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Direct Measurement of Delta-Wing Vortex Circulation

H. Johari¤ and J. Moreira†

Worcester Polytechnic Institute, Worcester, Massachusetts 01609

The circulation around a closed path encompassing the primary vortex of stationary delta wings has been
investigated through the use of a novel ultrasound technique. Ultrasonic pulses propagating in clockwise and
counterclockwise directions enclosed a � xed path that was positioned perpendicular to the delta-wing root chord
line. Circulation in the plane of the closed path then was determined from the transit-time difference between the
clockwise and counterclockwise pulses. Half-delta wings with sweep angles of 60 and 70 deg were tested over a
range of angles of attack up to 38 and 52 deg, respectively, and at chordwise distances of 35, 50, 65, and 80% from
the wing apexes. Circulation increased monotonically with angle of attack for both sweep angles until it reached
a maximum value, beyond which the total circulation decreased or remained nearly constant. The angle of attack
associated with the maximum circulation is correlated with conditions resulting in feeding sheet interaction on the
symmetry plane. At any angle of attack, circulation increased approximately linearly with increasing chordwise
location as long as the feeding-sheet interaction was not present. Normalizing circulation by freestream velocity
and local semispan collapsed the data at angles of attack prior to the interaction. The rate of circulation increase
along the wing increased with angle of attack for both sweep angles. Vortex breakdown does not appear to have
any direct in� uence on the total circulation of delta-wing vortices.

Introduction

T HE � ow pattern about delta wings is distinguishedby a pair of
longitudinalprimary vortices. As the angle of attack of a delta

wing increases, the boundary layer on the windward side gets sep-
arated over the leading edges. Shear layers formed in this manner
roll up into the counter-rotatingprimaryvorticeson the leeward side
of the wing.1 The induced spanwise � ow due to the primary vor-
tices causes secondaryseparationon the wing surface, thus creating
secondary vortices. As the angle of attack is increased, the primary
vortices strengthen and result in a substantial lift increment beyond
that predicted by attached-�ow theory.2

Delta-wing performance has been thought to be limited by the
phenomenon of vortex breakdown. Breakdown, or bursting, is
marked by an abrupt expansion of the vortex core. There is a con-
current loss of axial and circumferential velocities in the � ow� eld,
and these losses are accompaniedby the transformationof the vor-
tex core into a diffuse, turbulent vortex.3 As a delta wing’s angle
of attack increases, the primary vortex burst location moves toward
the wing apex. Numerous experiments have examined the effects
of various parameters on vortex breakdown. The Reynolds number
has proven to have only a slight effect4; breakdown is effectively
independent of Reynolds numbers for values on the order of 105

and greater. It had been supposed that tunnel blockage effects could
cause an effectively cambered wing that would delay breakdown.
Tunnelblockageeffectsand support-structureinterferencealsohave
been shown to cause minor deviation in the vortex burst location.5

However,more relevantintrusionsinto the delta-wingvortices,such
as the introduction of probes and disks, can considerably alter the
burst location.4 ;6

Maximum lift of delta wings also has been correlated with vor-
tex breakdown. For wing sweep angles less than 70 deg, maximum
lift occurs approximatelywhen the burst location reaches the apex,
whereas for higher sweep angles, maximum lift is observed when
the vortex bursts in the vicinityof the trailing edge. To shed light on
the in� uence of burst location on delta-wing lift and stall, both the
variation of the primary vortex circulation0.x/ along the chord and
the vortex core distance above the wing zc are necessary because
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the suction on the wing surface beneath the vortex core scales ap-
proximately with .0=zc/

2. Flow visualization has been used in a
number of experiments4 ;7 ;8 to measure the vortex trajectory zc.x/.
However, circulation of the primary vortex is much more dif� cult
to measure, and only a few attempts9 – 11 have been made to quan-
tify 0 under certain conditions. Circulation has been postulated to
grow approximatelylinearlywith increasingdistance from the wing
apex, upstream of the burst location.9 Furthermore, the rate of cir-
culation growth reportedly decreases aft of the midchord location;
this has been attributed to the adversepressure gradient imposed by
the wing’s trailing edge.9

The present study was undertaken to quantify the circulation of
the delta-wing primary vortices and to examine the variation of cir-
culationwith angleof attack and chordwise location for wing sweep
angles of 60 and 70 deg. These two sweep angles were chosen be-
causetheyrepresentthe canonicalbehaviorof low- and high-sweep-
angle delta wings. Moreover, the aerodynamicpropertiesof 60- and
70-degdelta wings, which havebeen studied extensivelyin the past,
are well established. The following fundamental questions can be
answeredby themeasurementsof delta-wingvortexcirculationover
a broad range of parameters:

1)Does the totalcirculationincreasemonotonicallywith theangle
of attack even at high ®?

2) How does vortex breakdown affect the total circulation above
delta wings?

3) Does circulationscale with the local semispan for all angles of
attack and chordwise locations? (That is, is the conical � ow model
a good approximation for delta-wing primary vortices?)

The search for a reliable and nonintrusive circulation measure-
ment method led us to the employment of a novel ultrasound tech-
nique. This technique,which provides a direct measurement of cir-
culation, is described in the next section. Comparisons of directly
measured data were made with circulationvalues obtained from ve-
locity � eld data9– 11 and a model based on Sychev’s parameter12 and
Hemsch–Luckring13 scaling.

