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SUMMARY

A familyi of double-delta wings with leading-edge sweep combinations of 80/80, 80/70,

80/60, 80/50. and 80/40 deg. was tested in a small towing tank. The hydrogen bubble tech-

nique was used to visualise the vortex patterns above the wings over a range of Reynolds

numbers (based on centreline chord)ftom 7,000 to 100,000. The effects of variations in in-

cidence and leading-edge kink angle were examined. Reynolds number and leading-edge

cross-section shape were found to have significant effects on the vortex structure. Attempts

to visualise details of the upper surface secondary vortex.flows met with only partial success.
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1. INTRODUCTION

The controlled generation of seperated vortex flows is an important feature of the aero-
dynamic design of many current and proposed combat aircraft, particularly those requiring a
manoeuvring capability at high angles of attack. Such designs often incorporate delta or double-
delta wings, or a highly swept strake combined with a moderately swept wing. Some canard con-
figurations also make use of controlled vortex flows.

Significant features of those flows are the interactions which may occur between multiple
vortices, or between vortices and parts of the aircraft. Although techniques are available for
modelling the flow around delta wings and modified delta wings (1-6), models which incorporate
interacting vortices (I, 2, 7, 8) are less well developed, and an understanding of the fluid mech-
anics of such interactions is important.

The work described in the report forms part of a general study of vortex flow aerodynamics.
In particular, the flow patterns over a family of double-delta wings were studied using water
flow visualisation techniques in a small towing tank, with the aim of determining the conditions
under which multiple vortex systems formed and interacted above such wings. The effects of
changes in wing geometry were investigated, as were the conditions under which vortex break-
down occurred.

Justification for the study at low Reynolds number in water of vortex flows originating
from sharp leading-edges is based on the assumption that such flows are relatively insensitive
to Reynolds number, provided that certain conditions are met (9, 10). However, this assumption
has been queried (I1), and doubts expressed as to the relevance of results obtained using water
flow visualisation techniques. Thus in the tests described here, particular attention was given
to assessing the effects on the flow of changes in Reynolds number.

The flows around double-delta wings have been studied in wind tunnels using smoke (12, 16),
surface flow visulisation techniques (13-16), flow field surveys (13-18), and force and moment
measurements (12-18). The studies by Brennenstuhl and Hummel (13-15) are particually de-
tailed, and the smoke flow photographs by Verhaagen (12) illustrate well the vortex patterns
above such wings. Strake/wing combinations, which exhibit many flow features similar to those
for double-delta wings. have also been studied extensivily in wind tunnels (19-22) and water
tunnels (23).

2. EXPERIMENTAL APPARATUS AND TECHNIQUES

2.1. Test facility

A small towing tank. 5 m long and with a 0.3 m square cross-section, was used for the ex-
periments described in this report. The tank is shown schematically in Fig. I. It is constructed
of Perspex and is in four sections, joined by bolted flanges. The towing carriage is mounted
on cylinderical linear bearings running on steel rails. A variable speed-l)C motor drives a pulley
and cable system through a reduction gearbox. Coarse speed control is provided by changing
the diameter of the drive pulley around which the towing cable passes. The maximum velocity
of the carriage, currently limited by available acceleration and deceleration distances, is approxi-
mately 0.85 m/s.

2.2 Models

The planforms of the models used in the tests are shown in Fig. 2. The leading-edge sweep
of the front half (or strake) ol each model is 80 deg. The leading-edge s'eep of the rear half
(or wing) of each model varies from 80 deg. to 40 deg.. giving values of the leading-edge kink
angle ranging from 0 deg. to 40 deg.



All the models have a centreline chord of 150 mm, and are made of Perspex sheet 2 mm thick,
giving a thickness/chord ratio of 0.0133. There are two sets of models. In one set, each model
has symmetrically bevelled edges, with an included edge angle of 30 deg. In the second set,
each model has one flat surface and one bevelled surface, again with an included edge angle
of 30 deg., and can be mounted with either surface uppermost. A sting mounting beneath the
towing carriage allowed the incidence of each model to be varied over the range 0-30 deg.

2.3. Flow visualisation techniques

The hydrogen bubble technique (24) was used to visualise the vortex flows around the
double delta models. A strip of aluminum foil, 2 mm wide, was cemented along the underside
of each leading-edge of each model. The strips acted as the cathodes of an electrolytic circuit.
The anode was a brass plate mounted on the towing carriage, in contact with the water in the
tank. A voltage applied between the foil cathodes and the anode produced fine bubbles of
hydrogen gas on the surface of the aluminum. The bubbles were swept off the strips into the
separating flow at the leading edge-and into the vortex system above the model. The formation

of the bubbles was promoted by the addition of the sodium sulphate to the tank water at a con-
centration of 0.1 g/ 1.

Two lighting arrangements were used to illuminate the bubble pattern. To obtain plan
views of the model and flow pattern, a small 100 watt slide projector was mounted on a frame
attached to the towing carriage in such a way that the light from the projector passed through
one side of the tank. A camera positioned directly above the model and pointing down into
the tank was used to photograph the flow patterns. A Perspex sled, fixed to the towing carriage
and moving on the surface of the water, prevented any optical distortion due to the surface waves.

To obtain cross-sectional views of the bubble patterns, the lighting arrangement shown
schematically in Fig. 3 was used. An air-cooled argon ion laser (typical output 38mW at a
wavelength of 514 nm) was positioned at one end of the tank. The output beam from the laser
passed through the pair of cylindrical lenses to form a horizontal sheet of light. The sheet of
light passed along the tank to the towing carriage, where a second pair of lenses expanded the
beam in a horizontal plane and converged it in a vertical plane. The beam was deflected down
into the water by a front surfaced plane mirror, providing a vertical sheet of light orientated
normal to the direction of the travel of the model and focussed to a line on the upper surface
of the model. The lens system and mirror on the towing carriage could be adjusted to position
the light plane at any desired chordwise station on the model. The accuracy of the linear motion
of the carriage provided by the linear bearing system ensured that once the laser had been aligned,
the position of the light sheet on the model did not change as the carriage traversed the length
of the tank.

