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Fig. 2 Sphere surface static pressure distributions (Á = 0 deg) with
the sphere positioned on the test section centerline (c/b = 0.5), at Red

= 1.69 £ 105 , illustrating the effectiveness of the two-dimensional wall
adaptation in removing the effects of wall interference. The total com-
bined uncertainty is estimated at Cp § 0.03.

Fig. 3 Mean static pressure distributions at c/b = 0.2 and Red =
1.69 £ 105 for adapted walls. Two-dimensional wall adaptation pro-
vided a correction to the base pressure region but could not correct
the asymmetrical nature of the ¯ ow® eld about the sphere at this cross-
stream position (total combined uncertainty of Cp § 0.03).

the Cp (h ) distributionand CD (Table 1). The ¯ ow pattern, however,
remained asymmetric (Fig 3).

Permissible Range for Cross-Stream Position
The permissible range for cross-stream position of the center of

the sphere extends from the test section longitudinal centerline to
a distance of 0.2b (121.9 mm) toward either side wall. Since the
sphere has a radius of 63.5 mm (0.10b), the permissible range for
model lateral position extends §0.3b from the centerline. Since a
similar extension of the permissible working zone can also be ac-
commodatedin the verticaldirection,throughadjustmentof the roof
and ¯ oor contours,3 a conservativeestimate is placed on the permis-
sible zone in which three-dimensionalmodels such as a sphere can
be located: it is assumed that the model must be located within a
circleof radius0.3b, centeredon the test section centerline.Thus the
permissible test zone in which a sphere of 3.6% solid blockage can
be placed is the central 28% of the test section cross-sectionalarea.

Conclusions
The experimental results lend further support to the careful use

of a two-dimensionalwall adjustment strategy for low-speed, three-
dimensional ¯ ows under speci® c conditions for solid blockage of
less than 4% for semiaerodynamicshapes, model span in the cross-
stream directionof up to 20%, and model proximity to the side walls
of c/ b ¸ 0.3. This result yields a permissible test zone comprising
28% of the test section area. The experiments also demonstrate
that three-dimensional models such as a sphere can be tested in
an environment of minimum wall interference without the need
to employ a more computationally intensive and instrumentation-
demanding three-dimensionalwall adjustment strategy.
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Introduction

L IMITED experimental investigations of the supersonic ¯ ow-
® eld behind low aspect ratio, unswept wings were conducted

over four decades ago by Davis1 and Adamson and Boatright.2

Recently, pitot measurements of supersonic tip vortices from dif-
ferent unswept wings were made by Kalkhoran et al.,3 Wang and
Sforza,4 and Wang.5 Most recently, Smart et al.6 made additional
measurements in such ¯ ows using pitot and cone probes. This lim-
ited database prompted the present Note, which expands upon the
key features of the previous ® ndings. The tip vortex generator used
is a straight half-wing with a modi® ed double wedge airfoil and a
45-deg chamfer at the tip. It has a chord of 76.2 mm, a thickness of
7.9 mm, a span of 118.75 mm, and a half-wedge angle of 8.3 deg.
The tests were made in a Mach 3.1 stream (25.4 £ 26.2 cm tunnel
cross section) at a Reynolds number of 7.08 £ 106 based on the
chord for two angles of attack.

Results and Discussion
Previous experienceindicates that the diameter of the vortex core

(de® ned as the distance between the swirl velocity peaks) is well
represented by the size of the darker band trailing off the wingtip
in shadowgraphs.5 Core diameters, thus, were measured off shad-
owgraphs taken during the study,4,5 resulting in values of 6.4§0.8
and 8.5 §0.8 mm for a = 5 and 10 deg, respectively.These shad-
owgraphs show virtuallyno change in the size of the core within the
near-® eld viewing area. This suggests that the radial velocity com-
ponent is small compared to the axial component and the effect of
diffusionis minor, analogousto featuresfound in the incompressible
counterpart. Vortex locations were determined using a traversable
pitot rake positionedhorizontallyacross the tunnel centerline. Pitot
pressure measurements (uncertainty of §1.86 kPa) were made at
2.3 chords downstream of the trailing edge for a = 5 and 10 deg.
This survey location was well within the region free of re¯ ections
of the wing’s shock-expansionpatterns. Pitot pressure results were
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a) ®= 5 deg b) ®= 10 deg

