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Near-Wake Measurements of a Delta
Wing in a Supersonic Stream

Ivana M. Milanovic¤ and Iraj M. Kalkhoran†

Polytechnic University, Brooklyn, New York 11201

The near-wake region of a 75-deg sweptback delta wing was studied experimentally in a Mach 2.49 stream. Five-
hole conical probe measurements were conducted vertically and horizontally through the primary vortices at the
trailing edge and half-chord downstream of the planformfor 7- and 12-deg angles of attack. The Mach number and
pressure distribution pro� les are summarized, and comparisons of � ow properties at different survey stations are
presented. A novel calibration approach using a three-dimensional Navier–Stokes solver to generate numerically
the calibration data for a blunt-nosed � ve-hole conical probe over a range of Mach numbers and pitch angles was
employed.The magnitudeof the pitot, total, and static pressure de� cits in the wake region increased with increasing
angle of attack for the same measurement plane and decreased with the downstream distance. The swirl pro� les
have supersonic and high transonic peak magnitudes, and estimated core dimensions suggest vortex stretching in
the vertical direction and convection downstream. A decrease in the radial Mach number component con� rms
the vortex trajectory changes from a strong downward � ow over the planform to a gradual return toward the
freestream in the near wake. Unlike the experimental results from transonic and low-speed leading-edge vortices,
the axial and total Mach number distributions in supersonic vortices are found to be wakelike.

Nomenclature
c = chord length
DN = � ve-hole conical probe � at nose diameter (Fig. 1)
M = Mach number
MN = component of Mach number normal to the

leading edge, M1 ¢
p

.1 ¡ sin2 ® ¢ cos2 3/
P = pressure
x; y; z = Cartesian coordinates
® = angle of attack
®N = angle of attack normal to the leading edge,

tan¡1.tan ®=cos3/
3 = wing leading-edge sweep angle
º = uncertainty
Â = pressure tap distance from probe tip measured

along the probe axis (Fig. 1)

Subscripts

a; b; c; d; e = conical probe pressure tap labels (Fig. 1)
x; y; z = Cartesian coordinates
01 = condition ahead of the shock
02 = condition behind the shock
01 = settling chamber
1 = freestream

Introduction

E XTENSIVE theoretical and experimental research has indi-
cated that vortical � ows can have either benign or baleful con-

sequences in the operational characteristics of aerospace vehicles,
depending on the particular circumstances. However, the extent to
which the bene� ts or drawbacks of vortical � ows can be assessed
rests on a thorough understanding of their behavior. The renewed
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interest in sustained supersonic � ight, both civilian and military,
created a need for information on the vortex wakes of aerodynamic
components to access issues such as environmental impact, mis-
sile aft control surface effectiveness, and mixing. As one speci� c
example, vortices determine the initial dispersion, mixing, and the
ultimate residence time of ozone depleting species from engine ex-
haust in the stratospherefor supersonictransport(SST) aircraft.The
inability to assess properly the environmentalimpact of a large SST
� eet eventually contributed to its demise in the United States in
the 1970s. In the two and a half decades that followed, signi� cant
progresswas made in the photochemistryof ozone layers.However,
the advances in understanding characteristics of leading-edge vor-
tices in supersonic � ows remained stagnant. The need for research
on the dynamics of supersonicvortices to support the overall aim of
a commercially viable SST � eet was again reiterated in two recent
internationalmeetings.1;2

Because of their aerodynamic attributes, delta wings are rou-
tinely incorporated in the design of supersonic vehicles. Surpris-
ingly, although investigationsof delta wing � ow� elds in supersonic
streams date back to the 1950s, measurements in their vortices re-
main extremely scarce at best. This state of affairs is likely due
to the challenging nature of obtaining reliable data in supersonic
streams, particularly in shock- and vortex-dominated � ow� elds.
Consequently, details of supersonic leading-edge vortices remain
unknown, the lack of which has prevented understanding of these
� ow� elds and validation of computational solutions. Vortex-wake
� ows of the delta planform with a subsonic leading edge in a su-
personic stream were envisioned to be similar to their low-speed
counterparts.3;4 Some experimental information on the wake of
low-speed delta wings has been provided by Hummel,5 Hiremath
et al.,6 and Miller and Williamson7 and may be helpful in under-
standing and identifying various � ow mechanisms in the super-
sonic case. Immediately after leaving the planform, leading-edge
vortices in the near wake move slightly downward and start to
turn toward the freestream path.6 A small reduction in the vortex
strength can be explained by the termination of continuous vortic-
ity in� ux from the wing surface. On the other hand, the trailing-
edge vortex sheet has been found to interact with the leading-
edge vortices.5 This interaction produces an augmentation in the
strength of the combined vortex system because the trailing-edge
vortices do not simply dissipate. Also present in the near � eld,
the secondary vortex decays rapidly downstream of the trailing
edge.
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Fig. 1 Five-hole probe.

