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NOMENCLATURF

M free-stream Mach number
p pressure, N/m?2
dynamic pressure, N/m?
R porosity parameter
ke Reynolds number
T temperature, K
v,V velocity, m/sec
14 mean crossflow velocity, m/sec
D! fluctuating component of crossflow velocity, m/sec
B yr-n?
A incremental change in quantity following, as in Ap
§* displacement thickness, m
p density, kg/m3
Subscript
e plenum chamber
s surface of wall model
Y direction normal to wall models
© free stream
+ total



AN EXPERIMENTAL INVESTIGATION OF BOUNDARY LAYER AND
CROSSFLOW CHARACTERISTICS OF THE AMES 2- BY 2-FOOT
AND 11- BY 11-FOOT TRANSONIC WIND-TUNNEL WALLS
Gerald E. Matyk* and Yasunori Kobayashi*

Ames Research Center
SUMMARY

An experimental investigation of the boundary layer and crossflow charac-
teristics of the Ames 2- by 2-Foot and 11- by 11-Foot Transonic Wind-Tunnel
wall configurations has been performed for Mach numbers ranging from 0.5
to 1.2 and for various crossflow to free-stream unit mass~flow ratios

(pv)y/(pu)w-

For the 2- by 2-ft and 11- by 11-ft wall configurations, these ratios
ranged from O to 0.12 and from O to 0.07, respectively. Most notably, for
both wall configurations, the pressure-drop coefficient across the wall was
nonlinear with mass flow and invariant with Mach number.

INTRODUCTION

A most difficult and continuing problem in wind-tunnel testing 'is that
of correcting for the wall-interference effects. Theoretical analyses of
average boundary conditions representing a partly opened surface have been
developed by many authors. These analyses are based on the concept of an
equivalent homogeneous-boundary close to the actual wall, and on the assump-
tions of potential flow and small velocity perturbations near the wall
(refs. 1 through 5). But these theoretical models are sometimes unrealistic
for practical flowfield conditions, even when the effects of viscosity are
known from experiment (ref. 6). Some nonlinear inviscid treatments of the
flow near the surface have been proposed in the case of a simple slotted wall
(ref. ]) as an improvement over the linear theory. In reference 8, corrections
for lift and blockage interference are established for porous tunnels of
various cross-sectional shapes, and for both two- and three-dimensional flows.
These theoretical results, however, need to be evaluated further by experi-
mental evidence before they are used generally in wind-tunnel testing.

On the other hand, numerous experiments have been conducted to develop
optimum slot or porosity distributions for designing minimum interference
tunnel-wall configurations. Most of these studies have concentrated on
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wall-interference effects on the flowfield around, and forces on, the model
installed in the center of the test section. These experimental results have
made a general contribution to the development and improvement of testing in
transonic wind tunnels (refs. 9-11). However, there is still a need for fur-
ther study of the fundamental features of flowfields near porous surfaces in
order to solve the basic problems in predicting wall-interference effects.
These problems include the behavior of boundary-layer flows and their effect
on crossflow characteristics, the resistance to crossflow through the wall,
the existence of equivalent homogeneous boundary conditions, and shock-wave
and boundary-layer interactions at the wall.

The purpose of this experiment was to perform a detailed flowfield survey
near a slotted wall surface, with the intention of obtaining basic information
about the boundary-layer and crossflow characteristics. Two wall configura-
tions were chosen similar to those of the Ames 2- by 2-Foot, and 11- by 1l1-Foot
Transonic Wind Tunnels. The final aim of this experiment was to apply the
results to the modeling of the boundary condition for use in predictions of
wall-interference effects in these tunnels.

EXPERTIMENTAL APPARATUS AND INSTRUMENTATION

2- by 2-Foot Transonic Wind Tunnel

The experiment was conducted in the Ames 2- by 2-Foot Transonic Wind
Tunnel, in the Mach number range 0.5 < M, < 1.2. The tunnel is of the
variable-pressure, closed-circuit, continuous-~flow type. The tunnel walls
have longitudinal slots which contain crisscrossed baffle plates (fig. 1),
designed to prevent flow recirculation within the slots. Throttle bars behind
the slots permit a variation in the effective open area ratio of the walls
from 0 to 20.8%. 1In the present experiment, the throttles were in the closed
position so that the floor, ceiling, and one side wall were completely closed.

