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MEASUREMENTS OF THE EFFECTS OF THICKNESS ON VORTEX BREAKDOWN
POSITION ON A SERIES OF SHARP-EDGED DELTA WINGS

by

P. B. Earnshaw

SUMMARY

Measurements have been made of vortex breakdown position on & series
of symmetrical delta wings of 70° sweep angle but differing thickness
distribution using a schlieren system to detect the breakdown. The results
demonstrate that the angles of incidence necessary to achieve a given posi-
tion of breakdown over the wing can differ by at least as much as 50 from a
thin wing to a wing of 8% thickness-chord ratio. The tests also show the

breakdown position to have a weak dependence on Reynolds number.

*Replaces R.A,E. Technical Report 68050 - A,R.C. 30405.
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1 INTRODUCTION

In an earlier series of measurements1 of vortex breakdown position on
slender wings, the assumption was mede on planning the tests that the thick-
ness distribution of the models was unlikely to have any significant influence
on the results. In view of the 4% thickness-chord ratio, smooth symmetrical
section, and sharp leading~edges, this seemed a not unreasonable assumption
to make. But a comparison of these results with those from other sources
which was made in Ref.1 suggested that even for thin wings, the thickness
distribution might have some measurable effect on the results even though
the overall trend in the influence of planform should be undisturbed. Since
it seemed clear that the schlieren technique could distinguish much smaller
differences between the breakdown characteristics of different wings than
had been needed for the earlier measurements, tests have been made on a
further series of models aimed at assessing the magnitude of the thickness
effect,

The results show this to be easily measurable - as much as five degrees
difference in incidence to attain a given breakdown position between the
thinnest and thickest wings on which results were obtained. However, in the
course of the tests, anomalies in the results suggested that the influence of
Reynolds number and possibly also Mach number could not be ignoreds It seemed
worth while therefore to establish whether within the small range obtainable,
such an influence could be isolated. This in fact proved to be at the limit
of resolution of the technique, at least in its existing state, but it is felt
nevertheless that the results do indicate a significant variation in break-
down position with variation in Reynolds number. No measurable influence of

compressibility could be detected at the low wind speeds used in the tests.

2 APPARATUS AND TESTS

The tests were carried out in the R.A.E. 4ft X 3ft low turbulence wind
tunnel, mainly at & wind speed of 100 ft/s. A series of sting-mounted, sharp-
edged, symmetrical delta wings all of 70° sweep angle were tested. With the
exception of the thinnest wing, Wing 1, which was a 'flat-plate' metal model
of 1.7 thickness~-chord ratio, symmetrically chamfered to an included angle
of 300 on all edges and having & centreline chord of 10.95 inches, the models
tested to investigate thickness effect were all of 21 inches chord and



constructed from wood with & centre section of epoxy resin and fibreglass so
that a good quality leading edge could be maintained. Details of the thick-
ness distributions are given in Fig.1 but to summarise, Wing 2 is constructed
to the same design as the 70O delta of the earlier tests1 having 4% thickness-
chord ratio, Wing 3 has this thickness distribution scaled by a factor of 2,
and Wing 4 resembles Wing 3 but with the region of high thickness reduced so
that while the thickness~chord ratio is approximately 4%, the thickness
distribution in the neighbourhood of the edges remains that of Wing 3. Two
further models 12% and 16% thick respectively, scaled from Wing 2, were

tested but for reasons discussed in Section 3, no results were recorded.

In order to investigate Reynolds number and compressibility effects,
Wing 5 of 12 inches chord scaled down from Wing 2 was tested at 100 ft/s
and 180 ft/s. This was compared with results from Wing 2 at 100 ft/s and,
not wholly satisfactorily, at 60 £t/s.

