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/ ABSTRACT

4é(xperimental studies of a two and a three-dimensional low speed
turbulent boundary layer were conducted on the side wall of the University
of Maryland Boundary Layer Wind Tunnel.) The 20 ft. long test section, with
a rectangular cross section measuring ;2.5 in. x 46 in., produced a 3.5 in.
thick turbulent boundary layer atﬁa“f}ee stream Reynolds number of 3.15
X 105/ft; The three-dimensicﬁél turbulent boundary layer was produced by
a 30b swqg;_wing-liké ﬁodel faired into the side wall of the test section.

(_Preliminary studies in the two-dimensional boundary layer indicated

that the flow was nonuniform on the 46 in, wide test wall. The nonuniform

boundary layer is characterized by transverse variations in the wall
shear stress and is primarily caused by nonuniformities in the inlet damping
screens.
Over the 15 in. span of a special transverse device, the local skin
friction coefficient varied (at discrete locations) 29% about a mean. Trans-
verse variations in the flow velocity, yaw, pitch and turbulence intensity
were also measured in the boundary layer at set distances above the wall.
Measurements with a pitch probe revealed the presence of a vortex-like flow
to exist above the edge of the boundary layer at two locations along the 15 in.
traverse line.  This structure occurred above both test walls and appeared
to be symmetricgl about the center plane of the test section. The apparent
origin of the voytex-like flow was traced to imperfections in the next to the i
last of five inlet damping screens where the weave was very slightly closer
together. = These imperfections existed in two small "bands', each about 0.4
in. wide, that extended across the entire width of the inlet screen. An
analysjs of the data suggests that the wakes produced by these -imperfections
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'"bands'' tend to roll up into trailing vortices which occur on both sides
of the center plane of the test section.

A second traverse device was used to make surveys through the boundary
layer at select stations along the transverse survey line. Surveys made
with a yaw probe and pitch probe indicated the presence of a definite type
of directional structure in the nonuniform turbulent boundary layer.

The transverse traverse device was also used to survey the three-dimen-
sional flow field downstream of the wing-like model. These measurements
indicated that the presence of the wing model tended to amplify the nonuniformi-
ties in the boundary layer.

Only one representative set of boundary layer surveys were made in the
three-dimensional flow at a station 0.5 in. behind the trailing edge of the
wing model. Surveys with a yaw probe indicated a maximum cross flow of 22.4°
to occur in the nominally 4.0 in. thick boundary layer. Measurements with
the pitch probe showed the flow to be pitched toward the wall by over 4.7°
in the boundary layer at about 1 in. above the wall. Static pressure measure-
ments indicated a decrease in the static pressure of 5.5% of the free stream

dynamic pressure in going from the surface to a point 6 in. off the wall.
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. NOMENCLATURE
9 B = barometric pressure in mm Hg, constant in King's law :
E i C, = calibration constant for angular response of pitch and
1 B 3-tube probes :
b | Ce = skin friction coefficient
4L | Ck = calibration constant for static disk probe
; PP
4 ? ] C = 5 _ref static pressure coefficient
4 ' ) qref
E | CRe = Reynolds number correction coefficient
E D = external diameter
|
] e = external width of rectangular pitot tube
H = external height of rectangular pitot probe
4 h = speed setting in inches of DC-200 silicon oil, internal
2 height of rectangular pitot probe
A .
3 K = correction factor to dynamic pressure measured by side
3 tubes of pitch probe (K = 0.54)
1 | % = distance measured along tunnel G, from start of test section
E ) P = pressure
g AP = differential pressure
4 Apsides = differential pressure measured across the side tubes
of the 3-tube probes or pitch probes
g )
'i Apuncorrected = pressure differential of pitot probe uncorrected for
3 viscous effects
A - Pd = pressure measured by static disk probe
i pref = reference static pressure
PS = static pressure
PT = total pressure

1
i q = ipU

2 - dynamic pressure
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3 E Uref = reference dynamic pressure
? q, = local free stream dynamic pressure
| %% = gradient of q through boundary layer
| Re = unit Reynolds number (£t 1)
3 s.g. = specific gravity
' Ty = dry bulb temperature
|
; Tm = temperature of monometer fluid
- 4 = wet bulb temperature
U = total velocity
Ue = velocity at edge of boundary layer
Uref = reference velocity measured by reference pitot-static probe
US = streamwise component of velocity in the 3-DTBL
U, = local free stream velocity
J
] u+ = U/uT = velocity in wall coordinates
1
u = /b/rw = friction velocity
Au = wall proximity correction 3
W = cross flow velocity component, specific humidity
X = longitudinal (streamwise) coordinate, coordinate parallel
! to centerline of test wall, distance measured (parallel
a3 to test wall centerline) from diagonal line passing
1 through pressure taps no. 22 and 5 on aluminum wall 3
' y = coordinate normal to test wall, distance measured
F from test wall outward through boundary layer
by
b e = effective center of pitot tube 3
y u
2 y+ = L = distance in wall coordinates
» v
“3* Z = transverse coordinate normal to x-y plane, distance
| measured from center line of test wall
3 Zg = distance measured from centerline of test wall along a 3

line parallel to the trailing (leading) edge of wing model
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| 6 = longitudinal turbulence intensity
L ' e
a = cross flow angle measured relative to centerline
of test wall
B 1 B = pitch angle
| f S = boundary layer thickness
o u = viscosity of dry air
=
4 v = Kinematic viscosity
) o =a density of (humid) air
og = density of DC-200 silicon oil used in micromanometers
T = local wall shear stress
) Q = resistance in ohms
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I. INTRODUCTION

This report presents the results of an experimental study of a two
and a three-dimensional low speed turbulent boundary layer. In the way
of introduction, a short description of the three-dimensional turbulent
boundary layer (3-DTBL) will first be given. Following this, a brief
review of past studies of 3-DTBLs will be made. Finally the scope of the

present study will be indicated.

A. The Three-Dimensional Turbulent Boundary Layer

The three-dimensional turbulent boundary layer represents a general
class of viscous flows that include the two-dimensional turbulent boundary
layer (2-DTBL) as a special case. The 2-DTBL has been studied in far
greater detail than the general 3-DTBL because of the reduced number of
variables required for the 2-D case. Fortunately, many practical engineering
problems can be solved by applying the well developed 2-D techniques.

However, many problems remain which must be treated by a 3-D analysis. Some
of the techniques recently developed for 3-D flows will be noted in the next
section. First, however, the 3-DTBL will be described in more detail.

The 3-DTBL is characterized as a boundary layer flow which has both
streanwise and cross-flow mean velocity components. Three-dimensional boundary
layers can either be skewed or collateral. The direction of flow varies
through the skewed boundary layer and the velocity profile is contained in a
twisted plane (fig. 1b). By contrast, the velocity profile of the 3-D colla-
teral boundary layer lies in a plane normal to the surface. This type of boundary

layer occurs for example in the diverging flow on a cone at zero angle of attack.
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The two-dimensional boundary layer i: at times also referred to as a
} | collateral flow, but the velocity components in this case are aligned in

b | the streamwise direction (fig. la).
B. Past Studies of the 3-DITBL

In recent years, a number of computational and experimental studies

of three-dimensional turbulent boundary layers have been completed. Compu- j
tational methods for 3-DTBLs have in general been extensions of the well
developed techniques for 2-D flows. As in the two-dimensional methods,
two basic techniques exist: 1i.) momentum integral techniques and ii.)
differential techniques. A review of these methods as well as the deriva-
tions of the basic equations can be found in references 1 - 5.

