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Vortex Flow Over Delta and Double-Delta Wings

H.W.M. Hoeijmakers* and W. Vaatstrat
National Aerospace Laboratory NLR, Amsterdam, the Netherlands
~and
N.G. Verhaagen]
Delft University of Technology, Delft, the Netherlands

A theoretical and experimental investigation of the flow about a slender delta wing and two double-delta
wings is described. The objective of the investigation is to develop accurate computational methods for the
vortex flow about slender wings and strake-wing configurations. Numerical results of computational methods
developed for the flow about slender wings are compared with experimental results of the present and also of
earlier investigations. It is demonstrated that satisfactory numerlcal results are obtained for the normal force,
pressure distribution, as well as vortex position and vortex sheet geometry. It is shown that for analyzing the
structure of complex vortex flow the laserlight-sheet flow visualization technique is very useful. Results of the
flow visualization are presented for the flow about the delta wing and the double-delta wing. Based on the results
for the double-delta wings, a new vortex sheet model is proposed for these wings involving a smgle branched

strake vortex and a double-branched wing vortex.

Nomenclature
R = aspect ratio =52/,
a =cotA
b =span
Cy =normal force coefficient = (normal force)/ e, S
C, =pressure coefficient= (p— P } /G
c =root chord
e, = unit vector in x direction
LDV  =laser Doppler velocimeter
L.E. =leadingedge
n =normal vector
D = pressure
Poo = freestream pressure
G = dynamic pressure = Vap U2,
sy =farwake cutoff length
S, = feeding sheet
Stef = wing reference area
S, =vortex sheet
S, =wing surface
s, t = surface coordinates
s*,t* = panel midpoint
T =leading-edge vortex sheet cutoff length
T.E =trailing edge
U, = freestream velocity
u =velocity vector
X(t) =(position vector in cross-flow plane)/(local span)
X, = (position of vortex)/(local span)
X =(Cartesian coordinate, directed along wing center-
line)/¢
x = (coordinate in freestream direction)/c
x(s,t) =(position vector of surface)/c
x,(s) =(position vector of vortex)/c
X = vector cross product
= vector dot product
y =(Cartesian coordinate, directed in starboard direc-

tion)/c
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z = (Cartesian coordinate, perpendicular tox and y) /¢
@ = angle of attack, deg
o =angle of attack at zero lift
¥ = vorticity vector
A = jump in quantity across surface
A =sweep angle, deg
u(s,t) =surface doublet distribution
0 = fluid density ' '
p(?) = contour . doublet distribution
T = timelike coordinate = (x— 1) tan a/cot A
¢ = velocity potential
Introduction

EPARATION induced vortex flow from leading and side

)edges is of increasing importance for the high-angle-of-
attack aerodynamics of various modern aircraft. Examples
are aircraft designed for high speed, employing slender wing
concepts with highly swept and relatively sharp leading edges,
and aircraft designed for maneuvering, often employing the
strake-wing concept. Until now, the design of wings em-
ploying vortex lift has been almost entirely empirical, the
resulting wing shape being the result of laborious cut-and-try-
type wind tunnel programs.

However, if the vortex-lift capabilities of slender wings or
strake-wing configurations are to be fully understood and
utilized, computational methods for the determination of the
detailed structure of the flowfield are required. The
possibilities of computing vortex flow characteristics for such
configurations are, at present, rather limited. The most widely
used method is to employ the Polhamus suction analogy.!
This empirical method provides the forces and moments on
the configuration, and can be applied in subsonic and in
supersonic flow, but does not predict the pressure and velocity
distributions. For the flow about slender wings, Refs. 2-5
describe the development of methods capable of computing
the detailed velocity and pressure distributions. In the vortex-
lattice-type approach, used in Refs. 2 and 3, the vortex sheet is
modeled by discrete line vortices. In this approach, the
identity of the vortex sheet is lost and the method is
inadequate for highly rolled-up vortex sheets. In the second-
order panel method employed in Refs. 4 and 5, the vortex
sheet is more accurately modeled, but it has proven to be
difficult to define a numerically stable computational scheme.
A drawback of using the panel method is that, a priori, the
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global structure of the vortex sheets is required. In addition,
only linear compressible flows can be dealt with. The current
free-vortex-sheet methods are restricted to configurations
with a vortex sheet rolling up into one concentrated vortex
core. The core is modeled using a relatively simple isolated
vortex model. A more accurate modeling of the vortex cores
in the free-vortex-sheet model is one of the key problems in
modeling vortex flow. Recently Eriksson and Rizzi® have
solved Euler’s equations for the transonic and supersonic flow
about a slender delta wing. Employing a dissipative numerical
scheme, the vortex sheet and cores are ‘‘captured’’ instead of
“‘fitted,”” quite similar to the capturing of shock waves in
current transonic flow computations. A major advantage of
this “‘artificial viscosity’’ method is that it requires no a priori
knowledge about the topology of the vortex flow.