The � rst measurements in the wake of a supersonic delta wing
appear to be in a series of NACA/NASA studies as represented by
Perkins and Canning,8 Boatright,9 and Centolanzi.10 In these early
works, downwash, sidewash, pitot, and occasionallyMach number
measurements with coarse spatial resolutions were made to eval-
uate the accuracy of several theoretical vortex-wake models. The
pitot pressure data of Ref. 8 indicated wake characteristics similar
to those in subsonic � ow. Speci� cally,with increasingincidencean-
gles the viscous wake displaced downward, it expandedslowly, and
its intensity was reduced. In addition, a maximum pressure de� cit
locationde� ecteddownward for inboardspanwise locationsand up-
ward for the outboard locations. Regions of low dynamic pressure
were found to exist at various spanwise locations, presumably due
to the presence of concentrated vorticity. These results suggested
that the wake is better interpreted as a region of vorticity instead of
a vortex sheet.9

Optical techniques such as laser Doppler velocimetry (LDV) and
partical image velocimetry (PIV), when applied to vortical � ows
at supersonic Mach numbers, suffer from the inability to maintain
seeding in the core regions.11;12 Those seeding particles that remain
in the cores do not realistically follow the � ow. Furthermore, as
illustrated in the work of Ganzer and Szodruch,13 each surveyed lo-
cation requires multiple and separate measurements with extensive
data manipulation. Information obtained from these techniques is,
therefore, uncertain and misleading at times. Moreover, LDV and
PIV measurements, if successfully carried out, cannot provide the
pressure and Mach number information,which are of great interest
in characterizingcompressible� ows,without introducingadditional
assumptions.

In the light of the aforementioned, a � ve-hole cone probe of
30-deg half-angle (Fig. 1) was found to be the most suitable di-
agnostic tool for the current supersonicvortex-wakemeasurements.
The principleof a multiholeconicalprobe is basedon the notion that
Mach number, pressure, and directionality of the incoming stream
may be correlatedwith the combinationof pressure readings on the
conicalprobe surface and the pitot port situatedat the � at tip. To cir-
cumvent the traditional experimental calibration vastly demanding
on resources, an alternative numerical calibration procedure was
employed in the recent work of Milanovic and Kalkhoran.14 The
probe responses under various conditions were simulated with a
three–dimensional thin-layer Navier–Stokes solver (TLNS3D) of
Vatsa and Wedan.15 The TLNS3D code was a logical choice for
the � ow simulation around a � at-nosed cone probe because it was
developed and validated to solve external aerodynamic problems,
including those of axisymmetric blunt bodies at high speeds. The
validity of the computed pressure distributions on the probe sur-
face was subsequently con� rmed in a series of wind-tunnel tests
including low Mach number and high-angularity � ow� eld. Thus,
the numerical approach was shown to enhance the calibration data
acquisition in manners that are conductive economically without
suffering from the lack of desired accuracy.

With a three-dimensional thin-layer Navier–Stokes solver, the
calibration data were generated for the range of Mach numbers
and pitch angles of interest. It is evident that experimental data on
delta wing vortex-wake at supersonic speeds are quite rare. Their
physics are highly complex becausevariousvortex systems interact
continuouslywith one another while being convected downstream.
Current understandingof this � ow� eld is largely based on � ow vi-
sualization data, from techniques such as light sheet/vapor screen,
shadow, and schlieren photographs.Although topological similari-

tiesbetween low- and high-speed� ows exist, the quantitativedetails
remain largely unknown. To advance understanding of vortices in
supersonic � ows and contribute to the limited available database,
the present authors initiated an experimental study of the vortices
from a 75-deg sweptback delta wing in a Mach 2.49 stream at 7-
and 12-deg angles of attack. Of particular interest were Mach num-
ber and pressure distributions in the leading-edge vortices. Five-
hole probe surveys were � rst conducted vertically and horizontally
through the primary vortices at the trailing-edge plane. With the
initial conditions of the vortex wake characterized, the study con-
tinued into the near wake. Primary vortices were then surveyed at
0.5 chord length downstream of the trailing edge for the same inci-
dence angles. The present paper summarizes the � ndings of these
near-wake surveys and presents comparisons of � ow properties at
different survey stations.

Facility and Experimental Setup
The delta wing near-wake investigation was conducted in Poly-

technic University’s supersonicwind tunnel. It is a blowdown facil-
ity exhaustingto the atmosphere16 with a square test sectionmeasur-
ing 0:381 £ 0:381 and 1.2 m in length.Experimentswere carriedout
in a Mach 2.49 stream with the nominal stagnation temperatureand
pressureof 290 K and 0.35MPa, respectively.The Reynoldsnumber
based on the root chord of the wing model is, thus, 3:5 £ 107 . The
duration of a typical wind-tunnel run was 3 s, with data acquisition
during the � nal 2 s. This is considered suf� cient because bench-
top tests for the employed probe have revealed a response time of
approximately 0.5 (Ref. 17).

A generic representation of the experimental arrangement is
shown in Fig. 2. The model planform is a 75-deg sweptback, � at-
top delta wing with leading and trailing edges chamfered at 30 deg.
It has a 152.4-mm root chord, a thickness-to-root chord ratio of
0.04, and an aspect ratio of 1.07. The delta wing model is welded
to a streamlined strut with a double-wedgeairfoil section.The strut
connects the lower surface of the wing to a two-degree-of-freedom
traversing mechanism on the test section � oor. This arrangement
allows movement of the wing model in the longitudinal and hori-
zontal directionso that continuousmeasurements in the cross plane
can be made. Vortices of different strengthare generated by placing
the delta planform at various angles of attack. The present study
utilized two moderate incidence angles of 7 and 12 deg.

