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Instantaneous Three-Dimensional Vorticity Measurements
in Vortical Flow over a Delta Wing

A. Honkanxand J. Andreopoulos'
City College of the City University of New York, New York, New York 10031

An attempt is made to explore the structures in the vortical flow over a delta wing by spatio—temporal measure-
ments of velocity vectors and subsequent evaluation of vorticity vectors. A novel probe, with good spatial resolution,
to measure the multipoint velocity vector has been designed and constructed. Tests results of the statistical proper-
ties from the measurements of instantaneous velocity and vorticity vectors in the turbulent boundary layers gave
confidence to investigate the vortices over a 45-deg-swept-back delta wing and to explore their complex structure
with this probe. The present measurements indicated the existence of discrete stationary vortices in the feeding
shear layer region as well as a primary vortex where mean vorticity is at maximum and where the mean velocity ex-
cess is about 1.3Uj. Large vorticity fluctuations, of the order of three to six times the mean vorticity, were measured
between the low speed side of the shear layer and the surface of the delta wing. Such fluctuating vorticity statistics
are presented for the first time. The shear layer reattachment zone and the region of secondary separation are
associated with intense turbulence activities. It is also shown for the first time that secondary vorticity of alternating
sign is generated at the wall of the delta wing through measurements of time- and space-resolved wall vorticity flux.

Nomenclature

= rms of pressure fluctuations coefficient
pil (1/2pU2)

= Reynolds number based on chord length

= rate of strain tensor

= semispan

= instantaneous velocity components along x, y, and
z directions, respectively

= freestream velocity

= velocity fluctuations about mean along x, y, and z
directions

=angle of attack

= circulation

= dissipation rate of turbulent kinetic energy

= Kolmogorov length scale, [}/ £]/4

= tan—! Aw/ A@ orientationangle of o,

= swept-back angle

= fluid viscosity

= kinematic viscosity

= fluid density

= vorticity flux vector, (0./ 0y, 0@,/ 0y, 0/ 0y)

= vorticity flux tangential to the wall,
(©w./dy, 0./ 0y)

= instantaneous vorticity components along x, y, and
z directions, respectively

= vorticity fluctuation

= vorticity fluctuations about mean along x, y, and z
directions, respectively

= turbulent kinetic energy, (12 + v2 + w?)

= enstrophy, 1[ @ + @} + 2]
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I. Introduction

HE role of vorticity in gaining further insight into the ori-
gin, evolution,and structure of vortex-dominatedaerodynamic
flows is well established. However, progress in better understanding
several of the physicalaspects of these flows is hampered by the lack
of experimental techniques capable of measuring accurately three-
dimensional, time-dependent vorticity. The most typical example
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of vortex-dominated flows, which is of great importance due to its
significance in applications, is the flow over a delta wing.

When a flow approaches a delta wing pitched at certain angle of
attack, two spiraling vortices are formed as the flow separates into a
pairof'shear layers at the leading edges.! 2 These vorticesincreasein
size as they are convected downstream by the streamwise velocity
of the outer flow. It has been shown by many investigators that
strong vortices in proximity to a solid surface can induce an adverse
pressure gradient at the wall, which can cause unsteady separation
of the wall layer and promote the generationof opposite vorticity,’*
which enters the flow from the upper wall in the form of the so-called
secondary vortex.

The developmentof highly maneuverableairplaneshas prompted
a significant amount of research that is focused mainly on the dy-
namic stall and vortex breakdown phenomena associated with the
sudden pitching motions of airfoils.>~ Ironically, the structure and
the behavior of the vortical flow over a stationary delta wing has
attracted less attention although an appreciable amount of the lift
is generated by this pair of vortices. Because of the enhanced lift,
stalling of the delta wing is delayed for larger angles of attack that
are beyond stall for conventional wing forms.

In the literature there appear to be many flow visualization ex-
periments carried out in air or water,!*~* a few with mean velocity
measurements,!!* 14:15 several investigations with one componentof
mean vorticity measurement, ¢ 17-1%-35 one with very limited turbu-
lence measurements,'! and many computational studies of the flow
over delta wing with unburst vortices.!:2

The feeding shear layeremanating fromthe leadingedge has been
observed in flow visualizations by Gad-el-Hak and Blackwelder'!
to roll periodically into discrete vortical structures, which grow by
pairing. Vortical substructures, which rotate around the primary vor-
tex, are formed. The formation of these vortices is attributed to
Kelvin—Helmholz instability. Smoke flow visualizations by Payne
et al.'* in highly swept delta wings indicated the formation of sta-
tionary cellular substructures that do not rotate around the primary
vortex. Lowson et al.!® also observed similar structures in the same
delta wing geometries and Reynolds numbers, which, however, dis-
appeared at higher Reynolds numbers. Washburn and Visser!? at-
tributed the presence of ordered vortical structures to crossflow in-
stabilities.

Flow visualization experiments maybe very misleading because
the diffusion coefficient of dye or smoke is considerably higher
than the diffusion coefficient of vorticity. The transport equation of
vorticity is
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Fig.1 Coordinate system and flow structure.

and it is obviousthat the diffusion coefficient is the fluid viscosity v
and, therefore, the Schmidt number of the dye used may be greater
than 1. Thus, the vorticity/momentum interface may be different
from the dye interface. Quantitative measurement of vorticity ap-
pears to be the best way to explore the highly ordered structures of
the shear layer, which are of great fundamental interest.