For the vortex flow about strake-wing configurations, a
clearly defined computational model is not available at
present. Investigations by Luckring,” Lamar,® and, in par-
ticular, Brennenstuhl and Hummel® have been valuable in
gaining insight into the complicated topology of the vortex
layer structure above a strake-wing configuration. However,
certain fundamental points still need clarification. In par-
ticular, details of the shape of the strake leading-edge vortex
layer downstream of the kink are unclear.

In an attempt to shed further light on some of the above
mentioned points, NLR and the Delft University of
Technology are conducting a collaborative research program.
The objective of the program is to obtain a reliable and
physically relevant computational method for determining the
detailed aerodynamic characteristics of configurations with
vortex flow. The research program contains the following
elements:

1) Visualization of the flow pattern by means of a
laserlight-sheet technique.

2) Detailed flowfield measurements with a total pressure
probe, a five-hole probe, and LDV equipment to determine
the characteristics of vortex cores (i.¢., entrainment!?).

3) Development of computational methods and com-
parison with experimental results.

Although it is recognized that vortex flow is of importance
at high subsonic and transonic speeds, in the present in-
vestigation only the case of vortex flow at low speeds is
considered.

The purpose of this paper is to provide an overview of the
research on delta wing and double-delta wing vortex flow
conducted so far at NLR and the Department of Aerospace
Engineering at the Delft University of Technology. After
briefly describing the main features of the physics of leading-
edge vortex flow, the experimental setup is described,
followed by a description of the computational methods
developed. Finally, results of the present theoretical’ and
experimental investigation will be presented.

Physics of Leading-Edge Vortex Flow

The topology of the high-Reynolds-number flow about
slender wings with leading-edge vortex separation has been
well established 1n experimental 1nvest1gat10ns by, amongst
others, Earnshaw!! and Hummel.*?

Af moderate to high angles of attack, the flow separates at
the highly swept leading edge, with the boundary layers
flowing off the upper and lower surface merging into a free
shear layer. Under the influence of the vorticity contained in
it, the shear layer rolls up in a spiral fashion to form con-
centrated cores with distributed vorticity. The presence of
such cores in the proximity of the wing surface affects the
pressure distribution to a large extent. On slender planforms,
large vortex-lift increments are produced, and a stable flow
pattern has been observed up to 30 or 35 deg. A limit to the
favorable effects induced by the vortex flow is reached when
the angle of attack has reached a value at Wthh large-scale
vortex breakdown occurs above the wing.
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Experimental Setup
Wind Tunnel and Test Conditions '

The experimental part of the investigation has been carried
out in the low-speed wind tunnel of the Department of
Aerospace Engineering at the Delft University of Technology.
The wind tunnel has an octagonal test section, 1.25 m high by
1.80 m wide and a turbulence level of about 0.05% at the
speed of 30 m/s used in the present investigation. The
Reynolds number based on the root chord of the models was
1.4x106.

Models

The planform of the three models is shown in Fig. 1. Model
I is a sharp-edged 76-deg swept delta wing (R = 1). The vortex
flow for such a slender delta wing is well organized, stable,
and symmetric up to 35 deg, and therefore well suited for
studying vortex flow. Models II and III are sharp-edged
double-deltas, i.e., simplified strake-wing configurations. For
both models, the strake, i.e., the forward half of the plan-
form, has a leading-edge sweep of 76 deg. The wing, i.e., the
rearward half of models IT and I1I, has a sweep of 60 and 40
deg, respectively. Model 11 is representative for the planform
of high-speed aircraft, while model III is representative for
the planform of several contemporary highly maneuverable
aircraft. In the model definition phase it was theorized that
model II would exhibit a vortex system with the leading-edge
shear layer attached all along the leading edge exhibiting one
or two vortex cores. For model III, with its reduced leading-
edge sweep, it was expected that, at least at low «, the flow on
the outboard part of the wing would be attached. Thus the
leading-edge shear layer would emanate from the strake
leading edge only. At higher «, the flow about models II and
111 would have the same appearance. It should be emphasized
that in casc of rounded wing leading edges the flow on the
outboard part of the wing may be attached up to a higher o
than observed in the present investigation. The three models
are flatplate-type Duraluminum models with sharp leading
and trailing edges. The models have a root chord ¢ of 0.667 m,
a maximum thickness/chord ratio of 0.03, and a leading-edge
thickness of 0.2 mm. These edges were chamfered on the
windward side of the model only. This left the leeward side
flat, simplifying the flowfield investigation.