When advantage is taken of the � ow symmetry over the wing,
which was con� rmed by surface oil vizualizations,14 � ve-hole con-
ical probe surveys were carried out on the port side only. Measure-
ments were taken at two axial stations, namely, at the trailing edge

Fig. 2 Schematic of experimental arrangement.
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and 0.5 chord downstreamof the trailing edge. The probe was � tted
inside of a 25-mm-diam stainless steel tube to provide structural
integrity. A wedge-shaped � n with an 18-deg included angle was
installed with its leading edge 13 mm behind the probe tip to isolate
the conical probe from any upstream in� uence. The entire assem-
bly could traverse vertically, thus permitting surveys at different
heights relative to the wing. The pressure lines connectedto the � ve
ori� ces on the probe were fed through the support tube to pressure
transducers located outside of the wind tunnel.

Shadowgraph � ow visualizations were performed with an air-
spark light source providing microsecond range exposure times.
Surface and pitot pressurereadingson the � ve-holeprobewere mea-
sured with KuliteTM pressure transducers (models ITQ-1000-10-A
and ITQ-1000-50-A). A ValidyneTM AP10-50-A absolute pressure
transducer was used to obtain the tunnel settling chamber pres-
sure. The output signals were converted, ampli� ed, and recorded
with a LeCroyTM 6810 Waveform Digitizing/Recording system at
4880 Hz. The total uncertainty levels associated with the primary
measurements of cone surface, pitot, and chamber pressure, which
account for nonlinearity, hysteresis, and repeatability of the trans-
ducers, were ºc D §0:345; º02 D § 1:73, and º01 D § 4:31 kPa,
respectively.

Experimental Results and Discussion
Vertical Surveys

For the present wing model at incidence angles of 7 and 12-deg,
the corresponding normal angles of attack are ®N D 25:4 and
39.4-deg. In the Mach 2.49 stream, both cases have a subsonic lead-
ing edge with respective normal Mach numbers of MN D 0:71 and
0.82, generating primary vortices by separated � ow along the lead-
ing edge. Spark shadowgraphy was � rst used to obtain a global
assessment of the vortex positions. In such an integrated view, due
to lower density levels than that of the freestream, vortex cores are
manifestedas dark conical regions surroundedby a brighter periph-
ery, convectingdownward from theapexof the wing.Representative
shadowgraphs illustrating both the leeward and the near wake are
shown in Figs. 3 and 4, where � ow is from left to right. In Figs. 3
and 4, the dark vortex core and the white bands associated with
its boundaries are clearly seen approximately up to 0.25 chord be-
hind the trailing-edge.After leaving the planform, the vortex passes
throughthe trailing-edgeshockwaves and bendsupward.In the por-
tion from 0.25 to 0.5 chord behind the wing, the lower vortex trail
is still entirely visible, unlike the upper boundary. The upper trail
appears to interact with the shock wave and subsequently coincide
with it. Also seen is the trailing-edge wake, just below the vortex
core, with its lower boundary being the other white band. Shadow-
graphs taken with the � ve-hole conicalprobe installedindicated that
no vortex breakdown,either naturalor probe induced,had occurred.

Flow visualizations suggested a larger size and higher elevation
of the vortex core above the wing with increasing angle of at-
tack, which was also con� rmed by the subsequent conical probe

Fig. 3 Shadowgraph of typical � ve-hole probe survey at z/c = 0 plane
(® = 12 deg and M1 = 2.49).

Fig. 4 Shadowgraph of typical � ve-hole probe survey at the z/c = 0.5
plane (® = 7 deg and M1 = 2.49).

measurements.14 When the development is followed of the white
regions outlining the general vortex core boundaries, the shadow-
graphs of the near wake depict the apparent change of the trajectory
followed by a vortex core enlargement. At the trailing edge, both
expansionand shock waves can be seen. Behind the trailing edge, a
recompressionshock, laying just below the vortex, is also apparent.
The viscouswake from the wing trailing edge is seen to have a grad-
ual downward trajectory, which is due to the downwash created by
the leading-edgevortices. The presence of nearby waves and auxil-
iary vortical structures is expected to in� uence pressure and Mach
number pro� les of the primary vortices in the near � eld.

Shadowgraphs for each incidence angle were also utilized to es-
tablish the general vicinity of the vortex core in the vertical direc-
tion. Additional horizontal and vertical traverses of the � ve-hole
probe were made to verify the exact location of the minimum pitot
pressure, which was utilized as a reference point. Vertical and hor-
izontal surveys were then conducted through the primary vortices
at the trailing edge and 0.5 chord downstream. The results are pre-
sented in a Cartesian coordinate system. With the origin situated at
the intersectionof the leading and trailing edges x is along the span,
and y and z represent the directions perpendicular and parallel to
the freestream.

