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Abstract

An investigation of a discrete numerical slot flow model in
slotted-wall test sections has been carried out. The back-
ground of the slot model is surveyed. Numerical simula-
tions and wind tunnel tests have been performed in two
different FFA wind tunnels, the 1.5x1.5 m? T1500 and the
0.5x0.5m? TVMS500. The same model has been tested and
calculated in both tunnels with the similar slots. The effect
of closing the side walls in the TVM500 has been studied.
Wall Mach number distributions and integrated forces are
compared. The slot flow model works properly. The appli-
cability of the small perturbation equation solved on a Car-
tesian grid needs further investigations. For complicated
flows and high resolution on the test model a more ad-
vanced field equation solved on a body conform grid is
needed. The same slot flow model could be used.

Introduction

Transonic flow is complicated from both physical and
mathematical points of view. Wind tunnel wall-interfer-
ence is of special interest at transonic speeds in particular
when big models are tested. There are obvious reasons for
using bigger test models than those conventionally tested
today in existing tunnels. For big models empty test section
calibration is losing its meaning. To master the new tech-
nique, one has to rely on some non-linear computational
theory in order tc quantify or to correct for the wall-model
interaction. Other applications of computations are to help
improve the design of test sections and to develop new test
concepts and correction methods. It can equally be used to
optimize tunnel run parameter settings minimizing wall in-

terference. In any case the understanding of the main fea- __

tures of the interacting flow mechanisms is of utmost
importance.

One classical concept diminishing the wall interference is
to use longitudinal wall slots ventilating the test section
through the surrounding plenum chamber. During the last
20 years, research work{"" () has been ongoing more or
less continuously in Sweden around this subject partly in
cooperation between FFA and Saab. This work terminated
in a discrete slot flow model. The mutual interaction be-
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tween the slots and the interior is taking place in the test
section.

Some years ago a new transonic slotted wall wind tunnel,
the T1500 (1.5x1.5 mz), was brought into operation at
FFA. In connection with this a research program was set up
at FFA testing the same model in two different tunnels, the
new TI1500 and a similar but smaller TVMS00
(O.5x0.5m2). The objective was to investigate the influence
of model size and the effects of different slot shapes on the
test results as well as to simulate the flow computationally.
Some experimental and numerical results were reported
earlier in Ref (14).

The background of the computational method has been de-
scribed in 2 number of papers, some of them represented by
Refs (2) (4) (5) (7) (8) (9) and (11). Other researchers at
NASA Langley and McDonnell A/C Co have addressed the
wall interference 6problem e.g.in Refs (15) and (16). In par-
ticular Al-Sadi‘!® has performed extensive investigations
of the same method as presented here with discrete slot
simulations for a transport type aircraft model in the NTF .

The present paper reviews some of the background to the
physical and mathematical slot flow model and shows
computational results simulating the flow around a swept
wing-body model. The model was tested both in the
TVMS500 and in the T1500 wind tunnels. The model cross
sectional area was blocking less than 0.2% in the T1500,
while in the smaller TVM 500 the blockage was as large as
1.7%. The rectangular test sections have basically 16 slots
with 4 slots on each wall. To see the influence on the results
of sealed side walls the smaller TVMS500 was run with 8
slots by closing the slots on the side walls. Integrated model

forces, wing pressure distributions and wall Mach numbers .

were recorded during the tests and partly compared with
numerical simulations. The slot shapes were similar in the
two test sections.

Flow models
The interior test section flow field is presently described by
the non-linear small perturbation potential equation. The
test model is in the computational domain surrounded by

an unevenly spaced Cartesian grid and the boundary condi-

21st ICAS Congress

13-18 September 1998

Melbourne, Australia

ICAS-98-3,11,1




Copyright © 1998,

by the International Council of the Aeronautical Sciences (ICAS)

and the American Institute of Aeronautics and Astronautics, Inc.

ICAS-98-3,11,2.

tions on the model are formulated within the framework of
slender theory. On the test section walls and on the test
model viscous boundary layer methods of integral type are
used modifying the geometric inviscid boundary condi-
tions. The slot flow model is basically founded on cross-
flow theory coupling the plenum chamber pressure with the
interior of the test section. A boundary condition for the
flow around the model is created when the plenum pressure
is known. The fluxes through the slots are a” priori un-
knowns and are parts of the solution.