The present experiment attempts to address the role of vortic-
ity distribution in the leading-edge vortices over a delta wing of
45-deg-sweepangle for the first time. This particular geometry for
the model was chosen for two reasons: 1) extrapolation of exist-
ing data allowed to safely assume no vortex breakdown,!! and 2)
no time-dependent velocity/vorticity vector measurements were at-
tempted for such low-sweep triangular planforms. In addition, the
structure of the near wall flow close to the reattachment and sec-
ondary separation is investigated by means of some novel measure-
ments of wall vorticity flux. This term is very important in under-
standing vorticity dynamics in a particularflow because it represents
the rate of creation of vorticity at a solid boundary, which subse-
quently is shed inside the flow.

The major feature of the present contribution is the high-
resolution measurement of turbulence, in space as well as in time.
The spatial resolution of our vorticity probe is of the order of four
Kolmogorov viscous microscales. To the best of our knowledge,
these data represent the most resolved measurements of vorticity in
a flow over a delta wing. Our vorticity flux data are equally well
resolved in space and time.

The results obtained can provide guidance in turbulence mod-
eling, improve calculation methods for vortical flows, and help in
better understanding some of the physics of the flow.

Experimental Setup
Flow Facility

Allof the experimentalinvestigationswere carried out in the wind
tunnel of Mechanical Engineering Department, City College of the
City University of New York. It is an open-ended suction type with
a 4,4 ft cross section and a 20-ft-long working area. To minimize
vibrations, the working section was isolated from the downstream
fan and motor.

The 45-deg-sweepdelta wing model was fabricated from 9.5-mm
aluminum stock and has a root chord of 305 mm and span of
610 mm, thus giving an aspect ratio of 4:1. The leading edges were
beveled at 30 deg, whereas the trailing edge was square. The model
is suspended in the center of the working section of the wind tunnel

with the help of a supporting mechanism, which consisted of two
aluminum struts hinged on the bracket fitted on the top of the wind
tunnel. A cross member across the two struts made the model stay
rigid in the flow and also allowed for a lead screw to be mounted
inside in such a way as to enable the wing to be pitched at any de-
sired angle of attack between 0 and 45 deg. The model was installed
inverted in the tunnel, as shown in Fig. la. Figure 1b is a sketch of
the expected flow structure associated with the inverted position of
the model.

Instrumentation

A better understanding of the vortical structure of the flow re-
quires measurements of highly fluctuating velocity vectors. A care-
ful use of triple orthogonal hot-wire probes (TOW) can provide
the required information in this three-dimensional separated flow,
which containsrather limited reverse flow regions. Such probeshave
been used extensively in the past, and the techniques associated
with their application have been described by Andreopoulos?® and
Andreopoulos and Honkan.3*-3¢ Error analysis*! has shown that the
expected uncertainties range from 6% in the regions of 30% turbu-
lence intensity to 12% in the regions with 50% turbulence intensity.
Measurements in flows with turbulence intensities higher than 50%
should be interpreted with caution, and the methodology suggested
by Maciejewskiand Moffat*? should be adopted. The vorticity probe
consisted of three triple hot-wire probes.

The hot-wire sensors of the vorticity probe were operated by
nine-channel constant temperature anemometers, model S6CO1/
C17 manufactured by Dantec Electronics, Inc.

Pressure fluctuations were measured by high-frequencyresponse
and high-sensitivity, subminiature, Kulite® pressure transducers
model XCS-62-5-D. For the measurements of wall pressure gra-
dients in two directions and, therefore, the evaluation of vorticity
flux away from the wall, four of these transducers were used.* The
module with the four transducers was inserted in two different po-
sitions on the delta wing, one on the line of symmetry at z/s = 0.0
and a second at z/s = 0.5, both at X/ ¢ = 0.7. The location off the
centerline is approximately below the primary vortex.

In situ calibrations, including those for yaw and pitch response of
the probe, were carried out in the inviscid core of the flow, once prior
to the data acquisitionsessionand then at the end of the experiment.
Details of the techniques and estimates of scales resolution by the
probe are provided by Refs. 23-25 and 34.

The 3TOW probe was placed in the delta wing flow with
freestream velocity of 3 m/s and Reynolds number based on the
chord of the delta wing Re = 5.8615 y, 10*. The anemometer out-
puts of all nine hot-wires were low-pass filtered at 2 kHz and were
observedon the oscilloscopesbefore digitizingat a 5-kHz sampling
rate. The data were collected for about 61 s and streamed to the hard
drive before mass storage on tapes. The flowfield was scanned at
several spanwise and normal positions at 15-deg angle of attack.
At each measurement location, the probe axis was aligned appro-
priately with the anticipated mean flow direction while the ambient
temperature was monitored at regular intervals.

The problem of spatial resolution of the probe is the most impor-
tant issue in the measurements of vorticity fluctuations. It has been
shown?®-28 that most of the contributions to vorticity fluctuations
come from the high wave number of the spectrum, i.e., small scales
that are of the order of the Kolmogorov length scale 7. If the probe
size is very large in comparison to 7, then spatial attenuation will
result in considerably underestimated statistics of vorticity fluctua-
tions. Estimates of the flow scales in the present case indicated that
the resolutionof each of the individual 3TOW probes was of the or-
der of 27, whereas the separation among them was about 47. Thus,
the present highly resolved measurements of vorticity can provide
information down to the dissipative scales of turbulence.

A wet surface technique was used to identify the flow structure at
the wall of the wing. Carbon powder was mixed with small quantities
of deodorized kerosene, and the mixture was spread on the entire
surface of the delta wing.