Fig. 1 Pitot pressure contours shown to scale; boxed region outlines survey limits and projection of wing on the measurement plane is superimposed
for reference.

normalizedby the stagnationpressure (1.17 MPa) and are presented
in Fig. 1. The surveyshad a constanthorizontal spatial resolutionof
6.4 mm and a variable vertical spatial resolution as small as 1.6 mm
in the vicinity of the core centers. Previous works5,6 point out that
the locationsof minimum pitot pressureand of zero swirl in the vor-
tex are approximately the same. The vortex core centers, therefore,
are considered to be located by the minimum pitot readings for the
surveys conducted.Figure 1 reveals that the trailing vortices drifted
slightly inboard at the surveyed station but displayed no downwash
for both angles of attack tested. Similar vortex locations were also
reported in Refs. 1 and 2. It was noticed that for the a = 10 deg
case, introductionof a probe into the core center caused the vortex to
burst sporadically,events which did not occur in the a = 5 deg sur-
vey. Conditional sampling, achieved by temporal correlation of the
spark discharge of the shadowgraph light source and the pressure
transducer signals, was used to extract the unburst portion of the
pitot pressure record.

A rake of seven common stainless-steel sewing needles was po-
sitioned vertically across the vortex core locations. Shadowgraphs
of the weak waves generated provide an estimate of the transverse
distribution of the axial Mach number.5 Close examination of the
negatives under maximum magni® cation showed all of the waves
to be unrefracted and essentially equivalent in angle. The tip vor-
tex, therefore, may be said to have an approximately uniform axial
Mach number distribution of 3.1, within the photographic resolu-
tion. If there were a large axial Mach number gradient in the cores,
the waves would have exhibitedclear signs of refraction.The uncer-
tainty in measuring the wave angles is §1 deg, bounding the axial
Mach number in the core between 3 and 3.3, a deviation which
amounts to from ¡ 3 to +6 % of the freestream value. Results for
pitot pressures measured vertically through the vortex center nor-
malized with the freestream pitot pressure are presented in Fig. 2.
With the approximations of constant Mach number and stagnation

Fig. 2 Normalized pitot pressure pro® les.

temperature, the same pro® les can also be interpreted as stagnation
pressure,static pressure,and densitypro® les normalizedby their re-
spective freestream values. The implication of essentially constant
axial Mach number and stagnationtemperature is that static temper-
ature and axial velocity are also nearly constant across the vortices.

Low-speed tip vortex experimentshave shown axial velocitypro-
® les to span the range from wakelike, to uniform, to jetlikebehavior.
During the generation of the vortex, the axial ¯ ow is retarded by
losses resulting from cross¯ ow separation around the tip and pro-
pelled at the same time by the circulation. Assuming a polytropic
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process in the core, and following the arguments of Batchelor,7 the
axial Mach number in the compressible vortex core becomes
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where n is the polytropic exponent, C ´ rw (w is the swirl),
T0 is the stagnation temperature, and D H is the change in stag-
nation enthalpy between the freestream and the core ¯ ows. The
two integrals involving C result from relating the pressure gradient
within the vortex to the circulation. For a reasonable swirl pro® le
in the core, such as rigid-body rotation, the net contribution from
the two integrals involving C is positive. Therefore, the circulation
and losses in¯ uence the axial ¯ ow within the compressible vor-
tex core in the same manner as they do in incompressible cases.
When the swirl induced pressure de® cit is strong enough, the axial
Mach number develops a jetlike pro® le despite losses arising from
cross¯ ow separation around the tip. In high-speed ¯ ows over slen-
der bodies with limited heat transfer or viscous effects, the term
D H is typically small. Therefore, it appears likely that a jetlike
axial Mach number pro® le exists in the core of a tip vortex of a
slender supersonic wing, at least in the near ® eld. The maximum
magnitude of the jetlike Mach number pro® le for the current exper-
imental arrangementmay be estimated from Eq. (1) by considering
an inviscid isentropic ¯ ow with a rigid-body rotation swirl pro® le
in the core and assuming that the vortex circulation stems from the
entire lift produced in the wing tip region. Such an idealized as-
sessment yields an axial Mach number of 3.26 in the vortex core,
which represents only a 5% overshoot (for a = 10 deg); any actual
overshoot should be smaller. Note that this estimated Mach number
of 3.26 falls within the range of the uncertainty in reading the wave
angles.

