=-.01 and .12. At most locations within this region the deficit is larger than in the
approach vortex (figure 3.14a). The maximum, of about 19% U,_; occurs off center, near
z/c=-.025. This same profile also show a substantial dip, near z/c=-.045 associated with the blade
wake and lesser minima centered at z/c=0.5 and -0.25 associated with the vortex generator wake.
Corresponding maxima are visible in the turbulence stress profiles.

The tangential velocity profile, visible in the V component shows a peak tangential
velocity vg, of 0.19U; (compared with 0.27 U, upstream) and a core radius r; of 3.1%c
(compared to 3.8%c upstream). The apparent decrease in core radius may be due to the core
having become non-circular as a result of interaction with its image. Trailing vortex pairs do tend
to develop elliptical cores, see Zsoldos and Dévenport (1992) and references therein. The implied
core circulation 27tr vy, is only 16% of the root circulation of the vortex generator I',, compared
to 2‘7%1"0 upstream. This low value implies that some of the negative vorticity produced on the

blade surface and shed into its wake has become ingested into the core, even at this early stage.
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Many previous authors have observed the loss of core circulation that results from
vortex/boundary layer interaction, see for example Shabaka et al. (1985).

Figures 3.28b and 3.29b show the region of elevated turbulence stresses around the core
to be significantly broader than at X/c=10. However, peak W and V normal stresses (.0047U ./
and .003U_/ respectively) are lower. In making this comparison it should be remembered that
almost all the normal stress in the core at X/c=10 was attributed to coherent vortex wandering
motions, based on autospectra and the fact that the variations in normal stresses here are similar
to those of the mean velocity gradient. This may not be the case here where the normal stresses

reach broad maxima and are approximately constant in the core region, despite the fact that the

mean-velocity gradients vary substantially. Furthermore ?/de reaches approximately the same

maximum value as v_ﬂ/ U,zqf and F/ U,zﬁ although the crossflow gradients of V and W are much

larger than those of U.

U, V and W autospectra measured at representative locations over the cross section are
presented in figure 3.30. Figure 3.30a shows the locations. Figures 3.30b, d and f show those
spectra measured furthest from the vortex core. These fall into two groups depending on whether
they were measured in the vortex generator or blade wakes. Spectra from the generator wake
(points A,B,D,E,F, and G) are very similar to those measured in this wake at X/c=10. Their shape
is the same and they show the same fall in low-frequency spectral levels as the core is
approached. The only difference is that these spectra are shifted to slightly lower frequency and
energy as a consequence of the growth and decay of the wake between these two locations. The
peak in the V and W spectra attributed to the typical passage frequency of large scale structures
is centered at fc/U,=2.7 compared to fc/U.=3.4 at X/c=10.

The two spectra from the blade wake (points C and H) are of much higher characteristic
frequency and energy because of the much shorter distance over which this wake has grown. This
distance, 0.33c, is probably not sufficient for the transition from boundary layer to wake to have
been completed which may explain why these spectra have a more rounded appearance than those

of the generator wake. Both W autospectra show peaks that can be attributed to large-scale
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structures. Outboard of the vortex core, at point C, the peak lies at a frequency fc/U_=5. Inboard,
at point H, it occurs at fc/U,=6.7. This difference is consistent with the wake being thicker on
the outboard side due to the effects of the vortex on the local angle of attack. Assuming Taylor's
hypothesis is valid these frequencies imply length scales of 0.c and 0.15c¢ respectively. The ratio
of these is close to the ratio of blade wake thicknesses at these two locations, as judged from the
turbulence kinetic energy contours.

Figures 3.c, e and g show those spectra measured in the vicinity of the vortex core. Points
I through L appear to be associated with the inner part of the vortex generator wake. The peak
in the V and W spectra shows a slight shift to higher frequencies as the core is approached and
a peak appears in the U spectrum. Similar effects were observed in the vicinity of the core at
X/c=10. The spectra at points M and N have the more rounded appearance of the blade wake
spectrum (see especially G,,, figure 3.30e). These points presumably lie in the ring of blade wake
fluid apparently entrained by the core that was observed in the contour plots of turbulence
stresses. The only point lying within the core is point O. At (0, 0.02c) it is 2.8%c from the core
center, the core radius being 3.3%c. Unlike the spectra measured inside the core upstream of the
blade this spectrum has a clear -5/3 region in all components. Also, spectral levels at high
frequencies are either of similar to or greater than those measured outside the core. The
implication here is that the blade vortex interaction substantially alters the turbulence structure
of the core, increasing true turbulence levels and the effective turbulence Reynolds number. At
low frequencies spectral levels are at least slightly lower than those at corresponding locations

in the approach vortex, suggesting some reduction in the amplitude of wandering motions.
3.5 Flow downstream of the blade as a function of A.
In this section we present and discuss the measurements made at X/c=30 for A/c = -0.125,

-0.0625, 0, 0.0625 and 0.125. These measurements reveal not one the structure of the primary

vortex following its interaction with the blade but also that of the tip vortex shed by the blade.