For the 7-deg vortex, the normalized pitot pressure at the trail-
ing edge plane has a minimum of 0.121, located at x D 16 and
y D 5:5 mm. At ® D 12 deg, the minimum P02=P01 ratio was found
to be at x D 22 and y D 8:4 mm, with a value of 0.07. The probe
was then traversed vertically through the aforementioned locations
in increments ranging from 0.5 to 2 mm. These surveys covered
the upper portion of the vortices and the region immediately below
the core centers because the data collection was restricted by the
presence of the wing surface. At a half-chord downstream of the
planform, the reference normalized pitot pressure value for 7-deg
case was 0.149, located at x D 15 and y D 3:3 mm. In the 12-deg
vortex, a minimum pitot pressure of 0.094 was found at x D 19:5
and y D 4:6 mm. Vertical surveysat z=c D 0:5 planewere performed
with a constant spatial resolutionof 1 mm. The pitot pressuredistri-
butions at both measurement stations are presented in Figs. 5 and 6.

During vortexevolutionover the wing, a continuousin� ux of vor-
ticity from the leading edge is feeding into the core. This process
terminates at the trailing edge, and vortices shedding into the wake
would experience an immediate reduction in their strength.5 As a
result, the minimum pitot pressure values at a half-chord station
downstream of the wing are higher than those at the trailing-edge
plane. Because the measurements were made in the near � eld, the
vortexstrengthreductionas indicatedby pitotpressureis notdrastic.
As vortices convect downstream,a descendingtrajectory is noticed.
The minimum pitot pressure locations at half chord, when com-
pared to those at the trailing edge, are shifted downward for both
incidence angles. The downward motion of the vortex wake results
from the mutual induction of primary vortices, a common feature
illustrated in both low5;6 and high-speed8;9 � ows. At both surveyed



318 MILANOVIC AND KALKHORAN

Fig. 5 Pitot pressure distribution from the vertical surveys at z/c = 0.

Fig. 6 Pitot pressure distribution from the vertical surveys at z/c = 0.5.

stations, a higher incidence angle is accompanied by a larger pitot
pressure de� cit. In addition, the 12-deg case exhibits an almost � at
pressure distribution around the minimum value. The extent of this
constant pressure region increases from 5 mm at the trailing edge to
7 mm at the downstream measurement plane. This results in buck-
etlike pitot pressurepro� les as opposed to a cusp-shapedistribution
characteristic for the lower angle of attack vortex.

The pitot pressure change in the upper part of the vortex core at
the downstream survey station shown in Fig. 6 does not exhibit a
smooth transition into the freestream value. This may be attributed
to the numerous waves emanating from the trailing edge as seen
in the shadowgraphs. Additional disturbances are also anticipated
from the change of the vortical trajectory, initially downward and
oblique over the wing and then turning toward the freestream as
vortices trail off the planform. Furthermore, the lower portion of
the core has steeper gradients, presumably in� uenced by the wake
� ow from the trailing edge. Shadowgraphs indicate the trailing-
edge wake immediately below the leading-edgevortices, and this is
further substantiatedby an additional pitot pressure de� cit area just
below that of the primary vortex.

The measured total and static pressures are presented in
Figs. 7–10. As expected, signi� cant de� cits in these quantities are
present in the core regions at both measurement planes. Figure 7
shows the total pressure distribution in the primary vortices at the

Fig. 7 Total pressure distribution from the vertical surveys at z/c = 0.

Fig. 8 Total pressure distribution from the vertical surveys at z/c = 0.5.

Fig. 9 Static pressure distribution from the vertical surveys at z/c = 0.
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Table 1 Minimum pressures in the leading-edge vortices

Trailing-edge measurement Near-wake measurement
plane, z=c D 0 plane, z=c D 0:5

® D 7± ® D 12± ® D 7± ® D 12±

.P02=P01/min 0.1210 0.0700 0.1490 0.0940

.P01=P01/min 0.2100 0.1000 0.2520 0.1260

.P1=P01/min 0.0154 0.0092 0.0210 0.0170

Fig. 10 Static pressure distribution from the vertical surveys at
z/c = 0.5.

trailing edge. The minimum values for the 12- and 7-deg vor-
tices are P01=P01 D 0:1 and 0.21, respectively.Their counterpartsat
z=c D 0:5 station given in Fig. 8 are 0.126 and 0.252. Similar to the
pitotpressureresults,thehigherangle-of-attackcase isaccompanied
by a � at total pressure region growing in size with the downstream
distance. Meanwhile, the lower incidence angle has cusp-shaped
pressurepro� les at both surveyedstations.The pressurepro� les be-
hind the wing also exhibit asymmetries, which can be attributed
to the presence of the trailing-edge wake and waves emanating
from the planform.Figure 9 illustrates the static pressurepro� les at
the trailing edge. The normalized static pressure drops well bellow
its freestream value, reaching a minimum of P1=P01 D 0:0092 and
0.0154 for the 12- and 7-deg cases, respectively. The correspond-
ing values half a chord downstream are 0.017 and 0.021 as seen in
Fig. 10.Overall, the magnitudesof thepitot, total, andstaticpressure
de� cits increase with increasing angle of attack at the same mea-
surementplane and decreasewith the downstreamdistancefrom the
model.Table 1 summarizesminimumpressurevalues in the primary
vortices of the present delta wing at the two surveyed locations.

