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ABSTRACT

A critical assessment of more than thirty test cases on leading-edge vortex breakdown has been conducted.
The test cases contain test data obtained on more than eighty wing configurations at high angles of attack
and static model conditions. Special attention has been paid to related test conditions, such as model
geometry, model blockage, model deformation under aerodynamic loads, wind tunnel wall and model
support interference, the methodologies used in the experiments and the definition of vortex breakdown
location. A screening process has been performed to help identify the relative merits of the various data sets
and to extract reasonable confidence and quantitative information from the scattered database. This
synthesized information is helpful to assess and validate numerical results.

List of Symbols

speed of sound in air
b bevel width
c wing chord
Co wing chord along the centre-line of the wing
h height of a forward-facing step
M Mach number, M = %
r blockage, r = Sving.a=30

Stest section

Re, Reynolds number based on chord, Rec = %
Re, Reynolds number based on length, Re, = %
Swing, a=30 wing projection area from front at a=30°
14 velocity or flight speed
X flat plate length in stream-wise direction
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XvB vortex breakdown location in ratio with wing centre-line chord, xyg = Xyg/co

Xvs distance to vortex breakdown location measured along wing centre-line chord

a angle of attack

o half bevel section angle

o boundary layer displacement thickness

Apax difference between measured most downstream vortex breakdown location and mean vortex
breakdown location

Ain difference between measured most upstream vortex breakdown location and mean vortex
breakdown location

A angle of leading edge sweep

A ratio of bevel dimension to boundary layer displacement thickness, 4 = —;

c standard deviation

Ho viscosity of air

1 kinematic viscosity of air

P air density

2.1 INTRODUCTION

The tactical advantage of high maneuverability and agility has been the incentive for designers of fighter
aircraft to continually expand the flight envelope of their designs. For such aircraft, slender or delta—type
wings are often selected in order to gain extra aerodynamic force and control power while maintaining a
compact structure over weight advantage. Modern combat aircraft routinely operate at high incidence and/or
high angular rates, under which the flow field is usually dominated by strong leading-edge vortices, and
where loss of controllability may be encountered.

In general, the flow over the delta wing surface may experience four different statuses of separation as the
angle of attack increases. At low angle of attack there is no flow separation from the leading edge. The
attached flow induces a leading-edge suction, which can be predicted from slender wing theory. As the
angle of attack increases, depending on the leading-edge shape, flow separation starts to occur on the leading
edge and progresses downstream as the second status of separation. A further increase of the angle of attack
results in the third status: the formation of curved free shear layers and the vortex. The free shear layers roll
up periodically into discrete vortical substructures. The substructures wind up spatially into a core over the
leeward side of the wing forming a so-called leading-edge vortex. Further increasing the angle of attack
leads to the last status:_breakdown of the leading-edge vortex core. When breakdown occurs over a wing
surface, it causes a sudden lift loss and a severe non-linearity in the aecrodynamic loads.

Apart from non-linearity, vortex breakdown also causes a time dependence of aerodynamic loads. As a
consequence, linear or local-linear aerodynamic models are no longer valid at flight conditions where vortex
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breakdown occurs. Due to the lack of sufficient understanding of the flow physics and of reliable data sets,
predictive capabilities have largely lagged behind operational requirements” A better insight into the vortex
behavior, in particular vortex breakdown, is an essential requirement for developing CFD solutions and
analytical models capable of adequately capturing the flow behavior in the advanced maneuvering regime.

For these reasons, for the past five decades, the behavior of leading-edge vortices, with special attention to
vortex breakdown, has been the subject of a considerable number of experimental investigations as well as
analytical and computational studies. On this subject, at least twenty theoretical and review articles were
devoted."”® However, due to difficulties inherent to vortical-flow experiments, measurements traditionally
tended to produce qualitative rather than quantitative results. Furthermore, experimental results obtained on
identical wings were seldom satisfactorily duplicated when tested in different facilities, with even relatively
simple measurements of the vortex breakdown locations showing little correlation. Significant discrepancies
are found in the data obtained by different investigators. Geometric variations, different test conditions,
model deformations under aecrodynamic loads, as well as differences in measuring techniques, significantly
affected some measured results and contributed to the lack of correlation to the observations reported by
others. A reliable assessment of the data generated in ground tests remains one of the most vexing problems
to be solved in order to satisfactorily design military aerial vehicles and validate CFD codes. Thus, an
evaluation of the existing experimental data sets was imperative so that the extensive work already
performed at a very high cost could be properly used in the design of new military aerial vehicles and the
development of analytical and computational models.

As vortex breakdown phenomena have important influences on aircraft performance, this paper attempts to
extract as much useful and quantitative information as possible from critical examinations and correlations
of existing data sets on vortex breakdown locations.

2.2 RESULTS ON MEASURED VORTEX BREAKDOWN LOCATIONS

A brief, but by no means complete, survey of published results for the time-averaged primary vortex
breakdown locations over delta wings at static model conditions with leading edge sweep angles (A) ranging
from 50° to 80° is depicted in Figs. 1 to 7. It is worthwhile to mention that most experimental results have
not been corrected for wind/water tunnel wall and support interference effects and other test related effects.
In order to facilitate further investigations, the model(s), test facilities and conditions of the referred test
cases are listed separately in Table 1. As the 65° and 70° sweep delta wings are typical and closely related to
high-performance military aerial vehicles, most attention has been paid to results reported for these two
angles of sweep.