The bubble pattern cross-sections were viewed via a mirror mounted behind the model,
reflecting upward into a camera mounted on the rear of the towing carriage.

Flow patterns were recorded using a video system comprising a Philips LDH 26 mono-
chrome camera and a National NV-100 video cassette recorder, and by still photography using
an Olympus OM2N 35 mm single lens reflex camera. Ilford HP5 film rated at 1600 ASA and
developed in Microphen was used.

Sodium fluorescein dye was used also to a limited extent for flow visualisation. in con-
junction with the crossflow illumination technique outlined above. The model mounting sys-
tem allowed the model to be swung easily out of the water without affecting the incidence setting.
The model undersurface was painted with a concentrated solution of the dye. The model was
replaced in the water and the test run started immediately. The dye from the lower surface
passed into the vortex system and fluoresced brightly when stimulated by the 488 nm line of the
argon ion laser. This technique was effective only at low speeds. as the dye washed off the model
too quickly at higher speeds. In addition. the dye rapidly contaminated the tank water, reduc-
ing the optical contrast between the pattern of' interest and the background. Nevertheless. the
technique did provide a useful check on some of the results obtained using hydrogen bubbles.
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2.4. Test range and results format

Tests were carried out over a velocity range of 0.05-0.85 m/s, corresponding to a Reynolds
number range (dependent on water temperature) of approximately 7,000 to 130,000, based on
model centreline chord. Most of the models were tested at angles of incidence or 6, 8, 10, 12, 15,
20, 25, and 30 degrees, although other angles were used as neccessary to provide additional
information.

Results are presented for the most part in the form of photographs, although in a number
of cases vortex trajectories have been plotted graphically from measurements made from still
photographs or video recordings.

3. RESULTS AND DISCUSSION

3.1 General flow features

The flow over the 80/60 deg. wing model with symmetrically bevelled edges provides good
examples of the features observed in typical double-delta vortex flows, and will be described in
this section. This description will provide a basis for the subsequent discussions of the effects
of model geometry and Reynolds number.

Fig. 4 shows cross-sections of the vortex system at various chordwise stations along the
80/60deg. wing at a Reynolds number of 103,000 and an incidence of 15 deg. At X/C 0.5,
the position of the leading-edge kink, the flow is typical of that over a single-delta wing. Separ-
ation occurs along each leading-edge of the strake, and the separated fluid rolls up to form a
spiral vortex system above each side of the strake. The core of each vortex stretches downstream
from the strake apex, and lies above and inboard of the leading-edge.

Downstream of the leading-edge kink, at X/C = 0.525, a second small vortex has appeared
outboard of the strake vortex. This second vortex has its origin at the leading-edge kink. With
increasing downstream distance, the outboard (or wing) vortex moves inboard and upwards
over the strake vortex, which in turn moves outboard and downwards to the wing surface. The
strake vortex cross-section becomes increasingly distorted as the two vortices intertwine and
merge, and separate wing and strake cores can no longer be discerned beyond X/C - 0.8.

Fig. 5 shows a plan view of the flow pattern in which the cores of the strake and wing vor-
tices are clearly visible, and can be separately distinguished almost back to the trailing-edge.
The strake vortex core is straight from the strake apex back to about X/C - 0.7, when it starts
to curve outboard under the influence of the wing vortex. The wing vortex core also is almost
straight back to the same chordwise station, when it starts to curve inboard under the influence
of the strake vortex. The two cores first cross over in plan view at about X/C - 0.77, sub-
sequently intertwining and merging into one core before the trailing-edge- is reached.

Downstream of the wing leading-edge kink, the strake vortex is no longer fed by vorticity
shed from the leading-edge, and so remains constant in strength, or may weaken due to viscous
effects. The wing vortex, onthe other hand, is fed by vorticity from the leading-edge, and so will
gain strength with increasing downstream distance. The degree to which one or other of the
two vortices will dominate the interaction will depend on the relative strengths of the two vor-
tices and the distance between them at any particular chordwise station. Any change in flow
conditions or model geometry which influences either of these two factors will atfect the inter-
action process.

3.2 Effect of incidence

Figs. 6-- 10 show in plan view how the vortex system is affected by changes in incidence
for the 80 deg., 80,60 deg., 80,50 deg. and 80/40 deg. wings. All the photographs were taken at
a Reynolds number of approximately 100,000. The flow patterns for each wing will he dis-
cussed in turn.
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(a) 80 deg. wing. (Fig. 6)

For this wing, with a straight leading-edge, a single vortex core forms above each
wing half at all the incidence angles tested. A single sheet of bubbles rolls up unbroken from
each leading-edge. In plan view, each core is straight from the apex to the trailing edge, and
each core moves inboard slightly as incidence increases.

At an incidence of 30 degrees, vortex bursting occurs in the starboard vortex at X/C =
0.85; the other vortex remains unburst. The asymmetry may be due to asymmetry in the model
itself, or in the model mount.

'.1

(b) 80/70 deg. wing. (Fig. 7)

For this wing, at an incidence of 6 deg., the strake vortex core is reasonably well defined.
Downstream of the leading edge kink, the wing vortex core is just discernible as it passes over
the strake vortex at about X/C - 0.75, causing the latter to move slightly outboard. At an
incidence of 8 deg., the flow pattern is generally similar, although the wing vortex core is more
sharply defined. At an incidence of 10 deg., the intertwining of the two vortices is discernible.
At an incidence of 12 deg., the wing vortex core is well defined, and becomes more so as the in-
cidence increases further. The flow pattern appears to take the form of an unbroken sheet of
bubbles separating from the leading-edge and rolling up to form a single vortex. Nevertheless,
there are slight kinks in the strake vortex core, indicating that some form of interaction is occur-
ring, perhaps with a very weak wing vortex. The resolution of the visualisation technique was
not good enough to allow this point to be clarified.

