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action of this pair of vortices, a signi� cant ejection of the jet air into
the ambient air was observedat all downstreamlocations.Similar to
previous work,2 this favorable pumping action of mushroom-type
vortices resulted in a continuous increase in mixing as shown in
Fig. 3a. As in thepreviousexperiments,2 nozzleRS, whichgenerates
a kidney-type pair of streamwise vortices, showed better mixing in
the near � eld, whereas nozzle RC, which generates a mushroom-
type pair of streamwise vortices, showed better mixing at locations
farther downstream, as shown in Fig. 3a.

Ideally Expanded Case (Mj = 2:0)
Signi� cant jet cross-sectional development is observed for this

� ow condition by the cutout on the contoured nozzle block. With
this nozzle con� guration, the jet cross-sectionaldevelopmentswith
downstream location for nozzles RS and RC are similar to those in
the underexpanded� ow regime of M j =2.2 with similar cutouts as
in previous experiments. This is expected because the ratio of the
static pressureat the beginningof the cutout to the ambient pressure
is 2.4, in comparison with 1.0 in the previous cases with cutouts on
the splitter plate or on the nozzle extension. This underexpansion
generates a surface pressure gradient around the cutout, which is
a necessary condition for streamwise vorticity generation.The two
pairs of counter-rotatingstreamwise vortices are similar to those in
the M j =2.5 case, although not strong enough to deform the jet
cross section dramatically.

Mixing areas at x / Deq =2 and 8 increased about 20% when they
are compared with those for nozzles with similar cutouts on the
splitter plate.1 Nozzle RS shows better mixing in the near � eld as
in the M j =2.5 case.

Overexpanded Case (Mj = 1:75)
With the cutout on the contoured nozzle block, the jet cross-

sectionaldevelopmentis signi� cantlyalteredfor locationsfar down-
stream. The jet cross sections of nozzle RS and RC show an axis
switching,as in thebaselinenozzle,by the x / Deq =8 locationfor the
presentcases.On the other hand,only the baselinenozzle showedan
axis switching by this location in the previous cases.1 From the in-
stantaneous images, the degree of � apping motion of mixing layers
can be inferred.4 In the previouscases,2,4 most of the cutouts signi� -
cantly reduced the � apping motion. However, the present cutout did
not signi� cantly change the � appingmotion.The unaltered� apping
motion is most likely responsible for the enhanced mixing.

Nozzle RS shows approximately 60% increased mixing at
x / Deq =8 whencomparedwith thatof a nozzlewith a similarcutout
on the splitter plate,1 although it shows a little reduced mixing at
x / Deq =2. Nozzle RC shows a reduced mixing level at x / Deq =2
and about the same mixing level at x / Deq =8 when it is compared
with that of a nozzle with a similar cutout on the splitter plate.1

Contrary to the previous cases, the growth rates of mixing area for
both nozzlesRS and RC are positive all the way up to x / Deq =8. As
mentioned earlier, the unaltered jet � apping motion is most likely
related to the enhanced mixing.

Conclusions
A rectangularnozzle with a cutout on the contourednozzle block

showed higher mixing levels than previous experiments with the
cutouts either on the splitter plate in a half nozzle or on the exten-
sion platesin a full nozzle.Except for the increasedmixing level, the
overalldevelopmentof jet cross sectionswith downstreamlocations
and the role of streamwise vortices remained similar to those of
previous experimentswith the cutouts on a splitter plate or a nozzle
extension plate. The role of streamwise vortices in the jet develop-
ment of the ideally expanded case seemed to be similar to those in
the underexpandedcase.

In the overexpanded� ow regime, the presentnozzlewith a cutout
on a contoured nozzle block showed about the same level of � ap-
ping motion as the baselinenozzle, whereasnozzleswith cutouts on
the splitter or on the extension in the previous experiments showed
reduced � apping. The unaltered � apping motion of nozzles with a
cutout resulted in positive growth rates all the way up to x / Deq =8,
whereas the growth rates of nozzles with cutouts on nozzle exten-
sionswere negativeat locationsfar downstream.Therefore,a nozzle

with a cutout on a contoured nozzle block would perform better in
mixing at all � ow conditions.Note that in the previousexperiments
with the cutouts either on the splitter plate in a half nozzle or on the
nozzle extension in a full nozzle, there was no thrust loss associated
with the cutouts.However, no thrustmeasurementswere performed
for the present cutouts.
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Introduction

S EVERAL investigations have revealed that the vortex break-
down location over delta wings exhibits quasi-periodicoscilla-

tions along the axis of the vorticesdue to an interactionbetween the
two leading-edge vortices. These observations were made by � ow
visualizationin water-tunnelfacilitiesat lowReynoldsnumbers,and
the issue arises as to whether this is a low-Reynolds-number phe-
nomenon.In thisNote, byusingtwo-pointunsteadysurfacepressure
measurements in a wind tunnel, it is shown that this phenomenon
exists at much higher Reynolds numbers.