Laserlight Sheet

To visualize the rolling-up shear layers and the vortex cores,
smoke (heated paraffin oil droplets) was injected into the flow
at a position upstream of the apex of the model. The smoke
was illuminated by a thin sheet of intense light perpendicular
to the freestream direction. This sheet was produced by a 5-W
argon-ion laser in conjunction with an optical system. The
laser was mounted on a traversing platform, enabling a
translation in the freestream direction, thereby visualizing the
streamwise development of the vortex flow. A schematic view
of the setup is shown in Fig. 2. The flow pattern was
photographed by a remotely controlled camera positioned
downstream of the model. In addition, the flow pattern was
recorded on video tape

AR =10 2.06 4.28

Siee =0111 0.148 0.216

c=0.667 m, THICKNESS = 0.03 ¢

Fig.1 Wind tunnel models.
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Fig.2 Schematic of laserlight-sheet setup.

Computational Methods

This section describes computational methods developed
for computing the vortex flow about slender delta-like wings.
A computational method for the vortex flow about double-
delta wings and strake-wing configurations, based on the
model derived in the present laserlight-sheet investigation, is
presently being pursued and will be reported on in the near
future. First, the mathematical model is described, followed
by the description of the computational methods.

Mathematical Model

The mathematical model of high-Reynolds-number
leading-edge vortex flow is based on earlier studies (see Refs.
13-15). This free-vortex-sheet model, depicted in Fig. 3 for the
case of a slender delta wing, has been used in Refs. 2-5. In this
inviscid model, the shear layers emanating from the leading
and trailing edges are represented by vortex sheets embedded
in an otherwise irrotational flow. The leading-edge vortex
core, which in inviscid flow is a tightly wound spiraling vortex
sheet of infinite extent, is modeled by a isolated line vortex
connected to the remainder of the sheet by a so-called feeding
sheet. To model the entrainment of the rotational core, it has
been proposed to assign a sink strength to the line vortex as
well.> The model described is based on neglecting 1) the oc-
currence of boundary-layer separation, resulting in second-
ary, tertiary, etc., vortex systems; 2) flow conditions at which
the vortex system turns asymmetric; and 3) vortex breakdown
above the wing. Assuming incompressible flow, the problem
is governed by Laplace’s equation for the velocity potential
d(x,»,2):

¢xx+¢yy+¢zz=0 (1)

where the velocity is given by u= v ¢.

For subsonic compressible flow, it is expected that the
Gothert transformation, which replaces Eq. (1) by the
Prandtl-Glauert equation, will yield reliable results.! The
boundary conditions that apply on the wing and vortex sheet
are (see Fig. 3):

1) Zero normal velocity, both on the wing S, as on the
vortex sheet S,, i.e.,

u-n=0 2)
2) Zero pressure jump across the vortex sheet S,, i.e.,
AC,=Cj—C,=0 3a)

With Bernoulli’s equation and Eq. (2), Eq. (3a) can be ex-
pressed as

yXnsu=0 @3b)

where 1 is the vorticity vector.
3) The model of the core is force free; i.e., the component
normal to the vortex of the sum of the force on the vortex and
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Fig. 3 Mathematical model of flow over a slender wing.

the force on the feeding sheet is zero. This condition is the
three-dimensional analog of the conical flow formulation of
Smith."?

The potential flow problem is solved by employing a
surface doublet distribution to model both the wing surface
and the vortex sheets. By imposing the boundary conditions 1-
3, a solution is sought for the unknown doublet distribution
on the wing and the vortex sheet, for the unknown geometry
of the vortex sheet, and for the unknown position of the
vortex core. Because of the nonlinearity associated with the
unknown position of vortex sheet and vortex core, an iterative
solution procedure must be employed.

