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Effects of Perpendicular Blade-Vortex Interaction, Part 1:
Turbulence Structure and Development

K. S. Wittmer* and W. J. Devenportf
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0203

Three-component velocity and turbulence measurements were performed to document the turbulent flowfield
produced downstream of an airfoil encountering an intense streamwise vortex. This configuration serves as a model
for perpendicular blade-vortex interactions, which commonly occur in helicopter rotor flows. In the first part of
a two-part paper, detailed measurements and analysis of a single flow—that produced by a vortex passing |th
chord from the blade—are presented with the objective of revealing the physics and providing a computational test
case. It is shown that the vortex passes the blade without immediate change in the form and structure of its core.
However, outside the core the flow is modified by the blade wake, which contains negative streamwise vorticity
shed as a result of the angle-of-attack distribution induced on the blade by the vortex. This negative vorticity and
the turbulent motions of the blade wake then appear to trigger the turbulent decay of the vortex core, resulting in
an increase in its size, reduction in its strength, and loss of circulation as its vorticity is partially canceled. As the
core decays, the circulating velocity field outside it winds up the remainder of the blade wake, further increasing
the size of the turbulent region in which the core has become embedded. A simple theoretical model predicts the
circulation distribution on the blade in the presence of the vortex and, thus, the strength of the negative vorticity
shed into the blade wake.

Nomenclature
b = blade span between tunnel walls, 1.85 m
c = chord length, 0.203 m
/ = frequency, Hz
Guu =u velocity autospectra
h = distance from the coordinate system origin

to the tunnel wall; see Fig. 8 _ _ _
k = turbulence kinetic energy, | («2 + v2 + w2)
Lw = length scale of generator wake
P = turbulence kinetic energy production
r = radial distance from vortex core center
r\ = vortex core radius measured from the core center

to the point of peak tangential velocity
U = mean velocity in the x direction
Ud = axial velocity deficit at vortex core center
Uw = velocity scale of generator wake
UQQ = freestream velocity
u,v,w = fluctuating velocities in the x, y, z directions,

respectively
Vel = peak tangential velocity of vortex
jc, y, z = coordinates defined in Fig. 1
a, = angle of attack, positive for right-hand rotation

about negative y axis of Fig. 1
Gtb = geometric angle of attack of the blade
ctv = angle of attack of the blade induced by the vortex
F = circulation
F& = blade circulation
r0 = root circulation of the vortex generator calculated

using lifting line theory
F! = vortex core circulation defined as 2nr\ V&1
A = blade-vortex separation in the z direction
ACjw = niaximum change in lift coefficient
£V = mean axial vorticity
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Introduction

A N important component of helicopter rotor flows is the in-
teraction of the blades with their own vortex wakes. These

interactions are usually thought of in terms of their acoustic effects,
specifically the impulsive and broadband noise that they generate.
However, they also have significant fluid dynamic effects on the
development of the vortex and the flow surrounding it. When the
same vortex suffers multiple interactions with the successive blades,
these fluid dynamic effects can feed back significantly into both the
acoustics and aerodynamics.

Impulsive noise is generated as a consequence of the unsteady
lift experienced during parallel blade vortex interactions (BVIs).
To predict this noise requires accurate knowledge of the vortex pa-
rameters, specifically the vortex core size, strength, and circulation
distribution.1'4 Broadband noise is defined by Brooks et al.5 as the
midfrequency noise due to blade interaction with turbulent portions
of the blade wakes and is, thus, referred to as blade wake interaction
(BWI) noise. To predict broadband noise requires information on the
extent and intensity of the turbulent field encountered by the blade.
It was originally believed that BWI noise was generated during
perpendicular BVIs by the turbulence present in undisturbed blade
wakes and tip vortices. However, after measuring the turbulence and
spectral structure of an undisturbed vortex wake and incorporating
the results into the BWI scheme of Glegg,6 Glegg and Devenport7
found the turbulence of the undisturbed wake to be simply insuffi-
cient to acount for the vast bulk of the noise produced. Wittmer et
al.8 and Devenport et al.9 showed that this discrepancy can be ac-
counted for by including the effects of a prior perpendicular BVI on
the turbulence structure. Thus, it appears that multiple interactions
are a key ingredient of BWI noise generation.