At an incidence of 30 deg., the starboard vortex bursts at about X/C 0.65, and the port
vortex remains unaffected back to and beyond tile trailing-edge.

(c) 80/60 deg. wing. (Fig. 8)

At an incidence of 6 deg., the core of the strake vortex is well defined and lies in an approx-
imately straight line from the strake apex back to about X/C = 0.9, and then curves slightly
inboard to align with the freestream direction. Over the wing and outboard of the strake vortex,
there is a region of separated flow within which a vortex core can just be discerned.

At an incidence of 8 deg., both the strake and wing vortices are visible. They do not cross
over above the wing itself, although the strake vortex core now curves outboard slightly near
the trailing-edge. At an incidence of 10 deg., the strake and wing vortices interact over the wing,
with the crossover point occurring at about X/C 0.85. The wing vortex appears to dominate
the interaction, as its core remains almost upright while the strake vortex core is sharply de-
flected outboard beneath it.

At an incidence of 12 deg., the vortex crossover has moved slightly upstream, and the wing
vortex appears to be less dominant. It moves inboard during the interaction and the outboard
deflection of the strake vortex is more gradual than was the case at an an incidence of 10 deg.

As the incidence further increased beyond 12 deg., the same general flow structure is main-
tained, except that the vortex crossover point moves gradually upstream, reaching X/C 0.75

at an incidence of 25 deg. Also, the dominance of the wing vortex appears to continue to de-
crease, as it is its core which undergoes increasingly greater deflections as it intertwines with
the strake vortex.

There is again asymmetry in the flow patterns at angles of incidence greater than 25 deg.
At an incidence of 30 deg., the starboard strake vortex bursts at about Y/C 0.65, while the
port strake vortex bursts at about XIC 0.85.

(d) 80/50 deg. wing. (Fig. 9)

The development of the flow over this wing is generally similar to that over the 80/60 deg.
wing. At low angles of incidence, the strake vortex core is "ell defined and straight (in plan
view), and the wing vortex core becomes increasingly well dcfincd as incidence is increased.
However, at an incidence of' 10 deg.. the vortices do not cross over above the wing. The inter-
action is beginning just upstream of the trailing-edge at M incidence of 12 deg. At an in-
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cidence of 15 deg., the vortex crossover is at Y/C = 0.82, and moves further upstream as in-
cidence increases.

For angles of incidence of 15 and 20 deg., both the strake and wing vortices burst after
interacting. At an incidence of 25 deg., a similar situation exists above the port side of the wing,
but on the starboard side, the strake vortex has burst further upstream and there is little evidence
of a wing vortex having formed at all. At an incidence of 30 deg., the port strake vortex bursts
before interaction occurs, and the wing vortex is entrained in the turbulent flow downstream
of the burst. On the starboard side, the strake vortex has burst close to the leading-edge kink,
and there is again little evidence of a fully formed wing vortex.

(e) 80/40 deg. wing. (Fig. 10)

For this wing, at an incidence of 6 deg., the strake vortex core is well defined. The flow
over the outboard part of the wing does not appear to have a well ordered structure. As the
incidence increases to 8 deg., a wing vortex core becomes visible. However, the core appears
to expand after a short distance (at about X/C = 0.6 for an incidence of 10 deg.). This expan-
sion may be a form of burst, although it appears to be more gradual than the normal burst.
With further increase in incidence, the wing vortex core expansion moves further downstream,
reaching X/C = 0.75 at an incidence of 15 deg. This effect has been noted by Brennenstuhl
and Hummel (15) in some of their wind tunnel tests. They attribute it to an interference effect
between the unburst strake vortex and the wing vortex, with the former exerting a stabilising
influence on the core of the latter as incidence is increased.

At an incidence of 15 deg., the strake vortex is influenced by the expanding wing vortex
and moves outboard beneath the latter. At an incidence of 20 deg., the position of the wing
vortex burst has moved upstream again and the strake vortex is entrained in the turbulent flow
downstream of the burst. The strake vortex itself bursts at about X/C 0.8. At an incidence
of 25 deg., the flow pattern becomes asymmetrical. The port wing vortex bursts at X/C = 0.7
and the port strake vortex bursts at X/C - 0.75. On the starboard side, the strake vortex bursts
at X/C = 0.65. The wing vortex appears to have burst almost as soon as it is formed. At an
incidence of 30 deg., the flow pattern is also asymmetrical, with the starboard strake vortex
bursting at X/C - 0.5. and no starboard wing vortex being visible. The port strake vortex bursts
at XiC = 0.7.

3.3. Effect of leading-edge kink angle

The flow patterns for the five different wings at the same incidence of 15 deg., and a Rey-
nolds number of 100.000 are compared in Fig. I I to show directly the effects of changes in the
leading-edge kink angle.

For this incidence and Reynolds number, the effect of increasing tile leading-edge kink
angle from zero is to cause the formation of a separate wing vortex. The initial spanwise dis-
tance between the wing and the strakc vortices increases as the kink angle increases. The wing
vortex and the strake vortex interact over the wing at low values of kink angle, but the position
of the interaction moves downstream past the trailing-edge as the kink angles increase.

For a kink angle of 30 deg., both wing and strake vortices burst in the vicinity of the trail-
ing-edge. after the vortcx cores have interacted. For a kink angle of' 40 deg.. only the wing
vortex has burst at about Y/C 0.8, before the %orte\ cores have interacted.

3.4. Effect of leading-edge cross-section shape

The results described so far were obtained uil1g models \ilh symmetrically bevelled edges.

To investigate the eflects of edge cross-scction shape on the vortex patterns, wing models wkith
asymmetricall, bevelled edges %,ere tested. [ach of' these models had edges bevelled on one
surface onlK and could be nonted Witll I hc h.cilCd surfiC Uppermost (positive camber) or
the flat surface uppermost (negative camber). \n addional Xt0 deg. 60 deg. model "ith rounded

leading-edges was also tested.
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The development with incidence of the flow over the 80 deg./60 deg. wing models with
asymmetrically bevelled edges and with rounded edges is shown in Figs. 12-14.