The simple non-linear potential field equation can in prin-
ciple be substituted by e.g. the Euler equations. The outer
‘wall’ boundary condition in the vicinity of the slots must
then be reformulated as well as the upstream test section in-
flow to suit e.g. a time asymptotic solver.

Basic slot flow physics revisited

To simplify the coupled discrete interaction between the
plenum chamber and the interior of the test section flow, it
may be sufficient to look just at the convective crossflow
part of the momentum equation in the center plane of the
slot. In a longitudinal x-y symmetry plane the pressure gra-
dient pointing into the slot then is

d v _pav?

£=_p 5_%’3; +. (1
In Eq (1) p is the pressure and p is the density while U/ and
V denote the downstream (x) and crossflow (y) velocities .
Assuming that pU and p are of the same order of magnitude
as in the reference flow , two distinguished terms of differ-
ent importance can be identified in Eq (1) . The first term,
reflecting the streamline curvature, is dominant when the
%r&)ssﬂow is V =0and the second term is dominant when
35" 0. Roughly, inside the slot, the velocity V is geared-
up inversely proportional to the wall openness ratio com-
pared to the crossflow velocity approaching the wall from
inside the test section. To estimate the crossflow velocity V
in the slot flow region the slot volume flux per unit length
is needed. This in order to couple the known plenum pres-
sure to the interior of the test section by integration of Eq
(1). In doing so an outer boundary cendition can be estab-
lished inside the test section for the test section flow around
the test model. However, as the flux through the slot is not
known a’ priori, a prescriptive method must be iterative.

In Ref (8) an experimental transonic investigation present-
ed some flow inside one of the slots of an octagonal test
section with slots in all the corners. The test object was an
axisymmetric parabolic arc body blocking 2.2 % of the tun-
nel. To show the importance of the different terms in Eq (1)
some information is compiled in Figure 1 and Figure 2.
The wall pressure in Figure 1 can roughly be said to be the
outcome of integrating Eq (1) from the plenum chamber
side, where the pressure is known, through the slot down to
the vicinity of the slot inside the test section outside the
close range of slot interaction. From the velocity inclina-

tion V/U and the wall pressure it is clear that the first term
of Eq (1) is of special importance where the pressure is
minimum and likewise the second term is of particular im-
portance where the pressure is at its maximum. The inte-
gration of the first term of Eq (1) yields the dominant
influence by the slot depth on the pressure difference
across the slot. A deep slot is able to sustain a higher differ-
ence than a shallow due to the longer integration path. The
existence of a returning streamline is obvious from V/U in
Figure 1.

In Figure 2 some measurements of the axial velocity U in
the center plane of the slot are shown in terms of U/U;
where U; is the velocity just outside the slot entrance in the
test section. The distribution at the slot exit line B reveals
quite large velocity losses there.
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However, it turns out that following a path in the slot that
should be a natural candidate for imposing the constant ple-
num pressure the situation is a bit different. Hence, follow-
ing the most upstream penetrating streamline until the
intersect of B- then progressing along B until the first re-
turning streamline starts at B- and finally then continue
along this, the loss ratio U/U; is ranging more modest val-
ues. An illustration to this is shown in Figure 3 where the
velocity and mass density ratios along the mentioned path
are shown. In this case the slot is more shallow than in
Figure 2 reflecting that U/U; is close to 1 where the slot is
filled up with high momentum air. The range for U/U; in
Figure 3 is between 0.67-1.0.

In conclusion it can be said that an inviscid prescriptive slot
theory must include viscous flow corrections or adaptions.
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Figure 3

Inviscid 2D inner crossflow slot theory

In Ref (2) a 2D crossflow potential theory was formulated
for the slot flow. The velocity V in Eq (1) could then be es-
timated as function of the volume flux q through the siot to
determine the pressure difference across the slot by integra-
tion of Eq (1). In Figure 4 the elements of the 2D flow mod-
el and the conformal mapping are shown
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Figure 4 2D crossflow slot model (source -2g).