The solution of the problem is conveniently described in a
computational plane on which a surface coordinate system is
defined. In this formulation, S, and S, are given as
x=x(s,1), where s is approximately in streamwise direction
and ¢ is in the cross-flow plane. In the computational plane,
the surface comprising both the wing and the vortex sheet
becomes a rectangular domain (see Fig. 4). The doublet
distribution on this domain is denoted as u (s,7). More details
of the present formulation are found in Ref. 5. Because of the
complexity of the fully three-dimensional problem, it has been
found useful to consider two quasi-two-dimensional limiting
cases, namely, the case of conical flow and the case of two-
dimensional time-dependent vortex wake roll-up (see Fig. 4).
The primary objective of considering these two cases has been
to study various possible numerical schemes for the fully
three-dimensional problem. Additional benefits are: 1) the
influence of the choice of parameters such as sheet length can
be studied at less expense and in greater detail; 2) with the
solutions of the quasi-two-dimensional problems, a
reasonable initial guess for the solution of the fully three-
dimensional problem can be constructed; and 3) a first insight
is obtained in the influence of changing the cross-sectional
geometry (e.g., leading-edge camber, vortex flaps).

Conical Flow Method—VORCON
Observation of the flow over the forward two-thirds of
slender delta wings suggests that even at subsonic speeds the
flow is nearly conical, except possibly in the region very near
the apex. The assumption of conical flow is only valid for
wings with straight, highly-swept leading edges, for which the
slender-body theory also applies. Conical flow implies that on
S, and S,,
x(s,t)y =se,+asX(t) (4a)

n(s,t) =asp(t) (4b)

where X (¢) is a vector in the cross-flow plane. The position of
the vortex core is written as

x, (s) =se, +asX, 40)
where X, is the vortex position in the cross-flow plane.

Substitution of Eqgs. (4a), (4b), and (4¢) into the boundary
conditions and expansion for the small value of « results in a



828 HOEIJMAKERS, VAATSTRA, AND VERHAAGEN

. /I”’_ VORTEX
- [FEEDING SHEET % -
e Sw.Svi  X=xls,1)
! t=(s,t
Sy P, f=pils,t)
A ' ] ' — —-
P, Le | | NEAR|FAR Sp: x=x(s,t)
E | 1—WAREWKKE_ —
x : ! =pls,T)
Sw | TE S CORE: xexuls)
: I=pls,T)
!
0 T | 5 s

T
2D — TIME DEPENDENT
CONICAL FLOW VORTEXWAKE ROLL —~ UP
LEGENDRE, SMITH  WESTWATER, FINK & SOH, BAKER

Fig.4 Computational domain.

two-dimensional problem in the cross-flow plane. Legendre,!?
Brown and Michael,’* Smith,!® and others have solved the
conical flow problem by means of conformal mapping the
wing onto the symmetry plane, thereby automatically
satisfying Eq. (2) on S,,. The resulting problem is to solve for
the shape and strength of the vortex sheet and position of the
vortex in the transformed plane. This is accomplished using a
panel-method-type approach in this plane. In the present
method, described in more detail in Ref. 17, a panel method is
applied in the physical plane instead, so that no conformal
mapping is needed and an arbitrary cross section can be
analyzed quite easily.

The wing and vortex sheet are divided into segments
(panels), and the doublet distribution p (¢#) and the geometry
X(t) are approximated by panelwise quadratic represen-
tations, e.g.,

p(8) =p*+ ({—tof+ V2 (t—1*)2p} 5)

where * denotes the panel midpoint, and p*, p}, and p};
denote the function value and the first and second derivatives
of p (¢) with respect to ¢ at f=1*, respectively. The derivatives
in Eq. (5) are approximated by second-order accurate finite
difference expressions. This results in a quadratic
representation that, in general, is discontinuous in function
value and its derivatives across panel edges. Since these
discontinuities are small, at higher order they are neglected.
This also avoids spurious effects due to discrete vortices of
strength equal to the jump in the doublet distribution across
the panel edges.* Finding a stable numerical scheme for the
mixed analysis/design-type boundary conditions has proven
to be difficult. In the computer code developed for the
limiting case of conical flow, designated VORCON,
numerical stability is provided by a four-point difference
scheme. This scheme, described in Ref. 17, involves function
values at panel edges in combination with collocation at panel
midpoints. However, the extension of this scheme to the
three-dimensional case has proved to result in numerical
instabilities. An alternative to the scheme presented in Ref. 17
is to use function values at midpoints and to employ a
backward difference scheme for the first derivative, a central
difference scheme for the second derivative in combination
with collocation at the midpoints. It is the bivariate coun-
terpart of this scheme that is currently being employed for the
fully three-dimensional problem.

