WIND TUNNEL INTERFERENCE
EFFECTS ON A 70° DELTA WING

M. R. Allan? K. J. Badcock! G. N. Barakos! and B. E. Richards®

Computational Fluid Dynamics Laboratory,

Department of Aerospace Engineering,

University of Glasgow,
G12 8QQ, United Kingdom.
URL: http://www.aero.gla.ac.uk/Research/CFD/ , Email : mallan@aero.gla.ac.uk
Keywords: CFD, Delta Wing, Tunnel Interference

Abstract

This paper considers the effects of both wind tun-
nel walls and a downstream support structure, on
the aerodynamics of a 70° delta wing. A RANS
model of the flow was used with the wind tunnel
walls and supports being modelled with inviscid
wall boundary conditions. A consistent discreti-
sation of the domain was employed such that
grid dependence effects were consistent in all so-
lutions, thus any differences occuring were due
to wvarying boundary conditions (wall and sup-
port locations). Comparing solutions from wind
tunnel simulations and simulations with farfield
conditions, it has been shown that the presence
of tunnel walls moves the breakdown location up-
stream. It has also been seen that vortex strength,
heliz angle, and mean incidence also increase,
leading to a more upstream breakdown location in
wind tunnels. The secondary separation line was
also observed to move outboards. It was observed
that for high Reynolds numbers, with a support
downstream of the wing, vortex breakdown can be
delayed due to blockage effects providing the vor-
tices do mot impinge on the support. This was
observed to be the case for smaller supports also.

Nomenclature

S/W Wing span (S) to tunnel width (W)
S/H Wing span (S) to tunnel height (H)
CryC Root chord

Cp Pressure coefficient

M Freestream Mach number

Ux,U, Freestream velocity

*Research Assistant
tSenior Lecturer
fLecturer

§Mechan Professor

T Chordwise distance

n Spanwise distance / local span
¢ Helix angle

r Circulation

Introduction

IND tunnels are used to test the aero-

dynamic characteristics of aircraft in the
research and development stages. However, the
influence of the tunnel walls must be taken into
account when considering test results. Histori-
cally, wind tunnel corrections have been based
on Linear Potential Flow Theory.! To obtain
good quality and reliable test data, factors re-
lating to wall interference, flow angularity, local
variations in velocity, and support interference,
must be taken into account. Karou? found that
for delta wings with aspect ratio equal to one
and spanning up to half the tunnel width, clas-
sical wall correction techniques can be used to
correct flow field and force results up to 30° angle
of attack (it should be noted that vortex break-
down was unlikely to be present over the wing).
Also, for swept wings with a blockage ratio (ratio
of model planform area to tunnel cross-sectional
area) of less than 0.08, tunnel interference effects
can usually be considered negligible.?

Clearly, the flow conditions within a wind tun-
nel will be different to those a wing would expe-
rience in free air. The interactions between the
wing and wall flow fields induce longitudinal and
lateral variations (streamline curvature and aero-
dynamic twist respectively) to the freestream, in
addition to those attributed to the wing alone.
These differences may result in a reduction in
the average downwash experienced by the model,
a change in the streamline curvature about the
model, an alteration to the local angle of attack
along the span of the model, a change in dynamic



pressure about the model due to solid and wake
blockage, and in the buoyancy effect due to the
axial pressure gradient along the tunnel test sec-
tion. The magnitude of these effects increases
with model size (increasing solid blockage).

Weinberg?* conducted an experimental investi-
gation into wall effects. He tested two sets of
three wings (one set with 60° sweep, and one
set with 70° sweep), each wing with a different
span size. The experiment was performed in a
square water tunnel (low Re) at a constant flow
velocity of 11m/s. The tunnel size was 45cm x
45cm. He found that for the three wings with
70° sweep, as the wing size was increased (kept
at a constant angle of attack), vortex breakdown
moved downstream. For the three wings with
60° sweep, he found that as the wing span-to-
tunnel width ratio increased from 0.175 to 0.35,
the wall effects followed the computed trends (i.e.
vortex breakdown was shifted downstream with
increasing wing size). However, when the wing
span-to-tunnel width ratio was increased from
0.35 to 0.7, no significant change was observed.
This suggested that effective camber was not the
only influence. For both the 60° and the 70°
wings, the difference in breakdown location ob-
served from the smallest model to the largest
model, was of the order 25%c,..