Common to both the momentum integral technique and the differential

technique is the need for experimental data to help develop closure schemes.
Integral techniques require data on mean quantities such as velocity profiles
and wall shear stress. The differential techniques require additional infor-
mation on the turbulence structure of the boundary layer. A proper evaluation

of the various computational techniques depends in part on the type of 3-DTBL

y under consideration.
g The majority of experimental studies of 3-DTBLs have been conducted in

low speed flows. Classified according to flow geometry (as done in ref.

6), these include: 1i.) curved channel flows (e.g. ref. 6 - 11, ref. 12
(supersonic)), ii) flows on swept wings or plates (e.g. ref. 13 - 25), iii).

stagnation point flows in 2-DTBLs (e.g. ref. 26 - 31), iv). flows on rotating

bodies (e.g. ref. 32 - 40), v.) corner flows (e.g. ref. 41 - 43), vi.)

(supersonic) flows on yawed cones (e. g. ref. 44) and vii.) two-dimensional
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diffuser flows (e.g. ref. 45). The first six geometries produce skewed
boundary layers while the last geometry produces a collateral boundary layer.

k. | For a review of past experimental work in 3-DTBLs, the reader is referred

to survey articles by Johnston (ref. 46), Horlock, et. al. (ref. 47),
Fernholz (ref. 48), Nash and Patel (ref. 5) and Joubert, et. al. (ref. 3).

The experimental studies to date have largely concentrated on obtaining

mean velocity profiles and wall shear stress data. Only a few recent studies ]

(e.g. ref. 20, 21, 31 and 37) have obtained turbulence data suitable for use ;
in checking the assumptions made in the differential techniques. With this %
: in mind, an experimental study of 3-DTBLs was initiated at the University of
Maryland. In the next section, the scope of the first stage of this study

will be indicated.
C. Scope of the Present Study

The motivation for the experimental study presented in this report was
% to obtain data for use in evaluating the various closure schemes used in
3-DTBL computational techniques. Tn selecting a flow geometry to produce
i the 3-DTBL, it was desired that: i.) the boundary layer should be relatively
; * thick to assure spatial resolution of the measurements and ii.) the boundary
ii x layer should be predominately shear driven in order to be a good test case
q

for evaluating the various closure schemes. The geometry which was selected

Lo 2

;; s consisted of a 30° swept wing-like model faired into the side wall of a boundary
& '“ layer wind tunnel. The relatively thick two-dimensional turbulent boundary

layer which developed on the wall upstream of the medel was pressure driven

‘® (by the model) into a 3-D flow. Downstream of the model, the 3-DTBL relaxed

TP ——

under a small pressure gradient and eventually returned to a 2-D flow. The

%%:, - relaxing boundary layer was considered to be influenced by both shear and
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pressure forces. In the present study, the 3-D boundary layer measurments
were made in this relaxing region.

While conducting preliminary studies of the 3-DTBL produced by a proto-

b
-

type of the wing model, the boundary layer in the wind tunnel was discovered
to be nonuniform. The nonuniform boundary layer is characterized by trans-

verse variations in the wall shear stress and is primarily caused by nonuni-

formities in the inlet damping screens. An effort was made to improve the
flow, but this was not successful. Following this, an extensive study of the
nonuniform turbulent boundary laycr (both two and three-dimensional) was
conducted.

To study the nonuniformities, a special traverse device was developed
that allowed one to survey the boundary layer in a direction transverse to
the mean flow at at set distances off the wall. Transverse surveys were
| made using several different probes which included a 3-tube probe (combined
total pressure and yaw probe), Preston tubes, a pitch probe and a hot-wire
probe. A second traverse device was developed to make surveys through the
boundary layer at select stations using the same types of probes. A number
of boundary layer surveys were conducted in the 2-DTBL (on the side wall
without the model installed) to gather data on the nonuniformities as well

as to check out the probes and measuring techniques. However, because of

3 > &4
RN e B BB A

time limitations, only one representative boundary layer survey was completed
in the 3-D flow field downstream of the wing model.
In the following chapter a detailed description is given of the boundary

layer wind tunnel and the wing-like model, followed by a description of the

SR B R AR Y

instrumentation used in the study. Next, an outline of the test procedure and
i ' data reduction is presented. The third chapter contains a discussion of the

?g' ; results. Finally the conclusions of the study and recommendations for further

(;'
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work are given in the last two chapters. A more extensive discussion of the

work completed for this report is presented in a Ph.D. dissertation by the

senior author (ref. 49).

.

i :""r

AP P A D AT

oGy i ey R O
TR «




e A A S . S S S S5 s R A ARl i s b b

4

IT. EXPERIMENTAL PROGRAM

The experimental program carried out in this study will be outlined
below. A detailed description of the test facility and the instrumentation
will be given first, followed by a discussion of the experimental procedure

E and data reduction. Finally an assessment of the accuracy of the measurements

will be made.

A. Test Facility ]

The description of the test facility will be presented in two parts:

general description of wind tunnel; 3-D model and instrumented wall.

1. General Description of Wind Tunnel

The experimental studies carried out for this report were conducted
in the low speed indraft boundary layer tunnel of the University of Maryland
(figs. 2 and 3). The original facility, from which the boundary layer tunnel
evolved, had a 4 ft. long test section. In order to convert the facility

to a boundary layer tunnel, the length of the test section was extended to

ii

} 20 ft.,

i;j During a series of preliminary studies (to select a model for producing

,J : the 3-DTBL) (see reference 49) it was discovered that the two-dimensional

3

'; ? turbulent boundary layer which developed on the side wall of the test section

i was nonuniform in nature. This meant that there were transverse variations

ﬁ in the wall shear stress at any given station along the test section. According

v? ; to the available literature (e.g. ref. 50, 51), the problem is caused primarily
: by intake damping screens that have an open-area ratio of less than about 0.57.
g%f The two screens that were in the original inlet had an open-area ratio of only

0.44. Hence, it was decided to try to improve the boundary layer flow by




making a number of alterations to the wind tunnel. Details of these altera-

tions, as well as a description of each component of the wind tunnel system,
are given below.

The filter system shown in figures 2 and 3 was added to the existing
facility in order to reduce the intake of dust. After the air has been drawn
through the filter, it enters the rectangular inlet (60 in. wide, 88.5 in.
high) to the tunnel and passes through a honeycomb and damping screen assembly.
At the start of the present study it was thought that a more effective
honeycomb might help to reduce the nonuniformity problems observed in the
boundary layer. Hence the original honeycomb (1.50 in. O0.D. x 1.38 in. I.D.
paper tubes, 7.5 in. long) was replaced (upon the advise of references 52 and
53) by ordinary plastic drinking straws (0.234 in. 0.D., 0.007 in. wall, 8.25
in. long).

As noted earlier, the original facility had two stainless steel screens
with an open-area ratio of 0.436 (20 mesh, 0.017 in. diam wire). Based on
recommendations of the available literature, it was decided to replace the
old screens with a set of new ones with an open-area ratio of 0.57 or more.
Since it was not possible to purchase "off the shelf' stainless steel screens
of sufficient width (67 in. with frames), a polyester screening with an open-
area ration of 0.59 (15 mesh, 0.0157 in. diam filament) and 80 in. width was
selected (manufactured by TET/Kressilk). Four screen assemblies were made by
nailing the tightly stretched screen to frames of 2 x 4's glued together. A
remnant piece of stainless steel screening with an open-area ratio of 0.64
(20 mesh, 0.010 in. diam wire) was later obtained and a fifth screen assembly
was constructed. The stainless steel screen was located directly behind the

honeyecomb in order to withstand the large loads that were expected from the
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straws (since a large pressure drop was calculated to occur across the
honeycomb). In the final assembly, the screens were 3 in. apart, whereas
the two screens in the original inlet were only 1.5 in. apart.

