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Low-Speed Wall Interference Assessment/Correction
with Vortex Flow Effect

Ching-Chyuan A. Hsing* and C. Edward Lant
University of Kansas, Lawrence, Kansas 66045

A theoretical method based on the concept of wall pressure signatures for assessment/correction of
wind-tunnel wall interference is presented. The effect of the tunnel wall in upflow and blockage corrections
is evaluated by using a thin-layer Navier-Stokes solver. The results for a 65-deg delta wing and a wing-
body - strake configuration in subsonic flow are presented. The present prediction of the effects of wall
interference on the induced aerodynamic twist and the streamline curvature for the delta wing show a
larger magnitude than those by a free vortex sheet method. Two correction charts for the upflow and
blockage corrections for configurations with vortex flow are derived based on the computed results for
the wing - body - strake configuration at a Mach number of 0.3. The present method shows consistent cor-
rected results for different model sizes. In general, for a model with strong vortex flow, the present method
provides larger corrections than the conventional attached flow theory. The present method can also provide
guidelines on where the wall static pressures should be measured in the pressure signature method.

Nomenclature
a = local speed of sound
C = tunnel cross-sectional area
Cp = drag coefficient
C. = lift coefficient
C,, = pitching moment coefficient
C, = pressure coefficient

E = total energy

H = wind-tunnel height

ICP = interference correction parameter, Eq. (6)
D = static pressure

q = dynamic pressure

S = wing planform area

U. = freestream velocity

u, v, w = x,y, and z velocity components
w = wind-tunnel width

x,y, z = Cartesian coordinates

y' = (Pt )

a = angle of attack

B = parameter controlling grid point spacing
n = coefficient of viscosity

&, m, { = curvilinear coordinates

p = density

T = shear stress

Subscripts

c = corrected value

w = wall

o = property at freestream conditions

Introduction

O obtain good quality and reliable wind-tunnel test data,
factors related to wall interference, flow angularity, local
variations in velocity, and support interference, etc., must be
evaluated and corrected. Among these factors the wall inter-
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ference effect is the subject of this paper. Because of the pres-
ence of the solid tunnel wall, the flow conditions around the
model are usually different from those in the free-air condition.
These differences may result in a reduction in the average
downwash experienced by the model, in a change in the
streamline curvature about the model, in an alteration to the
local angle of attack along the span of the model, in a change
in dynamic pressure about the model because of the solid and
wake blockage, and in the buoyancy effect because of the axial
pressure gradient in the test section. Especially for large mod-
els, the wall interference is expected to be very significant. In
addition, in high-angle-of-attack aerodynamics with vortex
flow, the wall interference may become an influential factor
for the wind-tunnel data correction because of flow separation.

The classical procedure of correcting wall interference effects
is based on the linear theory' > by using the image method. The
model is represented by singularities deduced from the model
geometry and measured forces to correct the angle of attack.
More recently, the vortex lattice method was used for closed
test sections® and open test sections.” For the solid body and
wake blockage corrections, Maskell” developed a method based
on the measured drag coefficient. The method was improved by
Pass.® Although these classical wall interference methods pro-
vide insight into the features of wall interference, they are not
sufficient in producing accurate results for practical use at high
angles of attack, in particular involving vortex flow. Also, it has
several limitations, among them being the assumption that the
model is small compared to the tunnel size and the assumption
of an infinitely long test section, etc.

To eliminate some of the limitations of the classical theory,
the so-called pressure signature method’ " has been developed
in the past couple of years. This method uses the measured static
pressures on the tunnel wall surfaces to obtain the necessary
corrections. One main question in carrying out the wall pressure
measurement is the determination of appropriate locations to
make the measurements and the number of measuring points
needed for an accurate evaluation. Furthermore, it is also a fact
that frequently there exists significant discrepancy between data
taken for the same model in different wind tunnels.

To avoid experimental measurement of wall pressures, the-
oretical methods have also been studied recently. Panel meth-
ods were used for three-dimensional subsonic wind tunnels'>"
in the low-angle-of-attack range. Frink'* used a free-vortex-
sheet (FVS) method to calculate the wall effects for delta
wings in subsonic flow. Although the vortex-separated flow at
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high angle of attack was considered in predicting the interfer-
ence corrections, no blockage or streamline curvature correc-
tions were included.