When the wing tip airfoil section is thin1,2 or chamfered to a
sharp edge (the present case), the evidence indicates that there is
no appreciable axial Mach number de® ciency. However, when the
airfoil is much thicker and the tip is squaredoff, a pronouncedMach
number de® cit is observed.6 It is suggested that the cross¯ ow sepa-
ration around a thick and squared-off tip produces losses suf® cient
to result in an axialMach number de® cit in the core in the near ® eld.
A recent numerical investigationof supersonicwingtip vorticeswas
performed by Rizzetta8 for conditions corresponding to the experi-
ments of Smart et al.6 Although the computations underpredict the
extent of the axial Mach number de® cits reported experimentally, it
is evident that increasingthe magnitude of the viscous effect results
in correspondinglyincreasedaxialMach numberde® cits in the core.
This suggests that a wing with a thin or chamfered tip is less likely
than one with a thick and squared-offtip to producea wakelike axial
¯ ow pro® le in the core becausethe lossesproducedby the cross¯ ow
separation during vortex generation are smaller. In many respects
this is analogous to the formation of a leading-edge vortex from a
sharp edged delta wing in which little viscous ¯ uid is entrained in
the core8 and a mild jetlike axial Mach number pro® le has been
shown to exist.9

The notion that a chamfered tip reduces losses was explored
further by examining existing pitot pressure data. When the min-
imum pitot pressures in the cores are normalized by the freestream
values and plotted against t /c for models with squared-off tips,
data from various sources show trends that are reasonably charac-
terized by simple power laws (Figs. 3a and 3b).2,3,5,6,10 However,
when the present chamfered tip results are superimposed on the
same graphs, they show a milder pitot pressure ratio drop than that
given by the curve ® ts to the squared-off tip data. It is suggested
that the normalized pitot pressure in the center of a vortex gener-
ated from a chamfered wing tip corresponds to that produced by a
squared-off wing having a smaller t /c. In other words, using the
normalized pitot pressure in the core as an indicator, it seems es-
tablished that chamfering the tip has the same effect as reducing
the t / c of a wing; that is, it would reduce the losses related to

a) 5 deg · ®· 6 deg

b) 10 deg · ®· 10.4 deg

Fig.3 Normalized minimumpitotpressure readings in thevortexcores
correlated with thickness to chord ratios for squared-offand chambered
wing tips.

cross¯ ow separation during vortex generation thereby diminishing
axial ¯ ow retardation in the near ® eld. However, as the tip vortex
convects farther downstream and dissipative effects and circulation
continue to compete, a different axial ¯ ow pro® le in the core from
the one obtained in the near ® eld may ultimately develop so that it
is possible that there would be a different axial ¯ ow pro® le but not
necessary.