Although there have been a number of previous experimental
studies on the effects of perpendicular interactions (see Ref. 10
for a review), these have tended to concentrate on effects on the
blade aerodynamics or noise generation process itself. The work of
Wittmer et al.,8 is unique in presenting turbulence measurements
downstream of the interaction. They examined the development of
a vortex following a perpendicular interaction occuring near a blade
tip. They found that the interaction results in a large, intense region
of turbulence in the vicinity of the vortex and a region of negative
vorticity shed by the blade in response to the spanwise variations
in angle of attack produced by the passing vortex. The interaction
also greatly increased the rates of vortex core growth and tangential
velocity decay downstream of the blade.
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Although the results of Wittmer et al.8 are complicated by the
presence of the interaction blade tip vortex and cover only a limited
set of conditions, they conclusively show that a perpendicular blade
vortex interaction can substantially alter the character and develop-
ment of a trailing vortex even when the vortex core passes some dis-
tance from the blade. Thus, perpendicular B Vis can substantially in-
fluence the B WI or B VI noise generated by subsequent interactions.

The present study forms an extension of Ref. 8 with two ob-
jectives. First is to document the turbulence structure of the flow
downstream of a perpendicular interaction in sufficient detail (and
without the complication of an additional tip vortex) to unambigu-
ously reveal the underlying physics of the flow and provide a suit-
able database for the development of computational fluid dynamics
(CFD) prediction methods. Second is to document the influence
of perpendicular interaction on the key parameters of the vortex
(core size, strength, profile) used in BVI and BWI noise prediction
methods, as functions of the most important variables defining the
interaction, i.e., blade-vortex separation, blade angle of attack, and
vortex strength. Such data are needed for the development of em-
pirical methods to account for the influence of prior perpendicular
BVIs in BVI and BWI noise prediction schemes.

This paper is presented in two parts. Part 1 addresses the first ob-
jective with the presentation of detailed measurements and analysis
of a single flow: that generated by a vortex passing one-eighth of
a chord from the pressure side of a two-dimensional blade. Part 2
(Ref. 11), addressing the second objective, presents measurements
for a broad range of flows that cover substantial variations in all of
the important variables defining the interaction.

Apparatus and Instrumentation
Wind Tunnel

Experiments were performed in the Virginia Polytechnic Institute
and State University Stability Wind Tunnel, a closed-circuit facility
powered by a 600-hp axial fan. The test section has a square cross
section 1.83 x 1.83 m and a length of 7.33 m. Flow in the empty
test section is nearly uniform with a turbulence intensity of less
than 0.1% at 40 m/s, the freestream velocity used for this study.
A slight favorable pressure gradient (8Cp/dx = -0.003/m) exists
along the test section due to boundary-layer growth, which causes
some convergence of the streamlines. Flow angles are small near the
middle of the section but increase to about 2 deg near the walls.12

The freestream dynamic pressure and flow temperature are moni-
tored continuously during operation of the wind tunnel. 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 is no significant temperature
gradient across the boundary layer.

Blades
Untwisted NACA 0012 blades were used: one to generate the

vortex and the other to interact with it. Both had a rectangular plan-
form of 0.203-m chord. Effective boundary-layer trips were placed
on both blades. These consisted of 0.5-mm-diam glass beads glued
in a random pattern along the entire span between the 20% and
40% chord locations. The resulting turbulent boundary layers doc-
umented by Devenport et al.7 are shown in Table 1. The vortex gen-
erator blade (hereafter referred to as the generator) was mounted
vertically as a half-wing at the center of the upper wall of the test
section entrance with 0.879 m protruding into the flow (Fig. 1). The

Table 1 Boundary-layer properties for the
generator at 5 deg estimated from near-wake profile

measurements at x/c = 1.05,^/c = 1.2
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Fig. 1 Wind-tunnel schematic and coordinate system. Coordinate z is
directed out of the paper.

interaction blade was also mounted vertically. It completely spanned
the test section 14c downstream of the vortex generator. A full-span
blade was used to eliminate the complicating effects of an additional
blade tip vortex, which would have been shed otherwise. For Part
1, both blades were set at angles of attack of 5 deg. Helium bubble
flow visualization was used to determine the separation between the
generator tip vortex and the interaction blade. (By being lighter than
air, helium filled soap bubbles centrifuge into the vortex core, mark-
ing it clearly.) The interaction blade was first positioned as close as
possible to the situation where the generator tip vortex core stag-
nates on its leading edge. Then it was moved 0.125c in the negative
z direction so that the generator vortex passed to the pressure side.
We define this as a blade-vortex separation A of -0.125c.