The other side wall consisted of a panel frame that was originally
designed for the study of the influence of the turbulent boundary layer on
panel flutter (ref. 12). The frame contained an opening, 0.279 by 0.508 m
(11 by 20 in.) in size, within which were mounted samples of two transonic
wind-tunnel walls for testing in the present experiment (fig. 2). The upstream
portion of the frame consisted of a splitter plate with a sharp leading edge
(fig. 2). The entire frame could be moved from a flush position with the
tunnel wall to a maximum distance of 0.051 m (2 in.) into the mainstream,
thereby controlling the boundary-layer thickness on the wall models.

A sealed rectangular plenum chamber 0.229 m (9 in.) wide, 0.508 m
(20 in.) long, and 0.203 m (8 in.) deep was attached behind the panel opening.
The chamber was connected to a suction pump by a hose containing an orifice
meter. A schematic of the test apparatus is shown in figure 3, and a photo-
graph is shown in figure 4.



Wall Models

The two rectangular wall models were machined from an aluminum alloy
plate. One model was of the same geometry as the slotted walls of the
2- by 2-ft wind tunnel, with an open area ratio of 20.8% (fig. 5(a)). The
other model was of the same geometry as the wall of the 11- by 1ll-ft wind
tunnel, which has a fixed porosity of 5.6%, except that the distance between
slot centers on the model was one-half that of the actual wall (fig. 5(b)).
Crossflow characteristic curves, that is, plots of Ap/q versus (pv) /(pV)w,
of the actual 11- by 1l1-ft wall geometry were obtained by taping over
alternate slots of the wall model. Note that, in figure 5, the flow direc-
tion is parallel to the longitudinal axis of the slots for both wall models,
but the slot length of the 11- by 11-ft model is shorter than that of the 2-
by 2-ft model.

Instrumentation

A copper-constantan thermocouple was supported from the side wall of the
panel plenum chamber to obtain the total temperature (fig. 3). Streamwise
static pressure distributions were obtained from a survey tube that extended
through the length of the test section at a distance of 0.305 m (12 in.) from
the side wall. The static pressure inside the plenum chamber was measured by
means of a tube extending through the back wall of the chamber (fig. 3).

A total of 18 static pressure orifices were installed in the surface of
the 11- by 11-ft wall model, and 20 in the 2- by 2-ft model, to measure the
surface pressure distribution. The locations of these orifices are shown in
figure 6, and a photograph of the 11- by 11-ft model is shown in figure 7.

Three retractable boundary-layer total-pressure probes were used, with
locations upstream of the panels, on the panel slots, and downstream of the
panel slots (fig. 6). Boundary-layer displacement thicknesses were calculated
using the measured total pressures, wall static pressures, and free stream
total temperature.

A thin-plate orifice meter, designed according to the ASME Standard
(ref. 13) for measuring mass-flow rates, was used to measure the mass flow of
the air across the panels. The total temperature used in the calculations
was that measured in the plenum chamber.

Another type of total pressure probe (fig. 8) was used to survey total
pressure distributions across the exit of the slot in the plenum chamber.
The probe tip was 0.127 mm (0.05 in.) from the slot exit, and measurements
were made at three streamwise stations. However, because of the instrumenta-
tion error involved, these measurements could not be used for the calculation
of crossflow velocities, as explained in the section '"Crossflow Through the
Slots."

A hot-wire sensor with a wire diameter of 5 um and a length of 0.8 mm
(0.0315 in.) was also mounted on the traversing mechanism for measuring mean



velocity distributions and fluctuations of crossflow behind the slot. A
constant-temperature-type anemometer (DISA-55M model) was used.

At each test condition, measurements were taken with the above apparatus
for various values of free-stream Mach number and crossflow to unit mass-flow
ratio (pv),/(pV)sw. Both static and total pressures in the tunnel as well as
the reference pressure, that is, the free-stream static pressure at the posi-
tion of the wall model, were measured with absolute-pressure-sensing, mercury-
servomanometer followers. All other pressures were connected to conventional
strain-gauge-differential-type transducers. Positions of the slot probe and
those of the boundary-layer probes were detected by potentiometer systems.