The swirling pattern is revealed by the Mach number component
perpendicularto the direction of the survey.Therefore, Mx distribu-
tions in the currentverticalsurveysdelineatethe swirl character.The
Mx pro� les for both incidence angles in the near wake are shown
in Figs. 11 and 12. The swirl in the vertical surveys resembles the
tangential velocity pro� le of the classical low-speed Lamb–Oseen
vortex with a linear distribution in the viscous core and decay with
increasing distance from the core. As seen in Fig. 11, swirl Mach
numbers at the trailing edge reach a maximum of 1.07 and 1.14 for
the 7- and 12-deg cases, respectively.These low supersonic values
are expected as the � ow with an already transonic normal Mach
number accelerates around the sharp leading edge.

The swirl pro� les at the wake station z=c D 0:5 are summarized
in Fig. 12. The peak Mx values found at the upper and lower edges
of the core for the 7-deg incidence angle are 0.8 and ¡0.98. Cor-
responding magnitudes for the 12-deg angle of attack are 0.91 and
¡0:96. A slightly larger swirl at the lower portion of the vortices is
present in both cases. The core dimensions, as indicated by the dis-

Fig. 11 Swirl Mach number from the vertical surveys at z/c = 0.

Fig. 12 Swirl Mach number from the vertical surveys at z/c = 0.5.

tance between the two local peak values in swirl pro� le, are 7.2 and
13 mm for the 7- and 12-deg vortices, respectively. A comparison
of the core size between two measurementplanes is complicatedby
the restrictions in obtaining data near the planform surface. How-
ever, estimated14 vertical dimensions for the 7- and 12-deg vortices
at the trailing edge are 5.6 and 10.8 mm, respectively. These mea-
surements, thus, suggest stretching of the vortex core in the verti-
cal direction and convection downstream. Primary vortices at the
trailing edge, bound by the wing surface beneath, develop into an
elliptical shape with the horizontal axis as the major axis. Down-
stream of the trailing edge, the vortices are no longer restricted by
the planformand the core would start to adjust its shape.Suppressed
over the wing, the vortex vertical axis becomes the dominant one
in the near wake, as illustrated in the laser vapor sheets of Ganzer
and Szodruch.13 In the far wake, vortices would eventually reach
more axisymmetric pro� les. The downstream distance needed for
this would likely depend on the incidence angle and the in� uence
of various � ow parameters.

Figures 13 and 14 illustrate the radial Mach number My distri-
butions. The magnitude of My is determined by the radial growth
of the vortex structure and mutual induction of the vortex pair. The
My pro� les at the trailing-edge plane presented in Fig. 13 exhibit
peaksin the high transonicand sonicregions,indicatinga substantial
downward� ow. The maximumvaluesobtainedfor the 7- and12-deg
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Fig. 13 Radial Mach number from the vertical surveys at z/c = 0.

Fig. 14 Radial Mach number from the vertical surveys at z/c = 0.5.

vortices are ¡0.73 and ¡0.94, respectively.The My distributionsat
the z=c D 0:5 station shown in Fig. 14 have nevertheless reduced
signi� cant peaks with locations closely corresponding to the upper
and lower core boundaries.Maximum radial magnitudesabove and
below the vortex center for 7-deg incidence angle are ¡0.34 and
0.32, respectively. In the case of a 12-deg angle of attack, these
values are ¡0.46 and 0.28. A decrease in the downward compo-
nent of the � ow again con� rms the vortex trajectory changing from
an obliquely downward � ow over the planform to a gradual return
toward the freestreamdirection in the near wake. Mach numbergra-
dients in the proximity of the core center differ considerablyfor the
two angles in the wake station. The 12-deg vortex is characterized
by an approximately6-mm-wide region of low radial values closely
corresponding to the vortex center, whereas the 7-deg case has a
nearly linear change of My within the core. A large inward com-
ponent found immediately above the wing suggestsboundary-layer
entrainment into the core. Also note that entrainment characteris-
tics of the vortices at the trailing edge continue into the near wake.
At the core edges, large My components are directed toward the
vortex center. Such a feature would be important in assessment of
the stratosphere ozone depletion issue because exhaust products
entrained in the descending vortex pair would give rise to a very
different resident time of the exhaust species.

The distributions of axial, Mz , and total Mach numbers M are
presented in Figs. 15–18. At each survey station, Mz and M exhibit

Fig. 15 Axial Mach number from the vertical surveys at z/c = 0.

Fig. 16 Axial Mach number from the vertical surveys at z/c = 0.5.

Fig. 17 Total Mach number from the vertical surveys at z/c = 0.



MILANOVIC AND KALKHORAN 321

Fig. 18 Total Mach number from the vertical surveys at z/c = 0.5.

similar trends, illustrating the dominant contributionof the stream-
wise componenton the overallMach number.The vortex coreswere
found to have wakelike Mach number pro� les at both measurement
planes. At the trailing edge, the minimum axial Mach number in
the core region of the 7-deg vortex is 2.15, as seen in Fig. 15,
and the matching total Mach number 2.41 is shown in Fig. 17.
The corresponding values for the 12-deg case are Mz D 1:53 and
M D 1:95. Considerable differences in magnitudes between axial
and total Mach numbers stem from the large downward component
of the � ow. The Mach number overshoot above the core is caused
by two mechanisms.First, the planformat an angle of attack creates
an expanded � ow on the leeward side that surrounds the vortices.
In addition, the cross� ow is being accelerated due to the expansion
around the leading edge. On the other hand, as a result of entraining
boundary-layer � uid into the vortex, Mach numbers at the lower
portion of the core do not reach a value higher than that of the
freestream.