The design of the original inlet contraction section was based on calcu-
lations of an axisymmetric contraction cone (ref. 54). Contours for the
side walls of the three-dimensional rectangular contraction section were
selected by fairing in curves to the plotted results of these calculations.
The original shape (18 in. x 46.5 in. at the exit plane) was modified slightly
to match in with the inlet of the new test section (17 in. x 45.5 in.).

With an entrance of 60 in. x 88.5 in., the 69 in. long contraction section had
a contraction ratio of 6.9.

In order to obtain a nominally zero pressure gradient along the test
section, all four walls were diverged 0.5 in.. The new test section had a
cross section measuring 17 in. x 45.5 in. at the entrance and 18 in. x 46.5
in. at the exit. To assure that the turbulent boundary layer developed from
the same location in every test, a tripping device consisting of a 0.065 in.
thick, 0.25 in. wide aluminum strip was epoxied to all four sides of the test
section at the entrance.

The test section was constructed in three parts; one 4 ft. long section
and two 8 ft. long sections. The sections were bolted together and a wide
plastic tape was used to seal the joints and blend in the surfaces. The wall
sections could be adjusted in or out and could be removed completely for
modification. Access to the test section was through three doors on one
side of the test section and three doors in the floor. A special segmented
access door for use with the boundary layer traverse device was constructed
in several interchangeable parts that allowed the traverse to be located any
place over the area of the door. No doors or openings were put on the test
wall in order to avoid flow disturbances from any door-wall mismatches.

At el BT — i atlincneakink oo
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The test section was originally supported on 2 x 6 planks which were exten-

sions of the wall reinforcements. However, additional heavy bracing off an

adjacent concrete wall was needed to hold the test section steady and to
reduce the vibrations of the walls.

The test wall was instrumented with a series of 0.047 in. diameter static
taps located nominally every 16 in. along the entire length. The location
of these taps is given in table 1.

To monitor the speed of the wind tunnel, a United Sensors pitot-static
probe (PAC-12-KL) was mounted on the side wall (with the access doors) at a
station 60 in. downstream of the entrance to the test section. The tip of

the probe was located 6.25 in. off the wall and 9.38 in. above the centerline

of the tunnel in order to keep the wake of the probe well clear of the area
to be studied downstream. A micromanometer described in a later section was
used to measure the pressure differential of the probe.

The diffuser, which was constructed of 0.25 in. thick steel, provided
a transition from the rectangular test section to the 48 in. diameter
circular inlet of the blower. To reduce the mechanical transmission of
vibration, the diffuser was physically separated from the test section and
the blower. The 0.13 in. wide gap at the end of the test section was sealed
over with a wide plastic tape to prevent leakage.

Pitot rake surveys made in the original test section indicated that the
variations of free stream velocity distribution were within 0.5% of the mean.
Similar results were obtained in the present study with surveys taken in the
new test section. The operating speed could generally be set to well within
0.2% at speeds between 45 ft/sec and 55 ft/sec. Judging from the random
variations of the miniscus in the micromanometer, the operating speed
fluctuated on the order of + 0.1% about the mean. For wind tunnel tests

lasting several hours, the mean position of the miniscus remained virtually
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fixed, although the ambient test conditions (and hence the operating speed)
generally varied slightly during this time. The free stream turbulence level

of the tunnel was measured as 0.2% at a free stream velocity of 50 ft/sec.

2. 3-D Model and Instrumented Wall

The three-dimensional turbulent boundary layer that was studied for this
report was produced by a 30° swept wing-like model that was faired into the
side wall of the test section (figs. 3-4). The model produces the 3-D flow
by pressure driving the relatively thick two-dimensional turbulent boundary
layer that develops over the first 11 ft. of the test wall. Downstream of
the model the boundary layer relaxes under a small pressure gradient and even-
tually returns to a two-dimensional state. It was in this downstream region
where the 3-D boundary layer measurements for this report were made.

A 0.250 in. thick aluminum plate was laminated (epoxied) onto the rear
8 ft. section of the test wall to provide a smooth working surface and to
assure the accurate location of static taps. The aluminum plate also
allowed the wall contact of boundary layer probes to be monitored with an
ohmmeter. The plate was given a mirror-like finish so that a special tech-
nique (to be described later) could be used to align the probe tips. A
total of 67 static taps (0.029 in. diameter, depth of 0.125 in.) were drilled
in the aluminum plate (prior to lamination) downstream of the intended loca-
tion of the 3-D model (fig. 4). 1In addition, ten 0.750 in. dimater instrumen-
tation ports (used in ref. 55) were also located on the plate. When not in

use, each port was closed with a flush fitting dumy plug which had a 0.029

in. diameter static tap located on the center. The location of the static taps

and ports is given in table 2.
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The model configuration shown in figure 4 was selected after a long
series of prototype studies sumarized in reference 49. The model itself
consisted of a frame work of wooden ribs over which 0.125 in. thick masonite
sheet was glued. The location of the 35 static pressure taps (0.047 in. dia.)
installed on the model is given in table 3. After the model was secured
to the test wall, an epoxy filler material was used to make a 20 in. radius
fairing at both the leading and trailing edges. With special care, it was
possible to '"'feather in'' the trailing edge to the aluminum wall with a step

of less than 0.001 inch.
B. Instrumentation

Two traverse devices were used to survey the flow field in the boundary
layer tunnel; a transverse traverse device and a boundary layer traverse
device. Most of the measurements were made using pressure probes together
with manometers and pressure transducers. Some limited surveys were also

made using a hot-wire anemometer system.

1. Transverse Traverse Device

A special transverse traverse device was designed and constructed to
obtain surveys of the wind tunnel boundary layer in a direction transverse
to the mean flow and at set distances above the wall (figs. 5 and 6). In
order to reduce disturbance effects on the flow field, the device was mounted
on the wall opposite the test wall (fig. 6). Various probes could be mounted
in the probe holder that extended across to the test wall.

The traverse device consists essentially of a carriage that rides on two

0.438 in. diameter steel drill rods. A small variable speed reversible dc

motor is used to drive the carriage by means of a threaded rod. With this
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combination, surveys could be conducted with sweep rates ranging from 0.4
in./min to 2.7 in./min. The motion of the carriage was monitored by a 10
turn potentiometer (1KQ) which was connected to the carriage by a pulley-
-spool-fishing line combination. The transverse distance was limited to 15
in. so that the surveys could be recorded full scale on a Hewlett-Packard
Moseley 7004A X-Y recorder.

A second carriage-drill rod combination (fig. 5) was mounted on the
main traverse carriage and allowed the height of the probe to be adjusted
at the end of each pass. This was done by inserting a screw driver through
a hole in the wall and turning on a 40 threads per inch threaded rod that
moved the probe carriage in or out. From initial wall contact the probes
could be adjusted up to 6 in. off the surface. Further distances off the
wall could be obtained by changing the probe holder.