Maximum expected instrumentation errors in the manometer followers and
pressure transducers were *34.5 N/m? (0.005 psi) and +138 N/m2 (0.02 psi),
respectively. The potentiometer system could locate the positions of the
probes to within an error of 0.51 mm (0.02 in.).

EXPERIMENTAL RESULTS AND DISCUSSION

Boundary-Layer Characteristics of the Wall Models

Boundary-layer displacement thicknesses 8%, calculated using the boundary-
layer probe data at the three locations on the wall and the free-stream total
temperatures, are given in figures 9-12., The data are presented for the
2- by 2-ft wall model and for both the taped and the untaped versions of the
11- by 11-ft model. These models had open area percentages of 20.8, 5.6,
and 11.2, respectively.

In figure 9, 8* is shown as a function of free-stream Mach number for the
case of zero auxiliary suction. From probe 1 data, it can be seen that, in
the Mach number range from 0.5 to 1.2, 8* does not vary significantly upstream
of the model. Likewise, from probe 2, the same is seen to be true along the
solid slots. Along the slots, however, beginning approximately at M, = 0.8,
there is an increase in §*. This is most obvious for the 2- by 2-ft model,
for which probe 3 was immediately downstream of the center slot. It is
believed that this increase in 6* is caused for the most part by an aspirating
effect occurring in the plenum behind the wall model. Due to the boundary-
layer buildup along the surface of the wall model, there exists a longitudinal
pressure gradient whereby, for subsonic flow, the tunnel static pressure is
lower at the downstream end of the models. This induces a flow from the down-
stream end of the model plenum into the mainstream, which in turn causes a
flow in the reverse direction at the upstream end of the wall model. The
outflow from the plenum naturally causes a thickening of the boundary layer at
the downstream end of the models, and this effect is greatest at the higher
subsonic Mach numbers. When the free-stream flow is supersonic, air is forced
into the upstream end of the model plenum as a result of the high-pressure
area present there due to pressure waves emanating from the '"viscous ramp" at
the wall. This air must exit the plenum at the downstream end, again causing
a thickening of the boundary layer at that point. Thus, when little or no



auxiliary suction is applied from behind the wall model, the probe at the
downstream end of the model indicates values of &* that cannot be attributed
to the natural growth of the boundary layer along the wall. In the case of
the 11- by 11-ft wall model, the shorter slot length would tend to lessen the
magnitude of this effect because the pressure gradient along the model is
smaller. In addition, probe 3 was considerably further downstream from the
trailing edge of the slots of the 11- by 11-ft model (see fig. 6), at which
point the effect would not be felt as strongly.

It can be seen from figure 9 that, for zero mass flow across the walls,
8% is greater over the slots than over the slats. On the 2- by 2-ft wall,
for example, 8* is roughly 507% greater over the slots than over the slats at
low Mach numbers, allowing for the slight difference in the axial locations
of probes 2 and 3. One would expect, however, that for a fixed M_, the ratio
of 8* on the slot to §* on the slat will vary along the axis of the tunnel,
since the two boundary layers will grow at different rates. Hence, these &%
values are only representative of one axial location in the actual tunnel.

Comparing the boundary layers on the two panels at probe 2, one can see
that on the 2- by 2-ft panel, &* has increased considerably from its value at
probe 1 upstream, whereas there is essentially no change on the 11- by 1l-ft
panel. On the 2- by 2-ft panel, probe 2 was located at a lateral distance of
1.6 slot widths from the two adjacent slots, whereas on the 11- by 1l-ft panel
the corresponding distance was 3.1 slot widths. Consequently, the boundary
layer at probe 2 was more strongly influenced by the slots on the former panel
than on the latter. In addition to this, probe 2 was located further down-
stream of the leading edge of the slots of the 2- by 2-ft model, which could
also account for some of the difference between the measurements on the two
wall models. It is expected that, at the location of probe 2, 8* should be
the same for both the untaped and the taped versions of the 11- by 11-ft wall,
since neither is affected by the adjacent slots. This is verified by compar-
ing figure 9(b) and 9(c). Again, the lateral extent of the influence of the
slots is probably a function of the length of the slots and the above discus-
sion pertains only to a fixed longitudinal location.