Thompson and Nelson® investigated experi-
mentally the influence of tunnel walls on a 70°
delta wing by testing full, two thirds, and half
scale models in a square tunnel (the largest
model gave the ratios S/H = S/W = 0.364).
Due to a steady hysteresis effect the wing was
tested for a quasi-steady upward and downward
stroke. It was found that for the smallest model
tested (S/H = S/W = 0.124) the breakdown lo-
cation shifted downstream by as much as 15%c¢;
on both the quasi-steady upstroke and down-
stroke. For the half scale model and the full scale
model, there appeared to be little difference in
the breakdown locations. As stated by Thomp-
son and Nelson, this shift downstream as model
size is decreased is in contrast to the results of
Weinberg.* It was noted that Weinberg used a
Reynolds number an order of magnitude lower,
and a constant velocity, as opposed to keeping
the Reynolds number constant (as in the experi-
ments of Thompson and Nelson). It was observed
that the vortex suction on the model surface in-
creased with model size.

More recently Pelletier and Nelson® studied
the effect of tunnel interference on 70° delta
wings. Experiments were conducted in a water
tunnel with three different sized wings. These
low Reynolds number tests agreed with the pre-

vious findings of Thompson and Nelson® who
tested at higher Reynolds number, in that break-
down moved towards the apex with increasing
wing size. Pelletier and Nelson used the method
of images to explain this effect, concluding that
the tunnel walls increased the mean incidence of
the wing, thus promoting breakdown.

Verhaagen et al.” performed Euler calculations
of the flow over a 76° delta wing inside wind tun-
nels of increasing size. The wing span-to-tunnel
width ratios considered were 0.292, 0.389, and
0.584 and the test section was octagonal. To
model the effect of a secondary separation, a
small “fence” was placed where secondary sep-
aration would occur. It was found that decreas-
ing the tunnel size (increasing the wing span-to-
tunnel width ratio) increased the suction in the
vortices and increased the velocities in the vor-
tex core, due to an increase in circulation with
decreasing tunnel size.

Allan et al.® performed Euler simulations of
tunnel interference effects on a 65° delta wing
in various tunnels for static and pitching cases.
It was observed that tunnel side walls were the
most influential factor on breakdown location,
with roof and floor having little effect. It was also
noted that in pitching simulations, the tunnel
interference effects were strongest on the down-
stroke, during the vortex reformation.

When considering support interference effects
Hummel® observed that the presence of an obsta-
cle one chord length downstream of the trailing
edge of a delta wing caused vortex breakdown to
shift towards the apex by up to 40%c,. The ob-
stacle considered was unrealistically large (wider
than the span of the delta wing), however, this
early observation highlighted the possible effects
that support structures can have. Recently Tay-
lor et al.1% varied the position of various obsta-
cles behind the wing’s trailing edge to find the
effect support proximity had on vortex break-
down. It was concluded that when an obstacle
was placed in the vortex core, breakdown was
promoted due to the adverse pressure gradient
which formed in front of the obstacle. As the
obstacle was moved away from the vortex core,
breakdown was observed to move downstream. It
can be expected that the degree of support inter-
ference will be dependent on support size, vortex
strength and trajectory. Although possibly not
considered as support interference, fuselages on
delta wing models can effect the breakdown lo-
cation. Some sting mounted tunnel models have
upper surface fuselages to connect the model to
the sting. The effect of such fuselages has been
considered in a number of investigations, each of



which have shown significant variations in break-
down location for a given sweep angle and inci-
dence. See for example!!12,13 A possible reason
for the variation in the breakdown locations was
given by Ericsson'? in which the effect of the fuse-
lage was described as an induced camber effect.
The induced camber effect alters the location of
vortex breakdown, either delaying or promoting
breakdown depending on the fuselage.

In view of the above, three dimensional Navier-
Stokes computations are necessary to correctly
predict the complex leeward side flow character-
istics of delta wings. RANS simulations of tunnel
interference on a 70° delta wing have been con-
ducted and the results are presented in the cur-
rent paper. Support structure interference has
also been considered.

Computational method

All simulations described in this paper were
performed using the University of Glasgow
PMB3D (Parallel Multi-Block 3D) RANS solver.
A full discussion of the code and turbulence mod-
els implemented is given in.'* PMB3D uses
a cell centered finite volume technique to solve
the Euler and Reynolds Averaged Navier-Stokes
(RANS) equations. The diffusive terms are
discretised using a central differencing scheme
and the convective terms use Roe’s scheme with
MUSCL interpolation offering third order accu-
racy. Steady flow calculations proceed in two
parts, initially running an explicit scheme to
smooth out the flow solution, then switching
to an implicit scheme to obtain faster conver-
gence. The pre-conditioning is based on Block In-
complete Lower-Upper (BILU) factorisation and
is also decoupled between blocks to help re-
duce the computational time. The linear sys-
tem arising at each implicit step is solved us-
ing a Generalised Conjugate Gradient (GCG)
method. For time-accurate simulations, Jame-
son’s pseudo-time (dual-time stepping) formula-
tion is applied, with the steady state solver used
to calculate the flow steady states on each phys-
ical time step (discussed fully in'?).