High-order methods of computational fluid dynamics have
also been used in the prediction of wind-tunnel wall interfer-
ence. Rizk and Smithmeyer" reported a procedure to evaluate
the Mach number and angle-of-attack corrections by solving the
Laplace equation based on experimental pressure measurement.
Vatsa and Wedan'® used an unsteady Navier- Stokes solver to
calculate the effect of sidewall boundary layer on a swept wing
mounted in a wind tunnel. It showed good agreement of C,
distributions and streamline patterns with experimental data for
the case studied, but provided no corrections for force data.

Thomas and Lan'” used a thin-layer Navier- Stokes solver
to simulate a delta wing in a small tunnel. The computed wall
C, was used as the boundary condition to calculate the wall-
induced interference flowfield at the model location in the tun-
nel. The corrected lift curve showed good agreement with re-
sults from larger tunnels. Lan and Hsing'® used the same
method to simulate a wing-body- strake configuration tested
in a 7 by 10 ft wind tunnel. The results showed that the cor-
rections based on the computation provided adequate treatment
for vortex flow in wall interference simulations.

To avoid large corrections, generally one of the following
methods is adopted: reducing the model size, using very large
test sections, ventilated test sections, or the adaptive wall con-
cept. Conventionally, the wall interference correction for small
models in terms of model blockage ratio, i.e., the model plan-
form area to tunnel cross-sectional area ratio, is assumed to be
small. According to Lefebvre,”® the span of a straight wing
should not exceed 75% of the tunnel width. For swept wings
with a blockage ratio less than 0.08, tunnel interference can
usually be considered negligible.®® However, using a large
model in the high-angle-of-attack testing is considered desir-
able in getting correct results® because geometry can be more
accurately duplicated in detail.

Increasing the model size and angle of attack leads to an
increase in the necessary corrections. Under these circum-
stances a conventional method can no longer provide adequate
corrections needed for the measured data. Therefore, a reliable
and inexpensive way for the assessment and correction of wall
interference is very much needed. Ideally, the correction
method should be independent of the model or tunnel size.
One objective of this paper is to develop a method to fill this
need by deriving correction charts for wall-induced upflow and
blockage corrections in subsonic testing involving vortex flow.
Solid wall surfaces are assumed throughout.

Theoretical Method

In the present investigation, a thin-layer Navier- Stokes solver
is used to obtain not only the angle-of-attack and streamline cur-
vature corrections, but also the blockage corrections. The Na-
vier- Stokes computational method and interference correction
procedures are summarized in the following. More details about
the computational method can be found in Refs. 17 and 18.

Navier - Stokes Method

The flow solver used for the present study is based on a
modified ARC3D code™ with a two-block scheme of grid sys-
tem for the purpose of tunnel simulation. The code is based
on the three-dimensional Reynolds-averaged Navier- Stokes
equations with a thin-layer approximation. The empirical tur-
bulence model proposed by Balwin and Lomax™ is used in
the code. To effectively include the turbulent effect in the com-
putation, the value of y* of the first grid line away from the
solid surface should be typically less than 10. In the present
computation, the value is usually in the range of 1.5-3.5. This
requires a dense grid clustered to the body surface and the
tunnel wall surface. This is accomplished by a coordinate

Outer Block

Fig. 1 Two-block grid system used in the present method.

stretching transformation being applied in the { direction. The
stretching transformation is of the following form™:

L) =1 — tanh[o (1 — w)] )

tanh o

where w varies uniformly from O to 1, and o is given by the
solution to

B = l/tanh o 2)

in which B is a parameter close to 1, but is greater than 1. All
grids used in this study employ a stretching parameter of =
1.005. For the cases studied, the grid size used is 50 X 49 X
50 in the inner block for the streamwise & spanwise m, and
surface-normal { directions, respectively. On the other hand
the grid size used for the outer tunnel block is 50 X 49 X 16,
respectively. A typical grid system used is presented in Fig. 1.