The vortical structures of the flow above the delta wing were
visualized by using smoke illuminated by a thin light sheet from
an Ar" laser. The sheet was formed by the reflection of the laser
beam on rotating mirrors. The smoke was introduced at the apex
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of the wing through internal tubing or upstream of the wing by a
small-diameter brass tube. The visual observations were recorded
by a charge-coupled-devicevideo camera. All images were postpro-
cessed by using a frame grabber and appropriate image processing
software.

Results

To assessthe performanceofthe vorticity probe, measurementsof
the velocity and vorticity fields in the zero pressure gradient bound-
ary layer were carried out first. The results of this investigationwere
compared with the experimentaldata of Balint et al.>® and the direct
numerical simulationresults of Spalart.?’ Details of this comparison
are described by Honkan?® and Honkan and Andreopoulos?® and in
the recent review article by Wallace and Foss.?!

Note that, whereas the resolution in the boundary layer exper-
iment was of the order of eight Kolmogorov viscous scales, the
resolutionin the present experiment has been improved to four Kol-
mogorov scales.

The viscous sublayer of the turbulent boundary layer contains
higher mean velocity gradients and/or vorticity than the delta wing
vortices. At y* =12.5, the location closest to the wall where
measurements were obtained, the mean velocity gradient is about
dU*/dy* = 0.35, which corresponds to dU/ dy », 380 s—'. This
value is very close to theoretical predictions. In the delta wing ex-
periment, the maximum nondimensional vorticity (shown in a sub-
sequent figure) is about 25, which corresponds to about 250 s—!.
Thus, the viscous sublayer was a more severe test for the probe than
that of the delta wing vortex.

What is important, however, is not the mean velocity gradient but
its instantaneous value, which includes the fluctuating part. Thus,
the probe should be able to respond to the demands of the instan-
taneous vorticity vector. The reason is that in both flows vorticity
fluctuationsare large, i.e., of the orderof the mean vorticity or higher.
The rms of the fluctuations is about 270 s—! in the boundary layer
and about 300 s—' in the delta wing. Thus, the magnitude of the
instantaneous vorticity is about the same. In fact, both experiments
were designed to provide similar flow conditions and to maximize
spatial resolution.

It also appears that the agreement of the boundary-layer data
with the data of Balint et al.?® is very satisfactory. This provides
confidence in the experimental techniques used in the present in-
vestigation.

The flow visualization studies indicated the absence of vortex
breakdown over the delta wing. A leading vortex with an isolated
center was observed, and a smaller secondary vortex close to the
surface was also visible. Secondary vortical structuresin the feeding
shear layer have been identified in many flow images. Figure 2
shows the primary vortex in a lateral cross section at 15-deg angle
of attack obtained at a cross section of X/ ¢ = 0.85. Figures 3 and 4
show imprints of the limiting streamlines on the surface of the delta
wing at o = 20 and 40 deg, respectively. The direction of the oil
streaks represents the direction of the wall mean shear, whereas
an indication of the shear stress magnitude can be obtained from
the amount of oil (white color) deposited on the streaks, this being
greater at low shear areas. Thus, dark regions are characterized by

[ g —

Fig.2 Photograph of flow by a laser sheet at X/c = 0.85.

Fig.4 Imprint of surface limiting streamlines, X = 40 deg.

high shear and may be associated with flow reattachment, whereas
light regions indicate low shear regions, which are closely related
to separation. Accordingly, the reattachment line at X/ ¢ = 0.85 is
located at about z/s = 0.25, and the secondary separation line at
about z/s = 0.66 in the case of ct= 20 deg. As the angle of attack
increases, both lines move toward the plane of symmetry and the two
primary vortices start to approach each other while at the same time
they keep inducing the common fluid between them to move toward
the wing surface. At a = 40 deg, both shear layers are in contact
and directly interact with each other. As a result of the induced flow
reattachment on the wing surface and the interaction of the two
shear layers, the pressure field at the surface is highly fluctuating.
This is shown in Fig. 5, where the rms of pressure fluctuations
measured at the plane of symmetry at X/ ¢ = 0.7 is plotted vs the
angle of attack. At small values of o, the level of fluctuations is
small. For a> 15 deg, the rms suddenly increases and peaks at o=
20 deg with a value 3.5 times larger than that at a= 0 deg. When
the angle of attack further increases, the rms drops to a smaller
value, which remains constant for all > 25 deg. In unseparated
two-dimensionalturbulentboundary layers, the rms of wall pressure
fluctuationsis related to the local skin-frictioncoefficient. However,
in the present case the high level of pressure fluctuations at the
plane of symmetry z/s =0 is associated with fluid impinging on
the wing surface. The helical motion of the fluid induced by the
primary vortex causes the flow to reattach, resulting in high-pressure
fluctuations, which appear to be correlated with the normal-to-the-
surface velocitycomponent ¥ ratherthan with the U or W. At o= 20
deg, it appears that the outer part of the shear layer is impinging
the surface at the line of symmetry, resulting in an increase in the
amplitude of pressure fluctuations.

The level of pressure fluctuations at z/ s = 0.5 as a functionof the
angle of attack is also shown in Fig. 5. Large pressure fluctuations
have been measured at small angles of attack, which is indicative
of flow impingement at this location. As « increases, the level of
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Fig.6 Isocontour distribution of mean vorticity in the longitudinal di-
rection: mean vorticity Q.s/Uy; X=15 deg, XIc=0.85, Re = 5.86 X 104

pressure fluctuations decreases, most probably because the point of
reattachment moves toward the plane of symmetry. The physics of
the reattachmentand secondary separation, as well as the formation
of the secondary vortex, will be further addressed later in relation
to the results of vorticity and wall vorticity flux.