Ultrasound Approach
Vortex strength can be quanti� ed by measuring the circulation

about a closed path that contains the vortex. Circulation is obtained
by integratingthe local velocity along the closed path or by integrat-
ing the vorticity component perpendicularto the plane of the closed
path contained within the closed path. Thus, the velocity (or vor-
ticity) � eld information in the plane of the closed path is required
for the calculation of circulation. Velocity vectors in a � ow� eld
can be determined via traditionalmethods such as hot-wire or laser
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Fig. 1 Schematic of generic
ultrasound system for direct
measurement of circulation.

Doppler anemometry (LDA). Large amounts of data are needed
for adequate resolution of spatial distributions, and therefore much
testing time can be required. The wandering motion of free vortices
also may undermine the stationary-� ow requirement, which justi-
� es the time averaging of anemometry data. The use of hot-wire
probes circumvents the seeding dif� culties associated with LDA
and provides adequate data upstream of the vortex burst location,
yet the reliability of hot-wire data from the burst vicinity and the
� ow farther downstreamcan be questionablebecause burst vortices
are quite sensitiveto physical intrusions.Particle image velocimetry
(PIV) uses high-resolutionvideo or photographic equipment and a
pulsed-laser light sheet to measure an array of near-instantaneous
velocity vectors in a two-dimensional section of � ow. This method
can reveal spatial � ow structuresas well as aggregatemeasuressuch
as � ow rate and circulation.14 However, the complexityand expense
of PIV systems can preclude their use under certain circumstances.
Readily obtainable circulation values are quite advantageous from
a practical standpoint because circulation can reveal loading distri-
bution and other similarly important parameters.

Schmidt15 � rst raised the possibility of using ultrasound in con-
nection with circulation measurements of aerodynamic devices in
wind-tunnel tests. The ultrasound method relies on the fact that the
speedof sound travelingthrougha � uid in motion is increasedor de-
creased by the component of � uid velocity along the sound path. In
our efforts16 we havedevelopeda method that is based on Schmidt’s
work and avoids the assumption of free vortex velocity pro� le used
by Schmidt. The method utilizes a pair of ultrasonic transducers,
which can act as both transmitters and receivers, to create pulses
that travel in a continuousclosed path around the vortex. The closed
path is attainedthroughredirectionof the ultrasonicpulsesby re� ec-
tors placedwithin the � ow, as shown in Fig. 1. The re� ection follows
Snell’s law because narrow, high-frequency ultrasound pulses be-
have essentially as geometric rays with divergence angles of a few
degrees. The time of travel between the transmitter and the receiver
is measured accurately for pulses traveling in the direction of vor-
tex rotation and against it. As will be shown later, the difference
between the two travel times is linearly proportional to the circula-
tion contained within the closed path. Improvements in ultrasound
measurement technology have enabled measurement of time dif-
ferences on the order of a few nanoseconds; accurate circulation
measurements thus can be made in laboratory-scaleexperiments.

The ultrasonic circulation measurement technique requires the
determinationof the transit time of ultrasonicpulses traveling in the
sense of vortex rotation (tcw ) and opposite to it (tccw ); see Fig. 1.
Then

tcw D
dl

a C V .l/
; tccw D

dl

a ¡ V .l/
.1/

where V .l/ is the local � uid velocity component along the closed
path,a is the sound speed, and dl is the line element along the closed
path. By taking the difference between these two transit times, an
expressionfor the line integral of velocity along the closed path can
be obtained as follows:

1t D tccw ¡ tcw D 2
V .l/=a2

1 ¡ .V=a/2
dl »D

2
a2

V .l/dl .2/

The � nal expressionon the right-hand side holds as long as the ratio
V=a remains small (roughly less than 0.1). This condition is invari-
ably satis� ed for low-speed air � ows, especially because V is the
velocity componentalong the closed sound path and not necessarily

the freestream velocity. Further, by propagating ultrasound pulses
in both directions along the same path within a low-speed � ow
.V ¿ a/, possible complications resulting from the sound speed
variation in the closed path are effectively nulli� ed.17 Because cir-
culation 0 is the line integral of velocity around a closed path, this
transit-time-differencerelation simpli� es to

0 ´ V .l/dl D 1
2

a21t .3/

This expression allows for the direct computation of circulation
from the accurately measurable transit time difference 1t and the
speed of sound. This method of circulation measurement has two
bene� ts over the ultrasound method developed by Schmidt.15 The
preciselocationof thevortexcore relativeto theultrasonicpath is not
needed.Moreover,a priori knowledgeof the vorticitydistributionor
the induced velocity behavior is not assumed in the present closed-
path scheme. Further details about the ultrasound method and its
accuracy and reliability can be found in Ref. 16.

Applying the ultrasound method to delta-wing � ow has several
clear advantages. First, it is nonintrusive with respect to the � ow
immediately about the leeward side of the delta wing. Second, the
location of the vortex core in relation to the ultrasonic path is not
particularly relevant as long as the vortex is within the closed path.
The vortex core is free to move within the path without affecting
the measured 1t or 0. Third, the details of the velocity or vorticity
distributions are not required. Note that circulation of delta-wing
vorticesdependson the geometryandareaof the integrationcontour.
For circular paths centered on the vortex core, circulation varies
with the radial distance until a maximum value is reached. The
current ultrasound technique does not permit formation of circular
paths. Therefore, a large rectangularultrasoundpath was utilized to
measure the total circulation; i.e., the integration contour enclosed
all vorticity-containingregions.