The antisymmetric motion of breakdown locations for left and
right vortices (Fig. 1) can be demonstrated by studying the differ-
ence between the breakdown locations (X left ¡ Xright) / c and the av-
erage breakdown location (X left + Xright) / 2c. The spectra of these
are shown in Fig. 2 for K =75 deg and a =42 deg (taken from
Ref. 1). It is seen that most of the energy is concentrated in the
difference and that there is a dominant peak corresponding to the
quasi-periodic antisymmetric oscillations. Experiments on the na-
ture and source of these oscillations as well as the effect of angle
of attack and sweep angle are reported in detail in Ref. 2. Similar
observations of the quasi-periodic oscillations of breakdown loca-
tion were also made by others3–7 by using � ow visualization in
water tunnels. The range of Reynolds number in these water-tunnel
experiments and the frequency of the organized motion are shown
in Table 1. Note that these oscillations were observed at Reynolds

Received 27 August 1999; revision received 17 November 1999;accepted
for publication22 December 1999. Copyright c° 2000 by Caroline Lambert
and Ismet Gursul. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission.

¤ Graduate Student, Department of Mechanical Engineering.
†Reader, Department of Mechanical Engineering.Senior Member AIAA.



938 AIAA JOURNAL, VOL. 38, NO. 5: TECHNICAL NOTES

Table 1 Water-tunnel observations of the quasi-periodic oscillations
of breakdown locations over stationary delta wings

Reynolds number Dimensionless frequency
Reference Re f c/ U 1

Ayoub and McLachlan3 2.25 £ 103 0.10–0.17
Portnoy4 3.8 £ 103 –4.96 £ 104 0.04–0.10
Helin and Watry5 1.16 £ 104 0.10
Gursul and Yang6 5.0 £ 104 0.06–0.12
Johari et al.7 1.0 £ 105 Not given
Menke et al.2 4.1 £ 104 –5.4 £ 104 0.04–0.12

Fig. 1 Schematic of delta wing with � ush-mounted pressure trans-
ducers.

Fig. 2 Spectra of difference and average of breakdown locations,
® = 42 deg, K = 75 deg, and Re = 4:1 £ £ 104 (from Ref. 1).

numbers as low as Re =2.25 £ 103 . Examination of Table 1 shows
that a similar range of dominant frequencies has been observed
in all water-tunnel experiments. Recently, Mitchell et al.8 carried
out smoke � ow visualization in a wind tunnel at Re =9.75 £ 105 –

2.6 £ 106 , and reported a similar range of dominant frequencies of
oscillations of breakdown location (although they did not present
any spectra). In this Note, we present further and quantitative ev-
idence of oscillations of breakdown location at Re =1.6 £ 106 by
using two-point surface pressure measurements rather than relying
on � ow visualization.

Experimental Setup
Surface pressure measurements were carried out over a delta

wing. The experiments were conducted in the 2.1 £ 1.5 m low-
speed wind tunnel at the University of Bath. The delta wing model
had a sweep angle of K =80 deg and a chord length of c =750 mm.
This particular sweep angle was chosen because of previous ob-
servations, which revealed that vortex interactions intensify as the
sweep angle is increased. The lee surface of the model was � at,
whereas the leading edges were beveled at 45 deg on the windward
side. The thickness of the wing was 12 mm, giving a thickness-to-
chord ratio of 1.6%, and the blockage ratio was 4.7% at an angle of
attack a =50 deg. The experimentswere carried out at a freestream

velocityU 1 =30 m/s, and the Reynolds numberbased on the chord
lengthwas Re =1.6 £ 106. The model was stingmountedon a high-
a test rig. The angle of attack could be easily adjusted from outside
the tunnel, and a pantograph arrangement kept the model in the
center of the cross section of the tunnel.

Unsteady surface pressure measurements were made by two
miniaturepressuretransducers(Entran,EPE-C1), whichare suitable
for low-pressuremeasurements with high sensitivity (150 mV/psi).
The pressure transducerswere installedwithin the model delta wing
due to their small size and were used for simultaneous measure-
ment of pressure � uctuations at two different locations. The � ush-
mounted transducers eliminated the need for calibration and cor-
rection for the amplitude attenuation and phase distortion due to
transmission lines, while the size of pressure sensing area (less
than 2 mm2) was still acceptable. The measurements were taken
at a streamwise station of x / c =0.90. The two pressure transduc-
ers were positioned symmetrically about the plane of symmetry of
the model and underneath the vortices as shown schematically in
Fig. 1. The spanwise locations of the vortices (yv / s = §0.63) were
estimated by using the experimental database given in Ref. 9. The
measurement uncertainty for the rms of the pressure � uctuations
was estimated as 4%. A more complete description of the model
support system, delta wing, instrumentation, data acquisition, and
reduction may be obtained from Ref. 10.