In principle two elementary solutions are building the flow.
However in practice only No 1 is used, but the position for
applying the plenum pressure is found where the two flows
have got the same potential value on the plenum side.

Extended overall viscous slot flow model

In Ref (2) an overall slot flow model using the 2D inner
crossflow potential was formulated and asymptotically
matched to the global interior formulating an outer wall
boundary condition for the interior. Based on experimental
findings in Ref (8) the inner slot flow model was modified
to take viscous slot flow losses into account. The overall
model then came out as shown in Figure 5. Different flow
scenarios can take place concerning the in and outflow
from the slots with possible vortical separation or aperture
like flow at slot inlet edges. A sheared flow can be ob-
served in the slot center plane resulting-in a velocity pro-
file.
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Figure 5

As a consequence of the experimental observations the in-
viscid slot flow model was corrected by two loss factors
one for the axial velocity 1, and another for the slot width
1, - The important plenum surface Yp on which the quies-
cent plenum chamber pressure condition is imposed is
traced in the model as a part of the solution. In Figure 5 this
starts with the upstream penetrating streamline ending at
location D, then progressing until B by jumping from
streamline to streamline along a surface YpoJust outside the
slot exit and then finally following the first returning

. streamline starting at B. The fast high-momentum test sec- .

tion air penetrating the slot might be split-up into two
streams one continuing into the plenum chamber on its own
and the other returning into the test section again together
with an expanding bubble of quiescent plenum air.

Discrete slot flow equations

The discrete slot flow equations are applied one for each
slot similar to what was done in e.g. Refs (7), (9). In com-
parison with the original viscous flow reduction model of
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Ref (8) simplifications were imposed concerning the order
of magnitude of the interior tunnel flow just outside the
slot. In the viscous reduction scaling process the interior
flow is assumed to be of the same order as the chosen ref-
erence flow labelling the wind tunnel test. The flow equa-
tions in the slot centerplane (see Figure 5) solving for the
plenum surface and pressure difference across the slot are

dy y da

P _ Sy _pp™
dx ast a, dx @
_ 11 4 Ey,,da
veafo- ()] -32E @
2
dy _ _o:Lifdy 1Uy D)
ax p,U,[Zi} t30\ax ) |70 @

The potential ¢ is the perturbation potential at the match-
ing distance outside the slot on the test section side where
the unit step function E=0. When the slot is filled up with
high-speed air the plenum pressure surface Ypo 1s defined:

(1+ ze,q,(_z(naix +1)))

+1n(2) &)

R s n

The normalized velocity and potential functions ¥and Qin
Egs (2), (3) are results of the conformal mapping in
Figure 4 and defined for unit slot width and flux, see in
Refs (2), (11). The slot depth is denoted by [ . The scaled
viscous corrected variables are subscripted by s while the
constant reference flow is denoted by subscript r. The
scaled slot width, velocity and density become

Yoo o L

as = ana Us = UrnU (6)

p
ps = o @
(1+ 950 -n)y)
The plenum pressure coefficient 8 and the definition of the
approximate plenum Mach number M), are as follows
1

M, =M(1-(y+D&" @

§ = (P r P r)

p,U;
. where M, is the Mach number of the constant reference
flow usually labelling the tunnel run. In fact in the present
physical and mathematical model the plenum Mach
number is the only fixed information which is available.
The theory does not tell how this Mach number is achieved.
In the real situation this is commanded to the control sys-
tem and executed by operating the choke, the plenum suc-
tion device and possibly a flap at the end of the plenum
chamber. The background information to the control sys-
tem is usually found from empty tunnel calibrations.

Paying attention to the calculation of the slot flux per unit
length passing in and out of each slot a wall strip of width
i

b (b>>a) is discretely allocated to each slot on the wall as
shown 1in Figure 6.
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Figure 6 Discrete slot wall strip communicating

with inner and outer flows (b>>a).