Experimental Details
Apparatus

The experimentswere conducted in Worcester Polytechnic Insti-
tute’s low-speed wind tunnel, which has a test section of 61 £ 46
cm cross-sectionalarea. The freestream velocity Uo was held con-
stant at 11.2 m/s, and the measured turbulence in the tunnel was
0.7%. Flat-plate wings with sweep angles of 3 D 60 and 70 deg in
a half-delta con� guration were chosen for the investigationbecause
only a single primary vortex would be present on the windward
side. The wings had a (nominal) root chord length c of 25.4 cm,
resulting in a chord Reynolds number .Uoc=º/ of 1:9 £ 105 . This
chord length was chosen as a compromise that would yield signif-
icant vortex circulation without causing excessive tunnel blockage.
The area blockage varied from 2.7 to 7% across the angle-of-attack
range and averaged approximately 4%.

Eight half-deltawings of 0.9% thicknessratio were manufactured
from 2.3-mm-thickT304 stainless steel.Thinness was mandatedby
previous experimental observations that show the thickness ratio to
be an important factor in determining primary vortex behavior.5;18

The windward side of the leading edge of each wing was beveled
at 40 deg to � x the separation point of the shear layers. The neces-
sity for multiple wings per sweep angle was incurred by transducer
geometry; the two 19-mm-diam ultrasonic transducersdictated that
a half-delta wing be made for every chordwise measurement sta-
tion. Tolerances on all parts constructed for the present study were
0.01 mm. Therefore, all four wings of each sweep angle appeared
identical to the � ow; this assessment is supported by forthcoming
burst measurement data.

To avoid excessively thick boundary layers on the half-delta
wings, a raised (false) � oor19 with an imbedded turntable was de-
signed and installed in the wind tunnel. The 41-cm-diam turntable
and raised � oor were constructed from 6.35-mm-thick aluminum.
The turntable was designed to lock the delta wings into angles of
attack ranging from 0 to 52 deg (in 2-deg increments) and was capa-
ble of being adjusted about 0 deg for maximum accuracy.Angles of
attackwere accurate to within §0:02 deg as determinedfromworst-
case machining tolerances.The wings were fully adjustable within
the turntable such that sweep-angle accuracy, as installed, was ap-
proximately §0:1 deg. The raised � oor extended only 5.1 cm from
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Fig. 2 Ultrasound system con� guration about a half-delta wing.

the upstream end of the turntable, thereby minimizing the buildup
of boundary-layer thickness at the wing measuring locations. One
of the three ultrasound re� ectors was carried on the turntable, and
the two others were suspended from the top of the wind tunnel on a
rotating assembly.

The ultrasound path employed in the study is shown in Fig. 2;
it was a rectangle of 305£ 203 mm, which was always normal to
the root chord line of the half-delta wings. These dimensions were
greater than the span of half-deltawings used. The large integration
contour encompassed all of the vorticity-containingregions above
the deltawings, and the measured circulationsare expectedto be the
maximum or total valueat each chordwise station.Because the path
extended to the undisturbed freestream � ow, the measured circula-
tion should be independentof the path for the large contourutilized
in the setup.

Two transducers were used, and each behaved alternately as an
emitterand a receiver.Thus, one transducerbegana measuringcycle
by emitting specially tailoredultrasonicpulseswhile the other acted
as a receiver. After completing the travel-time measurement in this
cycle, the second transduceremitted pulses in the oppositedirection
along the same path; this second cycle of pulses was receivedby the
original emitter. Circulation then was found directly by computing
the time difference required for each pulse to travel the closed path.
The operating frequency of the transducers was 100 kHz in the
study; this is above the wind-tunnel noise bandwidth, and thus no
acoustic interference was expected. Because re� ectors must have
signi� cantlyhigheracoustic impedancethan thatof the � uid through
which the ultrasound propagates, square stainless-steelplates were
employed in this capacity.

A commercial ultrasonic � owmeter was used for controlling the
transducers as well as measuring the transit-time differences. Al-
though ultrasonic� owmeters can measure time differencesas small
as a few nanoseconds,a minimum 1t of 50 ns was evidenced with
the 1-m path length of the present setup. This uncertainty in the
1t measurements translates to an uncertainty of §0:003 m2/s for
circulation in air at room temperature.At 2-deg angle of attack, this
uncertainty amounts to an error of about 5%, whereas the error is
only 0.4% at the highest measured circulation value. These rela-
tive uncertainties are less than the measured standard deviations of
circulation data at all measurement stations.

Recall that valuesof V=a (the velocitycomponentalong the ultra-
sonic path divided by the speed of sound) of approximately less
than 0.1 are necessary for circulation to be linearly proportional to
transit-time difference.The speed of sound was calculated from the
perfect-gas relation a D

p
.° RT / because the measured humidity

in the laboratory was suf� ciently low. The maximum tangential-
velocity component around the primary vortices can reach as much
as 2Uo (Ref. 9). In the present study, the freestreamvelocityUo was
held constantat 11.2 m/s. This yields, even in a worst-case scenario,
a value of about 0.06 for V=a; note that this is well within the 0.1
limitation. Typical values of V=a along the ultrasound path were
substantially smaller than 0.06.

Both 60- and 70-deg sweep-angle half-delta wings were tested
at 35, 50, 65, and 80% of the root chord from the apex. For each

measurement location, angle of attack ® was varied in 2-deg incre-
ments from 2 to 38 deg for the 60-deg delta wings and from 2 to 52
deg for the 70-deg delta wings. Measurement locations aft of 0.80c
were not consideredbecause of concern over the possible effects of
the trailing edge; measuring stations closer to the apex than 0.35c
were not consideredbecause of the relatively large size of the trans-
ducers with respect to the local semispan. Near-apex measurements
would have resulted in incomplete enclosure of the vortex core by
the ultrasound path. Mean circulation and standard deviation were
calculated for each data set, with sets consisting typically of 100
points gathered at each measurement station and angle of attack.