Hot-Wire Anemometry
Miniature four-sensor hot-wire probes were used for velocity

measurements. Four-sensor probes consisting of two orthogonal
X-wire arrays, normally associated with vorticity measurements,13

are capable of simultaneous three-component velocity measure-
ments from a relatively compact measurement volume and appear
to overcome some of the gradient error problems associated with
triple wire probes.

The probes were manufactured by Auspex Corporation (type
AVOP-4-100). Eight stainless-steel tapered prongs (75/xm in
diameter at their tips) position the wires some 40 mm upstream
of the main part of the probe. The sensors are etched tungsten wire
of 5 /im diam with an approximate length of 0.8 mm giving a length
to diameter ratio of 160. The measurement volume of the probes is
approximately 0.5 mm3. The sensors are arranged as two orthogonal
X-wire arrays with each wire inclined at a nominal 45-deg angle to
the probe axis.

Hot-wire sensors were operated separately using Dantec 56C17/
56C01 constant temperature anemometer units. Anemometer
bridges were optimized to give a frequency response greater than
25 kHz. The output voltages from the anemometer bridges were
recorded by an IBM AT compatible computer using an Analogic
12-bit HSDAS-12 A/D converter, which contains four separate con-
verters. Hot-wire signals were buffered by four buck-and-gain am-
plifiers with calibrated filters to limit their frequency response to 50
kHz there by providing high-frequency noise attenuation. Voltage
outputs from a digital thermometer and pressure transducer were
also sampled by the A/D converter.

Probes were calibrated frequently for velocity using King's law
to correlate the wire output voltages with the cooling velocities.
Velocity components were determined from the cooling velocities
by means of a direct angle calibration. To generate this calibration,
the probe was pitched and yawed over all likely flow angles in a
TSI calibrator jet. Comparing the known pitch and yaw angles with
the probe outputs gives the true relationship between the cooling
velocities and the flow angle. A complete description of the hot-
wire method used can be found in Ref. 14.

Uncertainty estimates based on 20:1 odds for velocity measure-
ments made with this hot-wire measurement system are contained
in Table 2.

Results and Discussion
Measurements are presented in the wind-tunnel aligned coordi-

nate system (j, y, z), shown in Fig. 1, unless otherwise indicated.
Coordinate x is measured downstream from the generator leading
edge, y inboard from its tip, and z from the quarter chord line so as to
complete the right-handed system. The mean velocity components
Ut V, and W and fluctuating components w, v, and if are defined
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in the x, y, and z directions, respectively. In this system, the lead-
ing edge of the interaction blade is at x /c = 14. All measurements
were performed at a chord Reynolds number of 5.3 x 105, corre-
sponding to a freestream velocity of about 40 m/s. For comparison,
measurements performed by Devenport et al.15 in the undisturbed
vortex wake of the generator blade at 5-deg angle of attack have
been included in some of the figures.

Overall Form of the Interaction
To document the evolution of the turbulent flowfield surrounding

the vortex, mean velocity and turbulence measurements were made
from 0.16c to 15c downstream of the interaction blade trailing edge
at x/c = 15.16,15.95,17.5, 20, 22.5,25, and 30. At all seven lo-
cations, cross-sectional measurements were made in the y-z plane.
Contours of turbulence kinetic energy and mean axial vorticity are
shown in Figs. 2 and 3. The initial effect of the blade on the vortex
is to cut it in two. At x/c =15.16, the turbulence contours (Fig. 2)
clearly show how the blade wake bisects the spiral arm of the vortex.
Note that there is some dislocation of the spiral across the blade wake
caused by differing spanwise velocities above the suction and be-

Table 2 Uncertainty in velocity measurements
calculated for 20:1 odds at typical locations

