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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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stagnationpoint.Thus, the large sensitivityof the vortexbreakdown
location to a streamwise pressure gradient along the exterior of the
vortex is very much expected. Nevertheless, the conclusion regard-
ing the role of the external pressure gradient needs to be supported
by measurementsof ¯ ow® eld and swirl angle. One objectiveof this
work is to provide information about the variation of swirl angle.

The second objective is the control of leading-edgevortices. For
this purpose, leading-edge vortices and vortex breakdown over a
delta wing with variable sweep was investigated by ¯ ow visualiza-
tion and laser Doppler velocimetry (LDV) measurements. Periodic
variationsof the sweep angle are used to controlbreakdownlocation
for a pitching delta wing.

Experimental Setup
Experiments were carried out in a water channel with a cross-

sectional area of 61 £ 61 cm. The delta-wing model with vari-
able sweep and the experimental setup are discussed in detail
elsewhere.7,8 The chord length of the wing is c = 268 mm, and the
Reynoldsnumberbasedon the chord length is around Re = 5 £ 105.
The range of sweep angle is K = 60 to 70 deg. Two thin plates were
used to change the sweep angle.The motion of the plateswas guided
with a cable thatwas attachedto a drumdrivenbya dcmotorposition
control system. By using a sine wave input from a function genera-
tor, harmonic variationsof sweep angle K could be obtained for any
desired mean, amplitude, and frequency.A variable-speeddc motor
and a speed controller were used to drive the pitching mechanism.
For the combined motion of pitching and harmonic variations of
sweep angle, the inputsignal to the dc motorpositioncontrol system
was obtained by applying a phase shift to the displacement trans-
ducersignalfromthe pitchingmechanism.This providedthe desired
phase angle between angle of attack a (t ) and sweep angle K (t ).

Flow visualization of vortex breakdown was done by injecting
¯ uid with food-coloringdye near the apex of the model. The veloc-
ity was measured with a single-componentLDV system operating
in the backscatteringmode. The measurement volume size is about
0.08 mm in diameter and 0.65 mm long. The measurement uncer-
tainty for the mean velocity was estimated as 1%. Phase-averaging
technique was applied to the velocity signals for the periodic varia-
tions of sweep angle and angle of attack. Because the LDV system
has the capability of measuring a single component of velocity, the
swirl-velocity component was measured separately by rotating the
optical probe and applying the phase-averagingtechnique,which is
discussed in detail elsewhere.9

Results
The variation of breakdown location was studied for harmonic

variations of sweep angle, K = K 0 + K 1 sin x t . Experiments were
conducted for different values of mean sweep angle K 0 and ampli-
tude K 1 at ® xed anglesof attackandsummarizedbyYang.9 The vari-
ations of the ensemble-averagedbreakdown location as a function
of sweep angle showed hysteresis loops, which was an indication
of the existence of phase lags. An example is shown in Fig. 1a for
K 0 = 66 deg and K 1 = 3 deg at a = 20 deg. The reduced fre-
quency is k = x c/ 2U 1 = 0.4, where x is the radial frequency
and U 1 is the freestreamvelocity.Note that a relatively large phase
lag (about 85 deg) of breakdown location exists with respect to the
sweep-angle variations. Although the phase delay of breakdown
location increases with increasing reduced frequency for pitching
delta wings, the phase delay is not a monotonic function of reduced
frequency for sweep-angle variations.8

To understandthephase lag of vortexbreakdown,phase-averaged
velocity measurements were carried out in a cross plane (at x/ c =
0.5) upstream of breakdown location to obtain the variations of
the upstream conditions. The variation of the swirl angle u =
tan¡ 1(v/u), where v is the swirl velocity and u is the axial velocity,
with the distance from the vortex axis is qualitativelysimilar to that
of swirl velocity: zero at the vortex axis and a local maximum at the
edge of the subcore.9 The maximum value of the swirl angle is tra-
ditionally used to characterize the magnitude of swirl. Variation of
maximum swirl angle over one cycle is shown in Fig. 1b. It is clear
that the phase lag of the maximum swirl angle with respect to the
quasisteadycase is very small. Therefore, it con® rms that when the
sweep angle is varied dynamically, the unsteady effects upstream

a)

b)

Fig. 1 Variationof a) breakdown locationand b) maximumswirl angle
over one cycle for harmonic variations of sweep angle: K 0 = 66 deg,
K 1 = 3 deg, ®= 20 deg, and k = 0.4.

of breakdown location are not very strong. This suggests that the
variations of the external pressure gradient (which is the other of
the two control parameters for breakdown) should be responsible
for the large phase lag of vortex breakdown location.

