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wing. This effect persisted in the front part of the wing as well (until
about a 50-deg angle of attack) even though all four wing shapes
had the same sweep-back angle at the apex. Additional details of
the static condition results are presented by Myose et al.19

Figure 2 compares the vortex breakdown locations for the four
differentwing shapes at a given pitch rate. The breakdown locations
are given in terms of percentage of chord measured from the wing
apex. Thus, a breakdown location of 0% corresponds to full stall
where the leading-edge vortices are completely burst. The region
below each curve corresponds to a condition where the vortex is
not burst. It is desirable for this region to be as large as possible,
because this is the area where enhanced lift from the vortical ¯ ow
is still present.

The solid curves in Fig. 2 compare the pitch-up results. Like the
static case, the double-deltawing had the earliest vortex breakdown
location under pitch-up. Among the four shapes tested, the cropped
wing had the longest unburstvortex.There appear to be two parallel
sets of vortex breakdown curves. The ® rst set, belonging to wings
with aft sweep-back angles greater than or equal to 90 deg (i.e.,
cropped and diamond wings), have vortex breakdown curves that
tend to be roughly linear with angle of attack. The second set, be-
longing to wings with aft sweep-back angles less than 90 deg (i.e.,
delta and double-delta wings), have vortex breakdown curves that
tend to have a convex±concave shape.

The dashed curves in Fig. 2 compare the vortex breakdown loca-
tions for the four different wing shapes at a given pitch-down rate.
The double-delta wing had the earliest vortex breakdown and the
cropped wing had the longest unburst vortex. The slower (j = 0.05
and 0.10) pitch-down results appear to show two parallel sets of
vortex breakdown curves. The ® rst set of curves is concave and be-
longs to wings with aft sweep-back angles greater than or equal to
90 deg. The second set of curves has a slight kink and belongs to
wings with aft sweep-back angles less than 90 deg.

Althoughnot shown here, the longestunburstvortexduringpitch-
up was obtained at the fastest pitch rate.19 Conversely, the slowest
pitch rate provided the longest unburst vortex during pitch-down.
This is consistentwith the results of previous studies on delta wings
under dynamic conditions.12,14,15

Summary
The effect of delta wing shape on leading-edgevortexbreakdown

was investigated in the 2 £ 3 ft water tunnel at Wichita State Uni-
versity. In this experiment, the aft one-third of a 76-deg swept delta
wing was modi® ed to obtain diamond, cropped, standard delta, and
double-deltashapes.The vortexbreakdownlocationduringdynamic
pitch-up and pitch-down motion was observed by dye ¯ ow visual-
ization. Among the four shapes tested, the cropped delta wing had
the longest unburst leading-edge vortex during dynamic pitching
and the double-deltawing had the earliest vortex breakdown.
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Introduction

A TMOSPHERIC microbursts have been recognized as a cause
of aircraft accidents for more than 15 years.1 Since that

time, observational, numerical, and experimental studies have in-
vestigated microburst behavior and structure.2¡ 4 Recent studies
have employed small-scale laboratory experiments to examine
the propagation behavior and vortex dynamics of atmospheric
microbursts.5,6 Microbursts were simulated by releasing small vol-
umes of heavy ¯ uid into a less dense ambient. For suf® ciently large
Reynolds numbers, experimental and atmospheric microbursts be-
haved similarly. Speci® cally, the large-scale structure, propagation
velocity, and maximum velocity could be interrelated by choos-
ing length and time scales based on the appropriate equations of
motion.

Whereasknowledgeof thevelocity ® eld canbe invaluablein iden-
tifying and surviving a microburst, knowledge of the temperature
® eld can provide a useful secondary tool. Because microbursts are
driven primarily by evaporational cooling, microburst occurrences
are typically associated with a local decrease in temperature.4 Fur-
ther, it is expected that the greater the temperaturedrop, the stronger
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the wind speeds generated. Current infrared sensors are capable of
measuring such temperature drops ahead of an aircraft.7 However,
a need remains for practical and reliable relationships that can uti-
lize temperaturemeasurements,either alone or in combinationwith
velocity measurements, to predict wind-shear hazard.