Veri� cations
To ascertain that the half-wing models were identical to each

other and produced primary vortices similar to those in other stud-
ies, smoke � ow visualization experiments were performed. Vortex
burst locationwas measured visually for both 60- and 70-deg sweep
angles. Both bubble and spiral vortex bursts were observed, and no
speci� c trends regarding the occurrenceof the breakdowntype with
® or wing sweep angle could be deduced. The observed burst lo-
cation xb=c, plotted in Fig. 3, corroborated well with the ranges
corresponding to other measurements from Refs. 4, 18, 20, and 21
for the 60-deg wing and from Refs. 4–6, 20, and 21 for the 70-deg
wing. The � uctuationsof the burst point were estimated visually to
beon the orderof 5% of chord.Note thatdata from two of the current
70-deg sweep-angle wings with the ultrasound transducers placed
at 0.35c and 0.80c are presented in Fig. 3b. No signi� cant deviation
of one from the other is evident once the burst location uncertainty
is taken into account. Thus, the primary vortices generated by the
present half-wing models have burst locationcharacteristicssimilar
to those of full delta wings studied previously.

a) 60-deg sweep delta wing

b) 70-deg sweep delta wing

Fig. 3 Primary vortex burst location as a function of angle of attack.
The half-delta wings with the transducers placed at 0.35c and 0.80c
stations are represented by and symbols, respectively.
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Fig. 4 Dependence of circulation at the 0.65c station on the freestream
velocity for a 70-deg sweep delta wing at 26-deg angle of attack.

To con� rm the linearityof total circulationwith freestreamveloc-
ity, the variationof circulation,measured as Uo , was increasedfrom
6.7 to 13.4 m/s. The data obtained with the 70-deg delta wing at an
angle of attack of 26 deg and chordwise locationof 0.65c are shown
in Fig. 4. At this angle of attack, the burst location is in the vicinity
of the trailing edge and the measurements at 0.65c correspond to a
well-formed, unburst vortex. As expected, the data indicate a linear
increase in circulation with increasing freestream velocity.

The distribution of the measured ultrasound time differences
1t ./0/ was examined under various conditions to obtain an un-
derstanding of the spread of data about the mean values. Although
both 60- and 70-deg delta wings displayed similar characteristics
under comparable conditions, the data from the 70-deg wing gen-
erally yielded larger standard deviations and were somewhat more
susceptible to the presence of burst in the vicinity of the measure-
ment plane. Therefore, four histograms of 1t data for the 70-deg
delta wing are presented in Fig. 5. The � rst three histogramspertain
to the 0.80c location: Fig. 5a corresponds to an angle of attack of
14 deg, where the vortex does not burst over the wing; Fig. 5b shows
data from the 28-deg angle of attack, where the burst location is ap-
proximately at the measurementplane; and the data of Fig. 5c were
taken at 52-deg angle of attack with the burst location at the apex.
The means and standard deviations at these conditions are 11.15
(§0:58), 24.58 (§0:65), and 27.62 (§0:88) ¹s, respectively.Even
though the standard deviations increase as the burst location moves
ahead of the measurement location, the magnitudes relative to the
mean do not changeappreciably.Little effect from the burst location
on the character of the histograms can be observed. At most angles
of attack and chordwise measurement stations, data were very co-
hesive and the standard deviation of 1t data increased only slightly
following vortex breakdown.

As the measurement station is brought nearer to the apex, data
sets begin to show larger spreads with burst proximity and with
approach of the burst location to the apex. The histogram in Fig. 5d
is included as a worst-case example from the 0.50c measurement
stationat ® D 50 deg with the burst locationat the apexof the 70-deg
wing. The mean value of 1t is 15.29 ¹s with a standard deviation
of 2.7 ¹s. The vast majority of data sets exhibited more favorable
behaviorand more closely re� ect those of the � rst three histograms.
It is suspected that the larger standard deviationsof burst vortices at
the near-apex station is primarily due to the wandering of the burst
vortex and the possible interaction of vorticity-containing regions
with the symmetry plane or the ultrasound path.

Results and Discussion
The variation of measured circulation, normalized by the free-

stream velocity and root chord length, with angle of attack is shown
in Figs. 6 and 7, respectively, for the 60- and 70-deg sweep-angle

a) x/c = 0:80c, ® = 14 deg, D t = 11:2 ¹s, ¾ = 0:6 ¹s

b) x/c = 0:80c, ® = 28 deg, D t = 24:6 ¹s, ¾ = 0:7 ¹s

c) x/c = 0:80c, ® = 52 deg, D t = 27:6 ¹s, ¾ = 0:9 ¹s

d) x/c = 0:50c, ® = 50 deg, D t = 15:3 ¹s, ¾ = 2:7 ¹s

Fig. 5 Histograms of measured time differences for a 70-deg sweep
delta wing.
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a) x/c = 0:80

b) x/c = 0:65

c) x/c = 0:50

d) x/c = 0:35

Fig. 6 Variation of normalized circulation with angle of attack for
60-deg sweep delta wing. The arrows indicate the angles at which the
burst location is at the trailing edge and apex. The cross-hatched line
denotes the approximate angle of attack at which the burst location is
at the measurement station.