For A = 65° and 70°, the preliminary comparisons shown in Figs. 4 and 5 reveal significant differences in the
measured non-dimensional breakdown location, xyg = Xyp/co, Where Xyp is the distance from the apex to the
measured vortex breakdown location and ¢ is the centerline chord. For A = 65° and a = 22.5°, for example,
Xyp can be anywhere, from the trailing edge xyg = 1.0 (Earnshaw”® *") to xy = 0.4 (Lambourne & Bryer™).
Similar scatter is found in the measurements on 70° delta wings. At a = 31°~32°, the measured breakdown
location varies from xys ~ 0.8 (Earnshaw & Lawford, et.al.** *") to xyg = 0.35 (Wentz & Kohlmann®**?).
Finally, for A = 70°,and o = 31°~32°, one data set (Wentz & Kohlrnann33'35) exhibits a “knee’, reflecting a
rapid, possibly discontinuous movement of the breakdown location from mid-chord to aft of the trailing edge
over a small change in the angle of attack. The large scatter in the measured vortex breakdown locations and
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the possible presence of the discontinuity leads to different understanding and explanations'*"'*''*, This
uncertainty will also jeopardize any attempt to model the vortex breakdown behavior.

Given that the vortex breakdown is basically an unsteady, non-linear and time dependent process, some
uncertainty in the measurements of the breakdown location is to be expected. Furthermore, the effects of the
proximity of wind tunnel walls and support geometry, model blockage and model deformations under the
aerodynamic loads increase the scatter in the measurements. These effects unavoidably degrade the
consistency of results. In addition, the experimental data given in the reports also depend on the criteria and
the methodology used to define the breakdown location, e.g. whether a laser sheet is orientated normal to or
along the vortex axis, seeding injection method, Schlieren system set-up and experimental accuracy. All of
these considerations complicate the assessment.

On the other hand, it has been found that in a given investigation, the breakdown location can be very stable
with high repeatability if the test conditions are well maintained **> ''* '**. As examples, Fig. 8 depicts the
standard deviations, o, as well as maximum and minimum deviations, Amax, Amin, Of the breakdown location
for a 75° delta wing''? at Re, = 1.5x10%, while Fig. 9 shows Mitchell’s'* results conducted at Re, = 1.56x10°
for a 70° delta wing. Those figures clearly show that the deviation of breakdown location is small, although
a slightly increased scatter in the data can be observed when the breakdown location occurs over the aft part
of the model. Lowson & Riley” repeated the experiments of Wentz & Kohlman® and Lambourne &
Buyer’* and found Wentz & Kohlman’s data to be repeatable if the models and test conditions were
accurately reproduced.

2.3 CRITERIA OF THE ASSESSMENT

In the author’s opinion, the fundamental issue for assessing the data sets is not which data sets are “good” or
“bad” but what kind of data sets are necessary, suitable or representative to certain flow conditions. The
assessment in this paper is mainly a filtering process for screening the available data. In principle, the
sources of discrepancies for the same normalized model geometry in different experiments could result from
facility-related or simulation-related sources. The former include free-stream conditions (such as flow non-
uniformity, angularity, unsteadiness and noise), wall and support interference and test condition
repeatability. The later include Reynolds number based on ¢y, Mach number and differences in detail model
dimensions, i.e., the shapes of leading edges, trailing edges, fairings and centre-bodies. Those sources will
be investigated as much as possible so that the process will lead to a better reconciliation of the different
results. The assessment consists of the following main steps:

a)  Collect as many data as possible relating to vortex breakdown. Pay more attention to the described
test conditions.

b) Weigh the accuracy of those data in terms of the quantitative or qualitative information about the test
conditions.

c)  Normalize the various data sets into “equivalent” delta wings having sharp leading edges and a flat
upper surface by relying on the well accepted assumption that for a delta wing with a flat upper
surface and sharp leading-edges, xyg is independent of Reynolds number. Correct for Reynolds
number effects on other leading-edge shapes such as leeward bevels and rounded edges.

d)  For the data sets with many parameters, preference is given to the data sets where a minimum number
of other parameters is varied.
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e) As different experiments employed different leading-edge shapes and centerbody settings,
clarification of these effects is the prerequisite for the assessment.

2.4 EFFECTS OF LEADING-EDGE SHAPE, CENTERBODY AND DIFFERENT
TEST CONDITIONS

2.4.1 Leading-Edge Shape Effect

Since boundary layer separation initiates from the leading-edge (where the vorticity flux inside the boundary
layer is transported to the free shear layer and eventually rolls up into a vortex) then leading-edge shape may
affect the vorticity flux and the effects of leading-edge geometry have to be considered.

Basically there are two kinds of leading-edge: sharp and round. A leading edge is defined as “sharp” if the
boundary layer separation line coincides with the junction line of the upper and the lower wing surfaces and
if the separation onset is fixed and at the apex of the wing. A leading edge is defined as “round” if, the
separation line is not fixed and the onset of the separation is also not from the apex. Furthermore, with a
round leading edge, both the separation line and the separation onset will move depending on the flow
conditions.

Kegelman & Roos®, Pelletier’*, Huang112’136’140, Luckringloo'103 32135139 WWentz and Kohlmann®* conducted
experiments while Pirzadeh'*' applied CFD methods to investigate the effect of leading-edge shape on
vortex behavior or vortex breakdown.

For a sharp leading-edge, the effect of leading-edge bevel may lead to changes in effective angle of attack.
If the bevel size is large enough, as a first approximation, the following equation for modifying the effective
angle, Aa, at static model conditions and at high Reynolds number, may apply’® ***’.