Quantity
U/UM
V/Uoo

W/Uoo

u2/U^
~vi/UlQ

~w*/U%0
uv/Ulc
vw/U^
uw/Ul

Wake
0.015
0.015
0.015

3.1 x 10~6

9.5 x 10~6

9.9 x 10~6

4.3 x 10~6

4.5 x 10~6

2.9 x 10-6

Uncertainty
Core

0.015
0.015
0.015

1.4x 10~5

l.'5xlO~5

2.0 x 10~5

1.4 x 10~5

2.3 x 10~5

8.5 x 10~6

low the pressure side surfaces of the blade. This d V/dz contributes
significantly to the streamwise vorticity (Qx = d W/dy — d V/dz) re-
sulting in the region of negative vorticity centered at approximately
z/c = -0.25, seen in Fig. 3. The blade sheds negative vorticity in
response to local angle-of-attack variations produced by the vortex.
In the immediate vicinity of the core, dct/dy is negative and, thus,
negative vorticity is shed. Initially, at x/c= 15.16, the region of
negative vorticity spans over one chord.

Progressing downstream, the vortex and blade wake begin to in-
teract, Most noticeable is the tongue of turbulent fluid that forms
in the region of strongest negative vorticity between x/c = 15.95
and 17.5 (near y/c = 0.55, z/c = —0.05). Turbulence kinetic en-
ergy levels in the center of this region at x/c = 17.5 are 2.5 times as
large as those in the undistorted sections of blade wake far from the
vortex core. Another feature of the flow noticeable at the locations
x/c= 15.16,15.95, and 17.5 is the thicker, more turbulent blade
wake outboard of the vortex center (more negative y) than inboard.
This is consistent with the expected flow over the blade, where out-
board of the vortex there is an increase in the local angle of attack,
thereby increasing the thickness of the suction side boundary layer
and the resulting wake, possibly to the extent that local separation
occurs. 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.

Farther downstream, the region of negative vorticity continues to
distort with the blade wake. The vorticity levels decrease rapidly
presumably because of turbulent mixing and cancellation with the
positive vorticity distributed throughout the rest of the vortex flow.
This region ultimately disappears between x/c = 25 and 30. How-
ever, the region of intense new turbulence continues to grow, en-
gulfing the core and producing a large turbulent region surrounding
it. Confirming that this is new turbulence, rather than a simple roll-
up of the blade wake, are contours of turbulence kinetic energy
production, which are shown for x/c= 17.5 in Fig. 4. Turbulence
production in the region of strongest negative vorticity is an order of
magnitude larger than in the undisturbed portion of the blade wake.
Peak turbulence levels in the parts of the blade wake farthest from

-0.2 0.0 0,2 0,4 0,6 0.0 0.2 0.4 0.6 0,8 0,0 0.2 0,4 0,6 0.8 1.0 -0,2 0.0 0.2 0.4 0.6 0.8 1.0

0,0 0,2 0.4 0.6 0.8 1.0 -0,2 0.0 0,2 0,4 0,6 0,8 10 t,2-0.4 -0.2 0,0 0.2 0.4 0,6 0.8 1.0 12 14

Fig. 2 Contours of turbulence kinetic energy (k/U^ x 105): white circles indicate core diameter, and location and black contours enclose regions
where wandering contributions are greater than 30 %. (No such regions exist for xlo 17.5.)
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Fig. 3 Contours of mean axial vorticity (n^c/C/oo x 10): white circles indicate core diameter and location.
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Fig. 4 Contours of turbulence kinetic energy production (Pc/U^ x 10s) at x/c > 17.5: white circle indicates core diameter and location, and black
contour encloses region where wandering contributions to the turbulence kinetic energy are greater than 30%.

the vortex are decreasing with downstream distance as expected;
however, in the distorted portion, levels are sustained by this pro-
duction. Note that these observations are not a result of wandering of
the vortex velocity field over the probe. The wandering motions, and
their contributions to the turbulence measurements, were quantified
according to the method and results of Devenport et al.15 Contribu-
tions to the turbulence kinetic energy were found to be significant
only in the immediate vicinity of the core at x/c = 15.16,15.95,
and 17.5 (see Figs. 2 and 4).