To help reduce the effects of flow field interference caused by the
traverse device, the probe tips were located 4.5 in. ahead of the probe
holder (3.5 in. ahead of the projection of the traverse device). This
appeared to be about the practical limit from the standpoint of probe vibra-
tion and deflection due to aerodynamic loading. Mechanical deflections of
the probes, which occurred when the carriages were traversed back and forth,
were generally small. For the main transverse carriage, the variation in
yaw (yaw defined in a plane parallel to the test wall) over the 15 in. travel
was within 2 minutes (as determined by a small precision bubble level). Over
this same distance, the probe underwent a pitching motion (pitch defined
in a plane normal to the wall and parallel to the mean flow direction) of
about 10 minutes. The smaller probe carriage indicated a change of 0.4° in i

yaw when traversed over its 6 in. span. The variation of pitch over this

distance was on the order of 15 minutes. The relative change in height of

the probe off the wall to a slight bow in the main traverse drill rods was
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about 0.003 in. for the 15 in. travel of the main carriage (as determined
by a set-up on a milling machine). Finally, with the combination of wall
vibrations, probe vibrations and variations in the wall flatness itself,
the accuracy of the lcoation of the probe above the wall was estimated

to be between 0.005 in. and 0,010 in..

2. Boundary Layer Traverse Device

A second traverse device was designed and constructed for use in making

accurate surveys through a three-dimensional turbulent boundary layer (fig. 7).

In addition to a translational motion, the traverse device also provided a
yawing motion so that the probe could be aligned with the local flow direc-
tion throughout the boundary layer (fig. 8). The traverse device was mounted
on a heavy theodolite camera stand and made no direct contact with the tunnel
walls in order to avoid the transmission of wall vibrations to the probe.

The translational motion of the traverse was provided by a carriage
riding on two 1 in. diameter stainless steel guide rods and moved in and out
by means of a brass lead screw. A 6 in. Brown and Sharpe dial indicator
calipers accurate to 0.001 in. was used to directly measure the relative
location of the carriage. A Starrett dial indicator with a range of 0.5 in.
and 0.0005 in./division was temporarily clamped to the base of the traverse
device and provided increased accuracy for measurements made very close to the
test wall.

Yawing motion to the probes was provided by a rotating assembly mounted
on the carriage (fig. 7). A graduated angle ring and vernier accurate to 1
min., was used to measure the relative angular position of the probe. A
combination magnifying glass and prism assembly was used to conveniently

read the scale.
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A 0.375 in. 0.D. x 0.250 in. I.D. stainless steel traverse shaft was
mounted in the rotation assembly and extended into the test section to serve
as a mounting for the boundary layer probes (figs. 8 and 9). Additional sup-
port for the traverse shaft was provided by a 0.375 in. thick aluminum plate
that extended about 3 in. into the flow (fig. 9). The opening in the wall
for the aluminum extension was sealed over using plastic food wrap that pro-
vided an air tight seal but transmitted a negligible amount of wall vibration.

A Clineometer placed on the carriage indicated an angular run out of
about 3 minutes over the 6 in. motion. Possibie twisting of the traverse
shaft due to drag in the oilite bushings was estimated to be less than 1
minute. Machine blocks and a 0.0001 in./division dial indicator were
used to check the motion of the carriage and found it accurate to the smallest
division of the 6 in. calipers (0.001 in.) and the 0.5 in. dial indicator

(0.0005 in.).

3. Pressure Probes

Five different types of pressure probes were used in the present study:
i) pitot tubes (circular and rectangular), ii) yaw probes (Conrad and 3-tube),
iii) pitch probe, iv.) static pressure probes (static tube and static disk),
v.) Preston tubes. A photograph of the boundary layer pitot probe is shown
in figure 10. The offset stem design of this probe was required for measure-
ments madc in the 3-DTBL. With the probe mounted in the traverse device
as sketched in figure 8, the probe tip could be aligned with the local flow
direction in the boundary layer while remaining fixed in location (coincident
with the axis of the traverse probe shift). Since the remaining boundary layer
probes were all of similar design, only the bottom portion of each probe is
shown in figure 11, along with some details of the probe tip. Similar types

of probes were constructed for use with the transverse traverse device and are
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shown in figure 12. Details on the design and construction of the pressure
probes are given in reference 49.

Two pitot tubes were used to measure the total pressure profiles through
E the boundary layer (which were used to determine the velocity profiles when
combined with the local static pressure). The overall profiles were obtained
?; 4 using the circular flat faced probe shown in figures 10 and 1la. In order
to obtain data closer to the wall than was possible with the circular tube,
l? a rectangular pitot probe shown in figure 11b was constructed. At wall
» contact, the center of the probe tip was 0.0043 in. off the wall compared
to 0.014 in. for the circular tube probe. A microphoto of the rectangular
probe tip is shown in figure 1llc.
. The yaw probe (generally called a Conrad probe) and the pitch probe
differ only in the orientation of the plane passing through the probe tips.
The Conrad probe (fig. 11d) was used to measure flow angularity (yaw) in a

plane parallel to the wall by nulling the probe at each location through

the boundary layer (i.e. aligning the probe in yaw so that the pressure
difference between the two sides of the probe is zero). The flow angle

profile determined with the Conrad probe was used to align all other boundary
layer probes with the local flow direction. The pitch probe (fig. 1le)

was fixed in position (although aligned in yaw) and the differential pressure
By . measured between the tubes was used together with a calibration to the

}é; determine the pitch.

’ﬁ’% Some boundary layer measurements were made using a 3-tube probe consisting
of a total tube and a tube to each side beveled off at 55° -- essentially

a combined pitot and Conrad probe. However, because of the very poor response
time of the particular probe constructed here, its use was discontinued in favor
of the two individual probes. For surveys made with the transverse traverse

device, the 3-tube probe was required since no nulling capability existed and
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a simulatancous measurement of the total tube pressure and the side tube
differential pressure was needed.

Static pressure surveys were made using a conventional static tube
(United Sensors probe PSB-12) and a static pressure disk suggested in reference
56 (fig. 11f). The static tube is rather sensitive to flow angularity while
the static disk (according to reference 56) is virtually insensitive to 120O
of yaw (defined in the plane of the disk) and :50 in pitch. The static tube
was mounted in a holder such that the static holes were in line with the axis
of the traverse shaft. The static disk does not read the static pressure
directly and a small correction of about 0.08 times the local dynamic pressure
is required.

Four Preston tubes (fig. 11g) with dimensions:

0.D. inches I.D. inches
0.0591 X 0.041
0.0426 X 0.027
0.0283 X 0.016
0.0183 X 0.010

were used to measure the local skin friction (using a calibration for each
probe) at each boundary layer survey station. These probes had a common probe
body and had to be interchanged and aligned at each station. The four sizes
of probes were used to check on the existence of near wall similarity in the
3-DTBL.

The tips used on the pressure probes for the transverse traverse device
(fig. 12) were similar to the tips used with the boundary layer probes and

only the dimensions will be summarized here:




0.032 in. 0.D. x 0.020 in. I.D.

3-tube tubing used:
pitch tubing used: 0.0283 in. 0.D. x 0.016 in. I.D.
3-tube Preston tubing used: 0.0283 in. 0.D. x 0.016 in. I.DB.

Preston tubing used: 0.0591 in. O.D. x 0.041 in. I.D.

static disk same as fig. 11f

4. Pressure Measuring Systems

The primary pressure measuring instrument and standard used in this
study was the differential liquid manometer. In addition, pressure trans-
ducers were used with the transverse traverse probes.