For the model with a flat upper surface, Fig. 12 shows that the vortex patterns are quite
similar to those for the model with symmetrically bevelled edges (see Fig. 8). However, the
wing vortex core is more sharply defined at the lower angles of incidence, and the interaction
between the strake and wing vortices occurs further upstream for a particular incidence. Thus,
for example, at an incidence of 12 deg., vortex crossover occurs at X/C = 0.7 for the flat-topped
wing.

Fig. 13 shows that for a model with a flat lower surface, the differences in flow pattern
relative to the symmetrically bevelled wing are more marked. At all angles of incidence tested,
the strake vortex lies further outboard over the strake. For angles of incidence of 8 deg. or
more, the wing vortex appears to originate from a point on the leading-edge outboard and aft
of the kink. The wing vortex lies further outboard, and the interaction between the strake and
wing vortices occurs further aft than is the case for the symmetrically bevelled wing. For ex-
ample, at an incidence of 15 deg., the vortex crossover occurs at X/C = 0.9, 0.77, and 0.70 for
the flat-bottomed, symmetrical, and flat-topped wings respectively.

For the model with rounded leading-edges, Fig. 14 shows that the ortex positions liep
between those for the symmetrically bevelled model and those for the mvodel with a flat to
surface. An interesting feature of the flow patterns around this model at the higher angles of
incidence is that they are much less asymmetrical than is the case for the sharp-edged wings. Also,
the wing vortex cores are discernible almost back to the trailing-edge at incidence angles of 25

* and 30 deg.
The vortex paths for the three edge bevel shapes are compared graphically in Fig. 15, for

an incidence of 12 deg.
Similar effects of leading-edge shape were observed for other models in the series. For

example, Fig. 16 shows how the three different types of edge bevel affect the vortex pattern
_'.1 above the 80/40 deg. wings, and Fig 17 shows the effect of edge shape on vortex cross-sections

above the same models at X/C = 0.65 and an incidence of 15 deg. For the flat bottomed wing,
the wing vortex lies closer to the wing upper surface, and further outboard, than is the case for
the symmetrically bevelled wing. The proximity of the wing vortex to the wing surface means
that its motion under the influence of its image in the wing tend to keep it further outboard and
further away from the strake vortex, thus delaying any interaction between the two. Elie (25) has
reported similar effects of edge shape on vortex position for single-delta wings.

The effects of edge cross-section shape on the initial stages of wing vortex formation are
not unexpected. The changes to the edge bevel, although small in relation to the overall dimen-
sions of the models, constitute significant changes to local surface geometry. For example, in
the case of the 80/40 deg. wings, at X/C = 0.5 the spanwise extent of the actual bevelled part of
the leading-edge comprises some 36 per cent of the local semispan for the asymmetrical bevelled
wing, and half that amount for the symmetrically bevelled wing.

3.5. Effect of Reynolds number

It is assumed generally that separated vortex flows where primary separation occurs at a
sharp leading-edge are relatively insensitive to Reynolds number. This assumption provides
the justification for flow visualisation tests in water at Reynolds numbers typically in the range
1,000-10,000, some two or three orders of magnitude less than usual wind tunnel and flight
values. Erickson (10) has examined results from water flow tests in a wide range of facilities and
has provided guidelines for testing at low Reynolds number, based on Maskell's description
(9) of the influence of Reynolds number on vortex structure. Wortman (II) has queried the
assumption of Reynolds number independence, and has expressed doubts as to the results obtained
using water flow visualisation techniques. He concludes that:

"the relation between the currently popular low speed water tunnel studies and realistic
aircraft flows is tenuous in a qualitative sense and either misleadimg or nonexistent in quan-
titative terms. Inferences regarding actual flows which are based on low speed flow obser-
vations should be viewed as wishful thinking denying realities or pleasant distractions with
strong publicity potential."
Thus it is of considerable importance to evaluate the effect of Reynolds number on vortex
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flows, and this was one objective of the present tests. The towing tank is particually useful in
this respect, as the free stream turbulence is effectively zero, irrespective of the test Reynolds
number. This removes one variable which might otherwise contribute to an apparent Reyn Ads
number effect.

The effect of Reynolds number on the flow over the 80/60 deg. wing with symmetrically
bevelled edges is discussed below.

Figs. 18 and 19 show the downstream development of the vortex system for Reynolds
numbers of 32,000 and 17,000 respectively, at an incidence of 15 degrees. In each case, the gen-
eral features of the flow are similar to those for a Reynolds number of 103,000. However, at a
given chordwise station just downstream of the leading-edge kink, as the Reynolds number is
reduced, both wing and strake vortices move inboard, the wing vortex to a greater extent than
the strake vortex. The wing vortex also moves upward away from the wing surface and the
strake vortex moves down towards the wing surface. Again, the vertical movement of the wing
vortex is greater than that of the strake vortex. These relative movements are plotted in Fig.
20(a), which shows the vortex positions at X/C -- 0.675. One effect of the changes in positions of
the vortices is that the point at which the strake and wing vortex cores cross over (in plan view)
moves upstream as Reynolds number decreases.