Two-Dimensional Time-Dependent Vortex Wake Roll-Up
Method—VOR2DT

The second limiting case concerns the problem of vortex
wake roll-up downstream of the delta wing. Assuming that
the derivatives in the x direction are small compared with
those in the cross-flow plane, the original three-dimensional
steady problem is reduced to a two-dimensional time-
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Fig. 5 Vortex flow about model I, « =20 deg.

dependent problem by replacing x by U,7, where 7 is a
timelike variable. The resulting problem is an initial value
problem describing the motion of a two-dimensional vortex
sheet as it is convected with the local flow velocity in sub-
sequent cross-flow planes. The initial conditions of the
problem are the shape of the trailing (shedding) edge of the
wing and the distribution of the shed vorticity (or load)
distribution. Using a discrete vortex approximation, this
model has been used by Westwater,'® Moore,!® Maskew,?
and many others to compute the evolution of the wake behind
a trailing edge.

However, it appears that this type of approximation results
in numerical instabilities when the number of discrete vortices
is increased. The technique of periodic rediscretization, as
introduced by Fink and Soh,?! for suppressing these in-
stabilities succeeded in solving this problem. However, recent
investigations by Baker? for a case where a double-branched
spiral evolves have shown that this method eventually ends in
chaos as well. By using the panel method described for the
conical flow problem and by modeling highly rolled-up
regions, i.e., single-branched and double-branched vortices
by vortex-feeding-sheet(s) combinations, a reliable com-
putational procedure is obtained. This procedure, designated
VOR2DT, is described in more detail in Ref. 23, where it is
also demonstrated that the wake behind a delta wing can be
computed quite realistically.

Three-Dimensional Vortex Flow Method—VORSEP

For solving the fully three-dimensional problem, the
computational domain, depicted in Fig. 4, is divided into
rectangular panels. Panelwise representations for the
unknown bivariate functions u(s,?) and x(s,7) are obtained
from products of spline-type representations in one variable,
e.g.,

p(s,1) =p*+ (s=s*)uf+ (E=*)pf+ Vo (s—5*) pd

+(5=5*) (t—=1*)ug + V5 (t~1*) 2}, 6

where (s*,t*) denotes the panel midpoint, and u*, u¥, u}, etc.,
denote the value of u, u,, u,, etc., at this point. The
derivatives in Eq. (6) are approximated by second-order
accurate finite-difference expressions, involving function
values at midpoints. For second derivatives, a central dif-
ference scheme is used. For first derivatives, a backwards
difference scheme is used. The midpoints are taken as the
collocation points. Details of the iterative procedure for
solving the resulting set of nonlinear equations are provided in
Ref. 5.

Results for Delta Wing
This section presents the results of the flow visualization
investigation employing the laserlight-sheet technique and
compares the results of the VOR codes with experimental
results for model I and other delta wings.

Flow Visualization

The flow pattern is illustrated quite clearly by the laserlight-
sheet pictures presented in Fig. 5, which shows the flow about
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model I at o =20 deg. Shown are the patterns at 75% and at
150% root chord. The spiraling shear layer emanating from
the leading edge increases in thickness with increasing distance
from the leading edge. When its thickness is such that con-
secutive turns of the spiraling layer overlap, viscous diffusion
results in a region of continuously distributed vorticity (the
leading-edge vortex core). Inside this rotational core, the
circumferential velocity is so high,!! that no smoke particles
can enter the region. It shows up as the black spot in Fig. 5.
Inside the leading-edge vortex core there is a strong in-
teraction between the swirl and axial velocity. The latter may
reach values several times that of the freestream velocity.!! In
the wake of the wing, the vorticity of sign opposite to the
vorticity in the leading-edge shear layer rolls up into a double-
branched core, the so-called trailing-edge vortex. This
phenomenon has been studied experimentally by Hummel'?
and earlier by Maltby.?*

Numerical Results and Comparison with Experiments

In Fig. 6, the position of the leading-edge vortex and
trailing-edge vortex computed for the case without thickness
by VORCON/VOR2DT and VORSEP are compared with
experimental data for model I at o =20 deg. The correlation
of the results of the two quasi-two-dimensional codes with
experimental data is excellent, except near the trailing edge,
where the assumptions underlying both models are violated.
The code for the three-dimensional flow, VORSEP, does not
account for the trailing-edge vortex, resulting partly in the
deviations apparent in Fig. 6.