Since the RANS equations are solved the 2
equation k-w model is used for closure. It is well
known that most linear 2-equation turbulence
models over-predict the eddy viscosity within
vortex cores, thus causing too much diffusion of
vorticity.'® This weakens the strength of the
vortices and can eliminate secondary vortices, es-
pecially at low angles of attack where the vortices
are already weak. The following modification
suggested by Brandsma et al.'® was therefore

applied to the standard k-w model of Wilcox!”
to reduce the eddy-viscosity in vortex cores.

P, = min{ P, (2.0 + 2.0min{0,r — 1})p8 kw}
1)
Here P} is the unlimited production of k, P¥
is the unlimited production of w, and r is the
ratio of the magnitude of the rate-of-strain and
vorticity tensors. When k is over predicted in the
vortex core, it will be limited to a value relative
to the dissipation in that region. This modifi-
cation was found improve predictions compared
with the standard k-w turbulence model.'®
The Computational Fluid Dynamics Labora-
tory at the University of Glasgow owns a cluster
of PC’s. The cluster is known collectively as
Jupiter and is fully described by Badcock et al.'*
There are 32 nodes of 750MHz AMD Athlon
Thunderbird uni-processor machines, each with
768Mb of 100MHz DRAM. MPI (Message Pass-
ing Interface) is used to link up multiple nodes to
create a virtual machine, which is used to execute
computationally demanding problems. PMB3D
balances the node loadings (number of cells per
node) by spreading the blocks over all the nodes
of the virtual machine. Halo cell values are
passed between adjacent blocks using MPI.

Test case : ONERA 70° Wing

The subsonic case of a 70° delta wing is consid-
ered at 27° angle of attack. At this incidence vor-
tex breakdown is occurring over the wing. The
wing has a root chord length of 950mm, a trailing
edge length of 691.5mm, flat upper and lower sur-
faces, and a leading edge bevel of 15°. The wind
tunnel model had a blunt trailing edge 20mm
thick which has been beveled (15° bevel) in the
computational model to simplify grid generation.
Experimental data was obtained by Mitchell.!?
The wing was tested in the ONERA F2 tun-
nel (situated at Le Fauga-Mauzac Center, near
Toulouse, France) which has a working section
of height 1.8m, width 1.4m, and length bm. It
is a subsonic, continuous, closed-return tunnel.
The wing was also tested in the ONERA S2Ch
tunnel situated at the Chalais-Meudon Centre
(ONERA) which is of quasi-circular cross-section
with a diameter of 3m and a test section length of
4.93m. The model/tunnel ratios are S/W=0.49
and S/H=0.38 for the ONERA F2 tunnel, and
S/W=0.23 and S/H=0.55 (taking into account
off tunnel centreline location of wing) for the ON-
ERA S2Ch tunnel. Despite the flow conditions
being similar in both tunnels, the mean break-



| Tunnel | S/W | S/H | M | Re |
Farfield - - 0.2 | 1.56 x 10°
ONERA F2 | 0.49 | 0.38 | 0.2 | 1.56 x 106
S/W=0.63| 063 | 0.38 | 0.2 | 1.56 x 106
Table 1 ONERA 70° wing test cases - Fully

turbulent flow.

down locations were closer to the apex in the
ONERA F2 tunnel (the smaller of the two), when
compared with those measured in the ONERA
S2Ch tunnel. This suggests some test facility
interference, which could be due to either the
support structure or tunnel wall interference.

The flow conditions for which extensive exper-
imental data from the ONERA F2 tunnel are
available are an incidence of 27°, Reynolds num-
ber of 1.56 x 10%, and a freestream velocity of
24m/s (Mo = 0.069). For these flow conditions,
flow visualisation of velocity components, vortic-
ity components, turbulent kinetic energy compo-
nents and local static pressure are available in
various planes. Vortex breakdown locations were
also obtained based on where the axial compo-
nent of velocity becomes negative. In the simu-
lations the Reynolds number has been matched,
however the Mach number is 0.2, compared with
the lower Mach number of 0.069 in the experi-
ment. Since the current work is based on a high
speed flow solver, a freestream Mach number of
0.2 was used to avoid any possible convergence is-
sues. Transition was observed to occur at around
40%c, in experiment, however the CFD simula-
tions assume a fully turbulent flow.