Perturbations applied at the leading edge by varying sweep an-
gle dynamically around a mean value may provide an effective way
for breakdown control in unsteady ¯ ows. To demonstrate this, the
pitching motion of the delta wing for a ® xed sweep angle was con-
sidered: a = a 0 + a 1 sin x t. First, the pitching motion was studied
as a reference case. Variation of ensemble-averagedbreakdown lo-
cation with time for a 0 = 20 deg and a 1 = 5 deg (for a ® xed value
of sweep angle K = 66 deg and k = 0.4) over one cycle and for the
static case is presented in Fig. 2a. The phase lag of the variation of
breakdown location is approximately 40 deg.

Phase-averagedvelocitymeasurements also were carried out in a
crossplaneat x/c = 0.5 upstreamofbreakdownlocation.The varia-
tion of maximum swirl anglewas obtained from the phase-averaged
axial and swirl velocity measurements (Fig. 2b). There is a very
small phase lag (about 10 deg) in the variation of maximum swirl
angle. This phase lag is much smaller than the phase lag of break-
down location. Similar to the case of sweep-angle variations, it is
concludedthat the variationsof theexternalpressuregradientshould
be responsiblefor the large phase lag of vortex breakdown location.
In fact, it was shown in an earlier work that the phase delay of the
variation of the external pressuregradient is very close to that of the
variationof breakdownlocation.5 In summary, the swirl anglemakes
a small contributionto thephasedelayof vortexbreakdownlocation,
but the variationsof externalpressuregradientplaya major role.The
fact that the external pressure gradient generated by the wing itself
plays a major role in the dynamic response of breakdown location
also was suggested for a delta wing in an unsteady freestream.10

The perturbations of the sweep angle with the same frequency
as pitching, but with a phase angle present, are considered: a =
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a)

b)

Fig. 2 Variationof a) breakdown locationand b) maximumswirl angle
for pitching motion: ®0 = 20 deg, ®1 = 5 deg, K = 66 deg, and k = 0.4.

Fig. 3 Maximum and minimum breakdown locations as a function
of phase angle; the dashed lines are for pitching motion only for the
average sweep angle: ®0 = 20 deg, ®1 = 5 deg, K 0 = 66 deg, K 1 = 3 deg,
and k = 0.4.

a 0 + a 1 sin x t and K = K 0 + K 1 sin( x t + U ). The variation of
the ensemble-averagedbreakdown location stronglydependson the
phase angle U , which was varied over a range of 360 deg, and the
maximum and minimum values of breakdown location during a
cycle were documented. Several cases were tested by varying a 0,
a 1, K 0 , K 1, and k, as tabulatedby Yang.9 The variationof maximum
and minimum breakdown locations as a function of phase angle is
shown in Fig. 3 for K 0 = 66 deg, K 1 = 3 deg, a 0 = 20 deg, and
a 1 = 5 deg. The amplitudeof the variationsdecreases considerably
at an optimum phase angle around 35 deg. The dashed lines indicate
the maximum and minimum locations for the pitching motion only
at the average sweep angle K 0 .

a)

b)

Fig. 4 Variationof a) breakdown locationand b) maximumswirl angle
for combined motion: ®0 = 20 deg, ®1 = 5 deg, K 0 = 66 deg, K 1 = 3 deg,
and k = 0.4.

For the case shown in Fig. 3, detailed phase-averaged measure-
ments were carriedout. Two differentvaluesof phase lead were con-
sidered: U = 0 and35 deg (theoptimalphaselead).The resultswere
comparedwith that of pitchingmotion only (at average sweep angle
K 0 = 66 deg). First, variations of phase-averagedbreakdown loca-
tionare comparedin Fig. 4a. It is clear that the amplitudeof variation
of breakdown location is minimum for the optimal phase lead. An-
other important feature is that the largephaselag of breakdownloca-
tion in thepitchingmotion vanishesin thecombinedmotion for U =
35 deg. Recall that the phasedelayof breakdownlocationis strongly
related to the external pressure gradient. Therefore, it is concluded
thatharmonicvariationsof sweep anglewith properphase lead mod-
ify the variation of the external pressure gradient. Phase-averaged
axial and swirl velocitieswere measured to documentupstreamcon-
ditions (at x/ c = 0.5). The variation of the maximum swirl angle is
shown in Fig. 4b. The decrease in the amplitude of maximum swirl
angle due to the perturbationsof sweep angle is evident. Again, for
the optimalphase lead, theamplitude is smallest,which is consistent
with the smallest amplitude of breakdown location.