Figures 10 through 12 show the effect of mass-flow removal on the
boundary-layer displacement thicknesses for the three wall models. It is seen

at once that the displacement thickness
unaffected by mass-flow ratios as large
number (figs. 10(a) and 1l1l(a)). At the
there is still very little variation of
For the 2- by 2-ft panel, §* at probe 2
approximately 2% mass flow (fig. 10(b)).

at probe 1 upstream of the models is

as 10%Z and does not vary with Mach

location of probe 2 on the model slats,

8* with M, for all mass-flow ratios.

is reduced to its upstream value at
For the 11- by 11-ft panel, &* at

probe 2 is essentially the same as upstream of the panel, and there is not

much reduction even at very high values
(figs. 11(b) and 12).

(=10%) of the mass-flow ratio

At the location of probe 3, downstream of the slots of

the wall models, there appears to be considerable variation in 6* with M_, but
only at the lower values of (pv)y/(pV)m (figs. 10(c) and 11(c)). However, as
discussed above in connection with figure 9(a), these large values of §" are
attributed in part to an aspirating effect occurring in the plenum behind the
wall models; they are not indicative of the actual boundary-layer growth



along the walls. When the auxiliary suction is increased to approximately 2%,
the aspirating effect is suppressed, eliminating the variation in &* with M_
at a fixed value of (pv),/(pV),. Nevertheless, it is still evident that &*
initially decreases quite rapidly with increasing (pv)y/(pV)°° achieving its
upstream value at an outflow ratio of approximately 2%.

The effect on the boundary layers of moving the side wall into the
mainstream by 0.035 m (1-3/8 in.) is also shown in figure 10. Bypassing the
side-wall boundary layer of the tunnel reduced the value of &% upstream of
the wall models by approximately 75%, from &§* = 4.06 mm (0.16 in.) to
§* = 1.02 mm (0.04 in.) (see fig. 10(a)). Immediately downstream of the slots,
however, &* did not change significantly because of the panel displacement
(fig. 10c). Thus, probe 3 was sufficiently far downstream of the leading
edge of the 2- by 2-ft wall model to be unaffected by the boundary layer of
the tunnel itself. Probe 2, on the other hand, was affected since a reduction
in 6* of 40 to 50% occurs there as a result of the panel displacement
(fig. 10b). This fact has a direct bearing on the ratios of &% on the slot
to 8% on the slat discussed previously; however, the basic trends remain the
same.

Regarding all of the boundary-layer characteristics discussed above, it
must be remembered that the wall models of the present investigation are not
of the conventional open-slotted type. The rapid rate of growth of the bound-
ary layer over the slots is, in particular, attributed to the geometry of the
inserts in the slots. Since in an open-slotted tunnel the streamwise velocity
in the slots is not zero, the boundary layer on such a wall differs from those
of the present experiment. On the other hand, it is expected that a slotted
wall having perforated cover plates would have boundary-layer characteristics
similar to those discussed here.

Main Flowfield Static Pressure and Model Surface Pressure Distributions

Distributions of static pressure p in the free stream and model surface
pressure p, along the free-stream direction are shown in figures 13 and 14.
It is seen that the static pressure in the test section of the tunnel was very
uniform when the splitter plate was flush with the side wall. For M < 0.85,
the deviations from the mean static pressure were on the order of 0.1%, which
is about the same as the instrumentation error involved. During these
measurements, the survey tube was located along the longitudinal axis of the
tunnel, at lateral distances of 20 and 26 slot widths from the 11- by 11-ft
and the 2- by 2-ft models, respectively.

The model surface pressures shown in figures 13 and 14 were measured at
pressure taps along the slat centerlines (see figs. 6(a) and 6(b) for details).
It can be seen that, for crossflow mass-flow ratios of 3 and 4%, the surface
pressure distributions along the models were quite uniform and only slightly
lower (=700 N/m? or 0.1 psi) than the free-stream static pressure.