Ao=tanA*cosd (D

However this equation can only be used conditionally. For example, the results of Kegelman and Roos®
show that the change in effective angle of attack is only 1/3 of the value predicted by the above equation. In
contrast, the water tunnel experiments of Pelletier’”* and Huang''* exhibit negligible difference in xyg
between different leading-edge shapes. Likewise, Wentz & Kohlmann’s ** results of breakdown location for
a 60° delta wing with either beveled or square leading edges are very similar. On the other hand, the studies
of Hanff and Huang'® and Huang, Mebarki and Benmeddour'® at high Reynolds numbers with large
leading-edge bevels show that the breakdown locations are almost 20% farther downstream than others’ on
models with small size leading-edge bevels. This change is equivalent to a decrease of 4° in effective angle
of attack. Similar information can be found from airloads and pressure measurements. Huang'*® and Huang
et al."*" reported that the measured normal force exhibits two discontinuities: one corresponding to vortex
breakdown near the trailing edge and one corresponding to breakdown at the apex. These references show
that for a delta wing with a bevelled leading-edge, the latter discontinuity appears on the angle of attack 4°
higher than that with a flat upper surface (Fig. 10a and Fig. 10b) indicating the effective angle of attack on
the bevelled wing model may be 4° less than that with the flat upper surface wing model.

From the above discussion it follows that equation (1) cannot be applied in isolation without considering
other additional factors. One important fact appears to be the ratio, A, of the size of the bevel (e.g. bevel
width, b) to the thickness of the boundary layer in the vicinity of separation, 6* Thus,
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p=2
0

The breakdown location, xyg, varies directly with A. It can be imagined that if A << 1, the bevel acts as local
or minor disturbance while the large flat upper surface, which is downstream of the bevel, will be the
geometric feature that has a global effect on the flow. Actually, in the experiments of Wentz & Kohlmann'"'
and Pelletier’””, & was 1/15 and 1/7 of that in the experiments of Hanff & Huang'®, explaining the
negligible bevel effect in the former as compared to that in the latter. The water tunnel experimental results
reported by Huang''"* with A > 1 also confirm that if the bevel on the leeward side is large enough it will
delay the vortex breakdown. The reduction in angle of attack is close to the value estimated from equation

(1).

In order to quantitatively analyse the effect of relative size of the leading-edge bevel, A, on the flow, it is
worthwhile to look at typical permissible surface discontinuities that may have negligible effect on boundary
layer flow. Braslow et al.”’ found the allowable forward-facing step height, h, for a flat-plate in a laminar
boundary-layer and a zero pressure gradient is roughly:

h(ft) = 1800 , where Re,/ft is the Reynolds number per foot.

St

For a Reynolds number of Re, = 1x10%ft, the typical permissible surface discontinuity is roughly h =
0.025in, while the boundary layer displacement thickness, 8°, on a 2-D flat plate can be determined from

Blasius profile'*':

S5 =1.72\/%

where uy is the velocity in the free stream, x is the length of the plate and v is the kinematic viscosity.

At this Reynolds number (i.e. Re, = 1x10%ft) and the chordwise location (x), &', is estimated to be 0.06in.
From the two numbers, h and &', in the example, it can be concluded that if A is approximately less than 0.4,
the disturbance caused by the surface discontinuity may be neglected.

For a round leading-edge, if the relative bevel size, A, is relatively small, the above analysis may still be
valid and the effect of the rounded leading-edge shape could be ignored. However for relatively large size of
rounded leading-edge, the experiments of Huang'*®, which examined the normal force, show similar results
between wings with bevelled and rounded leading-edges, indicating the difference of time-averaged vortex
breakdown locations between those wings might be small. However, it does not mean that the vortex
behavior is similar. Luckring'**'*>'* and Huang et al.'*® conducted experiments respectively to investigate
the leading-edge shape effect on the flow behavior at high Reynolds numbers. Luckring applied very dense
pressure orifices while Huang et al. applied PSP technology as well as pressure orifices to study the pressure
distribution and related airloads. Huang et al.'*® also digitized the PSP images to obtain the pressure
distribution along different lines, either at different chordwise locations or at different conical lines starting
from the apex. As examples Luckring’s results for the comparisons between a sharp and round leading-edge
delta wing at M=0.4, Re=6x10° and a=10° are shown in Fig. 11, while Huang et al.’s PSP images, digitized
pressure distributions along different lines on the PSP images are illustrated in Fig. 12 to Fig. 14. Luckring’s
and Huang et al.’s results at different chordwise locations clearly show that for a rounded leading-edge the
attached flow pressures are apparent in the forward potion, while leading-edge vortex-like pressures appear
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in the rear potion. The separation onset or the origin of the leading-edge vortex on a rounded leading-edge is
not at the apex but somewhere downstream of the apex. The PSP images in Fig. 12a exhibit that for sharp
leading-edge the high suction area (blue area) is conical and originates from the apex, while for a rounded
leading-edge the suction area is not conical (Fig. 12b). The enlarged PSP images in the forward part (Fig.
12¢) show that the blue line in the forward part is very close to the edge, indicating the attached flow induced
leading-edge suction in that area. The digitized spanwise pressure distributions clearly show the attached
flow induced suction along the round leading-edge (Fig. 13). The digitized pressures along a conical line on
a sharp leading-edge or along a line (shown in the figure) are shown in Fig. 14. It appears that the suction
peak is further upstream and stronger on a round leading-edge than that on sharp and beveled leading-edge.

Pirzadeh'** applied Navier-Stokes solutions on three leading-edge cases. His results show quite different

flow behavior between sharp and rounded leading-edges. As examples, Fig. 15a to Fig. 15¢ show the
velocity vectors on cross-sectional planes at the mid-root-chord station. These Figures clearly show that the
size as well as the height of the primary vortex decreases as the radius of the leading-edge increases.
Although as he pointed out that the accuracy of vortex flow computations, especially those featuring vortex
breakdowns, is highly susceptible to the local grid resolution, and vortex flows induced by blunt leading-
edge present an even greater challenge to CFD, such as turbulence models, flow transition, and other
numerical elements that influence the accuracy of predicted flow separation, nevertheless the comparison is
physically acceptable.