Boundary Conditions

The upstream and downstream boundaries in the computa-
tional domain are typically located two body lengths away
from the body nose and tail, respectively. In the wing alone
case, the distance is two wing root-chord lengths. In the sim-
ulation of tunnel flow, the boundary conditions at the upstream
and downstream boundaries are similar to those of the far field
in free air. In particular, at the downstream boundary only the
static pressure is specified as the freestream value and the total
pressure and other flow variables are computed as part of the
solution. On solid surfaces, all velocity components are set to
zero to satisfy the usual no-slip assumption. At the interface
of model and wall layer regions (the inner and outer compu-
tational blocks), all flow variables are extrapolated to the
boundary when the velocity is outward. When the velocity is
inward, only the static pressure is extrapolated to ensure the
continuity of pressure distribution. Use of local one-dimen-
sional Riemann invariants to determine the boundary values
was investigated and produced essentially the same results."”

Interference Flowfield

The present method of determining the interference correc-
tions is similar to that of the pressure signature method, except
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Fig. 2 Illustration of calculation of interference flowfield.

that the wall pressure distribution is calculated with the
Navier- Stokes solver, instead of being measured. In addition,
the calculated wall pressure distribution is used as the bound-
ary data for a Euler resimulation of the tunnel domain with
the model removed (Fig. 2). That is, the calculated wall pres-
sure is specified on the wall surface and acts as the forcing
function to generate the wall-induced flowfield in the test sec-
tion by solving the Euler equations. This is done iteratively by
extrapolating the interior values of density and flow momen-
tum and calculating total energy based on the specified pres-
sure on the boundary surfaces. This produces an interference
flowfield that is compatible with the specified pressure distri-
bution on the entire enclosed surface of the test section and
contains information on Ao, Au, and Aw that can be used to
correct the measured tunnel data. In a conventional pressure
signature method, this interference flowfield is usually gener-
ated by using a vortex or doublet distribution on the wall with
the singularity strength determined with the measured wall
pressure. The upflow correction is determined from

a.=a + Aa 3)
where
Aa = tan '[Aw/(U.. + Au)] 4)

The correction to dynamic pressure is determined from

q. _plU. + Au)® + Aw?]

q p-UZ ®)

Wall Interference Corrections

The present methodology to assess the effect of the wall
interference is performed in two steps. The first step is to cal-
culate by a Navier- Stokes flow solver the flowfield around a
model in the tunnel to obtain the longitudinal characteristics,
C,, Cp, and C,, along with the pressure distributions on the
solid wall surfaces. The predicted wall pressures are then used
to determine the interference flowfield. A flow blockage cor-
rection factor is calculated in this step with Eq. (5). However,
the variables in Eqs. (4) and (5) vary across the flowfield. To
correct the measured total aerodynamic forces and moments,
the induced upflow variation along the span (Eq. 4) is com-
puted in the far field over the wake region near the center
plane. The final upflow correction to be used is taken as the
average of these variations. The average blockage correction
(Eq. 5) is always calculated at the end of the model, either at
the body tail or at the wing trailing edge for a wing-alone case.

The correction procedures are outlined as follows:

1) C,, Cp, and C,, are first corrected for the blockage effect
by dividing the measured values by the blockage factor [Eq.
(5)] at the uncorrected test angle of attack.

2) The angle of attack is corrected to account for the upflow
effect induced by the wall, by adding the upflow correction
[Eq. (4)].

3) The final corrected C, and Cp vs a curves are obtained
by plotting the corrected C, and C, (step 1) at the corrected
a (step 2).

4) The C,, correction because of the upflow is calculated as
the value of (AC,,/Aa’)Aa, where AC,, is the difference be-
tween the corrected C,, from step 1 between two test «, and
Ao’ is the difference between these test a, and A« is the up-
flow value obtained in step 2. The upflow correction for C,, is
then added to C,, obtained in step 1.

Results and Discussion

Results from the present method will first be compared with
known results for a 65-deg delta wing."* The method will then
be applied to the same delta wing and a wing-body- strake
configuration to assess the wall interference effect on wall
pressure signatures. Finally, wall interference corrections will
be considered. The present code will be referred to as
KUNS3D in all figures.

65-Deg Delta Wing

The calculations are made at a Mach number of 0.22 and a
Reynolds number of 10° for different model sizes with the
span/tunnel-width ratios of 0.444, 0.5, and 0.667. The tunnel
size is 117.4 X 46.96 in. and the wing area is 525.975 in.”.
Support interference is not included. The effect of model size
on the aerodynamic twist is shown in Fig. 3. The induced
upflow angles are obtained at the mid-root chord and Frink’s
results' are based on the free vortex sheet method. At « = 15
deg, the present results give higher values of the upflow angle,
but the trend of the aerodynamic twist and the effect of the
model size all agree with Frink’s results."* At a = 30 deg, the
present results are closer to Frink’s," though still slightly
higher in magnitude. The trend again agrees well.