Three boundaries have been chosen. The first
has the wing in free air (farfield), the second rep-
resents the ONERA F2 tunnel, and the third the
ONERA F2 tunnel side walls brought closer to
the wing (increasing the S/W ratio). Full details
of these configurations as well as flow parameters
can be found in Table 1.

To try and assess the effects of support struc-
tures a vertical generic support was placed in the
centre of the ONERA F2 tunnel downstream of
the wing. Since supports in dynamic testing tend
to be fairly large (driving mechanisms must also
be housed) a thick support cross-sectional area
was chosen. The generic support considered is a
cylinder with a straight taper in the downstream
direction. Figure 1 shows the support structure
and dimensions. To avoid grid generation com-
plications, the support attaching the wing to the
vertical support is omitted. It may be expected
that there is some interference from this mount-
ing. The downstream support gives a frontal area
blockage of around 12%.

The support was placed at two locations in the
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Fig. 1 Support geometry and dimensions.
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Fig. 2 ONERA 70° wing, View of ONERA F2
tunnel mesh.

ONERA F2 tunnel case, at 0.5¢, and 1l¢, from
the trailing edge of the wing. The grids over the
wing used for the support interference simula-
tions are identical to those for the ONERA F2
tunnel without supports. Therefore there is no
change in grid resolution in the vortical region
above the wing. The ONERA F2 tunnel mesh
was altered downstream of the wing to allow the
presence of the support. In all cases the tunnel
walls have been modelled with an inviscid wall
boundary condition, and in the support structure
simulations the supports have also been mod-
elled with an inviscid wall boundary condition.
Neglecting wall and support structure boundary
layers reduces the mesh sizes significantly.

Computational grids




The ONERA 70° wing inside the ONERA F2
tunnel is considered. A depiction of the grid
around the ONERA 70° wing is given in figure 2.
The mesh is of H-H topology with only half the
wing modelled, and the wing has been meshed at
27°. The tunnel grids have been extracted from
the “farfield” grid by removing outer blocks so
that the mesh resolution over the wing is identi-
cal in each case. The first cell height normal to
the wing surface is 107%¢,. This yields an aver-
age yT value of less that 1.0. The mesh sizes are
given in Table 2. All grids had 99 points stream-
wise and 79 points spanwise over the wing.

Normal
Test case to upper Total
surface
Farfield 117 3,969,810
ONERA F2 103 2,904,660
S/W=0.63 103 2,664,090

Table 2 Viscous grid dimensions.

Verification and validation

The solutions described in this paper have been
validated in.!® Therefore only a brief discussion
is presented here. In order to validate and assess
the predictions of the modified k-w model, the
ONERA 70° wing inside the ONERA F2 tun-
nel is considered. In order to attempt to verify
the accuracy of the solutions, a limited grid de-
pendency study has been conducted. Due to the
high computational power requirements to solve
the flow with the fine grid, only a comparison
with the coarse grid solution is presented. The
“coarse” grid is created by extracting a level in
each direction from the standard grid. The upper
surface pressure distributions are given in figure
3. The breakdown locations from the coarse and
standard grids are 59.6%c, and 64.7%c¢, respec-
tively. Clearly as we go from the coarse to stan-
dard grids the suction peaks increase in strength
and vortex breakdown moves downstream.

Flow visualisation of the solutions indicates
that a grid refinement increases the core prop-
erties (higher suction, higher axial velocities,
higher vorticity) and increases turbulence lev-
els within the vortex. Clearly as breakdown is
delayed going from the coarse to the standard
grid, the increase in the core properties is dom-
inant over the dissipation of kinetic energy in
the vortex, allowing the core flow to negotiate
the adverse pressure gradient a little further. It
should be noted that Visbal and Gordnier?® ob-
served for simulations on a 75° delta wing at 25°
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Fig. 3 Dependency of upper surface pressure
distribution with grid refinement.
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Fig. 4 Comparison of upper surface pressure
distribution with experiment.

angle of attack, with Reynolds number equal to
2 x 108, and freestream Mach number of 0.2, that
on a coarse grid (H-H topology) vortex break-
down was located upstream to that computed on
a finer grid. Since the grids used for the tunnel
calculations have been extracted from a common
farfield grid, the grid dependency of each solu-
tion will be similar. As such, despite the fact
that further refinement of the vortices is required
(which is not currently feasible due to computing
limitations), the grid dependency is equal for all
cases, and therefore solution to solution compar-
isons for tunnel effects is still valid.