When the splitter plate was moved into the free stream approximately
0.05 m (2 in.), a pressure gradient occurred along the flow direction
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(figs. 15 and 16). This gradient amounted to a decrease in static pressure of
approximately 7% over the length of the 2- by 2-ft model at M = 0.7, and only
1% over the shorter 11- by 11-ft model at M, = 0.5. Although p was not mea-
sured far enough downstream to detect the pressure recovery, calculations
confirm that the pressure gradient was caused by the reduction in the cross-
sectional area of the test section. As mentioned previously, the slots in the
ceiling and floor of the tunnel were closed.

Surface pressures on the slats of the wall models along a line transverse
to the free-stream direction are shown in figures 17 and 18. These pressures
were slightly lower than the free-stream pressure and were essentially
uniform. Only in the near vicinity of the slots did the values of pg fall a
few percent. However, the static pressure distributions indicate that some
wavy disturbances become prominent in the transonic range, especially in the
case of the 2- by 2-ft model. At M, = 1.2, the static pressure deviation
across the slat of the 2- by 2-ft model is approximately 2.5% of the mean
(fig. 18).

Crossflow Through the Slots

Crossflow characteristics curves for the three wall models are presented
in figures 19 through 21. Only the portions of the curves corresponding to
outflow are presented, since the present investigation had no provision for
blowing air from the plenum into the mainstream. Generally, the slopes of
such curves are less for inflow than for outflow, that is, the tunnel walls
are effectively more open to inflow than to outflow. The reason for this is,
of course, that in the case of outflow, the mainstream (which has its
momentum essentially parallel to the tunnel walls) must be made to turn in a
direction normal to the walls. The air in the plenum, on the other hand, is
basically in a state of stagnation and hence can be directed more readily
through the walls.

The porosity parameter of a porous wall R is an empirical value related
to the effective porosity of the walls, taking into consideration open area
ratio, hole-size-to-wall-thickness ratio, boundary-layer displacement thick-
ness, etc. In the analytical study of the average boundary conditions for
perforated walls, and slotted walls with viscous effects in the slots
included, the porosity parameter is defined as

CEACI M

R =2 T,
For a completely closed wall, R = 0, whereas for a freejet, R - ». For

porous walls the assumption is made that the characteristic curve is linear,
in which case the porosity parameter is obtained from its slope. However,

it is well known that the characteristic curves of porous walls are nonlinear,
and so one must choose a slope that most closely fits the characteristic curve
in the regions of outflow and inflow corresponding to the actual conditions

in the tunnel during testing. Thus, there exists the need to measure the
local pressures along the tunnel walls during model tests and then to choose



from this a "weighted" value of the local slopes of the characteristic curve
pertaining to the measured pressures. Unfortunately, the method for
"weighting'" the slopes of the characteristic curves is yet to be established,
and so the procedure for obtaining the porosity parameter of a porous wall
from its characteristic curve is somewhat unresolved.

It has been shown (ref. 11) that much of the nonlinearity of character-
istic curves of perforated walls is eliminated if §* is maintained constant
for the curve. Thus, for a given wall geometry, one might obtain a different
value of R for each value of §*. However, during actual model tests, &*
varies along the walls of the tunnel, being relatively larger at locations of
local inflow and much smaller at locations of local outflow. Thus, there
still exists the basic problem of finding a method for determining a weighted
average of the various R values which represents the gross effect of total
boundary. In reference 14, a method is developed whereby the entire upper
wall of a two-dimensional tunnel is assumed to be experiencing inflow and the
entire lower wall outflow; two separate porosity parameters are employed in
the interference corrections, one for each wall. While this method is limited
to only two values of R, as opposed to a weighted average of several, it
appears superior to the classical method of using a single value of R for the
entire tunnel, and is thus a very good step in the right direction.