For most ot the tests, transition from laminar to turbulent secondary
separation on the models was avoided by the use of a transition wire on the
upper surface of the models applied spanwise at 10% chord downstream of the
apex and two further wires radiating from the apex at spanwise positions
dictated by the vortex positions at the lowest incidence considered. Since
the transition at the secondary separation moves forward with increasing
incidence, this procedure is sufficient to ensure that the transition is
triggered by the wire withir the whole incidence range considered, provided
of course that the leading-edge vortices cover a large part of the wings as
is the case here. This technique was adopted since it was found that
although the use of the minimum necessary amount of distributed roughness,
as used in the earlier tests gave, so far as could be determined, the same
position of vortex breakdown, the breakdown itself was less unsteady when

wires were used.

In an atteumpt to ensure the closest possible degree of similarity
between the flow fields associated with Wings 2 and 5 at nominally the
same Reynolds number, transition was allowed to remain free. Surface flow
patterns indicated that similarity did appear to have been achieved under

these conditions,



As in the earlier tests, vortex breakdown was detected by means of
& schlieren system, angled slightly to distinguish between the two vortices,
defining the breakdown position as the point where the vortex abruptly
disappeared on the schlieren screen. Windows in the working section were
replaced by & inch perspex sheets. Since, in this wind tummel, only small
pressure differences exist between working section and observation room,
these had adequate stiffness and permitted a good quality schlieren image

with no evidence of stress pattern.

By far the most sensitive indication of yaw on the models was through
asymmetry of the breakdown positions on the port and starboard sides of the
wing. Throughout the tests, it was ensured that these positions differed
by no more than 5% chord, their mean being taken as the correct values

3 DISCUSSION OF RESULTS

3.1 Thickness effects

The variation of breakdown position with incidence for four wings at
essentially the same Reynolds number is shown in Fige.2. Using the technique
of Ref.2, a crude estimate of 1lift coefficient has been made to apply a
tumel constraint correction to these results giving a maximum increment of
incidence of 1.5o for the larger wings and 0.35o for Wing 1. Although this
correction, and the effective camber of the wings implied by the correction,
is large, the influence of thickness distribution on the results is clear.
Differences cannot be ascribed to a variation in sensitivity of the schlieren
system between observations of the breakdown position on different models
of the series. At least three positions of the system were needed for each
wings Continuity of the curves therefore implies that the breakdown position
recorded is unaffected by slight variations in sensitivity of the optical

system.

It will be seen in Fig.2 that in no case was it possible to record
breakdown positions in the neighbourhood of the trailing edge. This results
in part from the increasing gradient of the curves and also from the
tendency of the flow to take up a stable asymmetric arrangement where break=-
down in ons vortex is downstream of the trailing edge while that on the other
side is upstream. It remains possible therefore that on the thicker wings,
253,49 breakdown crosses the trailing edge at the same incidence. Neverthelsss



at higher incidences, there is & clear movement of the breakdown downstream

as the thickness increases.

Beyond remarking that the position of vortex breakdown appears to be
a function of the distribution of thickness across the whole wing rather
than simply in the neighbourhood of the leading edge or the centre-line,
little can be deduced with any confidence. It is however perhaps worth not-
ing some degree of similarity in the geometry of Wings 1 and 4. Although
Wing 1 is simply & chamfered flat plate, both the thickness-chord ratio and
leading-edge angle are approximately a half of those of Wing 4 which is
flattened over the centre section of the wing. The same relationship obtains
between Wings 2 and 3. Without wishing to draw too firm & conclusion from
these similarities, one may nevertheless note a grouping of the breakdown
curves into pairs. If this is valid, behaviour near the trailing edge is
less untidy than at first sight appears on the basis only of thickness-chord

ratio.

As remarked earlier, some tests were also made with wings of 12% and
16% thickness-chord ratio. For these wings however, it was found impossible
to detect the existence of vortices before breakdown. It will be realised
that the optical system is capable only of detecting density gradients above
a given strength and therefore above a given incidence. I+t must be concluded
therefore either that breakdown first occurs below an incidence at which the
vortices would become vigible or that the structure of the unbroken vortices
on the thicker wings is so changed that they are no longer visible even at
high incidences. Both possibilities exist because on wings of such extreme
thickness, it was nol possible to position the schlieren system so that a
view along the surface of the model in the neighbourhood of the apex could

be obtained.