At the wake measurement plane z=c D 0:5, the axial Mach num-
ber in the core center of the 7-deg vortex is 2.276, as seen in Fig. 16,
and the matching total Mach number of 2.28 is shown in Fig. 18.
The corresponding values for the 12-deg case are Mz D 1:94 and
M D 1:95. The larger spatial extent of the Mach number de� cit re-
gion behind the trailingedge is believedto be due to theexpansionof
the core in the vertical direction during the downstream convection
because the vortex is no longer restricted by the presence of the
wing surface. It is also expected that the magnitude of the Mach
number de� cit in the core is reduced as the vortex convects and
relaxes further into the far wake. The rate at which this process oc-
curs is, however, complicated by a number of phenomena present
in the near wake. As stated before, the trailing-edge viscous wake
is immediately below the vortex. Behind the wing, this low Mach
number structure is merged with the lower portion of the vortex.
Inferred from the radial Mach number pro� le at the half-chord sta-
tion presented in Fig. 14, the leading-edge vortex in the wake is
able to entrain the surrounding� ow. Consequently,low-momentum
� uid from the trailing-edge wake would be entrained into the pri-
mary vortices, further contributing to the Mach number de� cit in
the cores. In addition, compression waves from the planform trail-
ing edge interact with the vortices upstream of the z=c D 0:5 loca-
tion. This would also foster a slower relaxationof the Mach number
de� cit in the cores. Secondary vortical structures and waves gen-
erated by the vortex trajectory, changing from the leeward side to
the near wake, would further complicate the character of the vor-
tices. Consequently, Mz and M pro� les at a half-chordaway are not
monotonically approaching the freestream value.

Horizontal Surveys

Measurementswere also performed through the cores of primary
vortices in the spanwise direction. At the trailing-edge location,

Fig. 19 Pitot pressure distribution from the horizontal surveys at
z/c = 0.

Fig. 20 Pitot pressure distribution from the horizontal surveys at
z/c = 0.5.

these horizontal surveys were made 5.5 and 8.4 mm above the
wing surface for 7- and 12-deg vortices, respectively. Correspond-
ing heights at z=c D 0:5 station are y D 3:3 and 4.6 mm. The mini-
mum spatial resolutionemployedduring the surveywas 1 mm. Pitot
pressure distributions are shown in Figs. 19 and 20. Trailing-edge
pro� les illustrated in Fig. 19 reveal an asymmetric shape due to dif-
ferent � ow structurespresent in the vicinityof the leading-edgeand
midspan locations. In the 7-deg case, an almost � at pitot pressure
region covering 4 mm, or, equivalently, 0.1 of the local semispan,
with an averagevalueof P02=P01 D 0:121, was found. In additionto
this minimum pitot pressure zone associated with the primary vor-
tex, another well-de� ned pressure de� cit was noted farther toward
the leading edge. The latter is believed to result from the traverse
in the vicinity of a secondary vortex core and through a vortex em-
bedded in the shear layer. Surface oil � ow visualizations14 located
the secondary vortex core within the limits of x D 4–9 mm, thus,
it coincides with the pressure dip near the leading edge. The same
region is also accompanied by wakelike axial/total Mach number
pro� les. Also, the vortex embedded in the shear layer at this angle
of attack18 is adjacent to the secondaryvortex.However, a clear dis-
tinctionbetween these two vorticalstructuresis notpossiblewithout
detailed mapping of the entire cross� ow plane, which was beyond
the scope of the current investigation.
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As seen in Fig. 19, the normalized pitot pressure distribution in
the viscous core for the 12-deg vortex exhibits a broader spatial
scale with a lower minimum value of 0.07 compared to the 7-deg
case. A distinctive second pitot pressure drop toward the leading
edge was not found. This is attributed to the change in the incidence
angle. When the angle of attack is increased, the primary vortex
has a higher position relative to the wing, whereas the secondary
vortex remains near the surface. The current 12-deg survey was
carried out at a 0.21 semispan distance from the planform. This
represents a value approximately twice that of predicted secondary
vortex location.19 Therefore, the secondary vortex is believed to
be below the path of the horizontal traverse. In addition, a higher
incidence angle would move the position of the shear-layer vortex
further below the primary core.18 In light of these considerations,
it is likely that the in� uence of the secondary vortex and the shear-
layer vortex has not been detected in the 12-deg horizontal traverse
at the trailing edge.

Pitot pressure distributions in the downstream station shown in
Fig. 20 again reveal two distinct de� cits representing primary vor-
tices and secondary vortical structures. Unlike pitot pressure pro-
� les at the trailing edge (Fig. 19) characterized with wide and � at
minimumpressureregions,primaryvortices in the wake are exhibit-
ing pronounced cusp pressure pro� le shapes. This change is again
indicativeof the vortex undergoingprofound restructuringbetween
the two surveyed locations. Also, a more signi� cant pitot pressure
recovery outside of the core in the direction of the leading edge is
found, as compared to that of the z=c D 0 station. Greater outboard
pitot pressuremagnitudesare due to the spanwise relaxationprocess
behind the model, providing for the displacement of the secondary
vortex structure.