From the above analysis, the following conclusion may be drawn:

a) The leading-edge shape may not cause a significant effect on vortex breakdown location if the size of the
different shapes is relatively small.

b) If the size of leading-edge shape is relative large compared to the thinness of the boundary layer, the
effect of leading-edge shape on the vortex can not be ignored and the amount of the effect depends on
the shape of the leading-edge.

c) For large size, sharp and beveled leading-edges equation (1) may be used to approximately modify the
effective angle of attack and corresponding vortex breakdown location.

d) For large size but rounded leading-edge, there appears attached flow in the forward part and the attached
flow induced suction is very close to the edge area. The separation line and its onset are not fixed and are
dependent on the test conditions. The corresponding vortex breakdown location, in general, will be
downstream of that obtained with a flat upper surface but close to that with a beveled and sharp leading-
edge.

2.4.2 Centerbody Effects

In many experiments, a centerbody was inevitably required to house the balance and/or the model’s support.
Also a centerbody is commonly used in unmanned combat aerial vehicle (UCAV). Since a centerbody is
different from a forebody, investigation of centerbody effects is not only of interest in assessing the
experimental data but it can also be useful in the design of the new UCAV and similar aerial vehicles. A
centerbody is usually located aft of the leading-edge and in the separation zone. As a result, its effect is even
more difficult to analyse than that of forebody.

Pelletier’" **, Huang''*, and Huang et al.'*® investigated centerbody effects in wind tunnel or in water tunnel

experiments by comparing the results with and without centerbody in the experiments. Huang’s results
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conducted in a water tunnel at a Reynolds number Res~1.5x10* shows that the centerbody effect on vortex
breakdown location is negligible except when the vortex breakdown location is near the trailing edge. This
may be caused by the sudden expansion of the flow at the end of the centerbody. Similar trends can be
found in the experiments of Pelletier’”* and Huang'*’ where the Reynolds numbers are 1.5x10° and 2.4x10°
respectively. The PSP and pressure orifice experiments of Huang'*’ conducted at higher Reynolds numbers
(Re:~2.4x10°) are shown from Fig. 16 to Fig. 17. Huang’s pressure orifice measurements at different
chordwise locations with and without a centerbody show that the centerbody only causes a local effect and
no global effect is observed. Other than those experimental results, Benmeddour, Mebarki and Huang'*
conducted numerical studies with and without centerbody'*. They applied the in-house solver, FJ3SOLV,
and the commercial software, CFD-FASTRAN, to calculate the effect of the centerbody on the surface
pressure over a 65° delta wing and a 55° diamond wing. Their CFD results are shown in Fig. 18 to Fig.21.
In general, their CFD results agree with experimental results. It may be concluded that a centerbody, with the
size and shape as in the these studies, has negligible global effects on the acrodynamic characteristics.

2.4.3 Reynolds Number and Mach Number Effects

It is well accepted that with a sharp leading-edge the vortex breakdown location is approximately
independent of Reynolds number. The time averaged pressure distribution is also less affected by the
Reynolds number as shown by Luckring'®’ (Fig. 22). However, the amount of unsteadiness in the vortex
depends on the Reynolds number. This unsteadiness may cause oscillations in vortex core location, vortex
breakdown location and interactions between the left and right vortices. Thus, the measured time-averaged
locations of vortex core and vortex breakdown may be nearly the same, but the time-dependent value and the
asymmetry of the two vortices will depend on the Reynolds number, thereby resulting in increased scatter in
the measurements and even bifurcation when tested at higher Reynolds number.

The Reynolds number related unsteadiness in the vortex comes from many sources. First, depending on the
Reynolds number, the vorticity within the boundary layer may transport discontinuously into the free shear
layer. Second, the Reynolds number will affect the type of Kelvin-Helmholtz (K-H) instability. At high
Reynolds number, discrete and small-scale vortices appear and follow a helical trajectory around the core
resulting in another source of unsteadiness. Thirdly, when a vortex breaks down at high angle of attack, at
high Reynolds number there is ample unsteadiness within the breakdown region. This gives the flow in the
vicinity of the spiral a spatial and temporal periodicity. Finally, at high Reynolds number, there exists a
strong axial and related spiral fluctuation in the vortex breakdown location. The time history of breakdown
location consists of low-frequency, large-amplitude fluctuations and high-frequency, low-amplitude
fluctuations. As examples Huang'** presents pressure spectral measurements conducted at high Reynolds
number which show that there is a peak at low frequency when vortex breakdown moves over the wing area
(Fig. 23).

The above facts show that the Reynolds number effect may not cause too much effect on time-averaged
vortex breakdown location over a delta wing with a sharp leading-edge, but the time-dependent behavior will
be much affected by the Reynolds number.