The position of the merged vortex near the trailing-edge is also affected by changes in
Reynolds number, as shown in Fig. 20(b), where the vortex position at X/C -- 0.95 is plotted.
In this case, the vertical position of the vortex is constant, but the spanwise outboard movement
amounts to about 12 per cent of the local semispan as the Reynolds number increases from

17,000 to 103,000.
Further illustrations of the effect of Reynolds number are proided in Fig. 21, which shows

plan views of the flow over the 80, 60 deg. wing at an incidence of 12 deg. and Reynolds numbers
of 8,400, 29,000, 57,000 and 100,000. The aft movement of the crossover of the strake and wing
vortices with increasing Reynolds number is apparent for the three highest Reynolds numbers.
At a Reynolds number of 8,400, there appears to be no separate wing vortex, and the flow sep-
arating from the leading-edge rolls up in a continuous sheet into a single vortex above each wing
half. This effect is also demonstrated in Fig. 22. which shows vortex cross-sections over the
same wing at X/C 0.6 for Reynolds numbers of 7.100. 15,000, 30.000, and 52,000, at an
incidence of 12 deg. At the lowest Reynolds number. the sheet of bubbles is continuous from
the leading edge into the strake vortex core, with no indication of a wing vortex outboard of
the strake vortex. At a Reynolds number of 15,000, the wing vortex is present, and becomes
larger as the Reynolds number increases further.

Similar effects were observed for other wings in the series. For example, Fig. 23 shows
the flow patterns above the 80/50 deg. wing at an incidence of 12 deg. and Reynolds numbers

of 7,400, 20,000, 34,000, 63,000, and 100,000. The formation of a single vortex at the lowest
Reynolds number and the outboard and aft movement of' the crossover point at the higher
Reynolds numbers are again features of the flow. In addition. the bubble sheet shed from the
wing leading-edge at a Reynolds number of 20,000 has a distinct banded appearance. The
reason for this banding is not known, but one possible cxplanation is that small scale vortices,
with their axes parallel to the leading-edge, are forming in the sheet of fluid separating from the
leading-edge. Bubbles concentrating in the cores of these \ortices are appearing as bands in
the photographs. Similar patterns ha\c been obscrecd b\ (jad-el-lHak and Blackwelder (26)
in the flow over single delta wings.

The vortex positions aboe the SO( 60 dg. \win- are coriiparcd graphicall\ in Fig. 24. Results

of towing tank rests at three Re\ nolds number,, are in incidence of 12 dg. are shown. and also
included are results obtained b\ 1Hrcnniciisthl aiid I 1tniimCf (15) at a RI\ 1nods number of' 1.5

million in a vindtunncl. Their model ditlered flill. from tile to\ing lailnk molcl iII that it
was thinner it c ).)06) aind hajd rounded leading edges. Nevertheless. the trend of tile
towing tank results appears to be continiued to the higher Rc\iolds number,, of the \"ind tunlnel
results in that the point i Mitch the strakc and w ine \orhicC cross o\Cr 1iniC, Oxutboard and

aft with increasing Rc\nolds nuniber, aind the posit ion olhc emrcd \orc\ at the trailing cdgc
also moves outboard.

Similar Reynolds number efLcts ereC obsC\cd at IrheCr andel ol Of Ircidercc it tile tow irig

tank tests. For example. i i 111an idenree 1' 20I Lhe. iind al Re\ nohis 1itiiberL" oh1 13.000. \ ortex
crossover occurs at N\ C - 0.68. and al a Re\olid' nm1bCr of 0(l).00(). crOSs,'er Occurs at

7 ]



X/C = 0.75. (See Fig. 8, for example). However, at this angle of incidence. Brennenstuhl and
Hummel (15) found that the merging of the two vortices was complete at the leading-edge kink.
In other words, only one vortex forms above each side of the wing, in contrast to the two vor-
tices clearly visible in the towing tank tests at the same incidence. A possible explanation for
this difference is that the wind tunnel results were based on the interpretation of surface flow
patterns. The lack of surface traces of the wing vortex has been interpreted as indicating that
vortex merging has occurred. This may not be the case, as the wing vortex may have moved
upwards and inboard over the strake vortex before it can affect the surface flow pattern. Alter-

, natively, the wing vortex may have been too weak to produce discerible surface flow traces.

A further indication of the effect of Reynolds number is provided in Fig. 25(a), in which the
position of the merged vortex at the trailing edge of the 80/60deg. wing is plotted against Rey-
nolds number for an incidence of 12 deg. The results are taken from both still photographs
and videotape recordings. Wind tunnel results from Ref.(15) are included. The overall move-
ment of the merged vortex is about 35 per cent of the local semispan for a range of Reynolds 6-

number from 5,000 to 1.5 million. Fig. 25(b) shows further towing tank results for incidence
angles of 10, 15, and 20 degrees. In each case the trend is similar, with the merged vortex mov-
ing outboard by some 15-20 per cent of the local semispan, as Reynolds number increases from
10,000 to 100,000.

Downstream of the leading edge kink, the initial spanwise separation of the wing and strake
vortices increases with Reynolds number, allowing the wing vortex to gain strength before in-
teracting with the strake vortex. The wing vortex thus becomes increasingly dominant in the
interaction process. The result is that the merged vortex moves outboard, closer to the extended
line of the wing vortex, as the Reynolds number increases.

To check that the effects of Reynolds number on vortex position were not due only to the
interaction mechanism between the wing and the strake vortices over the double-delta wing,
measurements were made of the vortex positions above a single-delta wing. An existing model
with a leading-edge sweep of 70 deg. was used. The thickness/chord ratio and edge bevel matched
those of the symmetrically bevelled double-delta models. The vortex positions at X/C 0.9
were measured from videotape recordings and are plotted in Fig. 26. Some measurements
were made using dye for flow visualisation. The results obtained did not differ significantly
from those obtained using hydrogen bubbles. The outboard movement of the vortex with in-
creasing Reynolds number is apparent, amounting to some 10-15 percent of the local semi-
span over the range of Reynolds number in the towing tank. The trends are similar for all three
test angles of incidence. For comparison, some results from Ref. (25), obtained in a water tunnel
at Reynolds number of 1.2 million, are included. The trend of the towing tank results is con-
tinued to the higher Reynolds numbers of the water tunnel results.