The slot volume flux g; is only partly summed up by inte-

grating the normal velocity v, (coming from the interior

test section) across the wall strip of width . The total flux

balance, however, is built from the interior test section flow

(v, ) but also from the wall inclination 6, and the boundary

layer displacement thickness &* across the strip as follows
b

Pss

5

J v dz+ (b- a)(e +_5*) ©)

Test section field equation and wall boundary conditions

The test section flow equation is the non-linear small per-
turbation equation as follows

(1~ (1+(y+1) ¢Dg%+g%+g—:% =0

(10)

On the solid walls surrounding the slot strips ihe outleading
Neumann condition for the potential ¢ is-

20 _ _dg

dn ~  dx -0 (an

On the discrete wall strips, following the same procedure as
outlined in Ref (7), the Dirichlet condition reads

2
00,9 = o) ¢Z(2)} 402

Z y=0,z=0

12)

The last term in Eq (12) is a correction for side wash while
the potential ¢ is found in the slot centerplane by integrat-
ing the momentum equation resulting in Eq (4). The frame
of reference (x,y,z) of Eq (12) is the local coordinate sys-
tem shown in Figure 6.




Copyright © 1998,

by the International Council of the Aeronautical Sciences (ICAS)

and the American Institute of Aeronautics and Astronautics, Inc.

ICAS-98-3,11,2.

The TSP method of Ref (17) was used to solve Eq (10). On
the test model the no-throughflow condition with correc-
tion for boundary layer on the wing surface is applied with-
in the theory of small perturbations.

Experimental setup

Wing-body test model

The considered swept wing-body test model is schemati-
cally shown in Figure 7. It has the full wing span of 0.4 m.
It has been tested in the rectangular TVM 500 test section
of cross section 0.5x0.5 m? and likewise in the test section
T1500 with cross section 1.5x1.5 m2. The average relative
wing thickness is about 9 %. The inner wing leading edge
sweep is 61.91° while for the outer main wing is 38.92 °.

stest bolic
0.2

.2 me
Xpoced & mm
16.6 mm on the
strakel

90

tronsition trips
on boih sides
of the wing

Dimensions in mm

Figure 7 Swept wing-body test model PT8-99.

Test sections and relative model size

The relative model size as well as the half slot width shape
in the TVMS500 and the T1500 test sections are illustrated
in Figure 8. The total wall ventilation in both test sections
was 8.5%. The test section area blockage ratio was 1.7 %
in the TVM500 while it was less than 0.2% in the T1500
test section. Both test sections were provided with 16 lon-
gitudinal slots with 4 on each wall. The slot width to slot
depth ratio was at the test model x-location about

a/l = 1.76. A schematic view of the cross section with slot
locations and active wall pressure tap rows are shown in
Figure 9. The TVMS500 had parallel walls while the T1500
had the top and bottom walls diverging with about 0.003
radians to account for the wall boundary layer growth. In

T1500 the model spanned-27% and in the TVM500 it -

spanned 80% of the tunnel width.

Computational Results

Calculated and measured effect of closing the side walls

To see the effect of closed side walls in the TVMS500 test
section reducing the total ventilation by one half, the slots
with numbers 5 to 8 were closed (see notations in Figure 9).
This resulted in two options with 16 slots distributed with

4 on each wall and 8 slots distributed only on top and bot-
tom walls with 4 on each.

Model PTS in TVMS00
Blockage area = 1.7%

Model PT8 in T1500
Blockage area = 0.2%

NN

Test section slot

T 1 -
o 0.5 X 1.0

. L
Relative model size of PT8-99 in
TVMS500 and in T1500 test sections; Slot
half width shape distribution, a/2.

Figure 8

L3

A .
Test section cross sectional view; Slot

locations 1-8 and pressure tap lines A,B,F .

Figure 9

In Figure 10 the calculated and measured wall Mach
number distributions are compared for the two options. The
Mach number is 0.9 and the angle of attack o=1°. The up-
per part of the figure is showing Mach along the centerline
B of the top wall and the lower part along the centerline of
the side wall at position F. The same trend is found both in
experiment and in calculations, the Mach number at the en-

trance is reduced while the maximum Mach number is in- - --

creased due to reduced ventilation. By reducing the
ventilation for roughly the same wall flux condition created
by the test model and about the same imposed plenum
Mach numbers, the pressure difference across the slots will
be increased due to decreased ventilation. As the crossflow
velocity Vinside the slot roughly is proportional to g/a, the
consequence of reducing the ventilation is very clear from
Eq (1) as a is the same at top and bottom walls while g is
increased due to the sealing of the side walls . Considering
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Mach at the entrance positions B and F for the case with
solid side walls, a spanwise Mach gradient becomes obvi-
ous in both experiments and calculations.
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Figure 10 Wall Mach number distribution at Mach