In order to understand Reynolds number effects on the unsteadiness of the vortex, the unsteadiness at
different Reynolds numbers has been the focus of extensive research. Some examples are shown below.
Results from experimental and computational studies regarding the effect of Reynolds number on the free
shear layer are shown in Fig. 24 and Fig. 25 to Fig. 26 by Lowson™ """ and Visbal’> ?’ respectively. They
found that at low Reynolds number the free shear layer is laminar. As Reynolds number increases, the free
shear layer transitions from laminar to turbulent at somewhere along the leading-edge. Visbal further found
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that the transition progresses toward the apex as Reynolds number increases further (Fig. 25 and Fig. 26).
The instantaneous azimuthal vorticity distribution in a plane passing through the vortex axis obtained by
Rockwell ® is show in Fig. 27. Gursul” measured time histories of breakdown locations which are
illustrated in Fig. 28. Huang used high speed visualization method to study the unsteadiness inside the vortex
breakdown at high Reynolds number (Re=3.6x10°). Following Lambourne’s® description of vortex
breakdown, in Fig. 29 Huang''*'** denoted the vortex filament kink point as “point A” while the vortex
breaks down into large scale turbulence as “point B”. Huang found that the unsteady behaviors of points A
and B are quite different. As examples sequence of frames of the images are shown in Fig. 29. In the
sequence, point A moves in excess of 0.1cy while point B remains more or less stationary. The speed of
response of point A corresponds to half convection speed, i.e. 0.5Vgocosa, whereas point B barely moves at

all. Thus if the kink point is defined as the vortex breakdown location as in most of researchers’
measurement, the fluctuation of point A will deteriorate the measurements. On the other hand, if the point B
is taken as the vortex breakdown location as Huang and Hanff** did in a section view of laser-smoke sheet
normal to the vortex axes, the breakdown location will be 0.1 ¢y downstream of the point A which is defined
as breakdown location by others’ experiments.

For a round leading-edge, the Reynolds number effect is more complex. As mentioned above there is
attached flow in the forward part of the leading-edge followed by leading-edge vortex like flow in the aft.
Luckring’s results '** > '* show that the attached flow area increases as the angle of the attack decreases
(Fig. 30). Also, increasing Reynolds number will expend the attached flow area (Fig. 31). However it is
worthwhile to mention that this only happens at a certain range of angle of attack. At a small angle of attack
where the attached flow is weak or at high angle of attack where the vortex flow dominates, the Reynolds
number effect is small. This can be drawn from comparing Fig. 30 with Fig. 31 at different angles of attack.

Similar to the Reynolds number effect, the free stream turbulence intensity will also affect the experimental
results. As the turbulence intensity increases, the unsteadiness in the vortex and vortex breakdown also
increase, which will affect the measured results in experiments.

As for the effect of Mach number, Luckring'®'% 1% 13> 13 hag conducted comprehensive experiments on
surface pressure. For a sharp leading-edge at small angle of attack, where the vortex flow is weak, the effect
of Mach number is minor (Fig. 32). However at high angle of attack, where the vortex flow is stronger,
profound Mach number effects can be found in the forward part of the wing (Fig. 33). For a round leading
edge, an increase in Mach number will reduce the attached flow area and increase the vortex flow area (Fig.
34). Thus at transonic speed the difference between a round and a sharp leading-edge will become smaller as
Mach number increases. The flow will, most likely become leading-edge vortex like flow (compare Fig. 35
with Fig. 11).

2.5 ASSESSMENT FOR THE RESULTS WITH 65° DELTA WING

With those pre-analysis in hand and applying the above mentioned criteria to the results of 65° sweep delta
wings, especially for those with large scatter, it was found that:

a). Lambourne & Buyer’s® experiments were conducted in water tunnel and wind tunnel with a flat upper
and bevelled 16° on the lower surface. The ratios of the wingspan to the relevant tunnel span were
61% and 41% resulting in the blockages of 13% and 7.2% for water tunnel and wind tunnel
respectively. Moreover the thickness reached t/cy=6.3% in the wind tunnel, the highest value among
other tests. Although it is not known exactly how much they should be corrected, Weinberg’s® results
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show that the increases of model thickness and blockage could promote vortex breakdown by as much
as 20% of centerline chord (i.e., move closer to the wing apex).

b). Earnshaw’s*®?’ results were obtained with a model with t/c,=4% and symmetrical cubic curve section.

According to the equation of the model surface, the section half angle (normal to the leading-edge) at
the leading-edge is 14.2°. As the bevel width is comparable with the thickness of the boundary layer
before separation, the bevel effect corresponds to a decrease in the effective angle of attack. If the
average slope is taken in Earnshaw’s experiment, the effective angle of attack could be reduced by as
much as 3°.

¢). Hanff & Huang’s’*"* " *>* carly experiments were conducted at the Req ~ 3.6x10° in two different
wind tunnels using different model supports. The blockage of the wing model at a=30° is 1.8% and
1.4% for two wind tunnels respectively. The data were repeatable and the differences of the results
obtained from two facilities were minor. In the experiments, breakdown location was found by means
of a laser sheet normal to the vortex axis and determined by a blurring of the vortex ring. This
criterion is consistent with Lambourne’s® definition for spiral vortex breakdown. Subsequent tests by
Huang and Hanff'® with a laser sheet containing the vortex axis showed the location measured by the
criteria to be approximately 10% of centerline chord downstream of the kink point. Moreover, as the
experiments were conducted at high Re number resulting in the bevel size relatively larger than the
thickness of the boundary layer in the vicinity of the separation area. Thus a 4° angle of attack
correction due to leading-edge bevel was proposed by Hanff and Huang '**. Taking the correction into
account, the modified data are close to their later experiments ''* conducted in the water tunnel.

d). Pelletier’s’ ** experiments were conducted in 2ft by 2ft wind tunnel with the models similar to Hanff
& Huang’s104 and Huang’s136 models but half size, c=14in, t/c=1.8% and at Re,, ~ 1 x10°. The
blockage is 7.9% at a=30°. Smoke was injected into the free stream near the apex of the model
through two small smoke ports. The vortex breakdown was determined by the kink point in the top
view. The single-bevel wing has a flat upper surface and bevelled 45° on the lower surface. The
double-bevel wing has a symmetric 20° bevel inclusive which is identical to the wing tested by Hanff
and Huang " *~'". The difference in vortex breakdown locations between the two wing models is
less than 5%. The bevel effect on the vortex breakdown location is negligible which agrees with above
analysis as the ratio of bevel size to the size of the boundary layer thickness is much smaller than that
in the case of Huang and Hanff’s experiments.

e).  The experiments conducted by Addington and Cipolla’s ' '’ were similar to the model in Huang and

Hanftf's experiments. In the former, the experiments were conducted in 2ft by 2ft wind tunnel at
Re=2.9x10° while in the later the experiments were conducted in water tunnel at Re=32400. Vortex
breakdown was visualized by dye injection from ports on the upper surface near the apex. Their

results at a=30° and ¢=0° falls closer to Huang’s''"* water tunnel results.