One explanation of the new turbulence is that it is formed by
instability in the vortex flow downstream of the blade. With the
negative streamwise vorticity of the blade wake imposed on the
vortex, a nonmonotonic circulation distribution results. Figure 5
shows circulation, integrated around circular paths concentric with
the vortex center from the y-z plane data, plotted as a function of
radius. In the undisturbed vortex (x/c = 10), circulation increases
continuously with radius. However, downstream of the interac-
tion (x/c> 15.16), the negative streamwise vorticity shed by the
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Fig. 5 Circulation distributions estimated from y-z plane data. Num-
bers in legend are x/c locations; lines are for Betz's theory and the
predicted combined circulation distribution (CCD) calculated with
ACLmax=0.2.

0.35

5 10 15 20 25 30
X/C

Fig. 6 Vortex core parameters as a function of downstream distance.

interaction blade greatly reduces circulation for r/c > 0.15, produc-
ing a strongly nonmonotonic variation. Nonmonotonic circulation
distributions are unstable according to Rayleigh's criterion and, thus,
are expected to produce turbulence and rapidly to diffuse. Indeed,
downstream of x/c = 17.5, the peak in the circulation distribution
begins to diffuse, and by x/c = 25, the distribution has regained
a monotonic form. The intense production seen at x/c= 17.5 and
other locations10 may, therefore, be associated with this instability.

An alternative explanation (proposed by one of the reviewers of
this paper) is that the new turbulence may be generated by the inter-
action between the vortex and small-scale turbulence in the blade
wake. Specifically, vortex cores have been observed to organize
small-scale turbulence into ringlike organized structures.16 Such
structures may cause intermittent busts of vorticity to be ejected
from the core,17'18 increasing its rate of diffusion.

The development of the vortex core parameters (radius, peak tan-
gential velocity, circulation, and centerline axial velocity deficit),
shown in Fig. 6, were obtained from the detailed z-wise profiles
through the core center shown in Fig. 7. Coherent wandering mo-
tions of the vortex had a small effect on the measured values of
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Fig. 7 Mean axial and tangential velocity profiles as a function of down-
strean distance; numbers in legend are x/c values.

the core parameters, which was corrected for using the method of
Devenport et al.15 Corrections were typically about -5% on r\ and
6% on V0,, but were negligible on Ud. Immediately downstream of
the blade, little change is seen in the core parameters even though
the blade-vortex separation was only 3.7 core radii. The core radius
remains fairly uniform until x/c = 20, with a small increase seen at
x/c = 22.5, and then increases roughly linearly to a size about 67%
larger than the undisturbed value. The effects of the interaction on
the tangential velocity field of the vortex core are felt significantly
farther upstream: There is a slight increase in peak tangential ve-
locity immediately after the interaction, but it decreases steadily
after x/c= 15.95 to 37% of the undisturbed value at x/c = 30.
These changes result in the core circulation falling quickly between
x/c= 17.5 and 22.5 likely due to the incorporation of the nearby
negative vorticity into the core. A similar delay between the fall in
the peak tangential velocity and the growth of core radius is also
seen in the temporal variation of a Taylor vortex (which also has a
region of negative vorticity surrounding its core) as calculated by
Sreedhar and Ragab.19

Interestingly, the recovery to a monotonic circulation distribution
does not appear to be accompanied by a return to vortex stability. The
rapid decay of the core triggered by the nonmonotonic circulation
distribution causes the peak tangential velocity to fall slightly below
the centerline axial velocity deficit at jc/c = 30. According to the
stability computations of Mayer and Powell20 and direct numerical
simulations by Ragab and Sreedhar,21 such a vortex is marginally
unstable.

Circulation Predictions
Possibly the most interesting feature of the flow is the negative

vorticity, which is shed by the interaction blade as a result of the
angle-of-attack variation induced by the passing vortex (see Fig. 3).
This may be predicted to a degree using an adaptation to Prandtl's
lifting line theory following the work of Hancock,22 who derived
the loading produced by a free line vortex passing above a two-
dimensional wing.