Two micromanometers were designed and constructed based on a paper by
Smith and Murphy (ref. 57). The calibration micromanometer (fig. 13a) was
used as a pressure standard for calibration purposes and to measure pressures
from the various boundary layer probes. The second micromanometer was used
mainly to set the wind tunnel operating speed.

The calibration micromanometer consisted of a small volume brass reservoir
mounted on the adjustable arm of a 6 in. vernier calipers and connected by a
flexible polyurethane tube to a fixed glass tube inclined at 10°. A Dow
Corning, 1 centistoke DC-200 silicon oil was used as the manometer fluid.
Mounting a dial indicator under the reservoir (fig. 13a) gave added accuracy
and reading convenience over a limited range (0.5 in. by 0.0001 in./division).

The miniscus was viewed with the aid of a homemade microscope that gave
about a 65X magnification. A mirror mounted under the glass tube was used to
reflect light from the overhead flourescent lamps and provided adequate illumi-
nation. Initially a cross-hair reticle was used in the mircoscope eyepiece to
serve as a reference line for the miniscus. However, a considerable amount

of time was required to obtain a single reading because the reservior had to
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be adjusted several times in order to return the mean position of the miniscus
to the hair line (reference position). The cross-hiir reticle was later
replaced with a second reticle which had a 10 mm scale divided into 100 parts.
A calibration of the reticle scale against the vertical motion of the reservoir
was found to be linear, with each division of the scale being equivalent to
0.000187 vertical inches of manometer fluid. The use of this reticle greatly
reduced the time required to obtain a reading because it was no longer necessary
to return the miniscus to the zero position. Instead, once the miniscus

was in the field of view and had stablized, the number of divisions between

the zero line and the miniscus could be counted and a correction made to the
reading on the dial indicator or calipers to obtain the true reading.

The manometer fluid (DC-200 silicon oil) was calibrated in a water bath
against temperature using two different precision hydrometers (accurate to
specific gravity of 0.001) and a precision thermometer (accuare to O.IOC).

As shown in figure 14, the calibrations varied from the least squares fit
by about 0.00065 slugs/ft.3 at 34° C (variation in s.g. of 0.0005), but agreed
quite well at the lower temperatures.

The micromanometers were found to be quite sensitive to temperature
variations since a temperature change of 1°C would cause a shift in the zero
reading of over 0.001 in.. After trying a number of ways to pack insulation
around the manometer tubes, the best thermal protection was provided by placing
a paste-board box over the entire instrument. A precision thermometer
(accurate to O.IOC) was mounted inside the box to monitor the temperature.

With the use of the paste-board box and by checking the zero repeatedly through-
out a test, the zero shift was generally within 0.0002 in. of DC-200 silicon

oil.

|
|
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In addition to the two micromanometers described above, a second type
of micromanometer was constructed specifically for use with the boundary
layer yaw probes (fig. 13b). The manometer was used only in nulling the
yaw probes and could not be used to measure pressure differentials. It
consisted simply of a U-tube mounted on an aluminum plate inclined at I8
to the horizon (fig. 13b). A microscope was used to sight the miniscus in
one of the tubes. In use, the yaw probe was rotated until the miniscus returned
to the initial zero - i.e. zero pressure differential existed between the two
tubes of the probe and the probe was then aligned with the local flow direction.
The differential pressures from the probes used with the transverse
traverse device was monitored by pressure transducers (Pace Wiancko model
P9OD + 0.03PSID together with a Dynasciences Corp. transducer indicator model
CD25). The output from the transducer indicators were recorded on X-Y plotters.

The transducers were calibrated against the calibration micromanometer.

5. Hot-Wire Probe and Equipment

Hot-wire anemometer measurements were made using a DISA model 55F31 single
wire probe mounted in a 55A21 probe holder (fig. 12). With the probe mounted
on a special stem, it was used with the boundary layer traverse device to
measure the free stream turbulence level of the wind tunnel. The probe was
also used with the transverse traverse device to obtain surveys in the boundary
layer.

The constant temperature hot-wire anemometer system used with the‘trans—
verse traverse device is shown in figure 15. The hot-wire probe was powered
by a DISA 55D05 CTA which was run off a 12 volt car battery. The nonlinear
signal of the CIA was linearized using a DISA 55D10 linearizer and the output
was filtered at 10K Hz using TSI model 1057 unit. The signal was then fed

to a DISA 55D35 rms voltmeter, a DISA 55D30 dc voltmeter and a TSI model 1047
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averging circuit. Finally the outpit from the rms voltmeter and the averag-
? ! ing circuit were recorded on X-Y plotters. The hot-wire probe was calibra-

ted in a small free-jet facility before and after each test.
C. Experimental Procedure

The experimental procedure followed in the present study will be described

in this section under the headings of: static pressure measurements, trans-
verse traverse surveys and boundary layer surveys. The procedures used for
the 2-D studies (i.e. without the wing model in the test section) and the 3-D
studies (with the wing model in the test section) were basically the same.

All wind tunnel tests were conducted at a constant reference free stream
Reynolds number Re = 3.15E + 05 £t 1 (Re = 3.00E + 05 ft | for an early series
; of measurements). Because of daily changes in ambient conditions, the reference
free stream velocity Uref (measured by the reference pitot-static probe)
varied over a range of 50 ft/sec < Uref < 55 ft/sec.  Tests were only conducted
when moderate temperatures (15°C 2T =< SOOC) and relatively dust free conditions

existed in the laboratory building. The usual proceudre in conducting a test

was to first run the tunnel about 45 minutes to assure proper air circulation

and temperature stabilization before the speed was set. The proper speed 5

setting in inches of DC-200 manometer fluid (for a constant Re) was calculated

with the use of several computer generated tables and the values of the test

conditions consisting of the dry bulb temperature Ty the wet bulb temperature o
Tw, the barometric pressure P and the temperature of the speed micromanometer

Tﬁ (usually Td = Tﬁ). A further description of the procedure for calculating

the speed setting is given in reference 49. The test conditions were taken 5]

e

2 " bl < - o
2 L S o 3 >
R N R e e D <P 5 a .

i 1

%
{ % ¢
B

R 0% oy
bl -
L 2

*
E + 05 is conventional computer notation for 1 x 105.

WS




L S i

BB S o, 2828 Liota: ot o B a b s e it
- TS — - -

e e . b ———

7YY T T

S

S STt BN PR e LT

TR

g

ot oot

e

et s O o Nk NS5 SO A RN i 301 s e e b s S

21

every hour during a long run and the speed was reset when conditions had
drifted too far from the original readings (typically if Td had changed

more than l.SOC).

1. Static Pressure Measurements

Static pressure measurements were made on the wind tunnel test wall
and on the 3-D wing model. The location and description of the static taps
has been given in the previous section together with tables 1-3. Prior to
any measurements, each tap was cleaned with high pressure air and reinspected
with a hand held 50X microscope.

The static pressure measurements made in a series of 2-D studies were
referenced to static tap no. 5 (table 2) located on the aluminum insert.
This tap was chosen since it was found to be sufficiently far away from the
intended location of the transverse traverse and boundary layer surveys
to be free of any significant interference problems. For the 3-D studies,
a reference tap was installed upstream of the wing model (table 3). The
pressure differential between a given static tap and the reference tap was
measured with the calibration micromanometer.