The original data sets have been assessed and correlated into a delta wing with flat upper surface by the
above approach as shown in Fig. 34 which exhibits less scatter and more confidence than in Fig. 4. Further,
if we assume a normal probability distribution, the normalized mean value representing time-averaged
vortex breakdown location over 65° delta wing with flat upper surface can be obtained as shown in Fig. 35.
The R-squared value is 0.96 for the measured results. With 95% interval of confidence based upon the
standard deviation (o) of the results, the true mean for the time-averaged breakdown location is given by

Xyvb = Xvb x tv,956
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where X, is mean value shown in Fig. 35, t, ¢sis Student’s t value and G = y N

The largest precision interval is of the order of 4% at a=30°.

2.6 ASSESSMENT OF THE RESULTS WITH 70° DELTA WING

In the case of the 70° delta wing, in addition to a scatter similar to that of the 65° wing, a discontinuity

movement of the breakdown location in the aft of the wing was observed in Wentz & Kohlman

’$333 results.

Both of them have to be further investigated.

a).

b).

Wentz & Kohlmann’s?® experiment employed a wing model with non-dimensional thickness
(thickness/root chord) t/co = 0.007, nearly an order of magnitude less than that in others’ experiments.
Owning to a 7.5° bevel on the lower surface, the model was further exacerbated on the forward part.
Thus the effect of the aeroeclastic deformation on vortex behavior has to be considered. The
deformation under the reported test conditions in Wentz & Kohlmann’s® test (q=30 psf) was
estimated by the finite element method where the loading was based on the reported breakdown
locations, X, at the trailing edge, x,,=1, and at x,,;=0.4 for a=29° and 30° respectively. The
calculated deflections are large and their effects can not be ignored (see Fig. 36 and Fig. 37).
Specifically, at a=30° the wing has a negative camber with 1.3° deflection angle at the apex while at
o~29° it exhibits a positive camber over most of wing area. In light of the above, it follows that when
o decreases from 30°, initially the negative camber will result in a premature vortex breakdown. As o
decreases, the vortex breakdown location begins to move downstream. That movement redistributes
the load such that it tends to reduce the negative camber which, in turn, makes the breakdown location
move further downstream. A positive feedback is clearly present in the coupling between the
deformation changes and the loading changes, leading to the reported discontinuous behavior. In fact
Wentz & Kohlmann’s® reported angular deflections, as high as 3~4 degrees at the apex section for
these slender delta wings and their possible effect on breakdown location. Considering the above, it is
reasonable to assume that discontinuous vortex breakdown location in Wentz & Kohlmann’s report for
A>70° delta wing is anomalous due to aeroelastic effects and cannot, therefore, be deemed to be
representative of the breakdown behavior over a rigid model. Similar conclusion had been obtained
by Lowson".

Lemay’s*® model has 23° bevel on the upper surface along the leading-edge while Earnshaw’s”’ model
has a 14° slope on the upper surface. Since the bevel widths are relatively larger than those of
Erickson*,Miau® and Huang''* in their water tunnel experiments, in the Lemay’s>® and Earnshaw’s”’
cases the bevel may result in a reduction of the effective angle of attack with corresponding delays in

the vortex breakdown location.

Mitchell’s'*® and Molton’s*® experiments were carefully conducted. However the asymmetric support
in the experimental set-up may cause the up wash resulting in the increase of the effective angle of
attack, Aa, and the upstream movement of the vortex breakdown. Actually this up-wash and effective
angle of attack increase was observed by earlier experiment conducted by Molton® where it was
estimated Ao, could reach 2~3° at high angles of attack range. In addition, the blockage and the flow
angularity induced by asymmetric support may cause some problem as the blockage of vertical and
horizontal supports was roughly 7% while the model blockage at a=30° was 6.5%. As Lambourne
&Bryer’s** experiments show large blockage which may promote the vortex breakdown.
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In viewing of the above considerations, similar to the 65 sweep delta wing the assessed data set and the
normalized data set of time-averaged vortex breakdown locations for the 70° delta wing with sharp leading-
edges and flat upper surface are depicted in Fig. 38 and Fig. 39 respectively. The largest precision interval is
of the order of 5% at a~40°.

2.7 CONCLUSIONS

. A screening process has been performed on more than eighty experimental cases about vortex
breakdown over delta wings with different sweptback angles at high angles of attack and static model
conditions. Vortex breakdown locations over 65° and 70° delta wings with flat upper surface have been

normalized.

. The effects of leading-edge shape, centerbody and other test conditions have been critically
investigated.

. The leading-edge shape may affect the vortex behavior which depends on relative size of the leading-
edge shape to the thickness of the boundary layer. Its effect may be neglected if the relative size is
small.

. If the relative size is large, different leading edge shapes, e.g. sharp and round leading-edges, may

have different effects on the vortex, either at the separation lines or the onset of the separation
location. The difference in time-averaged vortex breakdown locations between sharp and round
leading-edges needs further clarification.

° For the discussed centerbody setting, no global but only local effect on the pressure has been observed.
Centerbody may have minor effect on the vortex breakdown.