Results and Discussion
The angle of attack was set at a =50 deg for which vortex break-

down location was well over the wing.11 The vortex breakdown lo-
cation was not visualized in this work; however, it is estimated to be
locatedat approximately30%of thechordlengthfromthewingapex
basedon the reportedbreakdownlocationsfrom the literature.11 The
measurement station (x / c =0.90) for surface pressure was well
downstream of breakdown location. Therefore, measurements of
pressure � uctuations could detect the oscillations of breakdown lo-
cation. It has been previously shown that velocity measurements
taken well downstream of breakdown location could reveal the os-
cillations of the breakdown location.12 The dominant frequency of
the � uctuationsin vortex breakdownlocationobtained from � ow vi-
sualizationexperimentswas also found in the spectra of the velocity
� uctuations measured well downstream of breakdown. Therefore,
it is expected that surface pressure � uctuations beneath the vortex
downstream of the breakdown could detect the oscillations of the
breakdown location in addition to other inherent instabilities such
as the helicalmode instability.Because the antisymmetricmotionof
breakdown locations was demonstrated by studying the difference
between the breakdown locations and the average breakdown loca-
tion (Fig. 2), we consideredthe differencebetween the surface pres-
sures at y / s = §0.63 and ¡ 0.63 and the average surface pressure.
Note that the rms of surface pressure � uctuations at y / s = §0.63
were very close to each other, Cprms =0.29 and 0.30. The spectra
of the difference (pleft ¡ pright) and the average (pleft + pright) /2 are
shown in Fig. 3. It is seen that most of the energy is concentratedin

Fig. 3 Spectra of difference and average of pressure � uctuations,
® = 50 deg and K = 80 deg.
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the difference,which con� rms that pressure � uctuations are mostly
out of phase. The same conclusion could be reached by examin-
ing the amplitude and phase of the cross spectrum of left and right
pressure signals as shown in Ref. 10.

There are two dominant frequencies in the spectrum of the dif-
ference. The lower dominant frequency ( f c/ U 1 »=0.15) is in the
same rangeas the frequenciesof the water-tunnelobservationsof the
quasi-periodicoscillationsof breakdownlocationsshownin Table 1.
The out-of-phase pressure � uctuations are due to the antisymmet-
ric motion of breakdown locations.Hence, quantitativeevidence of
vortex interactions at higher Reynolds numbers is presented. Also,
the numerical values of the dominant frequencies seem insensitive
to the variations in Reynolds number. For example, a dimensionless
frequency of f c/ U 1 =0.17 was reported for K =76 deg and a =
50 deg in Ref. 3 when the Reynolds number was Re =2.25 £ 103.
In this present study, we found f c/ U 1 =0.15 for K =80 deg at
the same angle of attack when the Reynolds number was Re =
1.6 £ 106 .

It is known that Reynolds number has little effect on the time-
averagedquantitiessuchas vortexbreakdownlocation13,14 and aero-
dynamic forces.15 There is now growing evidence that unsteady
phenomena in vortex � ows are also insensitiveto Reynolds number.
This Note (as well as Ref. 8)presentsevidencefor the quasi-periodic
oscillations of breakdown locations. Other unsteady phenomena
such as the helical mode instability and vortex shedding were also
found insensitiveto Reynolds numberwhen water-tunneland wind-
tunnel results were compared.12 Review of investigationsof surface
pressure � uctuations on � ns16 also revealed that the helical mode
instability, which is the main source of � n buffeting, is driven by
predominantly inviscid mechanisms.

Returning to Fig. 3, the larger dominant frequency in the spec-
trum of the pressure difference is believed to be due to the helical
mode instability. It is shown in Ref. 10 that individual spectrum of
pressure� uctuations(pleft and pright) revealedrelativelybroadpeaks
that coveredbetween f c/ U 1 =1 and 3, with individualmaximums
at f c/ U 1 ¼ 1.5 and 2. These broad peaks agree well with earlier
measurements of the helical mode instability detected in velocity12

and pressure17 � uctuations that revealed dominant frequencies be-
tween f c/ U 1 =1 and 2 for a variety of delta wings with differ-
ent sweep angles placed at different angles of attack. The different
dominant frequencies ( f c/ U 1 ¼ 1.5 and 2) of the helical mode
instability, which may be due to a slight asymmetry in the time-
averaged breakdown locations, explain the peak at f c/ U 1 ¼ 1.5
and the smaller peak at f c/ U 1 ¼ 2 observed in the spectrum of
(pleft ¡ pright). Note that the helical mode instabilities for the left
and right breakdowns do not have to be in phase. Possible asym-
metry in the time-averaged breakdown locations will introduce a
phase lag between the two instabilities. Consequently, the broad
peak with a maximum at about f c/ U 1 ¼ 2 also appears in the spec-
trumof the averagepressure� uctuations.Finally, the dominantpeak
at f c / U 1 =0.87 in the spectrum of the average of pressure � uc-
tuations was traced to the fan blade passage frequencyafter further
experiments.10

Summary
There have been several low-Reynolds-number investigations

in water tunnels that have revealed the antisymmetric and quasi-
periodic motion of vortex breakdown locations over delta wings. In
this Note, we show that this interaction also exists at much higher
Reynolds numbers. This was quantitatively demonstrated by using
two-point unsteady surface pressure measurements in a wind tun-
nel. Evidence indicates that the vortex interactions as well as other
unsteady phenomena over delta wings are insensitive to Reynolds
number.
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