The total pressure distributions from the horizontal surveys are
shown in Figs. 21 and 22. Similar to the pitot pressure pro� les
described earlier, the same two characteristic de� cit regions were
presentin all investigatedcases.Bothprimaryvorticesat the trailing-
edge plane have an almost � at zone of minimum total pressure
approximately 8 mm wide, as seen in Fig. 21. Plateau values of
P01=P01 for the 7- and 12-deg cases are 0.21 and 0.1, respectively.
Pressure pro� les in the leading-edgevortices at the z=c D 0:5 loca-
tion illustrated in Fig. 22 are characterized by a smaller spanwise
spatial scale as compared to their trailing-edge counterparts.Mini-
mum total pressure regions at the wake station are covering about
3 mm each, with average values of 0.25 and 0.13 corresponding to
lower and higher angle of attack. Consequently, an increase in an
incidence angle is accompanied by a more pronounced total pres-
sure de� cit. The static pressure pro� les are presented in Figs. 23
and 24. An almost constant minimum static pressure region 5 mm
wide is found at the trailing-edge plane in both cases, as shown in

Fig. 21 Total pressure distribution from the horizontal surveys at
z/c = 0.

Fig. 22 Total pressure distribution from the horizontal surveys at
z/c = 0.5.

Fig. 23 Static pressure distribution from the horizontal surveys at
z/c = 0.

Fig. 23. The associated average magnitudes are P1=P01 D 0:0154
and 0.0092 for the 7- and 12-deg vortices, respectively. Static pres-
surepro� les in the wake summarized in Fig. 24havedistinctde� cits,
with earlier reported minimum values of 0.021 and 0.017 corre-
sponding to lower and higher angle of attack.

Figure 25 presents the lateral Mach number Mx distributionat the
trailing edge. Values of Mx at the midspan for both incidence an-
gles are close to zero as expected. In traversing towards the leading
edge, Mx has a general decreasing trend, which is an artifact of the
conical nature of the � ow over the planform.Near the leading edge,
Mx distributions have a sharp rise to positive values, an indication
of the shear layer generating strong � ow toward the midspan. At
the z=c D 0:5 measurement plane, after vortical trajectory adjust-
ment, without the shear-layer feeding mechanism and the imposed
restrictions from the wing surface, the Mx values at the core center
are found to be close to zero as seen in Fig. 26. A notable feature
is inward � ow directed toward the center at the core edges, a char-
acteristic also found in the vertical surveys. A continuous in� ux of
the surrounding � uid into the core is, thus, expected as the vortex
convects downstream.

The swirl Mach number My distributions at the trailing edge are
summarized in Fig. 27. These pro� les are the composite result of
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Fig. 24 Static pressure distribution from the horizontal surveys at
z/c = 0.5.

Fig. 25 Radial Mach number from the horizontal surveys at z/c = 0.

Fig. 26 Radial Mach number from the horizontal surveys at z/c = 0.5.

Fig. 27 Swirl Mach number from the horizontal surveys at z/c = 0.

Fig. 28 Swirl Mach number from the horizontal surveys at z/c = 0.5.

the downward convecting � ow over the wing, shear-layer genera-
tion along the leading edge, secondary vortices, and the mutually
induced� ow� eldby theprimaryvorticesacrossthe symmetryplane.
Consequently, My has a substantial downward value in the midspan
region, and its pro� le is without a distinctive second peak of an
isolated vortex. The maximum My values are ¡0.92 and ¡1.34
for the 7- and 12-deg cases, respectively. After examining swirl
peak locations and pressure gradients, the corresponding viscous
core dimensions in the horizontal direction are found to be 12 and
17 mm. In conjunctionwith their counterpartsfrom the vertical sur-
veys and consistentwith the � ow visualizationsof Refs. 13 and 20,
primary vortices at the trailing edge are found to have an elliptical
shape.

Distributions of Mach number component My , horizontally
across the leading-edgevortices at the z=c D 0:5 plane are shown in
Fig. 28. At this station, vortical trajectory is almost alignedwith the
probe directionand zero swirl locationscoincidewith the minimum
pitot pressure point. Moreover, due to the absence of the wing sur-
face, two distinct swirl peaks associated with each primary vortex
emerge. Their inboard and outboard magnitudes for the 7-deg inci-
dence angle are ¡0.78 and 0.86. The correspondingmaximum My

values for the 12-degangleof attackare ¡1.22 and 1.43. It is evident
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that these vortices are very strong, which is indicative of the lift
generationcapability associatedwith delta planforms in supersonic
� ight. The core dimensionas determinedfromdownstreamhorizon-
tal surveys is 9 mm for both cases. These measurements recon� rm
the vortexcoreshapeadjustmentwith the downstreamdistancefrom
the trailing edge during the near-wake vortex stretching, also noted
in the vertical surveys. Traversing further toward the leading edge,
one more vortical structure with the opposite rotation to that of the
primaryvortex is observed.This counter-rotatingsystemis believed
to be the secondaryvortex, which, according to the low-speed � nd-
ings of Hummel,5 is known to orbit around the leading-edgevortex
in the near wake before ultimately merging with it.