a) x/c = 0:80

b) x/c = 0:65

c) x/c = 0:50

d) x/c = 0:35

Fig. 7 Variation of normalized circulation with angle of attack for
70-deg sweep delta wing. The arrows indicate the angles at which the
burst location is at the trailing edge and apex. The cross-hatched line
denotes the approximate angle of attack at which the burst location is
at the measurement station.
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delta wings. Each plot represents data at one of the four measure-
ment stations along the chord, x=c D 0:80, 0.65, 0.50, and 0.35.
Error bars indicate §1 standard deviation of the measured data.
Note that the standard deviationsare generallymuch larger than the
uncertaintyof the ultrasoundsystem.The arrows mark the anglesof
attack at which the vortex breakdown is at the apex and the trailing
edge of the wing, and the cross-hatched line in each � gure denotes
the angle of attack at which the vortex bursts at the measurement
station. Recall that the breakdown location � uctuates considerably,
and these markings therefore should be interpreted as approximate
indicators.

The normalized circulation increases with angle of attack at all
measurement stations for the 60-deg delta wing until a maximum
is reached. The total circulation then decreases as ® is increased
further. The error bars are generally small and become signi� cant
only for angles of attack where circulation has started to decline.
As expected, at any angle of attack the total circulation increasesas
the measurement station is moved toward the trailing edge. This is a
resultof thecontinuousaccumulationof vorticityfrom the separated
shear layer into the vortex core. The dependence of circulation on
chordwise location is discussed in more detail later.

The presenceof vortex breakdownin the vicinityof the measure-
ment station can be assessed from these plots as well. As the break-
down crosses the trailing edge, no modi� cation of the circulationat
any of the four measurement stations is observed.The breakdownis
not expected to affect the vortex at locations farther upstream.Even
when the breakdownis at the measurement station, no change in the
characteristics of the curves in Figs. 6 and 7 is observed, and total
circulation continues to increase with ®. Moreover, the error bars
remain relatively unchanged by the appearance of the breakdown.
Although the vortex structure is modi� ed appreciablyby the break-
down, the total circulationof the primary vortex stays the same. The
arrivalof the burst locationat the apexof the 60-deg wing appears to
be correlatedwith the reduction in the vortex circulation.However,
the circulation decrease is not necessarily a direct consequence of
the breakdown occurring at the apex. The reasons for the onset of
circulation decline are presented later.

The dependenceof circulationon ® is shown in the plots of Fig. 7
for the 70-degdeltawing.Normalizedcirculationincreasesin a sim-
ilar fashion at small angles of attack and at all four measurement
stations. Again, arrival of the burst location at the measurement
station does not appear to notably affect the total circulation. The
major difference between the data of 60- and 70-deg sweep-angle
wings is at the higher angles of attack; the circulationof the 70-deg
wing became nearly constant, whereas the 60-deg wing data exhib-
ited distinct circulation declines. The data for the 0.50c station of
the 70-deg wing do indicate a decrease in circulation beyond ® D
36 deg.

There are four data points in Fig. 7c from the study of Payne,11 as
reported in Ref. 9, where the circulation of the primary vortex was
computedfor a 70-degdeltawing at x=c D 0:50.The circulationwas
calculated from velocity � eld surveys carried out by a seven-hole
probe. The reported values were computed from the largest circular
contours investigated.The � rst three of thesedata points correspond
to preburst conditions, whereas the fourth one at ® D 40deg comes
from a burst vortex.The � rst three data pointsare quite close (within
10%) to thecurrentmeasurements.The postburstdata pointofPayne
is signi� cantly greater than our data. The discrepancy is possibly
due to the presence of the intrusive seven-holeprobe in an unsteady
postburst vortex. Alternatively, the differences between the ultra-
sound path and the integration contour of Ref. 11 may produce the
discrepancy.

The dependence of circulation on the chordwise location along
the wing is shown in Fig. 8 for angles of attack of 12, 20, 28, and
36 deg. These angles of attack were chosen to observe the effects of
breakdownlocationon the totalcirculationvariationalong thechord
line. Furthermore, hot-wire and LDV measurementsof the � ow� eld
around the 70-deg delta wing are available from Refs. 9 and 10 for
20- and 28-deg angles of attack, respectively, at speci� c locations
along the chord. At ® D 12 deg (Fig. 8a), the burst location is down-
stream of the trailing edge and circulation increases linearly with
x=c for both 60- and 70-deg delta wings. As expected, the normal-
ized circulationof the 60-deg wing is greater than that of the 70-deg

a) ® = 12 deg

b) ® = 20 deg

c) ® = 28 deg

d) ® = 36 deg

Fig.8 Dependence ofnormalizedcirculationon the axial locationalong
the root chord. The openand� lled symbolsrefer to60-and70-deg sweep
delta wings, respectively.
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wing because of the larger wing span of the 60-deg wing. The rate
of increase in circulation is also larger for the 60-deg wing than for
the 70-deg wing.

The case of ® D 20 deg is illustratedin Fig. 8b. The burst location
is at 0.35c for the 60-deg wing, whereas the vortex does not break
down over the 70-deg wing. Thus, all of the 60-deg wing data in
Fig. 8b pertain to the burst portion of the vortex. Again, circulation
increases linearly with x=c for the measured range, and the circu-
lation values for the 60-deg wing are consistently larger than those
for the 70-deg wing. The total circulation for a 75-deg delta wing,
obtained by Visser and Nelson9 from the integration of hot-wire
measurements, also is included in Fig. 8b. The integration contour
of Ref. 9 was a circular path centeredon the vortex core. The largest
measurements at the farthest radial distance are shown in Fig. 8b.
These data fall slightly below current 70-deg wing data. It is ex-
pected that the 75-deg wing data should be less than those for the
70-deg wing because of its smaller span.

