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Aspects of Ground Facility Interference
on Leading-Edge Vortex Breakdown
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Because of the current high interest in low observables planforms, characterized by swept leading-edge and
trailing-edge panels, it is appropriate to consider the implications for ground facility testing of models that, because
of the existing coupling between opposing leading-edge vortices, must be of the full-span variety. To shed light on
this topic, the existing extensive experimental database for delta wings is reviewed to determine what parts wall
interference, support interference, and Reynolds number played in the observed ground facility interference.

Nomenclature

wingspan

wing root chord

normal force, coefficient Cy = N/(ps U2 /2)S

static pressure, coefficient C, = (p — Peo)/(pxUZ /2)
Reynolds number based on ¢ and freestream conditions
reference area (projected wing area)

time

horizontal velocity

width of test section

axial body-fixed coordinate

spanwise body-fixed coordinate (Fig. 9)

vertical body-fixed coordinate (Fig. 9)

angle of attack

pitch-rate-inducedcamber (Fig. 6)

circulation (Fig. 5)

leading-edge sweep angle

dimensionless x coordinate,x /c

air density

inclination of the roll axis

roll angle
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Subscripts

apex
vortex breakdown
camber

effective

freestream conditions

o
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Introduction

ITH the current interest in low-observables (LO) configu-
rations, which are characterized by swept leading-edge and
trailing-edgepanels, thereis a pressingneedtoresolvelong-standing
questionsregardingthe effects of groundfacility interferenceon vor-
tex breakdown. Ground facility interference comprises two equally
important components, that is, support interference and wall in-
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terference. An analysis of recently published experimental results
reveals that this has often been overlooked. For instance, the differ-
ence between test results for differently sized models of otherwise
equivalentdelta-wing geometries is often ascribed totally to one of
the two components, for example, wall interference, as in the cases
to be discussed here.

A recent review and further analysis of factors influencing the
vortex breakdown measured on delta wings' reveals inconsisten-
cies, which could have been introduced by the presence of both
components of ground facility interference. The results of these ex-
periments and associated analysis' appear at first glance to contra-
dict the conclusionsdrawn from an earlier analysis.? This illustrates
the complexity of the facility interference problem. In the present
paper an effort is made to update the earlier analysis® by addressing
the inconsistenciesdescribed in Ref. 1.

Discussion

Figure 1 shows that increasing the size of the 70-deg delta wing
model caused the vortex breakdown to occur closer to the apex.!
This data trend, obtained in water-tunnel tests at Re =3.5 x 10%, is
opposite to that obtained in earlier water-tunnel tests® (Fig. 2). The
generaltrend in the latterresultscan be explained by the longitudinal
wing camber generated by the wall-induced upwash along the lead-
ingedgeof the deltawing.>® The resultsin Fig. 1 were alsoexplained
in Ref. 1 by the wall-induced upwash effect, represented, however,
by the resulting increase of the effective angle of attack at the wing
center of pressure. When correcting the measurements (Fig. 1) for
this alpha effect, the results regrouped as shown in Fig. 3. Although
the spread between the curves is decreased in Fig. 3 compared to
Fig. 1, the conclusiondrawn' that “the curves collapse rather well”
is not well founded. For some reason, the data set for the midsized
model (¢ =7 in.), which fell midway between the original, uncor-
rected curves in Fig. 1, falls outside of the collapsed curves for the
smaller (c =4.93 in.) and larger size (¢ = 14 in.) models in Fig. 3.

It is well established that vortex breakdown moves toward the
apex with increasing angle of attack,* as is illustrated by Figs. 1
and 2. Consequently,the wall-inducedincrease of the effective angle
of attack shouldhave promoted breakdown, as stated in Ref. 1. How-
ever, experimentalresultsof the effectof camber on the vortex break-
downof an 80-deg deltawing’ (Fig. 4) indicate that the wall-induced
camber effect’> should dominate over the effect of the increase of
the mean angle of attack. In the case of the positive camber (Fig. 4a),
the angle of attack at the wing center of pressure is large compared
to that for the negative camber (Fig. 4b). Still, vortex breakdown
occurs downstream of the trailing edge in the former case (Fig. 4a),
in sharp contrast to the occurrence of breakdown close to the apex
for the case of negative camber, in spite of the lower angle of attack
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Fig. 1 Effect of modelssize on vortex breakdown of 70-deg delta wing.!
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Fig. 3 Effect of model size on vortex breakdown of 70-deg delta wing
as function of effective angle of attack.!

over the central wing area (Fig. 4b). Thus, one can definitely not ne-
glect the wall-induced camber effect, as is done in Ref. 1. However,
from Fig. 4 it would appearto be justified to neglectthe wall-induced
change of the effective, mean angle of attack, the only effect consid-
ered in Ref. 1. The theoretical basis for this reasoning is as follows.

Effects of Induced Camber

The delta wing analysis in Ref. 6, which utilizes Polhamus’s
leading-edge-suctio analogy, shows that the vortex lift is solely

b)

Fig. 4 Effect of a) positiveand b) negative camber on the vortex break-
down of 80-deg delta wing.’