0.9, 0=1° in TVM500. Comparison for open
and closed side walls along postions B and F.
At the top of Figure 11 the differences between the slot
fluxes of slot number 2 can be seen. It confirms the previ-

ous discussion that closing the side walls increases the slot
fluxes.The plenum pressure surfaces are also shown with
and without closing the walls. It can be observed that the
lifting wing and its wake are turning the flow back into the
test section. A bubble of quiscent plenum air is expanding
into the test section from the rear part of the slot. Moreover,
in the closed side wall case the returning inflow is slightly
delayed compared to the open side wall case.
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Figure 11 Slot fluxes and plenum pressure surfaces
of slot No 2 with and without closing the side

walls in TVM500. Mach =0.9, o=1°.

From Figure 10 one can see that the calculation overpre-
dicts the local maximum wall Mach number along the side
wall at position F, where the wing tip is close to the wall.
The side wall is just 0.05 m away from the wing tip. The
reason for this overshoot can be the potential flow equation

" with the wing wake located in a fixed plane position not

separating or convecting naturally in the flow which should
be the case with e.g. an Euler equation solver. Moreover, if
there is a non-negligible aeroelastic twist it would relax the
tip load thereby reducing the wing tip influence on the side
wall.

Another feature that generally can be observed in the Mach
calculations on the wall is that at the location of the nose
part of the fuselage there is a tendency of a too quick local
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overexpansion recovery in Mach number compared to ex-
periments. Although there is a weak tendency of changing
convexity in the Mach distribution in this region even in the
experiments, the behaviour is too pronounced in the com-
putations. The reason for this can be a bad numerical rep-
resentation of the fuselage in this region, or the result of a
stiff modeling of the influence of the slot width gradient
da/dx in Egs (2), (3). This comes from the simplified cross-
flow massflow balance applied inside the slot where the
boundary condition for the solid slot sides implies the
terms with da/dx. An attempt to take into account also the
streamwise massflow influence did not give any visible im-
provement. The peculier Mach behaviour was also ob-
served in calculations presented e.g. in Ref (16) using a
somewhat different transonic small perturbation equation.
However, the solution to this seems likely to be revealed in
Figure 12. In this figure the freestream and the tunnel sim-
ulation with 16 slots show very close agreement regarding
the calculated wall Mach number M along the top wall, po-
sition B, of the TVMS00.

0.93 -
Freestream
________ 16 slots, open side
M 8 slots, closed side 4
R B
087 : _, 1107
00 07 14 X

Figure 12 Wall interference computed at top wall
along line B in TVMS500. Mach comparison:
Unbounded freestream, closed- and open

side walls. Mach 0.9, oo = 1°.

Hence, it can not be the slot flow model itself that is caus-
ing the local hump like behaviour located at the nose posi-
tion of the fuselage. The same behaviour at this location for
a completely different test model was in fact observed also
in Ref (16) , although the conclusion there was pointing at
the slot flow model. One likely explanation instead is that
the physical flow model in terms of the potential equation
is not sufficient to model the propagation of disturbances
originating e.g. from a relatively blunt nose. A better phys-
ical flow model would be to use e.g. the Euler equations.
This will be checked by running the freestream case with
an Euler solver. The Euler equations would also ensure a
natural convection and rolling up of the wing wake at the
wing tip and downstream of the wing under the influence
of the interacting walls. The present slot flow model has to
be used in formulating an outer pressure boundary condi-

tion over the wall strips, see Figure 6, in much the same
way as is presently done.