Although the vortexpropertieshavebeen estimatedby neglecting
the swirl componentof velocity, it is possible to recover some swirl
information from the radial momentum equation5

w 2 =
r

q

dp

dr
(2)

For the present study, a linear ® t between points from Fig. 2 was
used in calculating the swirl from Eq. (2). The resultingnormalized
swirl pro® les are shown in Fig. 4, and their resemblance to the
classical incompressibleBurgers’ pro® le5,6 is apparent. The values
of maximum swirl angle, de® ned as tan¡ 1(wmax / V 1 ), are 7.8§1.8
and = 12.4 §1.8 deg for a = 5 and 10 deg, respectively. These
values are small compared to those typically reported for low-speed
wing tip vortices at the same angles of attack, which is consistent
with physical intuition in that it is dif® cult to generate large swirl
angles in a high supersonic stream.
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Fig. 4 Vortex swirl velocity pro® le; K and rm are the characteristic
strength and radius of the Burgers’ vortex, respectively.

Conclusion
Results of a near-® eld wind-tunnel investigation on supersonic

tip vortices generated by a straight wing with a sharp chamfered
tip have been documented. Time-averaged positions, Mach num-
ber, velocity, and thermodynamicpropertiesof the tip vorticeswere
inferred from pitot pressure distributionsand shadowgraph ¯ ow vi-
sualization.The tipvorticeshaveapproximatelyconstantaxialMach
number, convect downstream with very little radial diffusion of tan-
gentialmomentum,andhavea swirl velocitydistributionreasonably
described by Burgers’ pro® le. This diffusion suppressionquality of
the organizedstructureof the tip vortexmay result in the transportof
entrainedpassive contaminants to larger downstreamdistances than
usual wake processes would suggest, which could have signi® cant
implications in the design and operation of supersonic transports
and/or affect the stealthinessof supersonicdesigns. A correlation is
found to exist between t /c of the wings and the axial Mach num-
ber pro® les in the cores. It is postulated that chamfering reduces
the severity of the cross¯ ow separationpattern around the wing tip,
thereby reducing the losses associated with vortex generation. It
appears possible then to modify supersonic tip vortices in the near
® eld by simple means such as chamfering the wing tips, a concept
that could be valuable in hypervelocity scramjet research where
streamwise vortices are being investigated for supersonic mixing
augmentation.
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Introduction

T HE constrained layer damping treatment is a popular strat-
egy used to control vibration in aerospace structures.The con-

strained layer treatment is a strain-based system in the sense that it
requires dynamic strain in the base structure to function effectively.
In situationswhere the vibratorymotion doesnotproducesigni® cant
levelsof dynamicbase strain,strain-basedtreatmentscan be ineffec-
tive. Sato et al.1 examined the effect of both tensile and compressive
loads on the transverse vibration of beams with constrained layer
damping. The authors demonstrated, both analytically and experi-
mentally, that the modal loss factors could be signi® cantly reduced
by in-plane tensile loads.1 The transverse vibration of pressurized
shells and the transversevibration of helicopter rotor blades are two
aerospace examples of dynamic structures that experience substan-
tial in-plane loads in operation.

Unlike strain-based treatments, inertial dampers respond to the
motion of the structure, regardless of whether or not that motion
produces base strain. The classical inertial damper is a tuned mass
absorber, as presented by Nashif et al.2 Tuned mass absorbers are
discrete devices that are typically effective over a very narrow
frequency band. The effective band can be broadened somewhat
by introducing dissipation into the spring material. The effective
band can be widened still further by combining a number of ab-
sorbers,each tunedto a slightlydifferentfrequency,intoadistributed
system.

Several authors have examined inertialdampersdistributedeither
in space or in frequency. Nashif et al.2 examined the effect of dis-
tributeddampersonbeams,whereasSmith et al.3 analyzedthe trans-
verse vibration of ¯ at plates with distributed tuned absorbers. Igusa
and Xu4 showed,on a single-degree-of-freedom base structure,how
multiple tuned mass absorbers tuned to different frequencies could
provide broadband energy dissipation.

The analysisof tunedmass systems,distributedboth spatiallyand
in frequencyis a more recentarea of research.In thecontextof fuzzy
structures, Pierce et al.5 used a distribution of spring/mass systems
to model a platewith internalattachments.The authorsshowedhow,
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