In the present investigation, the porosity parameters corresponding to
2% outflow have beén determined from the curves in figures 19 through 21,
and they are presented here for the sake of comparison:

R ., = 1.1
2%x2, 20.8%
R ., = 0.41
11%X11, 11.2%
R = 0.14

11x11, 5.6%

Note, however, that for the two 11- by 1ll1-ft panels, these values of R are
only approximately indicative of the porosity parameters of the actual wind-
tunnel walls. The reason is that, since crossflow characteristics of porous
walls are highly sensitive to boundary-layer displacement thickness,1 one
must take care to match the boundary layer on the wall model to that of the
actual tunnel. While the boundary layer of the 2- by 2-ft tunnel has been
fairly well duplicated in these model tests, the boundary layer on the 11- by
11-ft model was considerably thinner than in the actual tunnel. Since a
thinner boundary layer has the same effect as a decrease in porosity, the
values of R for the 11- by 11-ft panels may be somewhat small, that is, the
effective porosity of the actual 11- by 1ll1-ft wall is somewhat underestimated.

Two features of the characteristic curves in figures 19 through 21 are
immediately apparent. TFirst, there is essentially no effect of change in

1See, for example, references 10 and 11.
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Mach number on the slopes of the curves. This means that the interference
factors? for 1lift and blockage, which are functions of B/R, vary with Mach
number for the wall geometries of the present investigation. This is gener-
ally the case for all perforated and slotted walls. Secondly, there is only
a small effect on the crossflow characteristics of displacing the splitter
plate out into the free stream, thereby reducing the boundary layer on the
wall models (fig. 19). However, as mentioned above, the boundary layer is
known to have an important effect on the crossflow performance of perforated
walls. This apparent contradiction can be explained if it is noted that the
change in displacement thickness §* over the slots because of movement of the
splitter plate was much less than the change in 8* over the slats (see

fig. 10). Thus, the effective change in the boundary layer on the wall models
because of movement of the panels into the free stream was small; therefore,
one would not expect to see a significant change in the crossflow character-
istics of the models.

Mean velocity distributions of crossflow measured by a hot wire anemom-
eter just behind the slot of the 2- by 2-ft model are shown in figure 22. The
peak crossflow velocity is seen to vary from U = 9 m/sec (29.5 ft/sec) at
M, = 0.8 to U = 22 m/sec (72 ft/sec) at M, = 0.9. The ragged shape of these
velocity profiles is attributed to the baffles in the slots.

The root-mean-square values of the fluctuating component of velocity
(/5'2) parallel to the mean crossflow velocity ¥ were also measured by a hot

wire for the 2- by 2-ft model. The distribution of the ratio (5'2) /v is

shown in figure 23. According to these hot-wire measurements, the fluctua-
tions in crossflow exceeded 30% of the mean crossflow velocity. These values
are excessively large compared to those in a turbulent jet or in pipe flow,

and further investigation is required in this area. Recent work (ref. 15) has
shown that for the Ames 11- by 11-ft wall configuration, organ tones associated
with the slot-baffles are responsible for a significant amount of noise in the
airstream. Because the 2- by 2-ft wall is similarily baffled, it is conjec-
tured that these fluctuations in crossflow are attributable to organ tones.

Total pressure distributions across the exit of the slots of the wall
models were acquired with a traversing probe located in the plenum. From
these distributions, an attempt was made to calculate the crossflow velocities,
using the difference between the total pressures in the slots and the static
pressure in the plenum. However, it was found that, for small crossflow
velocities, this difference was generally as small as the instrumentation
error of the pressure sensor, *138 N/m? (0.02 psi). Hence, these results are
not presented in the present report.

2
See reference 8 for a discussion of interference factors.



CONCLUDING REMARKS

The present investigation was a preliminary step in the study of wall
interference on a particular type of transonic wall, that is, a slotted wall
with baffle plates in the slots. Two wall models were constructed having
the same geometries as the Ames 2- by 2-Foot and 11- by 11-Foot Transonic Wind
Tunnels, respectively. The wall models were inserted in the side wall of the
Ames 2- by 2-ft tunnel to investigate boundary-layer and crossflow character-
istics. The results obtained from this investigation are as follows:

1. For the case of zero mass flow across the walls, a thick boundary
layer exists in the region of the slots, with a displacement thickness approx-
imately twice as large as that at the centerline of the solid portion between
the slots. When auxiliary suction was applied from behind the walls, the
boundary layer over the slots decreased rapidly. With a wall-to-free-stream
unit mass flow ratio of (pv),/(pV), = 0.02, the boundary-layer displacement
thickness over the slots and over the slats was essentially equal.