Reynolds number effects observed in wind tunnel tests of delta wings (27, 28) have been
attributed to the transition behaviour of the boundary layer on the wing upper surface. Beneath
the primary vortex, the upper surface boundary layer is moving outboard and aft. Outboard
of the primary vortex, the boundary layer encounters an unfavourable pressure gradient, and
separates to roll up into a secondary vortex of opposite sense to the primary vortex. If the upper
surface boundary layer undergoes transition before separation, the separation will be delayed
and thL secondary vortex will be smaller than is the case following laminar separation. The
displacement effect of the secondary vortex on the primary vortex will be reduced, allowing
the latter to move outboard and downwards towards the wing surface.

The observed Reynolds number effects on the flow over double-delta wings could be ex-
plained in the same way. However, in the case of the towing tank tests described here, the maxi-
mum Reynolds number is approximately 100,000, and all the upper surface boundary layers
would have been laminar. Thus if the observed effects are due to movements of the secondary
vortex, these movements must be caused by changes in the position of laminar separation only,
and not by changes due to transition.

In view of the definite Reynolds number effect observed in the tests on both the double-
delta and single-delta models, and particularly. in the case of the former, of the change from a
single to a double vortex sNstcm above each wing half at a Reynolds number of approximately
9,000. the majority of the tests described in this report were carried out at a Reynolds number

of at least 50.000. and most at a Reynolds number of approximately 100.00.

8
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Maskell (9) and Erickson (10) suggest that for a separated vortex flow to be insensitive to
Reynolds number, the relationship:

LIX >> 1/\ R( )

should be valid, where L is a typical lateral dimension of the large scale vortex structure at a
distance X from the origin of the vortex (I e wing apex) and R(x) is the Reynolds number based
on the distance X and the freestream velocity. This relationship basically gives the Condition
under which the structure of the vortex is determined mainly by vorticity conection rather

- than by vorticity diffusion. Alternatively, the relationship can ke interpreted as stating that
typical lateral dimension of the vortex should be much greater than the local wing boundary
layer thickness (as the latter is inversely proportiona! to the square root of the Reynolds number).

In the case of the towing tank tests described here, typical values of the parameters in the
relationship are:

L 10 mm

X 150 mm (the tr,,ding-edge)

thus LiX 0.069

For R(x) 100,000, x R(-\) 0.003. and ; .A1.I R(x); 23

For R(x) 10,000, \ R(x) 001, and I. X I \Rfx)l 77

(the value of L does not change much with R(x)).

If we arbitrarily assume that ->> - means "at least 10 times as large as", then the relationship is
satisfied for Reynolds numbers greater than about 20,000. the region within which most of the
results shown in this report lie.

Wortman's (I I) examination of available experimental measurements of such parameters
as axial velocity in the vortex core, vortex trajectories, and vortex breakdown position, together
with his analysis of the size and position of the vortex, led him to conclude that the vortex flow
pattern is strongly influenced by Reynolds number. particually in the 10,000 to I million range.

The results described in this report tend to contirm Wortman's observations. However,
his conclusions that little can be learnt about high Reynolds number flows by visualisation at

low Reynolds numbers appears to be rather harsh. Some of the basic mechanisms of vortex
interaction will be qualitatively similar, irrespective of Reynolds number, and trends established
at low Reynolds numbers appear to be continued to higher values. It appears that, provided

N: that the obvious restrictions are borne in mind, low speed flow visualisation can serve a useful
purpose in increasing the understanding of separated vortex flows.

3.6 Vortex system structure

Having investigated the parameters which allct the oerall flow pattern over the famil,
of double-delta wings, it is of interest to consider in some detail the structure of' the vortex ,vstCM-
in the vicinitN of the leading-edge kink. The influence of the strake flosk in this region has been
investigated b\ Fiddes and Smith (29). They hlve shokil that the strake \ortcx induces upwash
and sidewash near the kink. thus increasing the ell'ceti c incidence and s,eepback of the wing
leading edic. and causing earlier and illorc pronounced separation Ihan ould occur on the
wing alone.

FlowN in the kink region, and in particular, thc initial ,taucs of' wing \ortes formation,
\% ill be intluenced b\ local wing surface gconIel r . [ his has been shown b the efl'-cts of changes
in leading-edge bes el, for examiple.

Possible fot k srtcture, (lm cai ain o l Ihc leidinL-clc kink 11;1eC bCCn LictlssCd hs Sitih
(2) and Vcrhaagen f 12), and are considered hcrc in relation to the toh g iA lank tests.

\t snall \alues of leadiing-Cdic kink anle and t m11nodCraC incidentc, Sitlh NL1gCsls t1hat
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downstream of the kink, the wing vortex is double-branched, linked by a stream surface to the
strake vortex (Fig. 27). A similar structure is suggested by Verhaagen, on the basis of smoke
and surface flow visualisation tests on two wind tunnel models with 76/60 deg. and 76/40 deg.
sweep combinations. The majority of the flow patterns observed in the towing tank tests appear
to show a double-branched structure. At the higher test Reynolds numbers, the details of the
flow in the region between the strake and wing vortices are not clearly visible, but at lower Rey-
nolds numbers the bubble sheet linking the two vortices can be discerned (Figs. 19 and 22).
Fig. 28 shows a further example of such a flow, in this case, over the 80 deg. wing with symmetric-
ally bevelled edges at X/C = 0.6, an incidence of 15 deg., and a Reynolds number of 34,000.

With a double-branched system, vorticity shed from the leading-edge is convected into the
outboard core and does not reach the inboard vortex. The latter remains constant in strength,
or may weaken if the outboard vortex becomes strong enough to convect votricity back towards
itself. The stream surface linking the two vortex cores may not be a true vortex sheet, as vor-
ticity is being convected away from the central line of inflection in the sheet. The jump in tan-
gential velocity across the sheet in this area may thus decay to zero.