Model I does not provide the pressure distribution, so
computed pressures are compared here with the experimental
results of Hummel and Redeker’® and of an earlier in-
vestigation at Delft University?® for the same planform but
with different cross sections.

Figure 7 compares the pressure distributions, as computed
by VORCON and VORSEP, with the measured distributions.
In the experiment of Ref. 25, the boundary layer was turbu-
lent, while in the experiment of Ref. 26 the boundary-layer
transition took place at approximately 60% root chord.
Outboard of the suction peak, secondary separation effects
are evident in both experiments. Up to 50% root chord, the
conical flow solution agrees quite satisfactorily with ex-
perimental data. On this part of the wing the three-
dimensional solution slightly overpredicts the suction peak
underneath the vortex core. As is evident from Fig. 7, the
conical flow solution does not apply near the trailing edge. In
general, the VORSEP solution shows satisfactory correlation
with experimental data. Figure 8 compares the computed
normal force with experimental data obtained in the present
investigation and the data obtained by Verhaagen.

Since in the conical flow method the trailing-edge Kutta
condition is not accounted for, VORCON overpredicts the
normal force. The normal force predicted by the VORSEP
program is in much better agreement with experiment. Figure
9 shows the shape of the vortex sheet at various streamwise
stations as computed by VORSEP. In the wake, the sheet
extends over a length of only 1.9 times the half span of the
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Fig. 6 Position of delta wing vortex cores, o =20 deg.

AN

VORTEX FLOW ' 829

wing, which in this case means that at x=1.5 the trailing
vortex is combined with the leading-edge vortex and does not
show up. Subsequent computations have shown that in-
creasing the length of the sheet in the cross-flow plane and
increasing the panel density result in more realistic sheet
shapes. Also note that sheet shapes computed with the
VOR2DT code for a much finer panel scheme than would be
feasible for VORSEP, reported in Ref. 23, clearly show the
same features as observed in experiment.

Figure 10 compares the computed conical and three-
dimensional sheet shapes at a=20 deg for two streamwise
stations. Both Figs. 9 and 10 indicate that the solution of the
fully three-dimensional problem, as far as the shape of the
sheet and the position of the vortex are concerned, is conical
almost up to the trailing edge. However, the doublet
distribution computed by VORSEP deviates already from the
conical value computed by VORCON on the forward part of
the delta wing. This is clearly shown in the right part of Fig.
10 and is also evident from the computed pressures shown in
Fig. 7.
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Fig. 7 Computed and measured pressure distributions, o =20 deg.
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Fig. 8 Computed and measured normal forces.
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Fig.9 Vortex-sheet shapes computed with VORSEP.

Results for- Double-Delta Wings

This section presents results of the investigation into the
structure of the flow employing the laserlight-sheet technique.
The investigation will be described in greater detail in Ref. 27.

Double-Delta Model IT

Figure 11 shows the results of the flow visualization for
a=20 deg. Above the forward half of the wing, the shear
layer emanating from the leading edge rolls up into the
(single-branched) strake vortex. Downstream of the kink, the
shear layer remains attached to the leading edge. In this layer
a double-branched vortex core, generally called the wing
vortex, develops (see left half of Fig. 12). One branch of the
vortex is connected to the leading edge, while the second
branch is connected to the strake vortex. Presumably all the
vorticity in the layer is of the same sign, suggesting that the
wing vortex increases in strength because it is fed with vor-
ticity from the wing leading edge as well as from the shear
layer emanating from the strake leading edge. In the
downstream direction, the wing vortex, embedded in the shear
layer, travels along this layer, thereby looping around the
strake vortex. The wing vortex remains distinguishable in Fig.
11 up to the trailing edge. However, because of the viscous
diffusion, the rolling-up shear layer, with the wing vortex
embedded, forms a region of continuously distributed vor-
ticity. This region encompasses the inner loops of the shear
layer and both the wing vortex core and the strake vortex
core. Downstream of the trailing edge, the two vortex cores
have essentially merged. Thus, here the flow pattern
resembles the one behind a conventional delta wing (Fig. 5).