The flow visualization studies of the delta wing experiment in-
dicated a remarkable symmetry of the large primary vortical struc-
tures about the XoY plane and, therefore, hot-wire measurements
were carried out in the positive z quadrant only. The measurements
shown here have been obtained at a nondimensional chord location
X/ ¢=0.85 when the angle of attack was 15 deg.

Data were obtained at about 100 different locations on the posi-
tive z/ negative y quadrant of the zoy plane of the flowfield. Spline
routines were used to interpolatethe data for isocontourplots. Thus,
the number of data points within the original grid has been in-
creased through interpolation. Tests were carried out to verify that
this interpolation did not produce artifacts and unrealistic data by
varying the number of interpolated data.

Figure 6 shows the isocontours of the mean axial vorticity pro-
jected onto a crossplane. The spanwise and normal distances are
normalized by the local semi span s and vorticity by Up/s. Strong
streamwise vortical structures generated inside the shear layer as
it wraps around the wing can be identified by the pockets of high
positive mean axial vorticity. Peak values of normalized positive
vorticity of the order of 25 have been measured inside the shear
layer. That these secondary vortical structures are detected in this
time-averagedistributionof vorticity indicatesthatthey have a rather
well-defined spatial pattern. The traditional secondary vortices car-
rying vorticity of opposite sign, known for some time to exist near
the wall, can also be identified in Fig. 6 at about z/s = 0.7 and
yls = _0.12. For visual aid only, the locations of high positive or
negative mean vorticity peaks have been identified by black perime-
ter boxes. The reattachment zone is also designated similarly. For
the purpose of reference, these visual aid signs are retained in all of
the isocontour plots of various quantities to be shown here.

The isovelocity contours of the axial component, normalized by
the incoming freestream velocity Uy, are plotted in Fig. 7. An impor-
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Fig.7 Isocontour distribution of mean velocity in the longitudinal di-
rection: mean velocity UlUy; X = 15 deg, XIc = 0.85, Re = 5.86 X 10°.

tant feature of the delta wing velocity field, which is rather difficult
for prediction methods to reproduce, is the large axial velocity ex-
cess up to 1.3U, observed in the region of the flow that coincides
with the location of maximum mean axial vorticity. If it is assumed
that the axial vorticity peaks near the center of the vortex, where
pressure is lowest, then it can be argued that the flow accelerates
over the apex and the axial velocity increases over its freestream
value, reaching a maximum at the center of the vortex. These indi-
catorsallowed the estimation of the locationof the core of the vortex
to be at approximately z/ s ~ 0.55 and yls ~ 0.22, as observed in
the plots of mean vorticity and mean velocity components shown in
Figs. 6 and 7, respectively.

In addition to the core of the primary vortex, which is charac-
terized by a substantial velocity excess, the peaks in the distributed
vorticity of the feeding shear layer are also associated with mean
velocities in excess of the freestream velocity by about 10%.

It appears that there are three different regions inside the present
flow that possess distinct characteristics. Besides the feeding shear
layer with the distributed vorticity leading to the formation of the
primary vortex, there is the wake region of the wing and the reattach-
mentregionofthe wall impinging shear layer where strong shearand
the adverse pressure gradient can cause bursting of the wall layer.

The most important feature of the wake region is the mean ve-
locity defect. The results of Fig. 7 indicate a large flow region with
mean velocity 0.3U in the area close to the wall and a region of
high mean shear between the shear layer and the wake. The sec-
ondary vortex, which carries negative vorticity, is associated with
a large velocity defect. Thus, the secondary vortex is characterized
by a wakelike mean velocity profile, whereas the primary vortex
is associated with a jetlike mean velocity profile. Another notice-
able difference between the secondary and primary vortices is their
strength. The magnitude of vorticity in the secondary vortex is only
1 of that of the primary vortex.

Typically, although not very satisfactory, the core is defined as
the region between the location where the azimuthal velocity Vp is
zero (centerof the vortex) and the location where 7y is maximum. A
more meaningfuland more suitable to the present case choice would
be to define the core as the region of significant vorticity. According
to this definition, the core size of the primary vortex appears to be
0.085 4,0.04s, whereas the core size of the secondary vortex is about
0.085 5 0.08s.

The’ circulation I of the primary vortex, which expresses its
strength, was obtained by integrating the vorticity distribution over
an area defined by a curve surroundingthe vortex. It was found that
T"had a value of 0.08s U at the core perimeter of the vortex, whereas
at a distance of 0.2s from the center I" reached a value of 0.4sU,.

Most of the previous vorticity measurements were restricted to
one-dimensionalmean values. Although particle image velocimetry
can yield multipoint velocity measurements on one plane, it cannot,
at the present time, provide highly resolved three-dimensionaland
time-dependent information. In the present work, substantial mean
vorticity was found in the normaland spanwisedirections, indicating
that the mean vorticity vector is tilted.

The distribution of the other two mean vorticity components €2,
and (2 is shown in Figs. 8 and 9, respectively. In a flow with a plane
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Fig.8 Isocontour distribution of mean vorticity in the normal direc-
tion: mean vorticity Q,s/Uy; X=15 deg, X/c=0.85, Re=5.86 X 104
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Fig.9 Isocontour distribution of mean vorticity in the spanwise direc-
tion: mean vorticity Q,s/Uy; X=15 deg, XIc=0.85, Re=5.86 X 104

of symmetry, such as the present one, €2, and €2, are expected to
have an antisymmetric distribution, whereas €2 is expected to have
a symmetric distributionabout the plane of symmetry z/ s = 0. In the
first case the values of both quantities should cross zero at the plane
of symmetry. The present measurements show very small values of
€, and €2, at z/ s =0, which are indicating that the flow is indeed
symmetric. The measured values of €2, are rather low inside the
separated shear layer region and the primary vortex, which suggests
a 20-deg orientation of the vortex lines with respect the horizontal
plane xoz. The £2. componentis also small close to the leading edge
and inside the shear layer, but it grows substantially away from the
leadingedge and reaches a nondimensionalvalue of 21 in the region
of the primary vortex and farther toward the reattachmentarea. The
vortex line orientation with respectto the oz axis is 55 deg in the area
of the primary vortex and 68 deg in the shear layer of distributed
vorticity. The streamline orientation is about 110 deg in the same
regions.