Early tests indicated that the reading precision of the manometer
system was limited because of small oscillations in the static pressure
distribution. To improve the readability of the system, damping lines
consisting of lengths of 0.027 in. I.D. stainless steel tubing were added
to the plastic tubing that was used to connect the static taps to the mano-
meter. The length of the damping lines varied between 9 in. and 18 in..
With damping lines, the unsteadiness of the miniscus was generally reduced
to +1 division (+ 0.0002 in. DC-200) and these variations were slow enough

to permit an averaging by eye to be done.
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In making the actual static pressure measurements, more than sufficient
time was given for each pressure tap to fully respond. The zero reading
was recorded after each pressure tap measurement in order to assure the great-
est accuracy and to minimize errors due to the temperature drifting problem

of the manometer noted in a previous section.

2. Transverse Traverse Surveys

The location of transverse traverse surveys made in this study are shown
in figure 16. Two stations at ¢ = 34 in. and ¢ = 18 ft (2 = distance measured
from the start of the test section) were selected for the 2-D studies. Both
stations were centered on the centerline of the test wall. Three survey stations
were chosen for the tests downstream of the wing model; one being the 'old"

18 ft. 2-D station, a second along a line which was nominally 0.5 in. behind
the trailing edge and passed through pressure taps 5-19 (table 2)(also centered
on the side wall centerline), a third was on the centerline and ran from the
trailing edge, 15 in. downstream.

As previously noted, the transverse traverse device was mounted on the
wall opposite the test wall to reduce aerodynamic disturbances (fig. 6).
Because the walls of the test section were not exactly parallel, small shims
had to be placed under one end of the traverse base to assure that a probe
would remain at a fixed distance above the wall over the 15 in. survey line.

To accurately locate a probe in the probe stem, a sheet of graph paper

(tracing paper quality) was first taped to the aluminum wall, over the region
to be surveyed. Several lights were placed on the outside of the test wall
such that the light shining through the pressure taps created a '"'star field"

on the paper. By using this "'star field"”, the paper was positioned so that one

axis of the graph was parallel to the centerline of the test wall (essentially
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parallel to the horizon). A fine point Rapidograph pen was used to mark the
location of each tap under the paper and to draw in the location of the

survey line. A probe was then installed such that its tip extended to the
survey line (approximately 4.5 in. ahead of the probem stem), and was parallel
to lines on the graph sheet (hence parallel to the centerline of the test
wall). With careful adjustments, the probe tip could be located to within

0.025 in. of the intended survey line.

Because each probe was interchangeable with a common probe stem, it
was necessary to check the alignment of the probe tip each time a different
probe was installed. To accomplish this, a special probe sighting device
(fig. 17), based on a technique in use at NBS (ref. 58), was designed and
constructed. In principle, the technique involves using a microscope - mirror
combination to sight along the surface of the wall and view the approach of
the probe tip to the wall. With a polished aluminum surface, the probe tip
and its mirror image can be seen in the microscope, hence effectively doubling
the magnification power of the microscope. The 5mm, 100 divisions reticle was
calibrated against a second 0.1 in., 100 division reticle. Each division of
the microscope reticle corresponded to 0.00063 in.. Since the sighting device
was hand held and focused, the magnification of the microscope used here
fu 50X) appeared to be about the maximum practical.

Using the probe sighting device, each probe was aligned everytime it was

reinstalled in the probe stem. The 3-tube probe (fig. 12) was adjusted so

that the side tubes were at the same distance off the walls (the best adjust-
ment possible resulted in one side being at most 0.00030 in. further off

the wall than the other). This was critical to reduce errors in flow

:
{

angularity measurements which are introduced because of gradients in the
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total pressuce through the boundary layer. Similar techniques were used

to align the Preston probe, the 3-tube Preston probe, the static disk probe,
the pitch probe and the hot-wire probe. The initial distance off the wall
of the hot-wire element (electrical contact made with the probe holder) was
also determined with the probe sighting device. The Preston probes were
"driven into the wall" (i.e. the probe tips were slightly ''spring loaded"
against the wall) several counts (v0.0075 in.) beyond initial electrical
contact to assure that the tips remained on the surface over the 15 in.
traverse. The axis of the Preston probe was brought in at about 2° to

the wall in order to prevent the tip from lifting off due to a possible

bending effect if the probe body made contact at a point behind the tip.

The pressure probes were connected to pressure transducers by lengths
of plastic tubing and damping lines (typically 30 in. lengths of 0.020 in.
I.D. stainless steel tubing). The side tubes of the 3-tube probe and the pitch
probe were connected to opposite sides of a single transducer which monitored
the differential pressures of the probes. The total tube of the 3-tube and
Preston probes and the static disk probe were connected to one side of a trans-
ducer while the other side was connected to a reference static pressure tap.
The procedures followed in making surveys with the transverse traverse
device were similar for all probes and will only be briefly outlined here.
At the start of each test, the x-axis of the X-Y plotter was carefully adjusted
to match the 15 in. span of the traverse carriage. When the operating speed
was properly set, the probe was advanced to the wall until electrical contact
was made. The probe (and the walls) were noted to deflect with wind on such

that contact was about 0.010 in. earlier than noted with wind off. For the
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3-tube probe, after wall contact was established, the probe tip was tra-
versed (always in the same direction to reduce backlash) to the first survey
line above the wall. The transverse traverse was then made at a slow rate

(v1 in./min) to assure proper probe response when surveying through regions

in which relatively large transverse gradients occurred. A reverse scan was
made to average out any hysteresis effects due to probe lag or backlash in

the carriage-potentiometer connection. At the end of a survey, the distance
of the probe off the wall was readjusted and another transverse scan was made.
In this way surveys at 0.063, 0.125, 0.250, 0.50, 1, 2, 3, 6 in. off the

wall were made in a typical test with the 3-tube probe to obtain transverse
measurements of the total pressure and flow angularity (yaw). Similar surveys
were made using the pitch probe, the static disk probe and the hot-wire probe
(to obtain transverse measurements of pitch, static pressure, velocity and
longitudinal turbulence intensity respectively). The Preston tubes (for
transverse measurements of the skin friction) were traversed at a slower rate
(0.75 in./min) and wall contact was continuously monitored on an ohmmeter.

The pressure transducers were calibrated after each test using the calibration
micromanometer. The hot-wire probe was calibrated (mean voltage output

versus mean velocity) before and after each test.

3. Boundary Layer Surveys

The location of boundary layer surveys made in this study are shown in
figure 16. These stations were selected on the basis of data obtained with
the transverse traverse device. For the 2-D studies, a number of surveys
were made along the 2 = 18 ft. station to assess the variations produced by
the nonuniform boundary layer. Because of time limitations, only one repre-
sentative boundary layer survey made in the 3-D flow (on the centerline of the

test wall, 0.5 in. downstream of the trailing edge of the wing model).
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The first step in setting up the boundary layer traverse device was to
adjust the various sections of the segmented access door, so that a 6.75
in. wide vertical opening was provided for insertion of the traverse stem
and shaft (figs. 7-9). Once the traverse was positioned and the theodolite
stand lowered onto wooden blocks and braced, the 6.75 in. wide opening was
filled with plexiglas window inserts. The remaining small gap that remained
between the door and the traverse stem was sealed using masking tape and
plastic food wrapping (fig. 9). Final alignment of the traverse device,
as outlined below, was provided by adjustment screws on the mounting base
(Eig. 7).