3.5.1 Velocity grids
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Figures 3.31 to 3.38 show cross sections through each of these flows in terms of velocity
vectors and contours®. These figures show both the primary vortex and the blade tip vortex. The
mean velocity vectors (figures 3.31) show the sum of these two secondary flow velocity fields,
and are thus are not useful for distinguishing the vortices. However, the contours of streamwise
vorticity (figure 3.33) clearly show the locations of the primary and blade tip vortex cores. In all
these figures the blade tip vortex core is located towards the top left hand corner and the primary
vortex core towards the center. The relative and absolute locations of the core centers are listed
in table 3.4 and plotted in figure 3.39. This figure shows the movement of the vortices as A was
varied by moving the blade. In the absence of any interaction the blade tip vortex would move
exactly with A and the primary vortex would remain fixed. Instead the blade tip vortex core
moves considerably less than the blade, by 0.1c for a change in A of 0.25c. Presumably this is
because of the rotation of the blade tip and primary vortices about each other. Rotation apparently
plays a large part in determining the location of the primary vortex as well. For A<O (pressure
side passage) the core ends up at a substantially lower Y than if A>=0. This is exactly the
opposite of the situation at the blade trailing edge, as seen in the flow visualizations and
illustrated in figures 3.18 and 3.19. Here the position of the primary vortex core is determined
by its drift across the blade under the action of its image. The drift is inboard (+Y) for A<0 and
outboard (-Y) for A>0.

The vorticity contours also give some idea of the degree of organization in the primary
vortex core. Following the impingement of the vortex on the blade leading edge (A/c=0, figure
3.33c) the vorticity in its core is relatively weak and is spread out over a non-circular region
aligned approximately with the blade wake. With the vortex passing just to the pressure side of
the blade (A/c=-0.0625, figure 3.33b) it is only slightly more organized, the peak vorticity at its
center being about 50% greater than for A/c=0. A more substantial change is seen between

A/c=-0.0625 and -0.125 (figure 3.33a) where the vorticity of the core is much more intense and

. 4C.ontours of turbulence kinetic energy production are only plotted for A/c=-0.0625
since in all other cases the grid resolution was too coarse for the appropriate derivatives to
be estimated accurately.
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axisymmetric. With the vortex passing to the suction side of the blade (figures 3.33d and e) a
similar but more rapid change is seen. The core appears as organized and intense for A/c=0.0625
(figure 3.33d) as with the vortex passing twice the distance from the pressure side of the blade.
In none of these cases is the region of negative vorticity produced by the blade-vortex interaction
visible, suggesting that it is quickly cancelled by positive vorticity in the core. (Note that some
small regions of negative vorticity are seen adjacent to the blade vortex core in some of the

figures, but these appear to be a consequence of the limited grid resolution.)

The contours of u_’2 and k (figures 3.34 and 3.35) show a similar effect in the turbulence

distributions. For A/c=0 turbulence levels are elevated over a large non-circular region in the
vicinity of the primary vortex core. With increase or decrease in A the region shrinks but
turbulence levels at the core center rise, presumably as a consequence of the steeper
mean-velocity gradients in the more organized core coupled with coherent wandering motions.
The flow structure around the core is in all cases quite different then for the approach vortex.
Gone is the loose spiral of the vortex generator wake and, if anything, the core appears well
imbedded in the blade wake. The two wakes may be most easily distinguished inboard of the
core. For all values of A the vortex generator wake appears below the blade wake, though the
distance between the two shrinks with increase in A. For A/c>=0 they are close enough to
overlap.

Outboard of the primary vortex core a highly curved section of blade wake connects it
to the blade tip vortex. Qualitatively the turbulence structure of this section of wake and the blade
tip-vortex core is similar to that seen in the spiral wake and core of the approach vortex.
Turbulence kinetic energy and axial normal stress levels fall with distance along the wake
towards the core presumably because of the suppression of large scale turbulent structures by the
greater curvature and straining of the mean-velocity field. In the vicinity of the core they then
increase as a consequence of coherent wandering motions. Quantitatively, however, turbulence

levels in this part of the flow are a strong function of A, increasing monotonically with this

variable. Consider, for example, 2 levels in the most elevated (i.e. most negative z) section of
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the blade wake. For A/c=-0.125 (figure 3.34a) ;ﬁ reaches a peak value of about 1 x 10 here.

For A/c=0.125 (figure 3.34e) the peak value is about 3.5 times greater. Effects of similar
magnitude are visible along this entire section of wake and in the blade tip vortex core. The only
satisfactory explanation of this effect appears to be in the influence of the primary vortex on the
blade boundary layer. As discussed above, with the vortex on the pressure side of the blade
(negative A) local angles of attack outboard of its core are increased and therefore so is the
thickness and intensity of the blade wake. As A is increased to zero the magnitude of this effect
should increase producing the more turbulent section of blade wake seen here. For positive A
(vortex passing to the suction side of the blade) the lifting of fluid away from the blade surface
by the vortex acts in concert with the increase in angle of attack to further thickening and
intensifying the blade wake.

The contours of axial and cross-flow shear stress are more difficult to interpret (figures
3.36 and 3.37) since in most cases the grid resolution is really not sufficient to reveal the detailed
spatial variations of these quantities. At most one can infer that 1, and T, reach large magnitudes
in the vicinity of the vortex cores. For the most part T, is negative but some intense positive
regions are visible near the vortex cores, especially for A>0. One exception to this limitation is
the case A/c=-0.0625 for which a fine grid of measurements were made in the vicinity of the
primary vortex core (figures 3.36b(ii), 3.37b(ii) and 3.38). Here we see the core to be bordered
above and below by strip shaped regions of high shear stress and turbulence kinetic energy
production aligned approximately with the blade wake. This may be an effect of the primary
vortex stretching the blade wake as it rolls it in. Stretching would tend to intensify any spanwise

structure remaining in the wake and turbulence levels associated with it.