The computational input data for the Mach 0.9, a=1° case,
as illustrated in Figure 10, Figure 11 and Figure 12, were
given by the measured plenum Mach number M, for the
corresponding chosen reference Mach number M, labeling
the experiment. In principle, the relation between them
comes from empty tunnel calibrations. The slot flow vis-
cous loss factors used for all slots were n,=-78 and
ny =-87. They were estimated by making simple perturba-
tion analysis of the slot flow equations in the two distin-
guished points mentioned earlier in the section explaining
basic slot flow physics. A coupled two equation system
gave the results by matching computations to measured
wall Mach numbers along position B at the two mentioned
point locations. The same figures were then used for all
slots although this procedure could have been repeated. In
the TVMS500 testing the only active pressure taps were
along postions B and F. ‘

Comparison of calculations and measurements at Mach 0.8

Some further calculations were carried out to compare re-
sults with measurements at Mach 0.8. The wing pressure
tap stations active in the TVMS500 tests were at 60% and
92% of the half span of the wing.

Outboard at 92.5%

TVM 500
16 slots

1\%?.0

x/c
+ + =
— Calcfiner mash
............. Calc coarse mesh
Inboard at 60%
Calculations
with coarse
and finer

<o meshes.

—— Cak finer mash
Cakc coarse mesh

13 Calculated and measured wing pressure
in TVMS500 at half span stations 60% and
92.5% respectively. Mach 0.8, a=2°.

From the Cp-results of Figure 13 it is revealed that this
kind of relatively blunt nosed swept leading edge wing can
hardly be accurately modeled in the leading edge region.
The rectangular Cartesian type of grid as presently used is
not well suited. The thin wing boundary condition formu-
lation and the number of grid points used seem insufficient.
This also emhasizes the conclusion drawn in the previous
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section about the local over expanding wall Mach distribu-
tion above the fuselage nose. However, further down-
stream behind the wing leading edge the agreement is very
good between calculation and experiment. It was improved
by the inclusion of a wing boundary layer of classical inte-

gral type.

In Figure 14 the wall Mach number distribution of the
Mach 0.8 case, but now with angle of attack o= 4.89° , was
considered.
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M
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Wall Mach number in TVMS500 at
postions B and F with 16 slots.
Mach 0.8, o = 4.89°.

Figure 14

The quality of agreement between calculations and meas-
urements in Figure 14 is about the same as with the higher
reference Mach number shown in Figure 10. The local over
shoot expansion in the calculated wall Mach number where
the nose is ending and joining the cylindrical part of the fu-
selage is still there. Moreover, the strong locally computed
interaction on the side wall, where the local maximum
Mach number on the wall at position F is, has not changed.
However, it is somewhat weaker compared to Figure 10. In
the present calculations the tunnel setting was used as in the
experiment. The loss factors were the same as applied in
the previously presented Mach 0.9 run case. Perturbation
analysis of the slot flow equations with input from the
measured and calculated wall Mach numbers could have
given individual values for each slot although this analysis
was not carried out during this study. .

In Figure 15, Figure 16 and Figure 17 integrated forces are
compared. Connected symbols indicate calculations. The
same symbols are used for corresponding calculations and
experiments. In Figure 15 the lift C;(0) is shown for tests
in the TVM500 as well as in the T1500 and matched by
corresponding simulations and calculated unbounded
freestream case. Calculations were done up to about o = 5°.
Similar evaluations were carried out for the pitching mo-
ment C,, (C;) in Figure 16 and the drag CD(CLZ) in
Figure 17. Some experimental results are shown for o> 5°.

Exp T1500
Exp TVM 16 slots
1.0 5 X X ExpTVMSBslots
As——A  Calcfreestream
&~ Cale TVM 16 slots
H-—--—->¢  Calc TVM 8B slots

) a"’ 1do

Lift force Cp comparison vs angle of
attack o Calculations contra experiments in
T1500 & TVMS500. Number of slots in
TVMS00 is 16 and 8 respectively. In T1500
16 slots. Reference Mach 0.8 .

Figure 15

Looking at Figure 15 the computed lift force is in very
good agreement with experiments for all considered cases.
The T1500 data is in good agreement with calculated
freestream as it should be with the test-model being very
small in that test section. The known trend between a more
open and closed test section is computationally resolved in
the calculated results in the TVM500 with 16 slots and 8
slots respectively. It is encouraging that a big model in the
small TVMS500, blocking 1.7% of the cross section and
spanning the tunnel width to 80%, gives such close agree-
ment with the same model in T1500 where the blocking is
0.2% and the span is 27% of the width.