. Increase Reynolds number may promote transition in the free shear layer and delay the onset of
separation line on round leading-edge. However Reynolds number may have less effect on time-
averaged vortex breakdown location, even on wings with round leading edges.

° Increase Mach number results in the reduction of the effect of the leading-edge shape. It also promotes
vortex breakdown upstream. Reynolds number Effect
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Table 1 Summary of experimental investigations considered in this Chapter.

Case No. 1 2 3 4

A 70 65, (55-70) 45-76 65, 70
Model Type Half Full ,Half Full Full
L.E.(Upper) flat flat Convex Convex
L.E.(Lower) 7° bevel 16° Convex Convex
T.E. blunt blunt

c 7.751in 8.5in ,47.5in 0.59-1.18ft 18in, 21in
t .0625in 0.1875, 3in

t/c (%) 0.8 2.2,6.32 6 4

Type water Water, wind wind wind

Test Section Size | 5ftx5ft 13inx10in, 9ftx7ft 4ftx3ft 4ft'x3ft
Re, 0.7x10E6 (12ft/s) | 0.01~4.6x10° 0.2~0.4x10° (80ft/s) | 1x10°
Turbulence

Support Semi & false floor [ Strut Sting Sting
Blockage, » 0.25% 13.0% (Half model) [ 1.70% 5%

Vis. method Air bubble Dye, vapor Fine tufts Schlieren
Publication Ref. 22 Ref. 24 Ref. 26 Ref. 27
Case No. 5 6 7 8

A 60, 68.2, 76 45-85 60, 65, 70, 75, 80 60-80, 60/70, 70/8(
Model Type Full Full Full Full
L.E.(Upper) flat 7.5° bevel 15°
L.E.(Lower) 3° 7.5° bevel 15°

T.E. 7.5° bevel 15°

c 0.625m 10-18" 100-300cm 150mm

t 1.52cm 0.lin 1.8mm
t/c (%) 0.022

Type wind wind water water
Test Section Size | 1.3 m 0.22mx0.22m 0.25mx0.25m
Re, 1.7x10° 0.3~1x10° 20cm/s 9.8x10°
Turbulence

Support Suspended on wires | 2-point strut Sting Strut
Blockage, r 4.60% 1.80% 8.39%
Vis. method Stethoscope/smoke | Schlieren Dye Dye & Bubble
Publication Ref. 28 Ref. 32-35 Ref. 39 Ref. 40
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Case No. 9 10 11 12
A 60-80 65 70 70, 75, 80, 85
Model Type Full Full Full Full
L.E.(Upper) flat flat flat flat
L.E.(Lower) 26° 25°
T.E. blunt
c 16" 16"
t 0.051in 0.75in 0.25"
t/c (%) 4.7 1.56
Type water water wind wind
Test Section Size 16inx24inx6ft 0.46mx0.6m 2ftx 21t 2ftx2ft
Re, 4.1x10* 3x10* 0.225x10° 0.085x10°
Turbulence 0.1-0.2% 0.1-0.2%
Support Sting Sting Strut Strut
Blockage 8% 8%
Vis. method Dye Dye Smoke (section) Smoke (section)
Publication Ref. 42-45 Ref. 46 Ref. 49 Ref. 51, 54, 55
Case No. 13 14 15 16
A 60 75 70 45, 70, rectangular
Model Type Full Full Full Full
L.E.(Upper) flat flat 23° flat
L.E.(Lower) 12° 20° 23°
T.E. blunt 23°
c 100mm 0.31m 16.375in
t 3 mm 4.6mm 0.5in
t/c (%) 3 3
Type water water wind wind
Test Section Size | 0.45x 0.55 m 0.8x0.4m 2inx2in’ 12 ft Diameter?
Re, 0.08m/s~0.2 m/s | 0.26x10° 1x10°
Turbulence 0.10%
Support Strut Strut Strut Strut
Blockage 8%
Vis. method Air bubble Smoke (Axes) Smoke
Publication Ref. 68 Ref. 83 Ref. 56 Ref. 59
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Case No. 17 18 19 20

A 75 65 60, 70 60
Model Type Full Full Half Full
L.E.(Upper) flat flat flat flat
L.E.(Lower) 40° 20° 25° 12°

T.E. 25° blunt

C 241, 508mm 150mm 76, 54cm 500mm

t 12mm 3.175mm 1.27 cm 4 mm

t/c (%) 2.12 1.7 0.8

Type water water wind wind
Test Section Size | 610x914mm 400x 180mm 91cm x74cm 2x2m
Re, 1.2~3.6x10* 25cm/s, 3.5x10* | 0.3~2x10° 0.7~1.43x10°
Turbulence 0.20% 0.1~0.2%
Support Sting Strut Semi & splitter Strut
blockage 7.80%

Vis. method Dye, Hydrogen bubble | Fluorescent dye Smoke (section) Smoke/Schlieren
Publication Ref. 63 Ref. 62 Ref. 65 Ref. 67
Case No. 21 22 23 24

A 65 59, 63.4, 67,70 60, 76 75
Model Type Full Full Full Full
L.E.(Upper) flat blunt 5.7,11.3 flat
L.E.(Lower) 30 5.7,11.3 25

T.E. 30 blunt blunt

¢ 850mm 15, 19,20 cm 0.27,0.31m 16in

t 20mm Imm 1.27mm 0.25in

t/c (%) 2.35 1.56
Type wind water water wind
Test Section Size | 3 m (Diameter) 60x60 cm 0.61 x0.91 m 2inx2in
Re, 5.8~2.1x10° 9x10° 3.3x10* (0.12m/s) | 0.25x10°
Turbulence 0.30% 0.80%