By placing a sheet of accurate graph paper on the test wall (as done
for the transverse traverse surveys) the location of a survey station relative
to the adjacent static taps could easily be determined. With careful adjust-
ments, the probe tip could be positioned to within 0.01 in. of the intended
survey station. Alignment of the traverse shaft normal to the test wall was
estimated to be within 2 minutes of 90°.

Each time a boundary layer probe was mounted in the traverse shaft, the
probe sighting device was used to check on the alignment of the probe tip
relative to the test wall. The probe tip was ''leveled" to the horizon by
placing a small line level on the upper part of the probe (i.e. on the porticn
of the 0.250 in. diameter tubing that is essentially parallel to the bottom
of the probe (fig. 10)) and adjusting the rotating assembly of the traverse
device. In this way, the probe tips were always positioned paralled to the
centerline of the test wall at the start of each test. To assure greater
leveling accuracy for the Conrad probe, a small precision bubble level was
made by epoxying two sensitive viles {75 sec viles available from a surveying

equipment repair shop) onto a glass microscope slide. With the precision
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level, the relative '"'leveling' of the Conrad probe was considered to be within

2 minutes from one station to another. The remaining boundary layer probes
f were leveled with the line level to within 0.25°.
Pressure connections to the micrometers were made with plastic tubing
% that was taken out through the hollow traverse shaft. Damping lines (9 in.
:; to 18 in. lengths of 0.027 in. I.D. stainless steel tubing) were selected
1 to give a relatively steady manometer response with a reasonably fast time
response. The Conrad probe was nulled (i.e. aligned to the local flow
direction) at each point through the boundary layer by using the nulling
micromanometer (fig. 13b). The outputs from the pitot probes, Preston tubes
and static disk probe were monitored on the calibration micromanometer along
with a reference static pressure. The differential pressure from the pitch
probe was also monitored on the calibration micromanometer.

Electrical contact (using a ohmmeter set at R x 10 K2) between the probe

and the aluminum wall was used to ''locate" the probe tip relative to the
surface. Because of the combination of wall and probe vibration, this techinque
was limited in accuracy to about 0.001 in.. Although the wall could be "located"
quite accurately, the actual location of the wall relative to the traverse device
g | (and hence the probe) was noted to change slightly (typically < 0.001 in.)
:.! during the course of a run. A machinist's dial indicator (0.0005 in./div) was

mounted on a heavy stand and used to monitor the wall motion. The shifting of

the side wall (which was braced to the side of the lab building) was apparently

Lo

associated with thermal expansion/contraction of the building and the side wall
braces. The wall motion (dial indicator reading) was recorded throughout a

run and the probes were brought back to 'relocate' the wall several times during

L4

the test.
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After the wall was located, a typical boundary layer survey consisted
of taking data at a series of points starting from wall contact o ¢ in. off
the surface. Data points through the boundary layer (i.e. a series of y
values, where y is distance above the surface) were selected to be approximately
equal distances apart on a plot of logloy/é vs U/U_ (where U_ = local free stream
velocity).

At each station, a boundary layer survey using the Conrad probe (fig. 11d)
was completed first to provide a profile of the flow angularity (yaw) through
the boundary layer. This yaw profile was later used to align the other
boundary layer probe tips parallel to the local flow direction through the
boundary layer. The two tubes of the Conrad probe were monitored on the nulling
manometer, and the probe was rotated by trial and error at each point until
the tip was aligned to the local flow direction. For locations very near to
the wall, this procedure required nearly 10 minutes per point because of slow
probe response. In this region, the sensitivity of the probe-manometer system
was estimated to be on the order of 0.10°. At points above y = 2 in., the sensi-
tivity was on the order of 1 minute and proper alignment took less than 5 minutes
per data point. The zero of the null manometer was repeatedily checked and reset
throughout a run to assure the greatest accuracy.

Following the Conrad probe survey, the circular pitot probe (figs. 10 and
11a) was used to obtain the total pressure profile through the boundary layer.
A technique was developed to more accurately locate the probe tip relative
to the wall: The probe was first traversed to the wall and then "driven into
the surface' about 0.002 in. beyond the point where electrical contact was
first established. After the probe-calibration micromanometer system had

responded, the probe was advanced away from the wall in steps of 0.0005 in.,
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each time allowing 30 sec for the manometer system to react to any changes in
pressure. When the probe tip just left the surface, a change in the manometer
Q f reading (on the order of 0.003 in. of DC-200 for the 2-D studies) was readily
apparent.
o i The rectangular pitot probe (figs. 11b and 1lc) was used to obtain total
pressure measurements in the region 0.0043 in. < y < 0.5 in.. For a limited i
% region (0.050 in. < y) near the wall, the probe tip was located to within
0.00025 in. by a more careful application of the above technique - together
with repeated checks of the wall location throughout a test.

Preston tube surveys, to obtain the local skin friction coefficient,
f were made using four sizes of probe tips (fig. 11g). The probe tips were
located using the graph sheet and checked using the sighting device. To assure
that the tips made continuous contact with the wall during a test, the probe
was "driven in'" about 0.005 in. beyond electrical contact.

Surveys with the pitch probe (fig. 1le) were taken at each station to
measure the relative change in pitch through the boundary layer. As noted
earlier, the pressure differential between the two tubes of the probe 3

(produced by pitch and/or total pressure gradient) were monitored on the

& calibration micromanometer. The alignment (pitch) of the probe relative

to the wall was noted for each test by using the probe sighting device.

A static disk probe (fig. 11f) was used to survey the boundary layer

¢
3
:

7? { : for the static pressure profile. The distance off the wall of the center

= : plane of the static disk was determined using the probe sighting device.

;
;
2
4

Additional measurements of the static pressure through the boundary layer

L

were made using the static tube probe (United Sensors PSB-12).
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D. Data Reduction

The procedures used to reduce the data obtained from the static pressure
measurements, the transverse traverse surveys and the boundary layer surveys
will be outlined in this section. As noted in the previous section on test
procedures, the test conditions tended to drift slightly during the course of
a long run. Using the input data (Td, W, etc.) taken at the start and finish
of each run (a long run was broken into two or three shorter runs), the averaged
values of the test variables were calculated for use in reducing the data obtained
during that run. A discussion of typical variations in the test variables is
presented in the next section on the accuracy of the measurements. The various
corrections and calibrations required in reducing the data are described in

detail in reference 49.

1. Static Pressure Measurements

The data obtained from the static pressure measurements on the test wall

and wing model were reduced to a static pressure coefficient

& Fs ™ pref (1)
p Gref

The reference static pressure tap for the 2-D studies was tap no. 5 on
the aluminum insert (table 2), while a special reference tap upstream of the

wing model (table 1) was used in the 3-D studies.

2. Transverse Traverse Surveys

Most of the surveys obtained with the transverse traverse device have
been presented as Xerox repreductions of the original X-Y plotter graph
sheets. Information on test variables, calibrations, etc., pertaining to
these tests have been included on these sheets or in separate tables. Only

a portion of the data obtained in these surveys was reduced for this report.
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The data which was reduced was first read off the graph sheets using

a special machine which produced punched computer cards. These cards, to-
gether with additional information on test conditions and calibrations were
run in a computer program to obtain the final results.