3.2 Reynolds number variation

In meking the tests on Wing 1, measurable movements of breakdown posi-
tion were detected when raising the wind speed from 100 £t/s adopted for
the other models to 200 ft/s needed to obtain the appropriate Reynolds number,
although at both speeds the secondary separation was turbulent and would not
therefore move significantly as Reynolds number increased. Bven at such low
speeds, the possibility of compressibility effects must be borne in mind
since velocities along the axis of a vortex before breakdown well over four

3

times that of the free stream have been measured” in one case. In order to



investigate this point further therefore, Wing 5, a scaled~down model of
Wing 2, was tested at speeds of 100 ft/s and 180 f£1/s and Wing 2 itself
was again tested at 60 £t/s so that similar Reynolds numbers were obtained
at different Mach numbers. Initially, to avoid difficulties in ensuring

similarity of transition on the models, no trip wires were attached.

At the higher Reynolds number, Fig.3 shows that good agreement is
obtained between the two models over most of the incidence range although,
in the neighbourhood of the trailing edge, there is some divergence between
the two sets of results. At the lower Reynolds number, agreement is only
fair but it must be pointed out that at 60 ft/s, the schlieren system is on
the limit of its usable range for such small models.

These tests with the exception of the runs at 60 ft/s were repeated
with transition wires attached to the models. The most directly comparable
results are those with the wires scaled in approximately the same ratio as
the models at a fixed Reynolds number. As can be seen in Fig.h, agreement
is excellent throughout the incidence range. On reducing the Reynolds
number, it wes found necessary to increase the diameter of the wires in
order to ensure transition. The weak variation with Reynolds number is
therefore no longer a clear-cut issue particularly since the use of these
same large wires at the higher Reynolds number appears to lead to a slight
reerward movement of breakdown from the small wire situation. However this
movement which is hardly outside the experimental scatter of results is in
the opposite sense to the effect of Reynolds number so that it seems fair
to assume that the latter does have an influence even when the secondary
separation is everywhere turbulent. It seems clear also that in this range
at least, compressibility has a negligible influernce compared with that of
Reynolds number.

At first sight, it might be thought that since Reynolds number is
known to affect the structure of a leading-edge vortex fairly strongly
only in the outer turns of the vortex sheet and in the viscous sub-core, the
mechanism leading to breakdown has its origin in or near one of these regions.
However it will be realised that the influence of Reynolds number on break-
down, on the evidence of the present tests over admittedly a very small

range, is weak. It remains possible therefore that weak Reynolds number



effects on the flow field as a whole such as might be produced by changes in
the wing boundary layer could lead to the weak dependence noted.

4 CONCLUSIONS

Measurements of vortex breakdown position on a series of delta wings,
all of 700 sweep angle but with various thickness distributions, suggest that
breakdown moves back towards the trailing edge as the wing is thickened. The
effect is by no means negligible even for fairly thin wings. For example, as
much as five degrees of incidence separates the thinnest wing (of 1.7%
thickness-chord ratio) and thickest wing (8% thickness-chord ratio) to attain
a given breakdown position. Furthermore, from the trend of the results, it
seems possible that even the thinnest wing is still strongly influenced by

thickness effects.

Too few models have been tested to be clear whether any significant
movement will take place on still thicker wings. In tests on 12% and 16%
wings, no vortex was detectable by means of the schlieren system at any
point in the incidence range. This could mean that the trend is reversed
and that breakdown occurs at very low incidences. However it is equally
possible that density gradients in the vortices weaken rapidly as the thick-

ness of the wing increases above 8.

The tests showed also a fairly clear though weak dependence on Reynolds

number in the small range covered, resulting in a rearward movement of break-
down as Reynolds number was increased. This however does not necessarily
imply that the mechanism for breakdown is controlled by flow in the viscous

regions of the vortex field.
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