2. For the Mach number range from 0.5 to 1.2, 8* was essentially
invariant with Mach number over the slats of the walls for zero mass outflow.
Along the slots there was observed an increase in §* beginning approximately
at M, = 0.8, but this increase is attributed to an aspirating effect occurring
in the plenum behind the wall models.

3. The effect on the model boundary layers of moving the models into the
free stream away from the tunnel wall boundary layer was found to be very
small in the vicinity of the slots where the boundary layer was primarily
influenced by the disturbances in the slots. As a result and contrary to what
was expected, there was only a small change in the crossflow characteristics
of the models because of the splitter plate movement.

4. The static pressure along the tunnel centerline was very uniform for
both wall models. Deviations from the mean pressure were of the order of 0.17
at lateral distances of 20 and 26 slot widths for the 11- by 11-ft and the
2- by 2-ft models, respectively.

5. Crossflow characteristic curves of the wall models resulted in
porosity parameters of R = 1.1 for the 2- by 2-ft model (20.8% porosity) and
R = 0.14 for the 11- by 1l1-ft model (5.6% porosity). The porosity parameters
were independent of free-stream Mach number. Consequently, the interference
factors, which depend on B/R, vary with M_ for the wall configurations tested.

6. Peak crossflow velocities increased from V, . = 9 m/sec at M, = 0.8
to Vpgre = 22 m/sec at M, = 0.9, even though the ratio of wall-to-free-stream
mass flow per unit area decreased at a fixed auxiliary pump speed. Hot-wire
measurements indicate very high fluctuations in crossflow velocity parallel
to the mean crossflow velocity.

As a result of the present study, it has been determined that further
investigations should be made to get a more complete understanding of the

10



boundary conditions near the type of slotted wall described herein. 1In
particular, it would be desirable to perform a similar experiment using
traversing rather than fixed boundary-layer probes, measuring the boundary-
layer growth along the slots and slats and the variation in boundary layer
transverse to the flow. The development of hot-wire anemometry for crossflow
measurements is desirable in order to get more detailed information on the
turbulent flows across the walls and their effect on the wall crossflow
characteristics. The crossflow velocity should be measured at several
streamwise stations along the slots, especially near the downstream end,

to determine the distribution of flow removal. Detailed surveys of pressure
and flow angles near the walls should also be conducted to determine the
extent of three-dimensional flow patterns near the slots.

Finally, to derive more beneficial information from characteristic curves
of porous walls, a method needs to be developed for choosing an "average"
porosity parameter that accounts for both inflow and outflow through tunnel
walls during model testing. Such a method may well involve measurement of
the conditions at the tunnel walls during actual model tests.

Ames Research Center

National Aeronautics and Space Administration
Moffett Field, Califormnia 94035, June 24, 1977
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78 W2 YA Y YN

Figure 1.- Slotted walls of the Ames 2- by 2-Foot Transonic Wind Tunnel, with
baffle-plate inserts.
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(a) 2- by 2-foot model.
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Figure 5.~ Sketches of the two wall models.
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Figure 8.- Total pressure probe tip for pressure measurement behind the slot.
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Figure 9.~ Boundary-layer displacement thickness vs free-stream Mach number
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Figure 11.- Boundary-layer displacement thickness vs mass outflow ratio
for 11- by 11-ft panel (11.2% open).
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Figure 17.-.Surface pressures on the 11- by 1l1-ft model transverse to
free-stream direction.
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Figure 18.- Surface pressures on the 2- by 2-ft model transverse to
free-stream direction.
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Figure 20.- Crossflow characteristics of 11- by 11-ft panel (5.6% open).
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Figure 21.- Crossflow characteristics of 11- by 11-ft panel (11.27% open).
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Figure 22.- Velocity distribution of crossflow across the slot exit of

the 2- by 2-ft model by hot-wire measurement.
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Figure 23.- Fluctuation of crossflow in the 2~ by 2-ft model slot by
hot-wire measurement.
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