Consider a vortex of arbitrary circulation distribution passing per-
pendicular to a geometrically untwisted blade constrained at each
end by infinite flat plates, as shown in Fig. 8. The effects of the
nonuniform inflow produced by the vortex are assumed to be the
same as those of a twist on the blade with the twist angle distribu-
tion being equal to the flow angle distribution av(y) produced by
the vortex. Using the coordinates shown in Fig. 8 we write

<xv(y) = arctan —— r,(r)(yv-y)
(1)

where r = VfA2 + (yv — y)2]. The complete angle-of-attack distri-
bution for the blade is a(y) = a& + otv(y).
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: tunnel wall

interaction blade

• tunnel wall
Fig. 8 Geometry and coordinates used in derivation of theoretical shed
vorticity distribution.

The lifting line theory equations used to compute the shed vortex
sheet strength distribution from a(y) depend on the configuration.
In the present situation of a blade that completely spans the wind-
tunnel walls, the relationship between <x (y) and the blade circulation
distribution F&(y) is

1

TTCt/oc
- —— dy;
.' rK,' J-y' dy' (2)

The reflections provided by the wind-tunnel walls will result in the
F/,(y) being periodic over twice the distance between the walls.
Under these conditions, the solution to this equation is the series

I Ttc Y-A / b nn\
rb(y) - bu™\°bT * ̂ ^An\™ + Ty

\nn ]1
— (y+ /i) >lb Jjx cos (3)

where b and h are defined in Fig. 8 and the An are coefficients in
the Fourier cosine series for a(y), i.e.,

Awcos y (4)

This solution is quite different than the solution for a blade with
a finite span in external flow. Now the strength of the vortex sheet
shed from the blade can be calculated as

d^b rr \~^ * ( t> n7t\= --—=^^00 > nAA—-f —
dy ^ \nc 4 IJ n = l,...,oo x '

[nn 1
in —(y + /i)

L b J
(5)

The predicted shed vorticity distribution is, therefore, independent
of at, which, given the limitations of this analysis, implies that the
consequences of its downstream interaction with the vortex should
be independent of the blade angle of attack.

Two calculations of the vortex sheet strength are shown in Fig. 9
for a blade-vortex separation of |A/c| = 0.125. The first is a di-
rect evaluation of Eqs. (4) and (5) using the measured undisturbed
generator vortex circulation distribution at x/c = 10 (see Fig. 5).

-0.3 -.-.-

-0.4 -

-0.5
-0.2

Fig. 9 Comparison between theoretical and measured shed vortex
sheet strengths; experimental data (symbols) from y-z plane measure-
ments at x/c = 15.16.

Another calculation was done with a limit of 0.2 imposed on the
change in lift coefficient that can be experienced by the blade. The
idea of imposing a limit is based on the research of Ham,23 which
suggests that the spanwise pressure gradient supplied by the vortex
limits, through flow separation, the amount of loading that can be
induced on the blade. For typical helicopter rotor BVIs, Ham states
that this limits the maximum incremental lift coefficient to the or-
der of 0.2-0.3. To estimate the shed vorticity distribution from the
experimental data, the y-z plane measurements made at jc /c = 15.16
were used. The vortex sheet strength is simply the difference in
the V component of velocity on either side of the sheet. Because
the sheet actually has a finite thickness, its strength is dependent
on the choice of its edges. We have chosen the lines z/c = - 0.2
and -0.35, which appear to bound the blade wake fluid (see Figs. 2
and 3). Figure 9 shows that the theoretical distribution without any
limit on AC^ significantly overpredicts the strength of the shed
vorticity; however, with AC^ =0.2, the theoretical distribution
matches the shape and levels of the measured distribution surpris-
ingly well. Obviously, additional experimental sheet strength data
for different blade-vortex separations, vortex strengths, and inter-
action blade angles of attack are needed to completely validate the
usefulness of this model. It is likely that the ACLmax parameter will
be dependent on the blade angle of attack and the blade-vortex sepa-
ration (which changes the extent of the spanwise flow on the blade).