The variation of circulation with x=c at 28-deg angle of attack
is shown in Fig. 8c, where the LDV measurements of Roos and
Kegelman10 for a sweep angleof 70 deg at locationsof 0.5c and 0.7c
also are included.At this angle of attack, the burst location is at 0.8c
for the 70-degwing and at 0.1c for the 60-degwing.Even thoughthe
dependence of circulation on x=c still can be considered linear for
the 70-degwing, the 60-degwing exhibitsa departurefrom linearity.
It is thought that this deviation is due to the observed reductions
in the circulation (see Fig. 6) and not necessarily a result of the
burst location approaching the wing apex. Note that the LDV data
are somewhat greater than the present measurements. A possible
reason is the difference in the integrationcontourof Ref. 10 and the
ultrasound path used here.

The data in Fig. 8d refer to an angle of attack of 36 deg, where
the burst location is at the apex for the 60-deg wing and at 0.35c for
the 70-deg wing. Hence, all of the data in Fig. 8d come from burst
portionsof the vortex.Two aspects of this plot are noteworthy.First,
dependence of circulation on x=c cannot be classi� ed as linear for
the 70-deg wing, and the data for x=c · 0:6 of the 60-deg wing fall
below those of the 70-deg wing, in contrast to the data at smaller
angles of attack. The previously noted reduction in circulation for
the 60-deg wing at this relatively high angle of attack is the cause
of the latter observation.The signi� cant increases in the error bars
for the 60-deg wing data are also noteworthy.

Considering the data in Fig. 8, one concludes that total circu-
lation increases linearly with x=c as long as the burst location is
downstream of the measurement location. The rate of increase in
circulationd0=dx increaseswith angleof attackand apexhalf-angle
" .D90 deg¡3/. The lineardependenceof circulationon x=c disap-
pears when the angle of attack increases beyond a certain value for
both sweep-angle delta wings examined. Our data did not exhibit a
loss of total circulationas the burst locationmoved across the length
of the vortex for the 60- and 70-deg delta wings; this contrasts with
the seven-hole-probe data of Payne,11 presented in Ref. 9, for an
85-deg sweep delta wing. Also, once the circulation increase with
® is halted for the 60-deg wing, the normalized circulation 0=Uoc
values for the 70-deg wing become greater than those of the 60-deg
wing.

There are several concerns that need to be addressedat this point.
They are the presence of secondary vortices beneath the primary
vortices, the boundary layer on the false � oor, and the reduction
of total circulation at high angles of attack. The boundary layer on
delta wings induced by the rotational motions of the primary vortex
separates and forms a secondary vortex of opposite sign from the
primary vortex. A potential dif� culty concerns the current acous-
tic technique, which integrates all vorticity contained within the
ultrasound path. If the secondary vortex were included within the
ultrasoundpath, the measured circulationwould be the net value for
the primary minus the secondary vortex. The negative vorticity of
the secondary vortex is not trivial and can amount to a circulation
as much as 10–15% of the positive circulationof the primary vortex
at midchord on a 75-deg wing at ® D 20 deg, as measured by Visser
and Nelson.9 The centerlineof the transducerswas placed approxi-
mately 1 cm away from the wing surface and the false � oor. Thus,
vorticity falling closer than 1 cm to the wing surface would not be
measured by the acoustic system.

The hot-wire measurements of Ref. 9 show the distribution of
axial vorticity at midchord on a 75-deg delta wing. The majority of
negative vorticity falls below 0.2s, where s is the local semispan.
The measurements of Verhaagen and van Ransbeeck22 indicate the
negativevorticityto bewithin0.1s fromthewing surfaceona 76-deg
wing at a Reynolds number of a few million. If it is assumed that
the extent of the negative vorticity scales with the local semispan
for the 60- and 70-deg delta wings at all measurement stations, the
conditions under which the secondary vortex would interfere with
the ultrasoundmeasurementscan be estimated for the current setup.
In fact, the farthest measurement station on the 70-deg wing and all
four stationson the 60-deg wing could be affected to some extent in
this manner. Then our measurementsat the aforementionedstations
could be less than the circulationassociatedwith the primary vortex
alone by as much as 15%.

An interesting aspect of the secondary vorticity observed in the
data of Ref. 9 is the nearly constant circulationof secondaryvortex
along the chord, at least between 0.2c and 0.9c, and at angles of
attack of 20 and 30 deg. Therefore, the inclusion of secondary vor-
ticity in our data can be approximated as a bias error of a constant
fraction of the measurements for the 60-deg delta wing. The inclu-
sion of negative-signed vorticity in our ultrasound path is perhaps
one of the reasons for the consistently greater circulation values
cited in Refs. 9 and 10.

The other possible adverse effect of installation on the measure-
ments stems from the boundary layer on the � oor supporting the
half-wing. Because of the relatively low freestream velocity, the
boundarylayer is expected to be laminar. The boundary-layerthick-
ness at the farthest measurement station of 0.8c was estimated to
be 3 mm. With the centerline of ultrasound transducersbeing 1 cm
above the � oor, no interference of the boundary layer on the mea-
surements is expected.Moreover, the mean boundary-layervorticity
lies along the ultrasound path, i.e., in the spanwise direction, and
therefore it could not contribute to the circulation measurements
in an average sense. Measurements of the circulation around the
closed path without the wing resulted in values in agreement with
the minimum reading of the instrument.