In all solutions the mean flow residual con-
verged at least four orders of magnitude. If we
look at the upper surface pressure distributions
at the chordwise stations of z/c, = 0.32, 0.52,
and 0.63 (figure 4), we see reasonable agreement



of the experimental and predicted flow struc-
tures, with the presence of a primary and sec-
ondary vortex. It is also clear that the variation
in the strength of the footprint in the chordwise
direction reduces faster in the CFD solutions in
comparison to experiment. This may be due to
the vertical position of the vortex being poorly
predicted (possibly due to the laminar / turbu-
lent transition in experiment varying the position
of the vortex core), or that the grid resolution is
insufficient. It should be noticed that the H-H
mesh topology expands the cell sizes in the chord-
wise direction along a delta wing. However, in
general the upper surface pressure distributions
are predicted well especially close to the apex.
The suction levels near the apex (where the flow
is highly resolved) compare well with experiment,
despite the strength of the secondary vortex pos-
sibly being under-predicted. It should be re-
called, however, that in the experiment the flow
is laminar until around 40%¢c,, which may ex-
plain the weaker secondary vortex near the apex
(due to turbulence effects). Further downstream,
the structure of the vortex is visible despite the
vortex footprint weakening faster in comparison
to experiment.

Although not presented, the distribution of the
core axial velocities was also compared with ex-
periment. It was observed that the peak core
velocities were around 2.5 times freestream, com-
pared with 3.5 times freestream in experiment.
Such a deficit is common in CFD simulations.
The core vorticity levels were also compared with
experiment, as were the helix angles, and good
agreement was found.

Results - No support

In order to obtain the breakdown locations
above the ONERA 70° wing, the location at
which the axial component of velocity becomes
zero was used. This is consistent with the method
used in experiment. To achieve this, a vertical
slice through the vortex core was taken and the
point where the axial velocity becomes zero was
measured. The breakdown locations for the three
test cases are given in Table 3.

The promotion of vortex breakdown is com-
parable in magnitude (though a little lower) to
the promotion of vortex breakdown seen exper-
imentally when going from the larger ONERA
S2Ch tunnel to the smaller ONERA F2 tunnel.
It should be kept in mind that support effects
have been omitted in the CFD solutions. As in
the Euler simulations of Allan et al.,® increasing
the S/W ratio has the effect of promoting vortex

TUNNEL S/W | S/H | Breakdown

Location

Farfield - - 68.8%c¢;,

ONERA F2 0.49 | 0.38 64.7%c,

S/W=0.63 0.63 | 0.38 60.3%c,
Experiment

ONERA F2 049 | 0.38 | 65+5%c¢,
Experiment

ONERA S2Ch | 0.23 | 0.55 ~72%c,

Table 3 Summary of steady breakdown lo-
cations for ONERA 70° wing at 27° angle of
attack.
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Fig. 5 Comparison of upper surface pressure
distributions, r/c, = 0.32.

breakdown.

Figures 5 to 7 show the spanwise surface pres-
sure distributions at the chordwise locations of
x/e, = 0.32, z/c, = 0.52, and /¢, = 0.63 re-
spectively. Examination of the secondary sepa-
ration location (taken to be where the spanwise
shear stress component changes sign) indicates
that the presence of wind tunnel walls causes
the secondary separation line to move outboard,
with the displacement increasing in extent in the
chordwise direction. The reason for this is dis-
cussed later. When the flow is confined by the
ONERA F2 tunnel, the primary suction peak in-
creases, and increases further as the side wall is
brought closer (the S/W=0.63 tunnel). It can
also be seen that the secondary vortex increases
in strength (almost equally in comparison to the
primary suction peak) with increasing S/W.

The tunnel wall pressure distributions on the
ONERA F2 and the S/W = 0.63 tunnels are
shown in figure 8. It is clear that there is a
strong vortical flow pattern on the side walls
which extends down the tunnel despite vortex
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Fig. 6 Comparison of upper surface pressure
distributions, x/c, = 0.52.
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Fig. 7 Comparison of upper surface pressure
distributions, x/c, = 0.63.

breakdown having occured (the persistence of
vortical flow despite breakdown occuring was also
observed during experiments). The flow patterns
appear similar for the ONERA F2 tunnel and
the S/W=0.63 tunnel, however the strength of
the pressure distribution increases with increas-
ing S/W ratio. Clearly there is a significant
amount of interference induced by the side walls.