The position of the strake and wing vortex has been
determined from the laserlight-sheet photographs. Figure 13
shows the lateral position of both strake and wing vortex
together with the schematic cross-sectional structure of the
vortex flow as conjectured from Fig. 11. Although this figure
presents the vortex flow topology for o =20 deg, it is found to
be representative for angles of attack between 10 and 25 deg.
Further experimental investigation of the detailed pressure
and velocity distribution above the wing will be needed to
support or correct the above conjectured flow topology. For
model II, vortex breakdown was observed at =25 deg,
namely, downstream of the trailing edge at ¥=1.5. For a delta
wing with 60-deg leading-edge sweep, vortex breakdown has
been observed at the trailing edge for angles of attack as low
as 13 deg.”® This demonstrates that the vortex flowfield has
been stabilized considerably by adding the strake.
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Double-Delta Model IIT

The laserlight-sheet visualization of the vortex flow above
model III at «=20 deg shows a similar flow pattern as that
observed for model II. The main difference is that, in this
case, vortex breakdown occurs above the wing before the
strake vortex and wing vortex have coalesced into one region
of distributed vorticity. Primarily because of the reduced
leading-edge sweep, the wing vortex is weaker than for model
II, which results in a weaker interaction of strake and wing
vortex. However, the wing vortex is again a double-branched
vortex embedded in the shear layer from the wing leading
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edge. The conjectured flow pattern is depicted in Fig. 14. In
the present investigation, the strake leading-edge vortex layer
did not detach from the wing leading-edge vortex layer.
However, at o« below 10 deg, where the wing leading-edge
vortex layer becomes weak, and close to the wing upper
surface, the situation is not completely clear. Reducing the
wing leading-edge sweep or rounding the wing leading edge
may result, at least for low «, in'a flow pattern with only a
shear layer emanating from the strake leading edge.

Double-Delta Vortex Sheet Model

In order to enable a VORSEP-like potential flow com-
putation for the flow about double-delta configurations, a
vortex sheet model is required. Based on the present in-
terpretation, the vortex sheet model depicted in the right half
of Fig. 12 is proposed. All along the leading edge of the
double-delta wing the vortex sheet is attached to the edge.
Above the strake, this vortex sheet ends in a vortex-feeding
sheet combination which models the strake vortex. Down-
stream of the kink, the wing vortex is modeled by a vortex
connected to the remainder of the sheet by feeding sheets,
similar to the model used in VOR2DT.?* This model will be
used to extend the capability of VORSEP to double-delta
configurations. The present interpretation of the vortex
flowfield resolves the problem with the schematic models
proposed in Refs. 7-9, where the strake vortex sheet tears
apart at the kink, leaving an unrolled ‘‘loose end”’ of a vortex
sheet in the flowfield. It is suggested in Ref. 29 that this end
rolls up into a vortex core with circulation of sign opposite to
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the sign of the circulation of the strake vortex. Seen in the
light of the present investigation, this seems incorrect.

Concluding Remarks

Insight into the vortex flow about delta and double-delta
wings is obtained employing the very useful laserlight-sheet
technique. The present investigation indicates that the flow
pattern above sharp-edged double-delta wings consists of a
single-branched strake vortex and a double-branched wing
vortex. The latter originates at the kink and is embedded in
the shear layer from the leading edge. Based on this in-
terpretation, a vortex-sheet model is postulated. Numerical
results are presented for the flow about a 76-deg swept delta
wing, obtained with a free-vortex-sheet method for the fully
three-dimensional problem, one for the limiting case of
conical flow and one for the limiting case of vortex wake roll-
up. It has been demonstrated that satisfactory numerical
results can be obtained for delta wings. It is expected that with
the gained insight into the double-delta wing vortex flow
pattern the present free-vortex-sheet method can be extended
to the case of strake-wing configurations.

To support further theoretical investigations into vortex
flow, detailed measurements of pressure and velocity
distributions will be needed, the latter especially with the
objective of obtaining the characteristics of vortex cores and
defining an appropriate computational model for these cores.
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