The question of cessation of circulation increase with angle of
attackat high ® still must be addressed.A potential explanationmay
be the relativepositionof the primary vortexcore with respect to the
measurementplane. The vortex core trajectoryis nearly straightand
makes angleÁ with the wing surfaceand angleÃ with the symmetry
plane.As the angleof attack increases,the vortexcore trajectorylifts
away from the surface and approaches the symmetry plane for both
60- and 70-deg wings. Angle Á increases from 4 to 10 deg, whereas
Ã decreases from 21 to 13 deg for the 60-deg wing and from 14 to
12 deg for the70-degwing.The core trajectoryremains independent
ofReynoldsnumber.4 Consequently,thecirculationmeasuredby the
ultrasoundsystem is less than that present in the plane normal to the
vortex core by sin Á sin Ã . This product has maximum values less
than 4% for the 60-deg wing and less than 2% for the 70-deg wing.
These corrections are fairly minor, comparable with the standard
deviationof the data, and cannot explain the cessationof circulation
growth at high ®.

It is instead proposed that the cessation of circulation increase
with the angle of attack at high ® is a result of the interaction of
separatedshear layers with the symmetry plane prior to their rolling
up. This condition is referred to in the literature as vortex crowding
or feeding-sheet interaction. At relatively low angles of attack, the
entire vorticity in the separated shear layers gets wrapped into the
primary vortex cores. As ® increases beyond a certain value, the
shear layers containingopposite-signvorticity from the two leading
edges of delta wings impinge on and interact along the symmetry
plane before being incorporated into the vortex cores. The interac-
tionof opposite-signvorticitywould tend to reducethe totalvorticity
presentabove the wing. In the case of half-deltawings, the separated
shear layers would impinge on the � oor surface and get dispersed
by viscous effects. The feeding-sheet interaction is a direct conse-
quence of the increasing size of the vortex core and the decreasing
proximity of the core trajectory to the symmetry plane as the angle
of attack is increased.

To ascertain that the observed behavior of circulation with ® at
high angles of attack is a consequenceof feeding-sheet interaction,
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Fig.9 Peakcirculationandtheangleof attack atwhich it was measured
as a function of the axial location along the chord. The open and � lled
symbols refer to 70- and 60-deg delta wings, respectively. The shaded
region is the range of angles of attack for which merging of feeding
sheets from the two leading edges was observed in Ref. 10 for 60-deg
delta wings.

the angles of attack at which the peak circulations were measured
are plottedagainstthe chordwisepositionin Fig. 9. The 70-degwing
data reveal a decreasingtrendof peak® with x=c. In otherwords, the
interaction of feeding sheets with the symmetry plane starts from
the vicinity of the trailing edge and moves toward the apex as ®
increases. Flow visualization of Roos and Kegelman10 employing
full-span,sharp-edged,� at-plate,70-degsweep deltawings resulted
in a similar trend.The visuallyobservedinteractionmoved from the
midchord to the apex when the angle of attack was increased from
about 44 to 48 deg. The feeding-sheet interaction for the 60-deg
wing was observedto occurover a narrowrangeof about3 deg along
the entire chord length at ® »D 33 deg. This range is shown as the
shaded region in Fig. 9. Currentmeasured peak circulationsoccur at
angles of attack roughlyconsistentwith the � ow visualizationstudy
of Ref. 10. Thus, the interactionof feeding sheets is correlatedwith
the angles of attack at which peak circulations were measured. At
all x=c stations,the feeding-sheetinteractionwas observedat angles
of attack beyond those where the vortex bursts; i.e., the interaction
was observed only with burst vortices.

The values of peak circulation, also plotted in Fig. 9, increase
linearly with x=c for both 60- and 70-deg wings, even though the
angles of attack associated with the data are different. The slope,
d0peak=dx , is greater for the 60-deg wing data than the 70-deg wing.
As implied in Ref. 10, the feeding-sheetinteraction,and not the vor-
tex breakdown, is responsible for the stall of delta wings. Current
observationsof the cessation of circulation increase beyond certain
angles of attack corroborate this conjecture. Wentz and Kohlman20

foundthemaximumlift coef� cientof the 60- and70-degdeltawings
to be at 30 and 34 deg, respectively, in rough agreement with the
average angles of attack at peak circulation, ®peak, in current obser-
vations. Moreover, the softer stall of the 70-deg wing is speculated
to be a result of the marching of the feeding-sheet interaction to-
ward the apex, in contrast to the appearanceof the interactionalmost
uniformly along the 60-deg wing.

Last, currentmeasureddata can be comparedagainst the modelof
HemschandLuckring13 for slenderwings,whichutilizestheSychev
similarity parameter12 tan "=tan ®. The model scales the total circu-
lation at the trailing edge of slender wings with wing geometrical
parameters. The model was realized from a power-law � t to the cir-
culation obtained from the numerical results of Smith23 for slender
conical � ows and the velocity pro� les of Delery et al.24 in the near
wake of a 75-degdeltawing. Visser and Nelson9 extendedthe model
to correlate the vortex strength above delta wings at any chordwise
location. The extended model predicts the circulation, normalized

a) 70-deg delta wing

b) 60-deg delta wing

Fig. 10 Variation of circulation, normalized by the local semispan and
freestream velocity, with angle of attack. The curve in each plot repre-
sents Eq. (4).

by the local semispan s, in terms of the angle of attack and apex
half-angle " as follows:

0=Uos D A.sin ®/n.cos ®/.1 ¡ n/.tan "/.1 ¡ n/ .4/

where n was found in Ref. 13 to be 1.2. The proportionalityconstant
A was determinedby Visser and Nelson9 to be 4.63 from a best � t to
their data and those of Payne11 for wing sweep angles of 70 deg and
higher.The data of Wentz and McMahon25 for a 62-deg sweep delta
wing appeared to be somewhat less than that predicted by Eq. (4).