Because the large structures in experimental microbursts scale
to those observed in atmospheric microbursts and because mixing
is driven by large-scale motion rather than small-scale diffusion, it
is expected that experimental and atmospheric microbursts would
have similar mixing characteristics.Thus, the local concentrationof
heavy ¯ uid in an experimentalmicroburst can be related to regions
of low temperature in an atmospheric one. Concentration measure-
ments can be employed to examine relationshipsbetween local tem-
perature decreases and expected wind velocities.The local concen-
tration of heavy ¯ uid in experimental microbursts was determined
using planar laser-induced ¯ uorescence. The evolution of concen-
tration ® elds and correlations between concentration and velocity
were investigated.

Experimental Technique
Isolatedmicroburstswere simulatedby releasingcylindricalslugs

of heavy ¯ uid (aqueous potassium phosphate solution) into a large
volume of less dense ¯ uid (aqueous glycerol solution). The heavy
¯ uid impacted on a horizontal surface that represented the ground.
A detailed descriptionof the experimental arrangementand scaling
is givenby Alahyari and Longmire.6 The equivalentsphericalradius
R0 of the heavy ¯ uid was 0.039 m, the density difference D q / q was
0.03, the time scale T0 = (R0 q / g D q )1/ 2 was 0.36 s, and the velocity
scale V0 = R0/ T0 was 0.11 m/s. The initial height measured from
the bottom of the release cylinder was 3.81R0.

The ¯ ow® eld was illuminatedwith pulsed light froma frequency-
doubled Nd:YAG laser. The emitted beam was converted into a ver-
tical sheet that intersectedthe microburstcenterline.Rhodamine 6G
was addedto theheaviermicroburst ¯ uid. At low concentrations,the
intensityof light ¯ uorescedby Rhodamine6G varies approximately
linearlywith concentration.The refractive indices of the lighter and
heavier ¯ uids were matched to avoid concentration-averaged re-
gions within the measurement plane.8

Flow images were captured on Kodak Technical Pan ® lm with a
Nikon N8008s35-mm camera.Each ® lm frame was exposedto light
from a single laser pulse. Prior to each run, calibrationphotographs
were taken of known concentrations of the Rhodamine solution
(100, 75, 50, 25, 12, and 6% volumes of dye-containingheavy ¯ uid
in ambient ¯ uid solution). Calibration solutions were placed in a
Plexiglas® container (7 £ 7 cm in cross section) and photographed
under the same conditions as the actual ¯ ow.

All ® lm negatives were digitized to 8-bit resolution at 135 dpi
with a Nikon scanner. Each calibration image was processed to ob-
taina curve relatingpixel intensityto vertical location.(Variationsin
intensityalong the laser path were small.) Image ® les then were pro-
cessed to obtain concentrationmaps based on vertical location and
intensity.Concentrationvalueswere foundby interpolatingbetween
intensity values on neighboringcalibration curves. The uncertainty
in concentrationvalues is estimated to be §10%.

Results
Figures 1 and 2 show sequences of velocity and concentration

® elds resultingfrom two microburstevents.The velocity ® elds were
obtained by particle image velocimetry.6 Times after release for
each sequence are 4.96T0 , 6.06T0, and 7.16T0 . As the microburst
descends, a large vortex ring forms near the front as a result of
baroclinic vorticity (Fig. 1a). In Fig. 2a, regions of mixed ¯ uid
developalong the unstable interfacebetween the original two ¯ uids.
Near the leading edge of the downdraft, heavy ¯ uid wraps around
the primary vortex core. Ambient ¯ uid is entrained upstream of the
vortex core as well as upstream of smaller-scale shear instabilities
trailing the core. Heavy ¯ uid near the centerline is associated with
large downward velocities.

At 6.06T0 , the vortex ring has impacted on the bottom surface
and is expanding radially. The volume of mixed ¯ uid has increased
substantially since the last frame. At this time, both vertical and

Fig. 1 Velocity vector ® elds: a) 4.96T0 , b) 6.06T0, and c) 7.16T0 (H0 =
3.81 R0, Re = 3.6 £ 103).

radial velocities are maximized (¼ 2.5V0), and the microburst is
considered most hazardous.6 (Wind-shear ª hazardº is caused by
down¯ ows and positive horizontal velocity gradients along the line
of ¯ ight.) Large downward velocities exist throughout the down-
draft column where concentrationlevels have decreased to less than
40%. Hence, a large amount of momentum is carried by entrained
¯ uid.