Conclusions
The variation of vortex breakdown location for harmonic varia-

tions of sweep angle showed hysteresis loops and phase lags that
depend on the reduced frequency. However, the variation of swirl
angle revealed very small phase lag compared to the large phase
lag of breakdown location, suggesting that the external pressure
gradient plays a major role in the dynamic response of breakdown
location. Similar results were obtained for a pitching delta wing.
The swirl angle has a small phase delay, but the variations of the
external pressuregradient play a major role, as shown earlier by the
pressure measurements.
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Use of variable sweep for breakdown control was demonstrated
for a pitchingdelta wing. Oscillationsof sweep angle with the same
frequencyas pitchingwere considered,butwith a phaseangle.It was
shown that, at an optimum phase angle, the amplitude of the varia-
tions of breakdown location becomes a minimum. For the optimum
phaseangle, the amplitudeof the swirl angledecreasesconsiderably.
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Approximating Collisional
Freestream Attenuation

at Transitional
Knudsen Numbers
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Nomenclature
C1 = arbitrary constant
F = velocity distribution function
f = normalized velocity distribution function
I = total number of scattered molecules
k = Boltzmann constant 1.38 £ 10¡ 23 J/kg K
L = collision interaction length, m
m = mass of molecule, kg
nm = measured number density, m ¡ 3

n1 = number density of class 1 molecules, m ¡ 3

n2 = number density of class 2 molecules, m ¡ 3

n1o = number density of class 1 molecules at plate surface, m ¡ 3

n2o = number density of class 2 molecules in freestream, m ¡ 3

q = dynamic pressure, Pa
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Tp = plate surface temperature,K
uo = bulk velocity of freestream, m/s
vn = velocity normal to plate surface, m/s
x = streamwise position coordinate, m
d = Dirac function
j = pressure amplitude constant [Eq. (13)]
k = mean free path, m
r 12 = total collision cross section, m2

U (x)
i = incident ¯ ux of quantity x

U (x)
r = re¯ ected ¯ ux of quantity x

Introduction

W HEN a body such as an instrument package is immersed
within a rare® ed ¯ ow® eld, the inevitable result is distortion

of the freestream.This perturbationis a formidable stumblingblock
for code developers seeking reliable experimental data for compar-
ison with ¯ ow® eld predictors. A special interest of late has been
the determination of the true freestream dynamic pressure for an
exoatmospheric plume. This effort has been inspired by the desire
to create an accurateplume ¯ ow® eld predictor for the Space Shuttle
Orbiter’s primary reactioncontrol thrusters.1 Current codesproduce
a spatialmap of dynamic pressure.Validationof the codes must rely
on an accurate means of determining the undisturbed freestream
dynamicpressurefromexperimentaldata for comparison.Although
this problem is closed for a continuum case via the Rayleigh±Pitot
formula, the extreme low density inherent to an exoatmospheric
plume renders this treatment invalid because the thickness of the
shock layermay be many times larger than the body immersed in the
¯ ow.

Analytical Model
The basic approach taken to solve this problemwas to analyze the

interaction between two separate streams of molecules. Molecule
class 2 represents the undisturbed freestreamof the thruster plume;
molecule class 1 represents the molecules that previously have im-
pactedtheplateandhavebeenre¯ ectedfromits surface.The positive
x direction is taken toward the plate, parallelwith the freestreamve-
locity. The location of x = 0 corresponds with the outermost edge
of the de® ned collision zone, with x = L coincident with the plate
surface. The assumptions utilized in the model are presented here a
priori and will be referenced throughout the solution.

1) The directed bulk ¯ ow velocity is high in comparison with the
randomthermalvelocitywithin the freestreammolecules(very large
speed ratio). A Dirac probability density function will preselect
molecules with this limiting velocity while not allowing molecules
with any other speeds: F2 = n2 d (vz) d (vy ) d (vx + u0).

2) Molecules impacting the plate are fully accommodated and
reemitted in thermal equilibrium with the plate (diffuse re¯ ection).
The result of this assumption is that molecules re¯ ected from the
plate will have a half-Maxwellian distribution, F1, at temperature
Tp and density n1o .

3) The velocity of class 2 molecules is much greater than that
of class 1 molecules. This assumption requires the velocity of the
freestream molecules to be much greater than the thermal speed
of the Maxwellian plate molecules. Utilizing assumption 1, this
requires u0 À (kTp / p m)1/ 2.

The remaining assumptions (presented below) pertain to the in-
termolecular collision phenomena of the transitional ¯ ow regime.
In this regime the theory takes on the form of a First-Collision
Theory, accounting for some molecular collisions while neglecting
other collisions.In this First-Collision treatment of the problem, the
following assumptions were made:

4) Intermolecular collisions are characterized by hard-sphere
interactions.

5) Class 1 moleculesare collisionlesswith respect to other class 1
molecules.Similarly,class2 moleculesarecollisionlesswith respect
to other class 2 molecules. The only collisions of signi® cance are
those arising between class 1 and class 2 molecules.

6) Any collision between a class 1 and a class 2 molecule causes
both molecules to be scatteredsuch that neither molecule intersects
with the plate surface. In addition, these scattered molecules do not