As shown in Fig. 4, the effect of model size on the stream-
line curvature predicted by the present method is compared
with the results by Frink." At o = 15 deg, the present calcu-
lation shows that the upflow agrees well in trend, but is again
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Fig. 3 Effect of model-to-tunnel span ratios on the induced aero-
dynamic twist for a 65-deg delta wing in a 117.4 X 46.96 in. tun-
nel, x/c,.= 0.5, M = 0.22. Model scale = wing span/tunnel width
ratio. « = a) 15 and b) 30 deg.
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Fig. 4 Effect of model-to-tunnel span ratios on the induced
streamline curvature for a 65-deg delta wing in a 117.4 X 46.96
in. tunnel,y = 0, M = 0.22. Model scale = wing span/tunnel width
ratio. & = a) 15 and b) 30 deg.
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Fig. 5 Effect of wall interference on the wing surface pressure
distributions for a 65-deg delta wing in a 117.4 X 46.96 in. tunnel.
x/c,= 0.5, a = 15 deg, M = 0.22.

higher in magnitude. However, the streamline curvature effect
levels off in the aft portion of the delta wing.

The effect of wall-induced upflow on the wing upper-surface
pressure distributions at a = 15 deg is shown in Fig. 5. Again,
the larger wall-induced effect in the present prediction as seen
near the pressure peak region is consistent with the higher
predicted induced upflow.

Note that the predicted C, by Frink’s method' is typically
higher than that by the present method. For example, for the
0.5-sized model C, = 0.780 and 1.630 at a = 15 and 30 deg,
respectively, as compared with 0.71 and 1.20 by the present
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method. Wentz’s data® showed C, = 0.66 and 1.22 at these
two a. Yet Frink’s method' predicts lower upflow corrections.
This is most likely caused by the effect of viscous wake that
is not considered in Frink’s method.'* The viscous wake will
deflect downward to cause more interference effect with the
tunnel bottom surface.

Wall Pressure Signature

65-Deg Delta Wing

To assess the effect of model sizes, the calculated tunnel
wall pressure distributions for three different-sized models
(span/tunnel-width ratio of 0.444, 0.5, and 0.667) are presented
in Fig. 6. It is seen that for all models the wall static pressure
patterns are relatively similar around the model. Two nonuni-
form regions are seen with one on the floor under the wing,
which indicates that the interference effect is caused mainly

c)

Fig. 6 Tunnel wall static pressure distribution predicted by the
present method for 65-deg delta wings in a 117.4 X 46.96 in. tun-
nel at & = 30 deg and M = 0.22. Model scale = wing span/tunnel
width ratio. Model scale a) 0.444, b) 0.500, and ¢) 0.667.
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by wake blockage. The large model has higher pressure dif-
ference in this region, implying higher blockage. The other
nonuniform region is on the side wall; this is caused by the
high model span-to-tunnel width ratio. The large model ap-
parently has more significant influence on the side wall than
the other two models, being exhibited by the larger vortical
pattern on the wall. The small and medium models induce a
similar pattern of wall pressure distribution as that of the large
model on both the floor and side wall, only with a reduced
magnitude of the pressure coefficient. The ceiling pressure dis-
tribution is uniform for all three cases. The wall C, distribution
is positive below the model and is reduced downstream, which
means the main interference effect is mainly caused by the
induced flow upwash. For the conventional pressure signature
methods, the measurements are usually taken on the tunnel
ceiling and floor either along the centerline’ or several stream-
wise rows." As indicated in Fig. 6c, at high lift there should
be more measuring points on the floor and also on the side
wall around the model.