The present circulation data were normalized by the local semi-
span at each measurement station for comparison with the predic-
tions of Eq. (4). The normalized circulation (0=Uos) data are pre-
sented in Fig. 10 for both sweep angles as a function of angle of
attack. The normalization by the local semispan collapses current
data fairly consistentlyfor anglesof attackup to about30 and 34 deg
for the 60- and 70-deg wings, respectively. The consistency in the
collapse of the data also con� rms the validity of assuming that the
negativevorticityof secondaryvortex can be countedas a bias error.
The 70-deg wing data agree closely with the predictions of Eq. (4)
to about30-degangleof attack,beyondwhich the measuredcircula-
tion settles into a level value of about 2sUo . The deviation from the
model for the 70-deg delta wing becomes signi� cant beyond about
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34 deg, which is consistent with the angle where feeding-sheet in-
teraction starts at the trailing edge. The loss of the collapse of data
from various x=c locations also occurs at ® D 34 deg because of
the interaction taking place at different chordwise locations as ®
increases.

The normalizeddata for the60-degwing in Fig. 10b invariablyfall
below the predictionof Eq. (4) beyond ® D 10 deg, even though the
data for the four measurement stations collapse up to about 30 deg.
Thus, the difference between the data and the model below 30-deg
angleof attackcannotbe explainedby the feeding-sheetinteractions
discussed earlier. Although the tainting of data by the circulationof
the secondary vortex can be a factor, the primary agent is believed
to be the breakdown of the fundamental assumption underlying the
model.To be considereda slenderwing, tan " has to be much smaller
than unity. The 60-deg wing has a half-apex angle of 30 deg, or
tan " D 0:58, which is not much smaller than unity. On the other
hand, tan " for a 70-deg wing is only 0.36. The data of Wentz and
McMahon25 for a 62-deg sweep delta wing also fall about 35%
below the predictions of Eq. (4), in agreement with current data.

The model in Eq. (4) thus appears to provide a good predictionof
the primary vortex strength for low-aspect-ratiowings (3 ¸ 70 deg)
below angles of attack that result in feeding-sheet interaction. For
higher-aspect-ratiowings, the model overestimatesthe primary vor-
tex circulation.Vortex crowding causes the model to severely over-
state the circulation, by as much as a factor of two, at the highest
angles of attack studied here.

Conclusions
A novel ultrasound system was utilized for the investigation of

delta-wing vortex circulation. The ultrasound method is compara-
tively easy to implement and is nonintrusive to the primary vortex.
The measurements were conducted at four uniformly spaced sta-
tions along the chord between 0.35c and 0.80c on two thin � at-plate
delta wings with sweep angles of 60 and 70 deg. Circulation in-
creasedmonotonicallywith ® for both sweep angles until it reached
a maximum value, beyond which the total circulation decreased or
remained nearly level. The maximum value of circulation and the
angle at which it arises is correlated with conditions resulting in
feeding-sheet interaction on the symmetry plane. The angle of at-
tack at maximum circulation was about 33 § 3 deg for the 60-deg
wing, and it varied from 36 to 46 deg for the 70-deg wing. These
ranges are consistent with previous visual observations of vortex
crowding on full-span delta wings.

At any angle of attack, circulation increased linearly with chord-
wise location along the wing for conditions without feeding-
sheet interaction. The rate of circulation increase along the wing
d0=dx increased with ® for both sweep angles and was larger
for the 60-deg wing. Normalizing the measured circulation by the
freestream velocity and local semispan collapsed the data between
0:35 · x=c · 0:80 at angles of attack prior to the appearanceof vor-
tex crowding.The circulationdata for the 70-deg wing agree closely
with the model proposedby Hemsch and Luckring13 up to ®peak . The
measured data for the 60-deg wing are consistentlysmaller than the
values predicted by the model. Breakdown of the slenderness re-
quirementappearsto be the reasonfor thisdiscrepancy.Thus, as long
as the � owcanbe regardedas a conical� ow, i.e., thinwingswith high
sweep angles, the model predictionsare accurate.For low sweep an-
gles or thickwings, the model overestimatesthe circulation.Interac-
tion of the feeding sheets on the symmetry plane disrupts the rollup
of the primary vortex and invalidates the application of Eq. (4).

Vortex breakdown does not have any direct in� uence on the be-
haviorof total circulationof delta-wingvortices.Circulationcontin-
ues to grow unabated along the chord as vortex breakdown travels
from the trailing edge to the apex. As the angle of attack increases,
the total circulation at any chordwise location also increases, even
as vortex breakdown passes through. Although vortex breakdown
changesthe distributionof the axial vorticity signi� cantly, the emer-
gence of vortex breakdown does not alter the sum of shed vorticity
from the leading edge. Accordingly, it can be concluded that vortex
breakdown is not the main reason for the stall of delta wings. In-
stead, the loss of circulationat high angles of attack associatedwith
vortex crowding is proposed to be the cause of delta-wing stall.
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