The maximum level of mean nondimensionalvorticity in the lon-
gitudinaldirection present in the flow is about 25. Measurements of
mean longitudinalvorticity ina delta wing configuration with swept-
back angle A= 60 deg, reported in the work of Agrawal et al.,*
show a maximum value of about 17 for a vortex before burst and a
value of 0.6 for a vortex after burst. The measurements of Lowson
etal.!®* also indicate a maximum value of mean vorticity of 12 for
a delta wing with A= 85degand a= 12.5 deg. Direct quantitative
comparison of these data with the present results is not possible be-
cause of the different delta wing geometries and Reynolds numbers
used in the three experiments. However, some qualitative compar-
ison can be attempted. It appears that all measurements of mean
vorticity are within the same order of magnitude. It is also known
that mean vorticity decreases with increasing swept-back angle A.
Therefore, it is not a surprise that the value of mean vorticity mea-
sured in the present experiment is higher than those measured in the
other two experiments. Comparison of the present data with those
of Agrawal et al.?® for the case of a vortex after burst also suggests
that no bursting occurred in the present experiments.

Figure 10 shows the isocontour distribution of turbulent kinetic
energy 1¢” normalized by Ug. The distribution of the individual
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normalstressesof the completeReynolds stresstensoris very similar
to the distribution of turbulent kinetic energy. The most striking
feature of the distributionof turbulentkinetic energy is its extremely
low values measured inside the feeding shear layer. Turbulence is
mainly confined in the wake region; in the region of high shear,
which is located between the wake and the shear layer; and in the
reattachment zone. Therefore, it appears plausible to consider the
entire high-speed side of the feeding shear layers turbulence free
and, in particular, the core of the primary vortex as nonturbulent.

Thereare several peaks of %qz inthe high mean shearregionofthe
flow, which indicate substantial turbulent activities. This region is
characterized by large mean velocity gradients 9U/dy and 0U/ 0z,
whereas the peaks of %qz coincide with the location where these
gradients are at maximum. Three of the four peaks are associated
with the secondary vortex, which appears to be highly turbulent,
whereas the fourth peak is located next to the reattachment zone.
The area between the secondary vortex and the primary vortex or
distributed vorticity, i.e., the low-speed side of the shear layer, is
the high shear region where the mean velocity U increases from
0.3U, to 1.3U, i.e., a 1.0U, velocity change within a rather small
distance.

The level of vorticity fluctuations in the present flow can be seen
inFig. 11, where isocontours of nondimensionalizedfluctuating en-
strophy are plotted. The extent of the region with substantialenstro-
phy distributionis remarkably similar to that of %qz. The high-speed
side of the shear layer and, in particular, the core of the primary
vortex are characterized by an extremely low level of fluctuating
vorticity suggesting a rather stationary pattern of the vortex and of
the region with distributed vorticity. On the contrary, the low-speed
side of the shear layer, where the mean shear is extremely high,
seems to be associated with a highly fluctuating vorticity field. The
maximum value of enstrophy fluctuations appears to be about twice
the value of the square of the mean vorticity (2, measuredat the core
of the primary vortex and takes place at the location of maximum
mean vorticity gradients. Considerationof the transportequationfor
@ @ suggests that the gradient productionterm _;@0£2/0x; isa
source term that indicates the exchanges of vorticity between @} @
and €2.Q2; (Ref. 30). This process is similar to that described by the
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turbulent kinetic energy production term _u;u;S;;, which shows
the exchange of energy between U,;U; and u;u;. The present data
indicate that the gradient production term _u,;@0€2/0x; has the
most dominant contribution in the balance of fluctuating enstrophy.

The physics related with this highly fluctuating vortical field is
not yet understood. A spatial wandering of the secondary vortex in
the yoz plane may cause substantial vorticity fluctuations. This ex-
planationseems to be quite plausible bearing in mind that the vortex
originated at the wall and that its mean position found away from
the wall. However, this phenomenon cannot account entirely for
the high levels of vorticity fluctuations, particularly for the positive
ones, which are opposite in sign to that of mean vorticity. The mean
vorticity 2, of the secondary vortex, for instance, is about _8 (see
Fig. 6), whereas the rms of the @, fluctuationsabout the mean value
is of the order of 35 (not shown here). Thus, a substantialamount of
fluctuationappearsto be of opposite sign to that of mean €2,. Spatial
wandering of the secondary vortex cannot explain the presence of
opposite sign vorticity.

A second mechanism, based on the well-known structuresof rolls
and ribs found in two-dimensionalshear layers separated from sharp
edges normal to the flow, may provide some explanation of the
physics of this flow region. Rolls are the nominally spanwise vor-
tical structures that are connected by counter-rotating longitudinal
vortices, the ribs. As the sweep angle of this sharp edge increases,
it is very possible that this basic structure still exists but the rolls
and the ribs are swept backwards and stretched in the longitudi-
nal direction. It is obvious that the ribs and rolls have a substantial
component of vorticity in the longitudinal direction. The rolls con-
tribute to the primary vortex and the distributed vorticity of the shear
layer, whereas the counter-rotating vorticity of the ribs is part of the
vorticity found in the secondary vortex. This explanation basically
implies thata helical mode of instability is present in the swept-back
shear layer, a hypothesisthat is very possibly true but not yet proven
theoretically to exist in this flow.