In order to assess the adverse pressure gradi-
ent experienced by the vortex core, the pressure
distribution along the vortex core in each tunnel
is shown in figure 9. Visbal?! found that vortex
breakdown was heavily dependent on the pres-
sure gradient along the vortex core. As the wing
is placed in a wind tunnel, the suction in the
vortex core prior to breakdown increases. This
implies that when the vortices are placed within
wind tunnels, they become stronger than those in

(b) S/W = 0.63 Tunnel

Fig. 8 Steady flow tunnel wall pressure distri-
butions.

12

—=4&—— Farfield
——-8—— ONERAF2
—¥—— S/W=0.63

11

10

P - T -
0.2 0.4 06 0.8

Fig. 9 ONERA 70° wing, Pressure distribu-
tions along vortex cores.

farfield conditions. With this additional suction
the adverse pressure gradient experienced by the
core flow increases, thus vortex breakdown is ex-
pected to be promoted. This agrees qualitatively
with the results of Visbal.

The flow angle (the angle at which the
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Fig. 10 ONERA 70° wing, Flow angles at 1.5
wing span lengths from wing.

freestream is turned up due to the presence of the
wing and side walls) variation in the streamwise
direction can be seen in figure 10. Both tunnels
increase the flow angle ahead of the wing in com-
parison to the farfield solution, and also increase
the rate at which the flow angle increases along
the wing. There are two possible effects present,
an increase in the mean effective incidence and
induced camber. Both these effects increase with
increasing S/W. Since breakdown has moved to-
wards the apex it is expected that the increase
in the mean effective incidence is the dominant
effect.

Figures 11 shows the distribution of the he-
lix angle through the midline of the vortex core
at the chordwise location of /¢, = 0.52. At this
chordwise location the vortex is unburst in all so-
lutions. The experimental helix angle obtained in
the ONERA F2 tunnel'? is also given for compar-
ison. As the tunnel walls are brought closer to the
wing it can be seen that the helix angle increases
(the turns of the vortex tighten) which can cause
a promotion of vortex breakdown.?? This is due
to the side wall induced vertical velocity compo-
nents which also increase in the mean effective
incidence of the wing. The tightening of the vor-
tex increases the crossflow momentum. Given
that the adverse pressure gradient experienced
by the wing boundary layer as it passes from be-
neath the primary vortex core to the secondary
separation region, is unchanged (the secondary
suction also increases with the primary suction),
the likely cause of the delay in secondary sepa-
ration in the tunnels is an increase in crossflow
momentum due to the tighter winding of the vor-
tex. It can also be seen that the location at which
the helix angle changes sign (as we pass through

50 &,

—A—— Farfield
—FHF—— ONERAF2
— v S/W=063
50 —&—— Experiment

-1.5 1.25 -0.75 -0.5 -0.25
n

Fig. 11 ONERA 70° wing, Comparison of he-
liz angles through vortex cores at z/c,=0.52.

the vortex core) does not appear to move signifi-
cantly with increasing S/W ratio, indicating the
vortex core does not move spanwise significantly
at this chordwise station.

The static pressure distribution along the cen-
treline of the tunnels and the farfield solution can
be seen in figure 12. As the centreline passes
through the wing the switch from the pressure
side to the suction side can be seen as a jump in
the curve at approximately z/c¢,=0.75. It is evi-
dent that as the tunnel size decreases the static
pressure beneath the wing increases (as expected
due to increasing frontal area blockage). The suc-
tion over the wing upper surface also increases
with decreasing tunnel size. The effect of the
lifting of the broken down vortex system into
the centre of the tunnel can also be seen. Be-
hind the wing the tunnel pressure distributions
are slightly above that of the farfield. However,
it should be recalled that there are two effects,
the blockage increasing the static pressure within
the tunnel, and the vortex lifting which decreases
the pressure in this region. Thus it is the differ-
ence between the pressure increment ahead of the
wing and behind the wing that shows the extent
of the vortex lifting. The displacement of the
vortices has been confirmed with flow visualisa-
tions.

The chordwise variation in circulation along
the vortex is given in figure 13. The circula-
tion was obtained by integrating the w, compo-
nent of the vorticity vector over ten chordwise
slices. The oppositely signed secondary separa-
tion region was omitted (which would have the
effect of lowering the circulation). From the apex
to around the midchord position it can be seen
there is a relatively linear growth in circulation



—=4&—— Farfield
——&—— F2 Tunnel
—w—— S/W=0.63

o
13

o
S

RN - HEMBLE SES HMBL L 4

o
w

o
)

P

C
o
s

o

S
2

o
N

o
w

\ - L1 L1 L1
-2 0 2 4
xlc,

Fig. 12 ONERA 70° wing, Tunnel centreline
pressure distributions.