The experimental data show that the shed vorticity has a profound
effect on the circulation distribution of the vortex. By the use of a
method similar to Betz's24 theory, the circulation distribution of the
vortex downstream of the interaction can be predicted. It is assumed
that the vorticity contained by an incremental portion of the vortex
sheet lying at a distance r from the vortex center remains at this
distance, but becomes distributed into an annulus. The final circula-
tion distribution of the vortex, is therefore, F/(r) = F,-(r) + 5F(r),
where <5F(r) is the additional circulation provided by the vortex
sheet at r > A, which can be calculated as

«F(r) = I ___ ^ dy =
JJT^tf dy

(6)

Figure 5 shows a comparison between predicted circula-
tion distributions and the distributions calculated from the y-z
plane measurements. The predicted distribution with ACLmax =0.2
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Fig. 10 Axial velocity component autospectra at the core center nor-
malized on freestream velocity and chordlength as a function of down-
stream distance (x/c values listed in legend).

matches the measured distributions for x/c < 20 well. These mea-
sured distributions do not change significantly even though the vor-
ticity field (see Fig. 3) is being distorted. This supports the assump-
tion that the vorticity contained in the interaction blade wake remains
at a constant distance from the vortex center even though the fluid
associated with this vorticity is highly turbulent. It is not until the
vortex core becomes turbulent at x/c = 20 that a marked change in
the circulation distribution is seen.

Spectral Decomposition
Velocity autospectra were measured in the vortex core center at

each location downstream of the interaction. Axial component au-
tospectra normalized on freestream velocity and chord length as a
function of downstream distance are shown in Fig. 10. For a while
following the interaction (x/c = 15.16,15.95, and 17.5), the rolloff
of the autospectra at high frequencies (fc/Uoo > 6) is similar to
the undisturbed vortex suggesting that the structure of the core is
unchanged. Devenport et al.14 provide detailed evidence that the
undisturbed vortex core is laminar. In particular, the rotational mo-
tion of the core would tend to supress high-frequency velocity fluc-
tuations, and the stress field of the core is well predicted by coherent
wandering of the mean velocity field.

Farther downstream (x/c > 20), autospectra appear to indicate
that a significant change in the spectral signature of vortex core
has occurred. Levels at all frequencies jump up at least one-half a
decade, and a short inertial subrange (-1 slope) develops. These
changes may signal that the core has become turbulent. Spectral
levels at frequencies above fc/ U^ = 20 are at least an order of
magnitude greater than those seen upstream at x/c= 15.16-17.5.
This change in signature corresponds directly to the growth of the
core radius, which is seen to occur shortly after x/c = 20.

The jump in spectral levels and the change in spectral shape seen
between x/c — 17.5 and 30 persists regardless of the manner in
which the spectra are normalized. However, different normalizations
do provide a measure of collapse of the spectra for x /c < 17.5 and for
x/c>2Q implying some scaling of the velocity fluctuations. (See
Ref. 10 for several normalizations.) The normalizations presume
that the convective velocity of any disturbances should be close to
*/«.

The best normalization for locations x/c < 17.5 was obtained us-
ing the velocity and length scales of the generator wake (Fig. 11)
that were obtained from the isolated vortex study by Devenport
et al.15 Their data indicated that the evolution of the axial veloc-
ity and turbulence profiles in the flat portion of the wake far from
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Fig. 11 Axial velocity component autospectra at the core center nor-
malized on vortex generator wake scales at various locations down-
stream (x/c values in legend).

the core was well described by only one length and one velocity
scale (Lw and Uw), which grow and decay, respectively, approx-
imately as the square root of the streamwise distance. Using this
normalization, the autospectra collapse onto two distinct bands. For
frequencies fLw/Uoo > 2, the spectra for x/c= 10, 15.16, 15.95,
and 17.5 collapse onto nearly the same curve. The collapse of the
curves farther downstream (x/c > 20) is not easily explained and is
most likely coincidence. Devenport et al.15 conclude that this scaling
works in the case of the undisturbed vortex because the velocity fluc-
tuations in the laminar flow core are the result of inactive motions
produced as it is buffeted by the surrounding wake turbulence. The
length and velocity scales of the highly turbulent blade wake might,
therefore, be more appropriate scales for x/c > 20. Alternatively,
if the velocity fluctuations in the disturbed core are a consequence
of turbulence generated by its rotational motion, V^ and r\ would
seem to be appropriate scales. However, neither of these scalings
produces significant collapse of the spectra. Only scales based on
the axial velocity deficit profile of the vortex core produce much
collapse of the spectra for x/c > 20 (Ref. 10), the collapse being
best in the midfrequency inertial subrange.