A third mechanism that has to be considered is the existence of
a Taylor-Gortler type of instability, which may produce vortices
of alternative sign. These counter-rotating vortices may cause the
large rms values measured in this region of the flow. This instabil-
ity is a result of destabilizing effects of centrifugal forces associ-
ated with streamline curvature. The curvature Richardson number
Ri = _2U/ R/I[0U/dy + U/ R], where R the radius of curvature,
is the parameter that defines the destabilizing or stabilizing effect
of streamline curvature. A typical mean velocity profile (such as
that shown schematically in Fig. 12) is not monotonic and contains
two inflectional points. A spiral streamline is shown around the vor-
tex. The sketch indicates that streamline curvature can be convex or
concave. In the outer part of the vortex, streamline curvature has a
destabilizing effect and a stabilizing effect in the inside region be-
tween the vortex and the leading edge where the feeding shear layer
is located. Thus, Taylor-Gortler vortices most probably cannot ex-
ist in the inside region. Even in the region across the vortex, where
streamline curvature could cause instability,the Richardsonnumber
reaches very low values, indicating that centrifugal forces are not
large enoughto initiate the instability process. This also explainsthe
lack of vorticity fluctuations in the outer region of the vortex. Thus,
the most likely mechanism appears to be that of a helical mode of
instability.

mean velocity profile

Fig. 12 Schematic of streamline curvature effects.

It is rather difficult to define the mean position of reattachment of
a spiraling three-dimensionalshear layer from mean velocity mea-
surements, particularly in a vortex dominated flow, which contains
no stagnatingstreamlines. In the present context, reattachmentis de-
fined as the region of the flowfield where mean V” and mean €2, van-
ish. This definition, although not entirely satisfactory, is supported
by the measurements,as wellas by the flow visualizationresults, par-
ticularlythe surface imprints of the limiting streamlines. As the sepa-
rated shear layer approachesthe wing surface, considerablereorien-
tationof the vorticity field takes place to satisfy the boundary condi-
tion €2, = 0 atthe solid surface. It is particularly interestingto see in
Fig. 8 the gradualdecreaseof mean (2, inthearea belowthe reattach-
ment zone, which is also associated with a reductionin mean V" (not
shown here). The presenceof a strongly negative gradientd ¥/ dy in
thisregioncompressesthe vortex lines and, thus, it reduces £2,. Note
that the requirement for €2, = 0 at the surface at all times is a result
of theno-slipconditionat the wall, which holds for the entire surface
of the delta wing, not only for the reattachment zone. The particular
feature of the presentreattachmentzone is that mean €2, approaches
zero at several locations away from the solid wall. At the same time,
the component of vorticity in the spanwise direction increases con-
siderably, indicatinga substantialreorientationof the mean vorticity
vector in that area. This is shown in Fig. 9, where the distributionof
mean €. is plotted. Values of nondimensional{2.s/ Uy up to 25 can
be observedin the reattachmentzone. However, these high values of
€. cannotbe entirelyattributedto reorientationof shear layer vortic-
ity. New vorticity is generated at the wall by the high-speed fluid of
the reattachingshear layer moving in the vicinity of the wall because
of the no-slip conditionat the wall. As a result of this interactionbe-
tweenthe wall and the reattachingspiralshear layer, which is charac-
terized by high shear, the flow produces a large amount of turbulent
kinetic energy, as shown in Fig. 8. Thus, the reattaching shear layer
becomes turbulent, followed by the generation of new vorticity 2.

Accordingto the flow visualizationresults, secondary separation
of the wall layer has taken place at about z/ s = 0.66. This area is
located above the secondary vortex, and the measurements indicate
some flow features that provide evidence of sudden bursting of the
wall layer. The mean flow components suggest an outward flow
direction, i.e., away from the wall while mean €2, and 2. reach
high values. Large values of vorticity and velocity fluctuations are
also present in this region, which is indicative of the highly unsteady
nature of the flow.

Wall Vorticity Flux

The quantity that describes the process of vorticity production
at a solid boundary is the vorticity gradient normal to the wall
_[0a@f 0y]yan, which is called vorticity flux density, a term first
introduced by Lighthill 37 who defined it for two-dimensionalflows
by analogy to Fourier’s heat conduction. The term vorticity flux de-
scribes the rate of vorticity productionat the wall, which then enters
the flow. In that sense it is more important to know the amount of
vorticity entering the flow than vorticity at the wall. However, vor-
ticity dynamics inside the flow are best described by using vorticity
as a variable. According to the theory of Wu and Wu,*® vorticity
flux can be directly linked to the aerodynamic forces of lift and drag
acting on a body.

The momentum equationevaluated at the wall, where the velocity
vector is identically zero because of no-slip conditions, yields

dap _ 0w

3 - —H a 2
and

dap _ 0.

i #E (3)

At the wall, there is no stretching of vortex lines and the term S;;.€2,
in the transport equation of vorticity (1) vanishes so that the rate of
change of vorticity is entirely produced by the diffusion term

DR _[,0Q
Dt W anan W
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The preceding equations indicate that the wall pressure gradient
is generating a flux of vorticity into the fluid and show that there is
a strong coupling between pressure and vorticity. This relationship
is not apparent in the vorticity transport equation because the latter
does not include any pressure terms as shown in Eq. (1). If these
pressure gradients can be measured instantaneously, then the vor-
ticity flux away from the wall can be computed as a time-dependent
function.