Figures 29–32 present the spanwisedistributionsof axial, Mz and
total, M , Mach number in the near wake. In the trailing-edgeplane,
midspan values of the axial component are slightly higher than that
of the freestream due to the acceleration of � ow over the wing. As
inferred from the preceding discussion on the My distribution, the
core entrainment will draw on viscous � uid from the wing bound-
ary layer and the shear layer originating from the leading edge. The
resulting wakelike Mz and M pro� les in the cores are again evident.
At the trailing edge, the minimum axial Mach number in the core
regionof the7-degvortexis 1.58,as seen in Fig. 29, and thematching
total Mach number of 1.87 is shown in Fig. 31. The corresponding

Fig. 29 Axial Mach number from the horizontal surveys at z/c = 0.

Fig. 30 Axial Mach number from the horizontal surveys at z/c = 0.5.

Fig. 31 Total Mach number from the horizontal surveys at z/c = 0.

Fig. 32 Total Mach number from the horizontal surveys at z/c = 0.5.

values for the 12-deg case are Mz D 1:59 and M D 1:97. A higher
incidence angle is seen to produce an increase in the spatial scale
of the de� cit region. Recall from the vertical surveys at the trail-
ing edge that the lower portion of the vortex is bonded by a viscous
structure.Similarly, the shear layer from the leadingedge is believed
to restrain the primary vortex from expanding in the spanwise di-
rection, resulting again in the local Mach number rise. The axial
Mach number de� cits in the vicinity of the leading edge, illustrated
in Fig. 29, closely coincide with the position of secondary vortices
as revealed by the oil � ow visualizations14 and the accompanying
pitot pressure de� cits (Fig. 19). The wakelike pro� les in both Mz

and M are seen to persist into the half-chord survey plane. At the
wake station z=c D 0:5, the axial Mach number in the core center
for the 7-deg vortex is 2.28, as seen in Fig. 30, and the matching
total Mach number of 2.34 is shown in Fig. 32. The corresponding
values for the 12-deg case are Mz D 1:69 and M D 1:78. The total
Mach number distributionsin both measurement stations follow the
general trend of the axial component contours, thereby once again
con� rming the dominance of the streamwise � ow. The Mz and M
distributions indicate that the convection of the vortex wake in the
near � eld is complex and do not proceed as a uniform translationof
the pro� les found at the trailing edge.
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Conclusions
An experimental study of a 75-deg sweptback, sharp-edged and

� at-top delta wing near wake was done in a Mach 2.49 stream.
Five-hole conical probe surveys were conductedvertically and hor-
izontally through the primary vortices at the trailing edge and half a
chorddownstreamof theplanformfor7- and12-deganglesof attack.
These measurementswere further complimentedwith shadowgraph
visualizationsof the � ow� eld. Spark shadowgraphs revealed infor-
mation regarding the trajectory and relative size of the generated
vortices while con� rming that no probe-inducedvortex breakdown
had occurred. A novel approach of numerical calibration using a
three-dimensionalNavier–Stokes solver generated calibration data
for the blunt-nose conical probe over a range of Mach numbers and
pitch angles.

Pressure and Mach number distributions revealed a complex
structure and convective character of the delta wing vortex wake.
The primary vortex core at the trailing edge moved inboard and
upward relative to the model surface as the incidence angle was
increased. Registered downward motion of the vortex pair behind
the wing is a consequence of a self-induction process as seen both
in low- and high-speed studies. The magnitude of the pitot, total,
and static pressurede� cits increased with increasingangle of attack
for the same measurement plane and reduced with the downstream
distance from the model. Vertical traverses for the same survey sta-
tion but a more elevated planform indicated growth in spatial scale
of pressurede� cits. Swirl Mach number pro� les resemble a Lamb–

Oseen vortex with a linear swirl distribution in the viscous core and
velocity decay outside. Considerable swirl peaks with low super-
sonic and high transonic values are present in all vertical and hor-
izontal surveys. An inward � ow of substantial magnitude, directed
toward the center at the core edges, is also found. The vortices,
therefore, possess the ability to entrain surrounding� uid. The axial
Mach number distribution in the investigatednear � eld is wakelike,
in agreement with the � ve-hole probe measurements in supersonic
streams for the leading edge and tip vortices. Total Mach number
pro� les follow the general trend of axial component contours, con-
� rming the prevalence of the streamwise � ow. Consistent with the
existing � ow visualizations, measurements also illustrated vortex
shape adjustment in the near wake. Primary vortices suppressed
over the wing stretched downstream in the vertical direction.

The current study concurredwith the existingnotion that leading-
edge vortices in supersonic � ows have qualitative similarities to
those at low speed. However, the investigationfurther demonstrated
that quantitative differences do exist, particularly in the axial � ow
pro� les. In the supersonic case, primary vortices are of signi� cant
strength, as seen by pressure and swirl magnitudes. They persist
far downstream and, as such, the entertainment and mixing char-
acteristics of the vortex wake can have important consequences to
the injection of engine plumes issued in the wake. This has not
only environmental implications in the case of � elding a future
SST � eet, but also low observability considerations. For example,
if utilized strategically, the strong vortices can provide rapid cool-
ing needed to reduce signatures from engine exhausts. In light of
the aforementionedrepresentativepracticalapplications,the current
investigation is consistent with a number of aeronautical interests
internationallyand provides insights as to the nature of supersonic
leading-edge vortices. In the process, the study further contributes
to the scarce database available for calibrating computational � uid
dynamics solvers.
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