Wing - Body- Strake Configuration

This model was the one tested in NASA Langley Research
Center’s 7 by 10 ft wind tunnel with a sting support.® The
model has a cylindrical body with a 44-deg swept wing and a
medium-size leading-edge extension (strake). The flow con-
ditions selected for the present study are M = 0.3 and Re =
1.3 X 10° Figure 7 shows the calculated tunnel wall pressure
distributions for both the original model and a model size equal
to 1.5 times larger than the original one. It is seen that for the
original model the wall static pressure is relatively uniform
and symmetrical around the model. The only nonuniform re-
gion is on the floor in the wake region where the sting should
contribute a significant part of the interference effect. The im-
plication of this is that the interference effect will be mainly

b) =18

Fig. 7 Tunnel wall static pressure distribution predicted by the
present method for a wing-body-strake model in a 7 X 10 ft tunnel
at a = 25 deg and M = 0.3: a) original size model (scale = 1.0)
and b) large model (scale = 1.5).

blockage, not upflow variation. On the other hand, the large
model induces a C, distribution that is more positive below
the model. This means the main interference effect will be
more because of the flow upwash change, not blockage.”
Based on this assessment, it is seen that at high lift the area
on the floor in the near wake should be emphasized in pressure
measurement in a pressure signature method.

Wall Interference Corrections

Based on the consideration of momentum principle, an av-
erage Aa in the far field computed over the wake region near
the center plane is used to correct both the upflow and stream-
line curvature effects. For a delta wing, it is taken in a plane
at the end of the grid system. Average u is taken over the
whole plane at the model trailing edge. However, to avoid any
direct sting effect, this average value of Aa is taken in a plane
at the end of the aft body when a sting is present. Average u
is taken over the whole plane at the body tail. Results of wall

2.0 -
[ xungaD Uncorrectad:
L O 7x20 Tunnel
A 7Txis Tunnel
- O 7Tx10 Tunnel
1.5 — O 1ox10' Tunnel
™ ¥ 14'x10' Tunnel
r -
510 -
0.8 C Model Size 1.0
0.0 Covebvnalinea bbb beagld
0.0 5.0 10.0 168 20.0 250 300
a (deg)
2.0
[ KUNS3D dorrected:
L rr20°
A 15
-------- Txi0
15 b e 1010 8,
L _ _ P
- L
SERCE S
05 —
o Model Bize 1.5
0.0 Coveclin o b v D b d
0.0 5.0 10,0 160 200 250 300
a (deg)
20 —
L
15 - L
- 7
)
A I
SERCE
0.5 -
: Model Size 2.0
o0 bbby Do bl
0.0 5.0 10.0 16,0 20.0 250 B80.Q

a (deg)

Fig. 8 Effect of tunnel sizes on wall interference corrections for
the wing- body - strake model of different scales at M = 0.3. Model
size is defined as the linear enlargement of the original model.
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corrections for a delta wing were reported in Ref. 17 and will
not be repeated here.

To develop correction charts for wall interference, extensive
computational study with the wing-body - strake model of dif-
ferent sizes in different assumed tunnels was conducted.” A
successful correction method was regarded as the one that
could reduce all of these results into one single curve. In ad-
dition to the original 7 X 10 ft tunnel, four geometrically ex-
trapolated tunnel sizes, 7 X 20 ft, 7 X 15 ft, 10 X 10 ft, and
14 X 10 ft, were also used. The H/W ratios represented by
these five tunnels were therefore, 0.35,0.47, 0.7, 1.0, and 1.4.
For each of the four additional tunnels, a series of calculations
was carried out for all three model sizes, i.e., model scales of
1.0, 1.5, and 2.0. The obtained results were used as the data-
base from which the correction charts are derived. However,
because of the lengthy computing time, only one Mach number
was investigated. Only some of these results will be presented.

Figure 8 shows the results for these three different models.
It is seen that with a model size of scale 1.5 or less, the cor-
rected curves are quite consistent. As the model size is in-
creased to a scale of 2.0, the corrections are less consistent,
perhaps because the flowfield around a larger model may be
fundamentally changed by wall interference. It is also seen that
the correction is consistently reduced with increased tunnel
H/W ratios.

To derive the correction charts based on the aforementioned
calculations, the wall-induced upflow corrections are summa-
rized in Fig. 9 for three model sizes in five tunnels. As seen
in the figure, increasing the model size increases the upflow
correction consistently for all of the tunnels simulated. In most
cases it is also nearly linear with increasing angles of attack.
Increasing the H/W ratio is seen to be favorable in reducing
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Fig. 9 Effect of tunnel sizes on the wall-induced upflow correc-
tions for the wing-body-strake models of different size at M =
0.3. Model size is defined as the linear enlargement of the original
model.
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Fig. 10 Effect of tunnel sizes on the wall-induced blockage cor-
rections for the wing-body- strake models of different size at M
= 0.3. Model size is defined as the linear enlargement of the orig-
inal model.

the amount of correction. This is especially true for larger
models.