Four miniature pressure transducers supplied by Kulite semicon-
ductor were used to measure the required pressure gradients in two
directions. Details of the techniques used and a discussion on the
results obtained in a two-dimensionalboundary layer can be found
in the recent work by Andreopoulosand Agui.* In the present case,
the module with the four transducers was inserted at two different
positionson the delta wing, one on the line of symmetryat z/s = 0.0
and the second at z/ s = 0.5.

In the present context, the coordinate system is aligned with the
surface of the wing. Thus, the vorticity flux tangential to the wall

o= 2] e
T ay H'l - ay w

can be directly estimated from the two measurable pressure gra-
dients. The third component in the normal to the wall direction,
0@,/ 0y, could not be measured.

One remarkable property of vorticity and vorticity flux is that
fluctuations are considerably larger than the corresponding means.
The measurements of vorticity shown earlier indicated that mean
£, is about five times less than the rms of the fluctuations .
Measurements of mean pressure gradients also were found to be
substantially lower than the fluctuations. Consequently, the effect
of mean vorticity flux can be considered as marginal.

Because vorticity is generatedat the wall where strong viscousef-
fects are present, the use of appropriate viscous scales to normalize
the results is justified. If u7 is the friction velocity, then the viscous
length scale is V/u7. The value of u7 used in the data presentation
was chosen arbitrarily to be 0.05U, because measurement of skin
friction was not attempted. In a separated three-dimensionalbound-
ary layer such as the present flow, such measurement is extremely
difficult to carry out and the resulting estimates of skin friction can
be highly inaccurate. The value used here for normalization of the
results suggests a skin-friction coefficient of the order of 0.005.

Figure 13 shows the normalized rms of vorticity flux fluctuations
as a function of the angle of attack measured at two different span-
wise locations on the delta wing. Both locations are at x/c¢= 0.7,
a position that is upstream of the location x/c¢=0.85 where the
three-dimensional vorticity measurements were carried out. Thus,
vorticity shed off the wall and measured by the Kulite module could
be detected by the hot-wire probe, which was placed at a downstream
location. The data of Fig. 13 indicate a behavior very similar to that
of the pressure fluctuations shown in Fig. 5. At the centerline,z/s =
0.0, the level of fluctuationsof both componentsd @,/ dy and d e/ dy
is rather low, in the range of 0—15-deg angle of attack. It increases
substantially at o= 20 deg and retains high values at o> 30 deg.

The distribution of the same vorticity flux components at
z/5=0.5, a location off the centerline, is rather different. Large
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Fig. 13 Fluctuations of wall vorticity flux at x/c = 0.7.

fluctuations occurred at small angles of attack, whereas the level of
fluctuations at o> 15 deg was considerably reduced.

Secondary Vorticity

Theresultsof vorticity flux at the surface of the delta wing indicate
that strong vortical activities take place in the near-wall region.
The fact that there is new vorticity production at the wall provides
evidence,shown experimentallyfor the first time, that, indeed, there
is secondary vorticity generated at the surface of the delta wing.
The generation of a secondary vortex has been shown theoretically
to exist. However, very few of the theoretical works that dealt with
the problem of induced vorticity in the region close to the wall were
able to predict the process of secondary vorticity generation in a
time-dependent manner with adequate spatial resolution to capture
details of the generation and evolution of the vortical structure.

It is known that the vorticity of the primary vortex is basically
originated and mostly generated at the leading edge of the wing. If
the origin of this vorticity is to be investigated in more detail, then
the vorticity flux at the leading edge should measured. The focus
of the investigation, however, was the new vorticity produced by
the induced action of the primary vortex and the no-slip conditions
at the wall. Thus, the vorticity flux module was placed at the wall
approximately in the area below the primary vortex and at the cen-
terline of the wing. Our results indicate that this vorticity generation
is a function of the angle of attack and the location at the wall. At
small angles ¢, for instance, there is substantial production of vor-
ticity at z/s = 0.5, a location that is very close to the reattachment
region of the induced flow where fluid impinges on the wall; it is
subsequently deflected to the sides and, because of the wall friction
and strong shearing, new vorticity is generated at the wall. As the
angle of attack increases, this region of reattachment moves from
regions closer to the leading edge toward the centerline.

It is also interesting to observe that this process of new vorticity
production is not laminar. The large fluctuations of the signal also
suggest that the process is very intermittent and that positive as well
as negative vorticity can be generated. Thus, the induced secondary
vorticity contains not only vorticity opposite in sign to the vorticity
of the inducing primary vortex but also vorticity of the same sign
as the primary vortex. It is possible for the induced vorticity, in the
form of a vortex, to induce vorticity of opposite sign for a second
time, which isthe same as the sign of vorticity of the original primary
vortex. The experimentalevidence clearly shows that vorticity at the
wall changes sign very often. Thus, in the presentcase of a turbulent
near-wall region, there is a continuous production of vorticity with
positive or negative sign, which suggests that the wall acts as a
source or sink of vorticity.

The highly fluctuating nature of the wall vorticity flux vector is
also demonstrated in the plots of Fig. 14, where the probability
density function (PDF) of the orientation angle 8 with respect the
positive spanwise direction is shown for two typical values of angle
of attack otat two locations, z/ s = 0.0 and 0.5, where measurements
were carried out. This angle 6 can vary between 180 and _180 deg
and is positive in the clockwise direction. Statistical analysis has
shown rms values of the order of 98 deg, which is indicative of a
highly fluctuating vector o,,.
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Fig. 14 PDF of orientation angle at x/c = (.7.
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The orientationof o,, during violent events, which are associated
with large excursions in amplitude, is of particular interest. To in-
vestigate the behavior of these events, conditionalanalysis has been
applied to the vorticity flux signals. The detection scheme is based
on threshold level set at one rms value of the fluctuations. Interro-
gation of the sign of each signal determined the algebraic value of
6. The conditional PDFs of 6 are also shown in Fig. 14.