3.5.2 Velocity profiles
Z-wise profiles of mean velocities and Reynolds stresses measured through the primary

vortex core for A/c=-0.125, -0.0625, 0.0625 and 0.125 are shown in figures 3.40 and 3.41. The
arrows in these figures mark the core center locations. Detailed views of the core regions are

shown in figures 3.42 and 3.43.
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The axial velocity deficit in the primary vortex core is clearly visible in these figures. Its
dependence on A is illustrated in figure 3.44. Between A/c=-0.125 and -0.0625 the deficit at the
core center falls from 10.2%U,; to 6.3% but the size of the region affected by the deficit grows.
The reverse occurs for A/c>0, the peak deficit rising from 7.2%U,,, at A/c=0.0625 to 13.8%U,,;
at A/c=0.125. These observations are consistent with a lower blade-vortex separation resulting in
a more diffuse and less organized core. Note that the peak axial velocity deficit for the approach
vortex was 15%U ;.

Far less clear in these plots is the tangential velocity profile of the primary vortex. The
V component profile, where it should be visible, also contains substantial contributions from the
velocity field of the blade tip vortex. Assuming this superposition to be linear the influence of
the blade tip vortex may be subtracted out. All that is required is an independent estimate of its
velocity field. We used Betz's theory to provide this estimate, applying it to the theoretical
circulation distribution on the blade. Out of necessity the influence of the primary vortex upon
the blade circulation distribution was ignored. The estimated velocity field, centered at the
measured location of the blade tip vortex, was then subtracted out of the V profile. Figures 3.45
and 3.46 show the results of the subtraction in terms of measured tangential velocity profiles and
circulation profiles estimated from them assuming axisymmetry. All profiles are compared with
the measurements and Betz's theory estimates for the approach vortex.

These figures show the peak tangential velocity of the primary vortex to be substantially
lower and the core radius to be greater at X/c=30 than upstream of the blade. Peak tangential
velocity vg,/U,,;, core radius r,/c and core circulation I'\/T"; are plotted as functions of A/c in
figure 3.47 and listed in table 3.5. Consistent with our observations above vy, falls and r,
increases as the blade vortex separation falls. The magnitude of these changes is larger for
pressure side passage. Despite the substantial changes in vy, and r, the core circulation remains
surprisingly constant at 15-17%I", between A/c = -0.125 and 0.0625, rising to 23%I, at
Ac=0.125. These compare with 27%I, for the approach vortex. It may be that there is a
subétantial range of blade vortex separations over which the amount of negative vorticity shed

by the blade and ingested into the core is roughly constant.
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The agreement between these profiles and the prediction from Betz's theory is, on the
whole, very poor even at large radius. At first we were concerned that this poor agreement was
due to inaccuracies in the procedure used to subtract the influence or the blade tip vortex. To test
this hypothesis we varied the root circulation used in calculating the blade tip vortex and repeated
the subtraction process. As can be seen from a comparison of figures 3.46 and 3.48 this had little
effect. The poor agreement with Betz's theory has two explanations. Firstly, it is quite possible
that the interaction with the blade causes a change in the overall circulation distribution of the
vortex - lines of vorticity associated with the trailing vortex could join to some of those
associated with the bound vortex on the blade (the loss of core circulation is direct evidence of
this). Secondly, even with the velocity field of the blade tip vortex subtracted, flow downstream
of the blade is unlikely to have been very axisymmetric and thus cannot really be compared with
Betz's results. This second suggestion appears to be supported by the measured circulation
profiles of figure 3.46. These profiles, calculated assuming axisymmetry, show erratic and
unlikely variations in the total vortex circulation, from 35%I, at A/c=-0.125 to 70%I, at
A/c=0.125.

_Figures 3.41 and 3.43 show the turbulence stress distributions in and around the vortex
core. Consistent with the contours, peak stress levels in the core rise with blade-vortex separation
while the region within which the stresses are elevated shrinks. The rise in stress levels with
separation is most likely a consequence of coherent wandering motions, the motions becoming
more important as the core becomes more organized and the velocity gradients within it increase.

Figures 3.49 to 3.52 show Z-wise velocity profiles through the blade tip vortex core for
all values of A. The z locations of the core centers are marked by the arrows in these plots. In
the vicinity of the core these profiles are qualitatively are very similar to those of the approach
vortex. Quantitatively some small differences are apparent. The peak tangential velocity is
33+2%U,,, compared to 27%U,,; in the approach vortex. The core radius is 4.5%c compared to
3.8%c, the rms amplitude of coherent core motions implied by the peak normal stresses in the
core center 0.8%c compared to 0.6%c and, the peak axial velocity is 11+2% compared to 15%.

The '+’ sign here indicates the range of variations with A. Most of these are small enough to be
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a result of differences in the exact path of the profile through the vortex core. As is evidenced
by the relatively large W component velocities seen in the core in some of the cases (especially
A/c=+0.0625) not all the profiles passed exactly through the core center.

In figure 3.50 regions where the profiles cut through parts of the surrounding blade wake
may be seen (at z/c=-.9 in figure 3.50a, for example). Comparing these regions clearly shows the
increase in blade wake turbulence levels with A observed in the grid measurements above.
Between A/c=-0.125 and 0.125 the increase in both normal and shear-stress levels is as much as

a factor of three.

3.5.3 Velocity autospectra
Autospectra normalized on U, and ¢ are presented in figures 3.53 to 3.57. As indicated

in part 'a' of these figures a majority of the spectra were measured either in parts of the vortex
generator or blade wakes and thus are similar in form. All show inertial subranges in the U
component near fc/U = 5 and peaks in the V or WA components depending on the local
orientation of the wakes. At higher frequencies fc/U,,; > 20 the beginnings of a dissipation range
can also be seen. While the blade and vortex generator wakes are very similar in shape they have
different characteristic frequencies, defined by the location of the peak in the V or W spectrum.
This difference is most clearly seen by comparing the W spectra measured at points A and I for
Alc=-0.125 (figures 3.53f and g). The frequencies are fc/U,=1.8 in the vortex generator wake and
on fc/U.=2.8 in the blade wake. The difference is smaller than at X/c=15.33 because the
frequency scale of a wake develops as the square root of the distance over which it as grown.