Fig. 5 Entrainment effect of the leading-edge vortex.®

determined by the local crossflow conditionsat the leadingedge. In
contrast, the loads on the inboard portion of the wing are not only
dependent on the local, effective angle of attack but are also influ-
enced by the flow conditions at the leading edge through the flow
entrainment action of the leading-edge vortices (Fig. 5). Addition-
ally, it was shown in Ref. 8 that the effect of sideslip on the vortex
lift was determined satisfactorilyby only considering the local flow
conditions at the leading edge. This was also found to be the case
for the determination of the effect of roll angle and roll rate on the
vortex-inducedlift and associated rolling moment.’ It is, therefore,
no surprise to find that the local flow conditions at the leading edge
are completely dominant over the flow conditions existing over the
inner wing when determining the location of vortex breakdown’
(Fig. 4). The same is also true when considering the relative ef-
fects of pitch-rate-induced camber a,(Fig. 6)'° and the effective,
mean angle of attack. The large overshootof static Cy max, Observed
during the upstroke for a pitching delta wing!' (Fig. 7), is mainly
a result of the pitch-rate-induced positive camber o, (Fig. 6). The
negative camber generated during the downstroke promotes break-
down, resulting in the measured large undershoot of static Cy max,
all in agreement with the observed effects of camber on static vortex
breakdown’® (Fig. 4).

In the case of the roll-rate-induced camber effect'? (Fig. 8), there
is no correspondence to the rate-induced effective angle of attack
generated over the center wing area of a pitching delta wing. Only
the roll-rate-induced changes of the crossflow angle of attack at
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Fig. 6 Pitch-rate-induced camber effect on a slender delta wing.!?
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Fig. 7 Dynamic Cy(c) characteristics of a pitching, sharp-edged
70-deg delta wing.!!

the leading edge can have an effect on the vortex breakdown. Tests
with a thin sheet-metal model, deformed to produce the conical
camber generatedat zeroroll angle in high-rate/large-amplituderoll
oscillationsat o = 30 deg of a 65-deg delta wing'® (Fig. 9) gave the
expected changes of the location of vortex breakdown'* (Fig. 10).

Thus, the data trend in Fig. 1 cannot be explained through rep-
resenting the wall interference by the upwash induced at the wing
center of pressure, as suggestedin Ref. 1. It must be a result of other
important components of ground facility interference? that is, other
manifestations of wall interference,’® or support interference, ®!”
which in high-alpha tests often is of more concern than the wall
interference.

Coupled Support and Wall Interference

Unfortunately, there is no useful information in Ref. 1 about the
support structure used. However, it is reasonable to assume that the
same support structure was used for the three models. It has been
demonstratedby Hummel'8 that an obstacle placed one chord length
downstream of the trailing edge of the delta wing caused vortex
breakdown to move from a positiondownstreamof the trailingedge
to roughly midchord (Fig. 11). It has also been shown that the sting-
strut support structure used in high-alpha tests has a similar effect,
greatly promoting vortex breakdown on a delta-wing model.!> !¢ If

Fig. 8 Roll-rate-induced camber effect.!?

Fig. 9 Thin sheet-metal model deformed to represent the dynami-

cally equivalent steady roll-rate-induced camber effect on 65-deg delta
o 13

wing.

the sting-strut support structure was one chord length downstream
of the trailing edge of the large model (¢ = 14 in. in Fig. 1), one
would expect, based on Fig. 11, that vortex breakdown would have
been promoted to occur farther forward of the trailing edge than
in the absence of the support structure. In the case of the smaller
models (¢ =7 and 4.93 in. in Fig. 1) the sting-strut juncture would
have been, respectively,2 and 2.85 chord lengths downstream of the
trailing edge, causing progressivelyless obstruction with associated
decreasedpromotionof vortex breakdown, all in agreement with the
testresultsin Fig. 1. Note that supportinterferencecanbe minimized
using newly developed techniques.'®-?

In a more recent investigation?! the effect of model size on the
location of vortex breakdown on a 70-deg delta wing was measured
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Fig. 10 Measured effect of the dynamically equivalent steady maximum roll-rate-induced camber effect on the vortex breakdown at o = 30 deg and

¢ = 0 on a 65-deg delta-wing-body configuration.
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Fig. 11 Promotion of vortex breakdown on 75-deg delta wing caused
by a downstream obstacle.!