Symmetry requirements of the unconditioned PDF at z/s= 0.0
suggestthat this distributionshould be symmetric about the longitu-
dinal axis, which correspondsto @ = 490 deg. The distribution for
z/ s =0.0 shows peaks at =490 and _90 deg and a reasonable
symmetry about these two directions. At z/s=0.5, a position off
the plane of symmetry, no symmetrical distributionis expected. In-
deed, the unconditioned PDFs show a sharp peak at 0= _135 deg
and a relatively flat peak at a about 150 deg.

It is very remarkable to observe the drastic changes in the most
probable values of all PDF's when the data are conditioned. The ap-
plication of a small threshold to the data changes significantly the
distributions by filtering out all small-amplitude contributions and
reveals some organization in the distribution of 8, which suggests
that relatively large-amplitude events are oriented in preferential
directions of rather narrow band. At z/s = 0.0, the symmetry re-
quirements no longer apply to the conditioned data and new peaks
appear at 115, 55,25, _55, and _130 deg. The peaks at _55 and
115 deg are the most dominant.

At z/s = 0.5, local peaks at about 110, 55, 20, _55, and _135
deg can be also observed. Both cases of PDF distributions clearly
suggest that any new vortical structure generated at the wall during
strong events carries vorticity that is not aligned in the longitudinal
or spanwise only direction. It is clearly tilted in some preferential
direction.

Discussion and Conclusions

An attempt has been made to measure the three-dimensional,
time-dependent vorticity field in the flow over a delta wing at 15-
deg angle of attack. A large amount of three-dimensional vorticity
and velocity data has been acquired.

The results of the study confirm the existence of a primary vortex
where mean vorticity is at a maximum and where the mean velocity
excess is about 1.3Uy. In addition to the large velocity excess, the
core has been found to be turbulence free. As a result of the no-
slip condition at the surface of the wing, a secondary vortex of
opposite sign to that of the primary vortex is formed. This vortex
leaves the wall region and moves toward the low-pressure region of
the primary vortex. New experimental techniques have been used
to measured the secondary vorticity flux at the wall of the delta
wing. For the first time, experimental evidence has been produced
to show that vorticity of alternating sign is generated at the surface
of the wing. Large fluctuationsof the orientationof the vorticity flux
vector were foundto take place. This suggests that the flow structure
in the near-wallregion is very complicated. However, the data show
that there are some preferential orientations of the vorticity flux
vector, which ought to be investigated further. It has been shown
experimentally in two-dimensional boundary layers that there is a
propensity of alignment between vorticity and eigenvectors of the
strain-ratetensor S;; (Ref. 28). Itis very likely that the most probable
orientation found in the present analysis is closely related to the
eigenvectorsof the strain-rate tensor at the wall.

There is considerable distributed vorticity in the shear layer,
which leads to the formation of several discrete vortices that remain
stationary in space. Although there is continuous distribution of
vorticity around the primary vortex, no discrete secondary vortices
located around the primary vortex were found in the present case,
a behavior that is in contrast to the case of the highly swept-back
delta wings of Payne et al.!* and Lowson et al.>* The present mea-
surements indicated the existence of discrete vortices in the shear
layer region only. It is suggested here that these discrete vortices
are typical shear layer rollups, which are due to Helmholz—Kelvin-
type instabilities, most probably of the helical mode. The candidate
structureis based onthe typicalstructureof a two-dimensionalshear
layer, as has been proposed by Bernal** The basic structure con-
sists of two topologically unconnected vortex pairs, which at the
locations of the rollups, have sections with vortex lines parallel to

each other and of the same sign vorticity. Thus, locally, vorticity
appears to be stronger. The model also explains the direction of the
measured vorticity close to the leading edge in the separated shear
layer.

Most of the turbulent activities take place in the area between the
separated shear layer and the delta wing. The peaks in the rms of
vorticity or velocity fluctuations occur in the low-speed side of the
separated shear layer and close to the edge of the core of the vortex.
The core apparently is a region with rather low-turbulence inten-
sity. The shear layer reattachment zone and the area of secondary
separation are associated with high-turbulenceactivities.

It has been reported recently that a pair of counter-rotatingstruc-
tures exists below the primary vortex and close to the reattachment
region, which has a size of 0. 15 0. 1s and is aligned in the spanwise
direction*® Our vorticity flux measurements at the wall of the delta
wing also indicate the existence of structures that may be aligned
in directions other than the longitudinal one. In addition, the vor-
ticity data obtained near the reattachment zone show large values
of all mean vorticity components and large values of vorticity fluc-
tuations. Presumably, these large mean vorticity values indicate the
existence of a vortex that subsequently induces the generation of
new vorticity at the wall as a result of the no-slip conditions at the
wall. Because nature usually has vortices in pairs, this new vortex
immediately induces a new vortex of opposite sign so that a pair
of counter-rotating vortices appear. The generationof new vorticity
through the no-slip conditionsat the wall appears to be the predom-
inant mechanism for the appearance of new vortices rather than the
Taylor-Gortler instability mechanism that requires a large value of
Richardson number with a destabilizing effect of streamline curva-
ture. Thus, the flow after reattachment appears to be considerably
more complicated than is traditionally depicted by computational
fluid dynamics algorithms.
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