High concentrationsof heavy ¯ uid are present in the vortex ring
core and along the bottom surface where the concentration values
range from 60 to nearly 100%. Most of the heavy ¯ uid is associated
with largeradialvelocities.These results are similar to thenumerical
simulations of Proctor.4 A careful comparison of the velocity and
concentration® elds at 6.06T0 revealsthat regionsof peak concentra-
tion and peak radial velocity do not coincide. Peak radial velocities
occur beneath the ring core at 1.2R0 from the centerline. In con-
trast, the relatively heavy ¯ uid and thus peak temperaturedecreases
are located near the centerline and at the very edge of the out¯ ow.
Also, most of the heavy ¯ uid lies adjacent to the surface while peak
horizontalvelocitiesand gradientsoccur0.05±0.2R0 above it. Thus,
local temperature minima typically lie downstream of and beneath
local velocity maxima.

In Fig. 2c, relatively heavy ¯ uid continues to be swept upward
from the surface by the vortex ring and wound into the core, while
ambient ¯ uid continues to be entrained from above. The peak con-
centration in the core has decreased, but remains above 50%. Ver-
tical velocities near the centerline have decreased, and the largest
velocity vectors are beneath and downstream of the vortex core.
Thus, at this stage, the largest velocities lie close to an area of high
concentration, but areas of high concentration do not necessarily
correspond to high velocity. Furthermore, some of the strongest
horizontal gradients (located upstream of the vortex core) are asso-
ciated with 0% concentration level.
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Fig. 2 Concentration ® elds: a) 4.96T0 , b) 6.06T0 , and c) 7.16T0 (H0 =
3.81R0, Re = 3.6 £ 103; levels represent percentage of heavy ¯ uid).

The experimental concentration ® elds can be compared with in-
terface contours computed by Lundgren et al.5 using an inviscid
vortex method. In the computations,heavy and light ¯ uid were sep-
arated by an interface that stretched and rolled up as the microburst
developed.All of the heavy ¯ uid moved quickly to the leading edge
of the downdraft, and ambient ¯ uid was entrained from above and
wrapped into the core. By the time of ring impact, the largest down-
draft velocities were associated with this trailing ambient ¯ uid. No
heavy ¯ uid was present in the wake of the ring. The experimental
results are similar in that strong down¯ ows persist after passage of
the heavy ¯ uid. In contrast, however, the experiment shows signif-
icant amounts of heavy ¯ uid remaining in the downdraft column
when the vortex ring impacts. Also, signi® cant mixing occurs as a
result of shear-driven instabilities at the interface between the light
and heavy ¯ uids. Different initial and boundary conditions (shape
of initial microburst parcel, release mechanism, and vorticity dis-
tribution) in the experimental and numerical ¯ ows are probably the
most important causes for differences in the results.

Conclusions
In experimental microbursts, heavy ¯ uid wraps into a large vor-

tex near the microburst front. Just beforemicroburst impact,most of
the heavy ¯ uid trails the vortex and is associated with large down-
ward velocities. The concentration of heavy ¯ uid remains high in
the vortex core and near the ground as the microburst expands ra-
dially. Local velocity maxima and gradient maxima are not always
associatedwith heavy ¯ uid, especiallywhen the microburst is most
hazardous.Because most ambient ¯ uid is entrained from upstream,
velocity maxima and strong horizontal gradients often trail local
concentrationmaxima. Therefore, look-aheadsensing strategies for
microburst prediction should not rely exclusively on single-point

correlations between velocity and temperature measurements, but
multiple-point correlations may be possible.
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Introduction

T HE unsteady aerodynamics of delta wings at high angle of at-
tack has been the subject of several reviews.1 ¡ 3 In this Note,

controlof leading-edgevortices and vortex breakdownover a pitch-
ing delta wing with variable sweep are considered. When sweep-
angle variations and pitching motion are combined with a proper
phase angle, the amplitude of the variations of breakdown location
becomes a minimum.

Several experimental studies of vortex breakdown in unsteady
¯ ows have shown that the dynamic response of the vortex break-
down location is characterizedby time-lag effects. For example, the
breakdown location exhibits a phase shift relative to wing motion
for a periodically pitching delta wing.4 The dynamic response of
breakdown location is related to the two important parameters that
determine the breakdown location:swirl angle and externalpressure
gradient outside the vortex core. It has been suggested that the dy-
namic responseof vortex breakdown over a pitching delta wing can
be explainedby the variationsof theexternalpressuregradient.5 Un-
steady pressuremeasurements indicate that the observed time lag of
breakdownlocationis strongly linked to the externalpressuregradi-
ent generatedby the wing. Hall6 showed that small externalpressure
gradientscan be ampli® ed along the core of the vortices, leading to a
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