In contrast to the undisturbed vortex, spectral levels at nearly all frequencies are higher
in the primary vortex core than in the surrounding flow (e.g. point H, figure 3.53). Except for
A/c=0.125, the core U spectra also show substantial inertial subranges suggesting the presence
of a well developed energy cascade. Some of the V and W autospectra even show peaks like
those seen in the surrounding blade wake (see point H in figure 3.54f, point E in figure 3.55d
and-point Gin figure 3.56d). For A/c=0.125 the core spectra (figure 3.57 point H) lie somewhere

between those seen at lower A/c and in the approach vortex. No -5/3 region is visible and spectral
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levels at high frequencies fc/U,,>20 are lower than in the immediately surrounding flow, although
by not as much as in the approach vortex. The behavior of the core spectra at very low
frequencies fc/U<2 shows the degree to which core which core wandering contributed to the
Reynolds stresses. For A/c=0.125, -0.125 and, to a lesser extent 0.0625 (figures 3.53, 3.57 and
3.56) low-frequency spectral levels rise much more than high-frequency spectral levels as the core
center is approached, indicating core motions to be important in these cases. For A/c=-0.0625 and
0, however, the increase in spectral levels at low and high frequencies is of the same magnitude.
As already noted core wandering is likely to be have been less important in these cases because
the core was larger and the mean-velocity gradients within it weaker.

Parts ¢, e and g of these figures show the development of the velocity spectrum along the
blade wake and into the blade tip vortex core. The increase in blade wake turbulence levels with
A appears to be accompanied by some change in the spectral shape, see point M in figures 3.53
and 3.57. At high frequencies fc/U,>50 spectral levels are almost the same at these two points.
At low frequencies, however, spectral levels are as much as an order of magnitude lower at
A/c=-0.125. At low frequencies the spectra for A/c=-0.125 also have more rounded appearance
and show no clear peak in either the V or W components. The implication is that with increasing
A this part of the blade wake becomes more organized and its large scale structure more
important. Moving on into the blade tip vortex core (e.g. figures 3.53 and 3.54 points O and P)
the velocity spectrum develops in much the same way it did in the approach vortex. Spectral
levels at low frequencies increase dramatically due to core wandering. Spectral levels at high
frequencies fall due to spin stabilization and a large dissipation range appears extending down
to relatively low frequencies. Note that for A/c=0 none of the spectrum measurement locations

fell within the blade tip vortex core.

3.6 Flow downstream of the blade as a function of x.
In this section we present measurements made at X/c=22.6 for A/c = -0.0625 and 0.0625
and use them along with the data presented above to discuss the streamwise development of the

vortex downstream of the blade.
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3.6.1 Velocity grids
Figures 3.58 through 3.65 show the velocity vectors and contours of turbulence quantities

measured at X/c=22.6. The locations of the vortex cores are most clearly seen in the streamwise
vorticity (figure 3.60). The core locations are listed in table 3.4 and plotted in figure 3.66 along
with data from other streamwise stations. This figure reveals the rotation of the blade tip and
primary vortices about each other and the approach of their cores. For A/c=-0.0625 (figure 3.66a)
the line joining the vortex centers rotates some 49° and shortens from 0.75¢ to 064c between
X/c=22.6 and 30. For A/c=0.0625 (figure 3.66b) this line rotates only 32° and shortens from 0.73¢
to 0.72c over the same distance. These differences are probably due to the vorticity distribution
around the primary vortex core. For A/c=-0.0625 (figure 3.60) this is considerably weaker and
more spread out indicating a less organized core, much as at X/c=30. As illustrated by Rossow
(1977) the vorticity distributions of vortex cores can exert a strong influence over how they
interact.

The contours of vorticity and turbulence quantities reveal flows much more like those seen
at X/c=30 than at X/c=15.33. The vorticity contours show no sign of the region negative vorticity
shed from the blade. The turbulence contours show the primary vortex core to be surrounded by
the blade wake, apparently disconnected from the vortex generator wake. Between the primary
and blade tip vortices, turbulence levels in the blade wake are a function of A, increasing by
about 30% between A/c=-0.0625 and 0.0625. Overall turbulence levels are higher at this location
than downstream, but this is simply because of the shorter distance over which the flows have
developed.

Perhaps the clearest views of the streamwise development of these flows are given in
figures 3.67 and 3.68. Here all the contours of turbulence kinetic energy measured between
X/c=10 and 30 in each flow are plotted together. This figure highlights the dramatic enlargement
of the region of high turbulence levels around the vortex core as a consequence of its interaction
with the blade.l Also visible is the interaction between the vortex, blade wake and blade tip

vortex, and the changes in blade wake turbulence levels with A.
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3.6.2 Velocity profiles
Z-wise profiles of mean velocities and Reynolds stresses measured through the primary

vortex core for A/c=+0.0625 figures 3.69 and 3.70. The arrows in these figures mark the core
center locations. Detailed views of the core regions are shown in figures 3.71 and 3.72.