in wind-tunnel tests at Re =5 x 10*, producing laminar flow con-
ditions similar to those that existed in the water-tunnel tests'
(Fig. 12). The emphasisin Ref. 21 was on the effect of wall interfer-
ence and, as in Ref. 1, no information was given about the support
structure. The comparisonin Fig. 12 with Weinberg’s water-tunnel
results® showsrelatively good agreement,especiallyfor b /w = 0.35.
When the results for 5/w =0.34 from Ref. 1 are considered, the
situation becomes more complicated. Assuming that the support
structure used in Ref. 21 was similar to that used in Ref. 1 and
that the support interference in Ref. 1 was small for b/w =0.34
(and b/w =0.24), the results in Fig. 12 would indicate that for
b/w =0.35 supportinterferencecaused vortex breakdownin Refs. 3
and 21 to occur 20% of chord upstream of that observed in Ref. 1.
Decreasing the model size to b/w =0.175 should have increased
the chordwise distance from the model to the support structure
sufficiently to cause the support interference to possibly become
of negligible magnitude. Thus, for both 5/w =0.175 and 0.35 the
differences between Refs. 3 and 21 probably fall within the data
accuracy in the two tunnel facilities. For the larger model size in
Fig. 12 (b/w = 0.35), both appear to have had more severe support
interference than in the University of Notre Dame facility1 (Fig. 1),
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Fig. 12 Comparison of vortex breakdown on 70-deg delta wing mea-
sured in different test facilities.

a natural result of dimensioning the support structure for the test
of the large model (b/w =0.68). This would have resulted in the
supportstructure being twice as far downstream of the model (mea-
sured in chord lengths) for b/w =0.34 than for b/w =0.68. The
associated diminished supportinterferenceat b /w = 0.34 would be
smaller than in a test planned for b/w <0.35, as in Refs. 3 and 21.

Nonuniform Flow due to Test Installation

When a strut support structure is used, the class of interference
discussed with reference to Fig. 11 is generally the most severe.'’
However, when a large model is tested, the situation becomes more
complex. Vortex breakdown is promoted upstream of the strut flow
stagnationregion, but delayed in the outer region of the test section
where the strut produces a favorable pressure gradient. Comparing
Figs. 1 and 2, one notes that the curves for b/w = 0.175 and 0.35 in
Fig. 2 follow a trend similar to that in Fig. 1, but that the vortex
breakdown is delayed for b/w = 0.7, particularly at higher angles
of attack. This indicates that additional parameters are at play. It
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is likely that the longitudinal static pressure gradient near the tun-
nel wall could have had a significant effect on vortex breakdown
for the large model (b/w =0.700 in Fig. 2). At low alpha, the
adverse longitudinal pressure gradient due to the presence of the
support will promote vortex breakdown. However, with increasing
alpha, the increasing wake blockage of the delta wing produces a
dynamic pressure increment with associated favorable static pres-
sure gradientin the outer region.'” Unsteady tests of aircraft models
have shown that this effect increasesrapidly for relative model sizes
b/w > 0.5 (Ref. 22). In the case of b/w =0.700 in Fig. 2, this ef-
fect appears to have delayed vortex breakdown substantially, the
delay increasing rapidly with increasing angle of attack, in agree-
ment with expectations.!® In contrast, the data at b/w = 0.68 in the
water tunnel (Fig. 1) display a breakdown delay that decreases with
increasing incidence. Whereas the difference in Reynolds number,
support geometries, and the presence/absence of a mounting body
are likely to have played an important role, there are other fac-
tors that also need to be considered. Note that the nature of wall
interference in a horizontal-circuit water tunnel is different from
that in the wind tunnel owing to the presence of a free surface.
For large blockage ratios, the test section flow is distorted by tur-
bulence due to surface gravitational action and the dynamic pres-
sure increment is opposite to that for solid walls. The differencein
test Reynolds number for the two models could also have played a
role.

Interdependence of Facility-Interference and
Reynolds Number Effects

The test engineer’s dilemma when trying to investigate the ef-
fect of Reynolds number on delta-wing vortex breakdown is well
illustrated by the experimental results in Fig. 1. The experimental
results in Fig. 2 can be used to illustrate the problem encountered
when investigating the effect of leading-edge sweep, while keeping
the delta-wing chord constant to keep the Reynolds number con-
stant. In that case, the ratio b/w will vary with the sweep angle A
as follows:

b/w = (2¢/w) cot A 1

Equation (1) shows thatifb/w = 0.175for A = 80 deg decreasing
the sweep to A =70 and 60 deg would result in b/w =0.36 and
b/w =0.57, respectively. The results in Fig. 2 indicate that these
b/w values would prevent the test from showing the true effect of
the leading-edge sweep.

Although it is undeniably true that both supportinterference and
wind-tunnel wall interference can in many cases severely distort the
experimental results, it should be emphasized that a test engineer
knowledgeableaboutthese difficulties can select model size and test
parameters that will bring these ground facility interference effects
down to tolerable magnitudes. Note that the interference effect on
vortex breakdown becomes of even greater concern for a delta wing
describing pitching or rolling motions.2

Conclusions

Analysis of published experimental results for a 70-deg delta
wing leads to the conclusion that, in subscale tests of wings with
highly swept leading edges, the concerns of Reynolds number scal-
ing, wind-tunnel wall interference, and model support interference
place conflicting requirements on the test parameters that need to
be considered in the early planning stages to assure the quality of

the test results. Accounting for these effects is shown to reduce
discrepancies significantly between wind-tunnel and water-tunnel
measurements.
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