o
©

—A—— Farfield
—FH—— ONERAF2
—w—— S/W=0.63

o
©

I
3

IcUg
o o o o
w S (%) o
T T T T T T T T T T T T T T T T T

o
)

I
s

o

Fig. 13 ONERA 70° wing, Comparison of cir-
culation distributions.

in the chordwise direction, after which the rate of
growth in circulation decreases.?3 Despite vortex
breakdown occurring the circulation continues to
increase in the chordwise direction,?* eventually
becoming near constant as the trailing edge is
reached. The integrations were performed over
an entire extracted plane, thus it would appear
rather than there being a loss in the w, com-
ponent of vorticity, it is dispersed throughout
the vortex. If the integration region is not large
enough to encompass this dispersion, it may ap-
pear that there is a loss in circulation. The cir-
culation curves further indicate that as the wing
is placed in wind tunnels the vortices become
stronger, strengthening with increasing S/W ra-
tio.

Results - With supports

Incidence | Support | Breakdown
location location
27 0.5¢, 81.0%c,
27 le, 65.9%c,
27 NONE 64.7%c,

Table 4 Vortex breakdown locations with and
without supports.

The breakdown locations observed in the cal-
culations are given in table 4. The breakdown
locations have been taken where the axial veloc-
ity equals zero.

It can be seen that when the support is lc,
from the trailing edge there appears to be a
small influence on breakdown, with breakdown
being delayed slightly in comparison to the case
without support structures. Since the vertical
support used in the experiments of Mitchell!®
was placed around 2¢, from the trailing edge of
the wing, it can be safely concluded that its in-
terference effect on the experimental breakdown
location is minimal. As the support is brought
closer to the trailing edge of the wing (at 0.5¢,
from the trailing edge) it can be seen that break-
down shifts back towards the trailing edge by
around 16.3%c,. This is in contrast to what
may be considered as the common understanding
that downstream supports induce vortex break-
down due to pressure disturbances propogating
upstream.

To find the reason for the tendency of this sup-
port to delay vortex breakdown, the structure of
the vortices prior to breakdown was examined
(for a full discussion see'®). The flow angles (the
angle at which the freestream is deflected due to
the presence of the wing) were examined and it
was observed that there is little change when sup-
ports are placed in the tunnel. This is due to the
flow angles only being altered by the proximity of
the vortices to the side wall (which induce verti-
cal velocity components increasing the mean inci-
dence of the wing). Indeed provided the vortices
do not increase in strength due to the supports,
the flow angles should remain the same. The
surface pressure distributions above the wing at
x/c, =0.32, 0.52, and 0.63 were also examined
and again there was little difference, both in core
location and strength. The axial vorticity distri-
butions and chordwise distribution of circulation
was finally examined and it was concluded that
prior to breakdown, the support structures had
no influence on the vortex structure.

Figures 14 and 15 shows the pressure distri-
bution along a horizontal plane at the midpoint
between the tunnel roof and floor for each inci-
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Fig. 15 Pressure distribution along a horizon-
tal plane, support 1c, from wing trailing edge.

dence and support location. The flow direction
is from top to bottom and the intersection of the
horizontal plane with the wing is clearly seen up-
stream of the support. Evidentally the vortical
flow negotiates the support as opposed to imping-
ing on it as in the experiments of Taylor et al.'?2°
Since the mean effective incidence of the wing
and strength of the vortices is unaltered prior to
vortex breakdown, the only explanation for the
delay in vortex breakdown is the change in the
pressure gradients in the tunnels. It is well un-
derstood that vortex breakdown is sensitive to
external pressure gradients.2%

Examination of the tunnel axial pressure gra-
dients indicates that as the support is brought
near the wing, a local (to the wing) favourable
pressure gradient develops. It should be noted
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that the pressure gradient at the side wall was
examined, not the pressure gradient along the
centreline of the tunnel which would incorporate
an adverse pressure gradient as the support is ap-
proached. Since the vortices do not impinge on
the support, they will not experience this adverse
pressure gradient, therefore the pressure gradient
at the side wall is more indicative of the pres-
sure gradient experienced by the vortices. The
favourable pressure gradient is due to an acceler-
ation of the flow as it negotiates the support, thus
reducing the local static pressure around the sup-
port. To have an effect on vortex breakdown the
favourable pressure gradient must be local with
respect to the vortices, and so when the support
is placed 1c¢, from the wing, the favourable pres-
sure gradient around the support has a smaller
effect.