The core axial velocity deficit profiles are similar in form to those measured under the
same conditions at X/c=30. The deficits are, however, larger by about 50% and confined to a
smaller radius. Comparison with profiles measured at other streamwise locations (figures 3.73a
and b) shows these differences to be part of the rapid diffusion of the core downstream of the
blade. For A/c=-0.0625, for example, the peak deficit is 19% at X/c=15.33, 10% at X/c=22.6 and
6.3% at X/c=30. Despite this rapid change the axial velocity profiles retain a remarkably
self-similar form, as illustrated in figure 3.74. This figure also shows close similarity among
profiles measured at other blade-vortex separations and upstream of the blade.

As before the tangential velocity profiles in the core are obscured by the super-imposed
velocity field of the blade tip vortex. Subtracting out that velocity field using the procedure
described above gives the tangential velocity and circulation profiles shown in figures 3.75 to
3.78. These figures include tangential velocity profiles from other streamwise locations as well
as our Betz's theory estimates and measurements for the approach vortex at X/c=10.

These figures show the rapid growth of the core and decay of the peak tangential velocity
caused by the blade. For A/c=-0.0625 v, decays from 27.2%U_; at X/c=10 to 19.4% at
X/c=15.33 and then 6.1% and 4.5% at X/c=22.6 and 30 respectively. A similar but slightly
slower change is seen for A/c=0.0625. Despite these variations, the tangential velocity profiles
remain remarkably self similar, like those of axial velocity deficit, see figure 3.79. Figure 3.80
shows the corresponding variations of core radius and circulation (see also table 3.5). The effects
of the blade on the core radius appear consistent with what was observed in the flow
visualizations; i.e. in the immediate vicinity of the blade the interaction appears to have little
effgct on the core radius, it is only downstream, when the vortex encounters the blade wake that
the core growth rate increases. For A/c=-0.0625 the radius initially falls slightly from its upstream

value. It then begins a rapid growth, however, quadrupling its size by X/c=30. There is no sign
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at this point that the growth has stopped. For A/c=0.0625 the rapid growth does not appear to
begin until later (somewhere near X/c=22.6), reducing the size of the core seen at X/c=30.
Obviously more data is needed to establish a useable functional relationship between the
parameters of the blade vortex interaction and the resulting core radius at a given streamwise
station. However, a hint as to the form of such a relationship is apparent in the flow visualization
results of figure 3.5. Replotted in figure 3.81 these data show an approximately inverse
relationship between 'divergence angle of bubble stream marking the core' (hopefully indicative
of average core growth rate) and A.

Bearing in mind the rapid variations in peak tangential velocity and core radius, the core
~ circulation (figure 3.80b) is remarkably constant downstream of the blade. In both cases it
remains close to 16%. Along with the lack of variation in core circulation with A, these results
suggest the possibility of a simple method for accounting for the effects of the blade on core
circulation in a calculation, viz. if the core passes closer than a certain distance from the blade,
the core circulation is reduced by a fixed amount.

As before the agreement between the circulation and velocity profiles and the prediction
from Betz's theory is very poor even at large radius. Changes in the circulation distribution of
the vortex as it passes the blade and non-axisymmetry of the flow again seem to be the most
likely explanations.

Figures 3.70b and 72b show the turbulence stress profiles in the core at X/c=22.6. For
A/c=0.0625 peak stress levels in the core are substantially higher than for A/c=-0.0625 but are
concentrated over a smaller region, consistent with what was seen at X/c=30. A comparison with

core profiles measured at other locations shows a general reduction in peak levels downstream
of the blade. For example, for A/c=-0.0625 the peak W/U,zv- is .009 at X/c=10, .0047 at

X/c=15.325, .0013 at X/c=22.6 and .0007 at X/c=30. In considering these numbers it should be
remembered that almost all the normal stress at X/c=10 was attributed to coherent vortex
waridering motions, based on autospectra measured in the core. The reduction in peak stress
levels with x therefore probably has more to do with the rapid diffusion of the core mean-velocity

gradients than with true turbulence levels. In fact, spectral measurements presented above and
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below suggest that true turbulence levels within the core may have been substantially larger at
X/c=22.6 and 30.

Figure 3.82 to 3.85 shows mean velocity and turbulence stress profiles through the blade
tip vortex core at X/c=22.6 for A/c=-0.0625 (profiles were not measured for A/c=0.0625).
Qualitatively these are very like those of the blade tip vortex core at X/c=30. Quantitatively some
small differences are apparent. The peak tangential velocity slightly higher, at 36%U.., . The core
radius and apparent rms amplitude of coherent core motions are a little smaller, at 4.3%c and

0.56%c respectively.

3.6.3 Velocity autospectra
Autospectra are presented in figures 3.86 and 3.87. As at other locations the majority of

the spectra were measured either in parts of the vortex generator or blade wakes and thus are
similar in form. All show inertial subranges in the U component near fc/U,,; = 5 and peaks in the
V or W components depending on the local orientation of the wakes. The characteristic
frequencies of the blade and vortex generator wakes are most clearly seen in the W spectra
measured inboard of the primary vortex core, at points A and I in both cases (figures 3.86f and
g for A/c=-0.0625 and figures 3.87f and g for A/c=0.0625). The frequencies are fc/U_=2.3 and
3.5 for the vortex generator and blade wakes respectively. These are, as one would expect, higher
than the corresponding frequencies at X/c=30. The flow structure in and around the primary
vortex core (points F, G and H figure 3.86, points E and F figure 3.87) is similar to that seen at
X/c=30. Spectral levels at all measured frequencies are higher in the core center than in the
surrounding flow and the spectra here show substantial inertial subranges suggesting the presence
of a well developed energy cascade. The behavior of these core spectra at very low frequencies
fc/U <2 shows the degree to which core wandering contributed to the Reynolds stresses. For
A/c=0.0625 (figure 3.87) low-frequency spectral levels rise much more than high-frequency
spectral levels as the core center is approached, indicating core motions to be important in this

case. For A/c=-0.0625, however, (figure 3.86) the increase in spectral levels at low and high
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frequencies is of the same magnitude. Core wandering is likely to be have been less important
in this case