The blockage effect is shown in Fig. 10. The corrections do
not vary as much with respect to the angle of attack for the
blockage as compared to the upflow corrections. The effect of
model size is again seen to increase the amount of corrections,
with only a few exceptions. These apparent exceptions may be
because of the nonlinearity of vortex flow. The most significant
effect is seen to be for cases with the highest H/W ratio (i.e.,
14 X 10 ft tunnel). The correction for this tunnel is consis-
tently the lowest one in all cases. The variation in the curves
for cases with smaller H/W ratios (i.e., 7 X 15 ft and 7 X 20
ft tunnels) is more complicated. However, the differences be-
tween the corrections for cases with different tunnel width is
not dramatic.

Wall Interference Correction Charts

The upflow correction was shown to be nearly linear for all
of the cases studied. An interference correction parameter is
defined as

ICP = (S/C)/I(HIW) (6)

where S/C is the blockage ratio of the model wing planform
area to the tunnel cross-sectional area, and H/W is the tunnel
height-to-width ratio. Four curves with different ICPs are gen-
erated in the upflow correction chart as shown in Fig. 11. The
correction is correlated with the uncorrected o because it is
more appropriate to use o than C; when vortex flow is present.
For a given test model, the correction factor can be obtained
by interpolation. For an ICP value slightly greater than 0.091,
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Fig. 12 Chart for the blockage corrections.

the top curve should be used. Note that the present chart is
valid only before vortex bursting.

The blockage correction in the present study appears to be
more complicated for the tunnel-size effect. On the other hand
the model-size effect on the blockage correction is relatively
simple for the different-sized models simulated in a given wind
tunnel. In all cases except one, the variation in blockage effect
is not dramatic with respect to the change in angle of attack.
The exceptional case is the one with a scale-1.0 model simu-
lated in the tunnel with the largest H/W ratio, which shows
increased blockage corrections with respect to the angle of
attack. By using the same correction parameter, ICP, the best
approximation to correlate these blockage correction curves
can be obtained. For the correction chart shown in Fig. 12,
five curves are derived from the computed results based on
the five different correction parameters. Interpolation among
these curves should be sufficient for common wind-tunnel
sizes.

To illustrate the application of these two correction charts,
test results for a 76-deg delta wing model in the 28 X 40 in.
BART tunnel at NASA Langley Research Center™ will be cor-
rected. The model was tested at M = 0.2 and Re = 10° based
on the root chord. The wing area was 81 in.”. The results are
compared with the lift curves obtained from various wind tun-
nels in Fig. 13. The agreement of the present corrected curve
with others is seen to be good. In Ref. 29 the corrections based

1.5
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Fig. 13 Lift curves for a 76-deg delta wing model tested in var-
ious tunnels obtained from Ref. 29, and corrections of BART tun-
nel data from the present correction charts.

on the conventional attached-flow theory were shown to be
much smaller.

Conclusions

The upwash and blockage corrections induced by wall in-
terference were investigated based on the thin-layer Navier-
Stokes solutions. The interference assessment was performed
by first calculating the static pressure distribution on the wall
with the model in the tunnel. Then the model was removed
and the interference flowfield was calculated using the com-
puted wall pressures as the boundary condition. The correction
was applied to the wind-tunnel longitudinal aerodynamic data
to account for the wall effects. The wake deflection effect and
flow separation characteristics that could not be accounted for
by the potential-flow methods were treated adequately by the
N-S solver. Results for a 65-deg delta wing were compared
with the free- vortex-sheet results and showed good agree-
ment in trend for the effect on aerodynamic twist at x/c, = 0.5
and effect on the streamline curvature at y = 0. The present
method predicted a higher upflow correction in magnitude by
properly treating the wake interference. A wing-body- strake
configuration of different model sizes was numerically simu-
lated in rectangular tunnels of different sizes at M = 0.3. Two
correction charts for the upflow and blockage corrections were
derived from these calculations. These charts should be appli-
cable to configurations with vortex flow and were successfully
applied to a 76-deg delta wing.
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