Turbulence Kinetic Energy Production
The interaction between the positive vorticity of the vortex and

the negative vorticity of the blade wake has been identified as a likely
cause of the turbulence kinetic energy production. A close look at the
contours of turbulence kinetic energy production is shown in Fig. 4.
A series of points evenly spaced by 0.025c has been identified on the
contours, which starts in the center of the nearly two-dimensional
portion of the interaction blade wake and follows the ridge of max-
imum axial normal stress levels (indicative of the wake centerline)
toward the peak at (0.55, -0.03). Obviously, without the effects of
the interaction there would be no changes along this path. At each
point, an aligned coordinate system is defined such that the s di-
rection is tangent to the curve that passes through the points and
the n direction points toward the center of curvature. (Mean veloc-
ities in the s and n directions are denoted Vs and Vn, respectively.
Fluctuating velocities in the 5 and n directions are denoted vs and
vn, respectively.) The turbulence kinetic energy production in this
coordinate system is

du du

(7)
if streamwise derivatives are ignored and continuity is satisfied.
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Production remains roughly uniform between locations 1 and
5, but increases rapidly between locations 5 and 22, where the
wake has been significantly distorted by the vortex. The two
terms -Tn^(dU/ds) and -m^(dU/dn) have negligible contribu-
tions along this path, which is almost entirely due to the in-plane
stresses multiplying the rates of stretching (dVJds) and skew-
ing (3Vn/3s + 8Vs/dn). [Note -uv^(dU/dn) is certainly the main
source of production in the two-dimensional wake away from its
centerline.] These strain rates produced by the rotating velocity field
of the vortex increase along the path to reach maxima near location
25, where thebladewake appears to form a cusp. The corresponding
stress terms, u2 - v] and lv^, also become larger along the path, a
symptom of the growing anisotropy of the Reynolds stress tensor as
one moves from the undisturbed blade wake to the cusped region.10

The stretching of the in-plane vorticity of large energy containing
eddies is a likely cause of this anisotropy.

Conclusions
Experiments were performed to document the turbulent flowfield

resulting from the interaction of a streamwise vortex with a NACA
0012 airfoil (referred to as the blade) at 5-deg angle of attack in
incompressible flow. The configuration was arranged so that the
vortex missed the blade by 0.125c, passing to the pressure side. De-
tailed three-component velocity and turbulence measurements were
made using a miniature four-sensor hot-wire probe to document the
downstream development of the vortex.

The vortex passes the blade without immediate change in the form
and structure of its core. Outside the core, the flow is modified by
the blade wake, which bisects the spiral arm of the vortex. The blade
wake contains a significant amount of negative streamwise vorticity
produced by the angle-of-attack distribution induced by the passing
vortex. This negative vorticity and the turbulent motions of the blade
wake appear to trigger the rapid decay of the vortex. Specifically,
a tongue of turbulent fluid formed initially in the region of peak
negative vorticity grows rapidly to engulf the core stimulating an
increase in it size, a reduction in its strength, and a loss of circulation
as its vorticity is partially cancelled by the blade wake. The manner
in which these changes occur bears at least a passing resemblance
to the turbulent decay of a Taylor vortex. As the core decays, the
circulating velocity field outside it winds up the remainder of the
blade wake, further increasing the size of the turbulent region in
which the core has become embedded.

A simple theoretical model has been developed using modified
forms of Prandtl's lifting line theory and Betz's theory. The model
predicts the circulation distribution on the blade in the presence of
the vortex and, thus, the strength of the negative vorticity shed into
the blade wake. With an empirical limit imposed on the change in
local blade lift coefficient that the vortex may produce, the model
quite accurately predicts the measured vortex sheet strength and
circulation distribution in the vortex immediately following the in-
teraction. The model also shows that the shed vortex sheet strength
is independent of blade angle of attack. Therefore, we expect blade
angle of attack to be only a weak factor in the development of a
vortex downstream of a perpendicular blade vortex interaction.
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