Those spectra measured in and around the blade tip vortex and wake are similar to those
seen here at X/c=30. Approaching the core (points J to M figure 3.86, points M to O figure 3.87)
the blade wake spectra show a gradual loss in energy at low frequencies, presumably because of
the suppression of large scale structures in the straining and highly curved flowfield of the vortex.
Entering the core (points N to P figure 3.86, and point P figure 3.87) spectral levels at low
frequencies greatly increase because of coherent wandering motions. At high frequencies,

however, spectral levels fall and a large dissipation region appears.
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Alc x/c Measurements
10 ac,e
-0.125 30 ac,d.e
-0.0625 1533 abc.e
22.6 a,b,c,de
30 ab,c,d,e
0 30 a,d.e
0.0625 22.6 ac.e
30 ac,d,e
0.125 30 ac,d.e

Key:

a - Grid of mean velocity and turbulence stress measurements to show overall flow structure
b - Refined grid in vicinity of primary vortex core

¢ - Detailed z-wise profile through the primary vortex core

d - Detailed z-wise profile through the blade tip vortex core

e - Spectra in blade and vortex generator wakes and vortex cores

Table 3.1 Conditions, locations and types of velocity measurements made.
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Wake regions Core edge Core center
U/U ¢ 0.015 0.015 0.014
V/U 0.025 0.025 0.024
WU, 0.025 0.024 0.023
2 3.1x10° 1.4x10° 4.3x10°
u’le,Qf
— -6 -5 -4
‘/Z/Ui‘f 9.5x10 1.5x10 1.7x10
— -6 -5 -4
w”/U;f 9.9x10 2.0x10 1.6x10
—_— -6 -5 -4
u’v'/U,zqc 4.3x10 1.4x10 1.2x10
—_— -6 -5 -5
) -v’w’/de 4.5x10 2.3x10 5.2x10
u’w_’/de 2.9x10¢ 8.5x10® 1.0x10*

Table 3.2 Typical uncertainties in hot-wire measurements.
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Alc 1 2 3 4
-0.125 0.031 0.031 0.05 0.23
-0.063 0.031 0.047 0.08 1.50

0.0 0.016 0.031 - 3.15
0.063 ' 0.023 0.031 -0.09 0.81
0.125 0.031 0.031 -0.05 041

Table 3.3. Table of flow properties compiled from flow visualizations of Rife et al. (1990) for
cases in which hot-wire measurements were made. (1) maximum amplitude of core wandering
in y direction (chords) (2) maximum amplitude of core wandering in z direction (chords) (3) total
spanwise drift of vortex between leading and trailing edges of blade (chords) (4) Divergence

angle of bubble stream marking vortex core after encountering blade (degrees).
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(a) Primary vortex core

Alc X/c ylc z/c Y/c Zlc
- 10 0.0 0.0 0.18 -0.06
-0.125 30 -0.36 0.05 -0.18 0.36
-0.0625 1533 0.02 0.04 0.33 0.02
226 . 0.12 0.1 0.11 0.28
30 -0.29 0.06 -0.18 0.36
0 30 0.01 0.16 0.07 0.40
0.0625 22.6 0.30 -0.03 0.23 0.15
30 -0.07 0.10 0.11 041
0.125 30 0.05 0.16 0.11 0.40

Table 3.4 Relative and absolute locations of vortex core centers
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(b) Blade tip-vortex core

Alc X/c ylc z/c Y/c Z/c
-0.125 30 -0.32 -0.64 -0.14 -0.33
-0.0625 22.6 -0.34 -0.49 -0.35 -0.31
30 -0.28 -0.58 -0.17 -0.28
0 30 -0.24 -0.49 -0.18 -0.25
0.0625 226 -0.32 -0.42 -0.39 -0.24
30 -0.38 -0.55 -0.20 -0.24
0.125 30 -0.32 -0.48 -0.26 -0.24

Table 3.4 Relative and absolute locations of vortex core centers
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Alc X/e r,/c Vor/Upes I'T, (U U)/U
- 10 3.8% 27.2% 27.0% 15.3%
-0.125 30 6.6% 8.8% 15.1% 10.2%
-0.0625 15.33 3.1% 19.4% 15.7% 18.7%
226 10% 6.1% - 15.9% 10%
30 14.5% 4.5% 17.1% 6.3%
0.0625 22.6 4.2% 13.2% 14.5% 14.7%
30 9.3% 7.0% 17.0% 7.2%
0.125 30 5% 17.7% 23.0% 13.8%

Table 3.5 Parameters of the primary vortex core; core radius r,/c, peak tangential velocity

vo/U,p» core circulation I',/T, axial velocity deficit (U «~Uy)/U ;.
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Figure 3.8  Mean cross-flow velocity vectors, approach vortex, X/c=10.
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Figure 3.9 Contours of axial mean velocity U/U_,, approach vortex, X/c=10.
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Figure 3.10 Contours of axial mean vorticity ®.c/U,,, approach vortex, X/c=10. Upper
figure - positive vorticity, lower figure - negative vorticity.
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Figure 3.11 Contours of axial normal turbulence stress u—’z/U,zv, approach vortex, X/c=10.
Upper and lower figures show different contour ranges.
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Figure 3.12  Contours of turbulence kinetic energy k/U,>2 approach vortex, X/c=10. Upper
and lower figures show different contour ranges.
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Figure 3.13  Velocity profiles along the line y/c=0, approach vortex, X/c=10. (a) Mean
velocity.