Support Sting Sting Sting Strut
blockage 2.10% 6.00%
Vis. method Helium-soap bubble Dye Dye Anemometer
Publication Ref. 83 Ref. 84 Ref. 81 Ref. 81
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Case No. 25 26 27 28

A 65 66.33, 69.33 (W+B) | 50 to 80, in steps of 5| 65, 70, 75, 80, 85
Model Type Full Full Full Full
L.E.(Upper) 12 blunt flat/10

L.E.(Lower) 12 blunt 45/10

T.E. 12 blunt blunt/10

c 2.04ft 9.483in 8in, 14in

t 0.375in 0.051n 0.25in

t/c (%) 1.53 0.5

Type wind water wind wind

Test Section Size | 7ftx10ft 16inx24in 2ftx2ft 0.8mx0.6m
Re, 3.6x10E6 0.25ft/s 1.85x10* [ 0.05-0.1x10°

Turbulence 0.1-0.2% 0.05%
Support Sting Sting Sting

Blockage 7.93%

Vis. method Smoker/Laser Dye Smoke (top)

Publication Ref. 70, 71, 72, 87 | Ref. 150 Ref. 91, 93 Ref. 90
Case No. 29 30 31 32

A 65 (W+B) 65 55,60, 65,69,70,71,75 | 55, 65
Model Type Full Full Full Full
L.E.(Upper) 10 sharp/round flat/bevel flat/bevel
L.E.(Lower) 10 sharp/round bevel/flat flat/bevel
T.E. 10

c 202 mm 25.734in 5in 18-24in

t 0.875in 0.08in 0.375in

t/c (%)

Type wind wind water wind

Test Section Size | Im 8.2x8.2ft 15"x20" 6ftx9ft

Re, 6x10°-120x10° 36000/t 2x10°-3.6x10°
Turbulence

Support Sting Sting Sting
Blockage 3.62%

Vis. method pressure taps Dye PSP, pressure taps
Publication Ref. 107 Ref. 100-103, 132, | Ref. 114 Ref. 140
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Fig. 11 Comparisons of surface pressure between sharp and round leading edges, M=0.4, Re=6x10°, a=10°

— 4.

|

Fig. 12a PSP images on sharp leading-edge at different angles of attack

Fig. 12b PSP images on round leading-edge at different angles of attack
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Fig. 12¢ enlarged PSP images on sharp and round leading-edge wing models (a=16°)

Fig. 12 PSP measurements at different model conditions
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Fig. 13 Digitized PSP results on leading-edge shape effect (U=60 m/s, a=21°)
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Fig. 15: Delta wing velocity vectors on cross-sectional planes at the mid-root chord stations showing
primary, secondary, and "tertiary" vortices: (a) sharp leading edge, (b) medium leading edge,
and (c) large leading edge. Navier-Stokes solutions at M,=0.4, a=20°, and Re,,c=6.0x10°.
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(M=0.18, a=15, NF no centerbody, 3E with centerbody)
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Fig. 20 Comparison of surface pressure between with and without centerbody (Model G2, M=0.17, a=21°)
-3.54 35 35+
-30 ——G2-3ACFDH————————— 3.0 {—G2-3A-CFD | -3.0 +— — G2-3A-CFD
25 |{—G2-3E-CFD W 25 | |—G2-3E-CFD 251 —G2—3E-CFD‘
-2.0 -2.0 H 2.0
G151 &5 &1s

1.0 1.0 1.0 '/\

05 D 05 1 05 1 \

0.0 0.0 0.0

05 054 05-

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
yls yls yls

Fig. 21 Comparisons of pressure distributions between with/without centerbody at different chordwise locations
(M=0.17, a=21°, 3A no centerbody, 3E with centerbody)
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il

Re=5.8x10°, M=0.4 Re=60x10°, M=0.4
Fig. 22 Re number effect on surface pressure with sharp leading-edge
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Fig. 23 Unsteady pressure spectral on 65° delta wing at different static angles of attack
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Rex~7,000 Re~23,000

Fig. 24: Flow visualization of shear layer over delta wing

Re, =18x 1tF

Re, =6.0x 1P

Re, =2.5x 10¢ Rey, =5.0x 10¢
Fig. 25. Evolution of vortex structure with increasing Fig. 26. Evolution of shear layer structure with increasing
Reynolds number. Contours of Reynolds number depicted using an isosurface
instantaneous  vorticity = magnitude on of axial vorticity

vertical plane through vortex core

Fig. 27: Instantaneous azimuthal vorticity distribution Fig. 28: Time histories of breakdown locations for
in a plane that passes through the axis left and right breakdowns for o,;=29° (top)
and 0y=42° (bottom)
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Fig. 29 Sequence of frames of laser-light sheet images
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Fig. 30a 0=10.3° Fig. 30b a=16.4° Fig. 30c 0=20.2°
Fig. 30 Effect of angle of attack on surface pressure of round leading edge, M=0.4, Re=6x10°
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Fig. 31 Effect of Re number increase on surface pressure of round leading edge, M=0.4, Re=60x10°
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Fig. 32 Mach number effect on surface pressure with sharp leading-edge, Re=6x10°, 0=10°
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Fig. 33 Mach number effect on surface pressure with sharp leading-edge, Re=6x10°, a=20°
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Fig. 34 Mach number effect on surface pressure with round leading-edge, Re=6x10°, a=10°
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Fig. 35 Comparisons of Mach number effects between sharp and round leading-edge,
M=0.8, Re=6x10°, a=20°
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Fig. 36 Assessed results for 65° delta wings Fig. 37 Normalized results for 65° delta wings
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Fig. 39 Deformations estimated at 0=29° and xyp=1
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Fig. 40 Assessed results for 70° delta wings Fig. 41 Normalized results for 70° delta wings

2-40 RTO-TR-AVT-080