From the previous discussion it is clear that
downstream support structures have the sole ef-
fect of altering the pressure gradients within the
tunnel. There is little or no change to the vor-
tex structure prior to vortex breakdown. Clearly
the shape and size of the support considered in
this study alters the pressure gradients in the
tunnels due to blockage effects. The acceler-
ation of the flow around the support causes a
favourable pressure gradient to form, and if this
pressure gradient is local with respect to the vor-
tices breakdown is delayed. However there is also
a stagnation region ahead of the support so it
is possible that if the blockage effect was lower,
the stagnation effect may become dominant and
breakdown will be promoted. To assess any pos-
sibility of this a narrower support was placed at
0.5¢, from the trailing edge of the wing, with the
wing at 27° angle of attack. The geometry is
identical to that described in figure 1, however
the radius of the cylindrical section was reduced
from 0.09¢, to 0.045¢c,. This effectively halves
the support frontal area blockage from approxi-
mately 12% to 6%. The breakdown was observed
to shift from 64.7%c, to 73.8%c,. Clearly de-
spite the blockage being reduced the previous
discussion applies to thinner supports. As long
as the vortex cores negotiate the support break-
down can be delayed. This seems to be the case
for “streamlined” tunnel-centred support struc-
tures at high Reynolds number. The effect of
the favourable pressure gradient at low Reynolds
number is likely to be lower.

Conclusions and future work

A CFD investigation of wind tunnel interfer-
ence effects on a 70° delta wing has been con-



ducted. The vortical flow predictions were veri-
fied and validated, and then used to analyse the
effects of wind tunnel walls. Verification of the
accuracy on the grids employed has highlighted
a dependency of the solutions to grid resolution.
From the available literature this has been found
to be common in the prediction of vortical flows.
To ensure that any differences are only due to
changes in boundary conditions (such as loca-
tions of tunnel walls and support structures), in
all computations the vortical region of interest
has been resolved with a consistent discretisation
of the domain. To achieve this a farfield grid was
created in such a way that by extracting outer
blocks varying tunnel dimensions were obtained.

RANS simulations have confirmed previous
conclusions drawn from Euler simulations.® It
has been observed that the amount of upwash
generated (and therefore the mean effective in-
cidence) is dependent on the side wall location.
As the side wall moves closer to the wing, the
local effective incidence along the leading edge
increases. Since the local effective incidence of
the wing increases along the leading edge (tun-
nel interference increases toward the trailing edge
as the vortices are closer to the side walls), the
wing might be considered to behave as if pos-
itively cambered. A positively cambered wing
is expected to delay vortex breakdown. Since
breakdown is promoted it appears that the in-
crease in mean effective incidence is the dominant
factor. The helix angle of the vortices also in-
creases due to side wall proximity. The side wall
induced upwash tightens the windings of the vor-
tex and therefore increases the vortex strength.
Higher helix angles are known to induce vortex
breakdown.

The influence of the tunnel side walls on the
secondary vortices was also assessed. It was
observed that the secondary separation location
moves towards the leading edge when the wing is
placed inside wind tunnels. The helix angle of the
vortices increases with the presence of the tun-
nel side walls. This increases the strength of the
primary vortices due to the increased crossflow
momentum (a result of the tighter windings).
However, the increased crossflow momentum also
increases the strength of the secondary region,
thus the adverse pressure gradient experienced
by the crossflow after the primary vortex suction
peak is essentially unaltered. With the increased
crossflow momentum the adverse pressure gradi-
ent can be overcome longer, and therefore the
secondary separation line moves outboard.

In order to assess support interference a sup-
port with a large frontal area blockage was used.
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The support was placed at two chordwise loca-
tions in order to assess the effect of support prox-
imity on the solutions. It was observed that the
leading edge vortices were very sensitive to vari-
ations in pressure distributions aft of the trailing
edge, due to the presence of supports. In addition
the downstream support structures had no effect
on the flow structure prior to vortex breakdown.
The support shape considered caused a signif-
icant acceleration of the flow due to blockage
which had the effect of delaying vortex break-
down. This trend was observed irrespective of
support width (frontal area blockage). The tra-
jectory of the vortex cores was such that the core
flow never experienced the adverse pressure gra-
dient ahead of the support structure. Thus it can
be concluded that the effect of downstream sup-
port structures is heavily dependent on whether
or not the core flow impinges on the structure,
and is also likely to be dependent on Reynolds
number.

Since turbulence modelling plays a significant
role in the prediction of vortical flows, the work
presented should be considered a qualitative as-
sessment of tunnel interference effects. In order
to improve the accuracy and validate further
the predictions, time-accurate simulations and
more advanced turbulence modelling (such as
Detached Eddy Simulation) should be employed.
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