3-44



Perpendicular BVI Part I

1.0E02
|
1.0E-03
p— i
O u?/Uref?
1.0E-04 + ® viuret? |
® w?/Uref? |
1.0E-05 chcﬂ - o |
o o a ° 2 [ a
. S, L& ®
° 099 e i ®
$ 300983, ’gio’
1.0E-06 + t : : +
10 08 06 04 02 00 02 04 06 08 1.0
z/c
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Figure 3.20 Mean cross-flow velocity vectors, vortex passing to pressure side of blade A/c
= -0.0625, X/c=15.33. (a) Coarse grid.
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Figure 3.21 Contours of axial mean velocity U/U,,, vortex passing to pressure side of blade
Alc = -0.0625, X/c=15.33. (b) Fine grid.
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Figure 3.22  Contours of axial mean vorticity ®,c/U,,, vortex passing to pressure side of
blade A/c = -0.0625, X/c=15.33. (a) Coarse grid. Upper figure - positive
vorticity, lower figure - negative vorticity.
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Figure 3.22  Contours of axial mean vorticity ©.c/U,,, vortex passing to pressure side of
blade A/c = -0.0625, X/c=15.33. (b) Fine grid. Upper figure - positive

vorticity, lower figure - negative vorticity.
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Figure 3.23  Contours of axial normal turbulence stress "ﬂIUrd’ vortex passing to pressure
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figures show different contour ranges.
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Figure 3.23  Contours of axial normal turbulence stress u_ﬂ/U;,, vortex passing to pressure
side of blade A/c = -0.0625, X/c=15.33. (b) Fine grid. Upper and lower figures

show different contour ranges.
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Figure 324  Contours of turbulence kinetic energy k/U,.7 vortex passing to pressure side of

blade A/c = -0.0625, X/c=15.33. (a) Coarse grid. Upper and lower figures
show different contour ranges.
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Figure 3.24 Contours of turbulence kinetic energy k/U,7, vortex passing to pressure side of

blade A/c = -0.0625, X/c=15.33. (b) Fine grid. Upper and lower figures show
different contour ranges.
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Figure 3.25 Contours of axial shear stress magnitude 1/U,./, vortex passing to pressure side
of blade A/c = -0.0625, X/c=15.33. (a) Coarse grid. Upper and lower figures

show different contour ranges.
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Figure 3.25 Contours of axial shear stress magnitude 1,/U,>, vortex passing to pressure side

of blade A/c = -0.0625, X/c=15.33. (b) Fine grid. Upper and lower figures show
different contour ranges.
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Figure 3.26 Contours of cross-flow shear stress 1JU,, vortex passing to pressure side of
blade A/c = -0.0625, X/c=15.33. (a) Coarse grid. Upper figure - positive stress,
lower figure - negative stress.
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Figure 3.26 Contours of cross-flow shear stress 1JU,./2, vortex passing to pressure side of
blade A/c = -0.0625, X/c=15.33. (b) Fine grid. Upper figure - positive stress,
lower figure - negative stress.
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F 327 Contours of turbulence kinetic energy pro U :
S pressure side of blade A/c = -0.0625, X/c=15.33. Fine grid. Upper figure -

positive production, lower figure - negative production.
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Figure 3.28  Velocity profiles along the line y/c=0, A/c = -0.0625, X/c=15.33. (a) Mean
velocity.

3-76



Perpendicular BVI Part |

1.06-02 - i
1.0E-03 '
i Oariuret |
GBEB _ |
1.0E-04 + ‘f.’% : | ViUt ||
a0 ® ® w2/ Uref? |
- . - r Q
1.0E-05 L . 3
1 . D D
0 ? 2 5%0 IS § g g
. ete
1.0E-06 b4 ! i |
10 08 06 04 02 00 02 04 06 08 10
z/c
0.00010
5]
l.
0.00005 1+— 5] p
o i ° O uv / Uref?
£0.00000 L : ® vw/ Uref?
) 0D & 6 e —
”‘? a . ® uw/ Uref?
X g B e
0.00005
PY °
0.00010 o2

-0 08 06 04 02 00 0.2 04 0.6 0.8 1.0
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Alc = -0.0625, X/c=15.33. (a) Mean velocity.
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Figure 3.29  Velocity profiles along the line y/c=0 in the vicinity of the primary vortex core,
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Figure 3.30  Velocity autospectra, X/c=15.33, A/c = -0.0625. (a) Locations of spectral
measurements relative to turbulence kinetic energy contours.
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Figure 3.30  Velocity autospectra at X/c=15.33, Alc = -0.0625. @ G,,
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Figure 3.30  Velocity autospectra at X/c=15.33, Alc = -0.0625. (g) G, contd.
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (a) A/c=-0.125.
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (b) A/c=-0.0625. (i) Coarse grid.
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (b) A/c=-0.0625. (i) Fine grid.
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Mean cross-flow velocity vectors at X/c=30. (c) A/c=0.
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (d) A/c=0.0625.
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (e) A/c=0.125.
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Figure 3.32  Contours of axial mean velocity U/U,,, at X/c=30. (a) A/c=-0.125.
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Figure 3.32 Contours of axial mean velocity U/U,, at X/c=30. (b) A/c=-0.0625. (i) Coarse
grid.
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Figure 3.32 Contours of axial mean velocity U/U,,, at X/c=30. (b) A/c=-0.0625. (i) Fine
grid.