At larger kink angles, or smaller incidence angles, Smith suggests that part of the stream
surface connecting the two vortices may collapse on to the wing surface, leading to the possible
flow pattern shown in Fig. 29. The structure of the flow between the wing surface and the in-
board vortex is not clear, and will depend on whether or not vorticity is being shed from the
surface up into the vortex. None of Verhaagen's flow pattern photographs appear to show this
type of structure, and neither do the majority of photographs taken in the present towing tank
tests. However, some of the photographs of the flow over the 80 deg./40 deg. model with a bev-
elled upper surface could represent such a pattern as, for example, in Fig. 17(c).

Verhaagen has used the crossflow topology theories of Peake and Tobak (30) and Hunt
et al. (31) to interpret the smoke and surface flow patterns which he observed in his wind tunnel
tests. As an example, Fig. 30(a), taken from ref. (12), shows the crossflow topology for a 76/

440 deg. wing at an incidence of 10 deg. The vortices are represented by the nodes N, and S is
a saddle point on the stream surface joining the vortices. S'(a) and S'(s) are half-saddle points
of attachment and separation respectively. N'(a) and N'(s) are half-nodes of attachment and
separation, but none of these are present in this particular flow pattern. The topological rules
give the relationship:

(Z.N+lI/2Z N') -(X s+ /2Xs') I

where

:N' N'W(s)+XN'(a)

and

ZS S (.V) + X S'(a)

This relationship is satisfied for the flow pattern in Fig. 30(a). (Note that the effects of second-
ary separation from the wing upper surface and the formation of secondary vortices have been
included).

The topological approach may be extended to consider what might happern as the out-
board wing vortex moves closer to the wing surface, as occurs in Fig. 17(c). The saddle point S
also moves closer to the surface. The final situation is conjectured in Fig. 30(b). The saddle
point in the external flow has been replaced by a half-saddle point of attachment and a half-
saddle point of separation. The topological equation given above is still satisfied, and the re-
sulting flow pattern resembles that suggested by Smith (2), with a stream surface extending from
the wing upper surface to the inboard strake vortex.

l0



3.7. Visualisation of upper surface secondary flows

To clarify the structure of the secondary separations and vortices on the wing upper surface,
attempts were made to visualise more details of the flow by placing a foil electrode on the surface,
with the aim of injecting bubbles into the secondary vortices. These attempts were only par-
tially successful. Glare from the surface and from the foil made observation of the bubble
patterns difficult, and in addition, there was some unsteadiness in the secondary flows under
some conditions. No satisfactory photographs were obtained, but examination of videotape
records did allow some information to be extracted from the tests in the form of sketches based
on the videotapes and direct observation of the flow.

The model chosen for these tests was the 80/40 deg. wing with a flat upper surface and a
bevelled lower surface. It was felt that the flat upper surface might facilitate the observation of
the secondary flow details. The foil strip was positioned along a chordwise line at approxi-
mately 15 per cent of the local semispan of the wing. The bubble patterns were illuminated in the
cross-flow plane. Because of unsteadiness of the secondary flows at higher velocities, test Rey-
nolds numbers were restricted to values below 60,000. Some typical flow patterns are shown
in Figs. 31-33.

Fig. 31 shows how the secondary flow pattern is affected by Reynolds number at an inci-
dence of 8 deg. The chordwise station is at XKC - 0.65. At a Reynolds number of 19,000,
there appears to be no secondary separation associated with the inboard strake vortex, but
secondary separation does occur outboard of the wing vortex. A secondary vortex forms inter-
mittently. An interesting feature of his flow is the apparent correlation between the formation
of the secondary vortex and the development of a slight kink in the primary bubble sheet separating
from the leading-edge. The kink is there when the secondary vortex is present, but disappears
when there is no secondary vortex.

At a Reynolds number of 34,000, two secondary separations occur, just outboard of the
strake and wing vortices respectively, and two secondary vortices form. Fluid passing over
the inboard of these two vortices reattaches. In this case, the secondary flow is reasonably
steady, without the intermittent vortex formation present at the lower Reynolds number. There
appears to be no interaction between the outboard secondary vortex and the primary bubble
sheet from the leading-edge.

At a Reynolds number of 61,000, the flow pattern is generally similar to that at a Reynolds
number of 34,000.

Fig. 32 shows how the secondary flow at a Reynolds number of 19,000 and XJC = 0.65
changes with angle of incidence. At an incidence of 6 deg., the primary vortex system is double
branched and a single small secondary vortex forms intermittently outboard of the wing vortex.

There is again a correlation between the presence of the secondary vortex and the formation
of a kink in the primary bubble sheet. At an incidence of 8 deg., the flow pattern is generally
similar, except that the primary wing vortex lies further inboard, and the secondary vortex,
when it forms, is larger. The intermittent kink in the primary bubble sheet is also present.

For angles of incidence of 10, 12, and 15 deg., the same general flow pattern is maintained.

A single secondary separation occurs outboard of the wing vortex, and a secondary vortex
occurs intermittently. At these higher angles of incidence, however, no kink formation in the
primary bubble sheet was observed.

Fig. 33 shows how the secondary flow develops with downstream distance at a Reynolds

number of 19,000 and an incidence of 20 deg. At X/C 0.5, the vortex system cross-section
is typical of that over a single delta wing. The flow separating along the leading-edge rolls up
into a primary vortex, the lateral position of which is at about 60 per cent semispan. At about

70 per cent semispan, the upper surface boundary layer, in which fluid is moving outboard and

aft, separates and rolls up into a secondary vortex. The secondary vortex is opposite in sense
to the primary vortex, and is located at about 90 per cent semispan. Outboard of the secondary

vortex, the flow may reattach, but the scale of the model was too small to allow such details to

be distinguished.
At X/C 0.503, just downstream of the leading-edge kink, a small double branched wing

vortex has appeared in the primary strake vortex sheet. The wing vortex is located about at

94 per cent semispan, outboard of the secondary vortex which now lies at about 95 per cent

semispan. The wing vortex and the secondary vortex lie roughly the same distance above the

wing upper surface.
II



At X/C = 0.513, the pattern is similar to that at X/C = 0.506, (except that the wing vortex
has moved inboard slightly to about 90 per cent semispan) and is further from the wing upper
surface. The secondary vortex is now at about 80 per cent semispan.