- In Figure 16 the pitching moment C,, versus Cy is shown. - -

The zero pitching moment at C;=0 is not well predicted in
the present calculations. However, it can be observed that
the static stability margin, dC,/dC;, is in rather good
agreement with experimental data. Here the case with 16
slots in the TVMS500 seems to give good agreement with
experimental data. The calculated freestream and the cal-
culated 16 slot TVMS500 case indicate only small differenc-
es in the slope dC, /dCy .




Copyright © 1998,

by the International Council of the Aeronautical Sciences (ICAS)

and the American Institute of Aeronautics and Astronautics, Inc.

ICAS-98-3,11,2.

X
'~ Calculation
+19%® ) ,,;,’g
20 - gi/’
Cn , % A Experiment
&
o O x
a "X
0.0 4 s 10
8% L N
& A A ExpT1500
S O ExpTvM 16 slots
x} X X ExpTVM 8 slots
A7 Calefresstream
S-S Cale TVM 16slats
PV — > Cale TVM 8 slots
-2.0 -
Figure 16  Pitching moment Cm vs C;. Calculations

contra experiments in T1500 & TVMS500.
Number of slots in TVMS500 is 16 and 8
respectively. In T1500 16 slots.
Reference Mach 0.8 .

Finally, in Figure 17 the drag results are shown and plotted
as Cp versus C; 2. The level of the computed zero lift drag
value is not representative as the friction drag is not includ-
ed. An estimate of the friction drag indicates a finally fric-
tion corrected zero lift drag value that is higher than the
measured with about 30%. This emphasizes the delicate ac-
curacy problem at wing leading edges and blunt nose tips
within the context of small perturbation modeling. Looking
at the slope dCp/dC; 2, which is connected with the lift de-
pendent drag, the computational simulation is in good
agreement with experiments. The experimental data is less
linear as function of C;? close to C 1=0 because the mini-
mum of the drag polar is shifted a bit outside the position
where C; =0. Regarding the slope dCp/dC LZ the calculated
freestream results agree very well with the tests in the
T1500. The computed case in TVM500 with solid side
walls agrees with the corresponding tests in the linear part
of the graph.

Comments on the results

Generally, the results from this study are encouraging and
it is interesting that models of this size as used in the small
TVMS500 did not experience more wall interference than
shown at the considered Mach number.

The slot flow model as used in this investigation works
properly. It can be improved on some points but it gives the
correct physical behaviour and the ide;a of discrete slot in-
teraction seems worthwhile to follow. Many aspects of the
integrated forces on the test model are computationally

Exp T1500

Exp TVM 16 slots
Exp TVM 8 slots
Calc freestream
. - Cale TUM 16slots
Cale TWVM 8 slots

0.0 0.125 . 02s

Figure 17 Drag Cp vs C;? . Calculations contra
experiments in T1500 & TVM500. Number
of slots in TVMS500 is 16 and 8 respectively.

In T1500 16 slots. Reference Mach 0.8 .

well described using the small perturbation equation in the
considered test cases.

However, there are latent problems with locally blunt con-
figurations where the small perturbation assumption breaks
down. This needs further attention in terms of grid resolu-
tion, gridpoint distributions and the way of how the bound-
ary conditions on the test model are being applied. A
sheared Cartesian or a body conform grid would probably
improve on the situation.

The complexity in terms of computer resources and CPU
time will increase by switching over to e:g. the Euler equa-
tions inside the test section. For complicated flows this is
likely to be necessary. Trailing wakes behind wings will
then naturally convect and separate under the influence
from the test section walls.
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Conclusions

The present siot flow model seems to be accurate enough
for discrete slot applications in rectangular slotted-wall test
sections. It is suitable for repeated use forming an iterative
numerical boundary condition to the inner field equation
describing the flow around the test object. For less complex
flows or qualitative investigations, it may be sufficient to
use the small perturbation equation solved on a Cartesian
grid inside the test section. From many aspects good results
have been shown in this study. An encouraging finding
from the present investigation is the indication of correcta-
bility for wall interference even for models spanning up to
80% of the width of the test section.
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