3=95



zlc

Perpendicular BVI Part 1

-0.8
06
0.4

-0.2

0.2

0.4

ji:ll]lll[lllllllllllllllll'llll[lllllll

0.6

08

-1 -08 -06 04 02 0 02 04 06 08
ylc

1.02+

1.005 to 1.02
0.99 to 1.005
0.975t0 0.99
0.96 to 0.975
0.945t0 0.96
0.93 t0 0.945
0.915t0 0.93
0.9t0 0.915
0.885t0 0.9
0.87 to 0.885

Figure 332 Contours of axial mean velocity U/U,, at X/c=30. (c) A/c=0.
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Figure 3.32 Contours of axial mean velocity U/U, at X/c=30. (d) A/c=0.0625.
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Figure 3.32  Contours of axial mean velocity U/U,,; at X/c=30. (e) A/c=0.125.
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Contours of axial mean vorticity ®,c/U,, at X/c=30. (a) A/c=-0.125. Upper

figure - positive vorticity, lower figure - negative vorticity.
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igure 3.33  Contours of axial mean vorticity ®.c/U,; at X/c=30. (b) A/c=-0.0625. (i) Coarse
grid. Upper figure - positive vorticity, lower figure - negative vorticity.
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Figure 3.33  Contours of axial mean vorticity ®,c/U,,, at X/c=30. (b) A/c=-0.0625. (i) Fine

grid. Upper figure - positive vorticity, lower figure - negative vorticity.
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Figure 3.33  Contours of axial mean vorticity o.c/U, at X/c=30. (c) A/c=0. Upper figure -
positive vorticity, lower figure - negative vorticity.
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Contours of axial mean vorticity ®,c/U,, at X/c=30. (d) A/c=0.0625. Upper

figure - positive vorticity, lower figure - negative vorticity.
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Figure 3.33  Contours of axial mean vorticity ®,c/U,, at X/c=30. (e) A/c=0.125. Upper
figure - positive vorticity, lower figure - negative vorticity.
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Figure 3.34 Contours of axial normal turbulence stress u” /U;f at X/c=30. (a) A/c=-0.125.
Upper and lower figures show different contour ranges.
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Figure 3.34 Contours of axial normal turbulence stress ;E/U,:f at X/c=30. (b) A/c=-0.0625.
(i) Coarse grid. Upper and lower figures show different contour ranges.
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Figure 3.34 Contours of axial normal turbulence stress u_’z/U;f at X/c=30. (b) A/c=-0.0625.
(i) Fine grid. Upper and lower figures show different contour ranges.
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Figure 334 Contours of axial normal turbulence stress ¥%/ U:f at X/c=30. (c) A/c=0. Upper
and lower figures show different contour ranges.
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Figure 3.34 Contours of axial normal turbulence stress -u—ﬂ/U:f at X/c=30. (d) A/c=0.0625.
Upper and lower figures show different contour ranges.
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Figure 3.34 Contours of axial normal turbulence stress u—ﬂ/U,z‘, at X/c=30. (e) A/c=0.125.
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Figure 3.35 Contours of turbulence kinetic energy k/U,,;* at X/c=30. (c) A/c=0. Upper and
lower figures show different contour ranges.
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Figure 3.35  Contours of turbulence kinetic energy k/U,.;* at X/c=30. (e) A/c=0.125. Upper
and lower figures show different contour ranges.
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Figure 3.36  Contours of axial shear stress magnitude 1,/U, at X/c=30. (b) A/c=-0.0625. (i)
Coarse grid. Upper and lower figures show different contour ranges.
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Figure 3.36  Contours of axial shear stress magnitude 1,/U,; at X/c=30. (b) A/c=-0.0625. (i)
Fine grid. Upper and lower figures show different contour ranges.
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figure - positive stress, lower figure - negative stress.
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Figure 3.37 Contours of crossflow shear stress T/U,;* at X/c=30. (b) A/c=-0.0625. (i) Fine
grid. Upper figure - positive stress, lower figure - negative stress.
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Figure 3.37 Contours of crossflow shear stress 1/U,,” at X/c=30. (e) A/c=0.125. Upper
figure - positive stress, lower figure - negative stress.
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Figure 342  Mean velocity profiles in the vicinity of the primary vortex core at X/c=30. (c)
A/c=0.0625.
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Figure 3.42 Mean velocity profiles in the vicinity of the primary vortex core at X/c=30. (d)
A/c=0.125.
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Figure 3.43  Turbulence stress profiles in the vicinity of the primary vortex core at X/c=30.
(a) A/c=-0.125.
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Figure 343 Turbulence stress profiles in the vicinity of the primary vortex core at X/c=30.
(b) A/c=-0.0625.
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Figure 3.44  Axial velocity deficit profiles in the primary vortex core at X/c=30 as a
function of A/c. Core axial velocity profile at X/c=10 included for comparison.
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Figure 3.45 Tangential velocity profiles for the primary vortex at X/c=30 as a function of
Alc after substracting effects of blade tip vortex. Note that 'r' is radial distance

from core center. (a) Whole profile.
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Figure 3.45 Tangential velocity profiles for the primary vortex at X/c=30 as a function of
Alc after substracting effects of blade tip vortex. Note that 't' is radial distance
from core center. (b) Core region.
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Figure 3.46 Circulation profiles for the primary vortex at X/c=30 as a function of A/c after
substracting effects of blade tip vortex. Note that 'r' is radial distance from core
center. (a) Whole profile.
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Figure 3.46  Circulation profiles for the primary vortex at X/c=30 as a function of A/c after
substracting effects of blade tip vortex. Note that 'r' is radial distance from core
center. (b) Core region.
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