At X/C = 0.525, the wing vortex has moved still further inboard and upwards. The struc-
ture of the secondary separated flow is now less obvious. Although a secondary vortex does
form, it does so only intermittently. The bubble sheet separating from the wing upper surface
alternates between rolling up into a secondary vortex and being entrained into the wing vortex.

At X/C = 0.538, the secondary separated bubble sheet is carried directly into the wing
vortex, which has continued to move inboard and upwards. The behaviour of the flow in the
roughly triangular region between the primary bubble sheet, the secondary bubble sheet, and
the wing surface could not be distinguished. Bubble movemment in this region appeared to
be random.

Similar flow patterns occur at X/C - 0.55, 0.575, and 0.6, with the wing vortex moving
inboard and upwards as X/C increases.

4. CONCLUSIONS

The formation and interaction of vortices above a family of double-delta wings were studied
using flow visualisation techniques in a small towing tank. In general, the flow pattern found
consisted of a pair of vortices above each wing half. One vortex originated at the apex of the
wings and the other vortex originated at the leading-edge kink. Under certain conditions, the
vortices interacted above the wing.

The location of the zone on interaction between the two vortices is a function of angle of
incidence and leading-edge kink angle. Generally, the interaction moves downstream with in-
creasing kink angle and decreasing incidence. For small kink angles (less than 10 deg.) and
angles of incidence, only a single vortice system appears to form above each wing half.

Over the Reynolds range (7,000-100,000) of the tests, changes in Reynolds number were
found to have a significant effect on the vortex system above the double-delta wings. At the
lower end of the Reynolds number range, only a single vortex is present above each wing half.
At a Reynolds number of approximately 9,000, a double vortex system appears. The effect of
increasing Reynolds number generally is to cause the zone of interaction between the vortices
to move downstream. Comparison with limited available wind tunnel data indicates that this
trend continues to higher Reynolds numbers.

Comparative tests on a single delta model also indicated significant Reynolds number
effects, with the vortex system moving outboard with increasing Reynolds number.

Leading-edge cross-section shape was also found to affect the vortex system structure.
In particular, on models with an upper surface edge bevel, the vortex interaction zone occurred
further downstream than was the case with other edge shapes, and the vortices were closer to
the wing upper surfaces.

Attempts to visualise details or the upper surface secondary vortices were only partially
successful. However, the patterns observed showed that the secondary vortex structure was
dependent on Reynolds number, and was also unsteady under some conditions.
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FIG. 15 EFFECT OF WING CROSS-SECTION SHAPE ON VORTEX POSITIONS.
800/600 WING; a = 120; REYNOLDS NUMBER= 1X10 5.
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(a) Lower surface bevel

(b) Symmetrical bevel
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FIG. 17 EFFECT OF LEADING EDGE SHAPE ON VORTEX SYSTEM CROSS-SECTIONS.
80*/40 ° WING; a = 15'; X/C = 0.65; R = 1X10 5 .
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FIG. 18 VORTEX CROSS-SECTIONS OVER 800/600 WING.
INCIDENCE = 150. REYNOLDS NO. = 3.2X10 4 .
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FIG. 18 (contd) VORTEX CROSS-SECTIONS OVER 800/600 WING.
INCIDENCE = 15'. REYNOLDS NO. = 3.2X10 4.
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FIG. 19 VORTEX CROSS-SECTIONS OVER 800/600 WING.

INCIDENCE= 15'. REYNOLDS NO.= 1-74X10 4 .



x/C

0.725

0.75

0.8

* ~ 0.85

0.9

0.95

1.00

INCIDENCE = 150. REYNOLDS NO. =1.74X10 4 .



Reynolds No. 1.74X10 4  3.2X10 4  1.03X10 5

A 0 0

0.3 4

0.2 1
0.2 Wing

Strake vortex
Z/S vortex

0.1

0 ,_ I IIl I I
0 0.3 0.4 0.5 0.6 0.7 0.8

Y/S

(a) Vortex positions at X/C = 0.675

0.3

0.2

Z/S

0.1

0
0 0.3 0.4 0.5 0.6 0.7 0.8

Y/S
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FIG. 20 EFFECT OF REYNOLDS NUMBER ON VORTEX POSITIONS.
800/60' WING; a= 150.
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I FIG. 22 EFFECT OF REYNOLDS NO. ON VORTEX CROSS-SECTIONS.
80'/600 W I NG; 120; X /C = 0.6.
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FIG. 24 EFFECT OF REYNOLDS NUMBER ON VORTEX POSITIONS.
800/600 WING; a = 12'.
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FIG. 27 DOUBLE BRANCHED VORTEX SYSTEM ON DOUBLE DELTA
WING WITH SMALL LEADING EDGE KINK. (AFTER SMITH, REF. 2)

FIG. 28 DOUBLE BRANCHED VORTEX ABOVE 800/400 WING.
INCIDENCE = 15'; REYNOLDS NO. = 3.4X10 4 ; X/C = 0.6.



FIG. 29 POSSIBLE VORTEX SYSTEM ABOVE DOUBLE-DELTA WING WITH

LARGE LEADING-EDGE KINK. (AFTER SMITH, REF. 2)
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(a) Double branched vortex system (from Ref. 12)
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(b) Single branched vortex system

FIG. 30 CONJECTURED CROSS-F LOW STREAMLINES AROUND DOUBLE
DELTA WINGS.
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FIG. 31 EFFECT OF REYNOLDS NO. ON VORTEX SYSTEM CROSS-SECTIONS.
80f0/400 WING; NEGATIVE CAMBER, INCIDENCE = 80,; X/C = 0.65.
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FIG. 32 VORTEX SYSTEM CROSS-SECTIONS. 800/400 WING;
NEGATIVE CAMBER, X/C =0.65; REYNOLDS NO. 1.9X10 4.
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