Surveys obtained using the 3-tube probe were reduced to the form of
U/Ue vs z and o vs z, where Ue (essentially U ) is the velocity at y = 6
in. above the test wall, z is the transverse location relative to the center
line of the test wall and a is the flow angle relative to the centerline.
Since the local static pressure was slightly different from that at the
reference tap used for the surveys, a small correction (A Cpik 0.22E = 02,
based on the wall static pressure measurements) was applied to the data obtained
Ev with the center (total) tube of the probe. As will be noted later, this
correction also allowed for a small interference effect that the transverse
traverse device had on the upstream reference tap. The required pressure

differential for the calculation of the local velocity U (using Bernoulli's

equation) is given by:

&P =P - P AC.. q

ref " p ‘ref @)

The local flow angle ameasured by the 3-tube probe was calculated as

follows:

&y

a = C, Sides degrees (3)
a q

® Cq = calibration constant for the angular response of the
y probe (Cu = 18.69 for the data reduced in this report)

Data obtained with the 0.0591 in. 0.D. Preston tube were reduced to

d b obtain a local skin friction coefficient Cf' The pressure differential

3 ;, .k‘ :
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measured by the Preston tube was corrected for ACp as given by equation (2)
and then used in a calibration of the tube (see reference 49) to determine
Tw.

Additional calculations were made to determine the velocity at the effec-
tive center of the Preston tube. Because the tube was resting on the wall,
three corrections were applied to the data to account for shear displacement,
Reynolds number effects and wall proximity effects.

The procedures used to reduce the data obtained with the 3-tube Preston
probe are similar to those described for the 3-tube probe and the single tube
(0.0591 in. 0.D.) Preston probe. The local skin friction T was calculated
using a calibration obtained for a single tube Preston probe with D = (.0283 in..
A value of 23.05 was used as the calibration constant Ca for the side tubes
in equation (3). Corrections for shear displacement, Reynolds number effects
and wall proximity effects (based on the corrections for a circular pitot
tube) were also made.

The data obtained with the hot-wire probe was reduced to obtain U/Ue VS.
z and Vﬁi}Uc vs z, where Vﬁj}Ue is the longitudinal turbulence intensity.
Data from the X-Y plotter traces, along with calibrations of the hot-wire
probe and before and after each test were fed into the computer. The program
was written to least squares fit the calibration data, interpolate between
the calibrations to allow for a small drift during a test, and calculate the
values listed above.

None of the data obtained with the pitch probe was reduced for this
report. However, a scale has been included on each graph sheet showing
the approximate pitch measured during the test. A few early trial tests
using the static disk probe indicated that the transverse traverse device

was producing relatively large disturbance effects on the measured static
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pressure distribution (to be discussed in the next chapter). Further work

\ with this probe was discontinued.

3. Boundary Layer Surveys

The procedures followed in reducing the data obtained from the boundary

layer surveys were similar to those used for the transverse traverse surveys.

The velocity U at each point through the boundary layer was calculated
by using Bernoulli's equation. Although the probe was aligned in yaw to
the local flow throughout the 3-D boundary layer, it was subject to over
4.0° of pitched flow in the outer region of the boundary layer. Since a
calibration of the pitot probe showed less than 0.25% change in the measured
dynamic pressure at a yaw angle of 4.00, no corrections (calibrations) were
made for the pitched flow.

Three corrections were applied to the pitot tube data to account for
shear displacement, Reynolds number effects and wall proximity effects.
The shear displacement correction suggested by MacMillan (ref. 59) was
applied to the present data. This correction locates the effective center
of the probe at 0.15D further away from the wall than the geometric center, where
D is the external diameter of the circular pitot tube. This correction
was applied to all data points obtained in the boundary layer.

The Reynolds number correction applied to the present data was also due

AN

to MacMillan (ref. 60). His results were expressed as a correction coefficient

LRe:

& APuncorrected (1) :
‘Re q i
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The largest correction coefficient (e for the present data (when
the pitot probe was resting on the wall) was on the order of 1.0006.
This produces a 0.3% decrease in the uncorrected velocity (i.e. the
velocity which would otherwise be calculated using Apuncorrected)'

Pitot tube data obtained very close to the wall requires a further
correction (the wall proximity correction) to account for the effects of
the probe-wall flow field interaction. MacMillan (ref. 59) gives this
correction as a small increase in the velocity Au for data obtained in
the range 0.5 < y/D < 2.0, where y is the distance from the wall to the
geometric center of the pitot tube. The maximum value of Au equals 0.015
U when the probe is resting on the wall (y = 0.5D).

The procedures used to reduce the data obtained with the rectangular
pitot tube were identical to those for the circular pitot. However, the
values used for the corrections were different (because of the differences
in geometry). The shear displacement correction of Quarmby and Das (ref.

61) was applied to the present data. This correction locates the effective
center of the probe at 0.19H further from the wall than the geometric

center plane of the probe tip, where H is the external height of the probe
tip. As for the circular pitot tube, this correction was applied for all
data points in the boundary layer. The Reynolds number correction was

based on a study of the viscous effects on rectangular pitots by MacMillan
(ref. 62). The largest correction coefficient CRe was on the order of 1.01
(producing a 0.5% decrease of the "uncorrected" velocity). The wall proximity
correction was based on MacMillan's results for circular pitots (ref. 61),
but with the external pitot tube diameter D replaced with the external width
e of the rectangular probe tip. This was suggested by Quarmby and Das (ref.

61) who also found the wall proximity correction to be function of the Reynolds
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number. No corrections were available for data obtained in the range

0.12 < y/e < 0.5 (the aspect ratio of the probe used in this study was
e/H = 4.0, fig. (11c)). However, an estimate of the wall proximity effect
at y/e = 0.12 (when the probe tip is on the wall) was obtained from the
position of effective centers of flat surface tubes given in reference 63
(for the present data this gave Au % 0.19U at y/e = 0.12). Using this,
together with MacMillan's results, a wall proximity correction curve for
the range 0.12 < y/e < 2.0 was constructed. Further details have been given
in reference 49.

Since no detailed boundary layer surveys were made to obtain the turbu-
lence distribution, no corrections for turbulence have been made in the

pitot tube data.

Data from the pitot surveys were plotted on an enlarged graph to locate
the boundary layer edge where U = 0.995 U_. The local free stream velocity
(dynamic pressure) measured by the pitot tube was fed into these programs

as ”w/Uref (qm/qref)' The skin friction coefficient Cf (from Preston tube

surveys to be described below) was used in the pitot tube program to calculate

: : +
the variables for the universal velocity plots, u vs Y s

The data obtained from the Conrad probe surveys were reduced to the yaw

+ : M g
angle o vs y and o vs y (using Lr from the Preston tube surveys). A correction

for shear displacement of 0.15D (where D = diameter of one of the Conrad side
tubes) was applied to the data. However, this correction may not be appro-
priate because of the difference in geometry between the Conrad probe tip
and the circular pitot tube. No corrections for Reynolds number effects,
wall proximity effects, turbulence or pitched flow (in the 3-D boundary laver
survey) have been made to the data.

Measurements obtained with the four different sizes of Preston tubes

were reduced to obtain an average skin friction coefficient Cf.

TR
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The pressure differentials measured by the Preston tubes were corrected for

AC_ as given by equation (2) and then used in a calibration (one calibration

for each tube) to determine the skin friction T The calibrations, given

in reference 49 were fed into the computer program as a third order polynomial.
The data taken with the pitch probe were reduced to obtain the variation

of the pitch angle g through the boundary layer. Since the probe was fixed

in orientation with respect to pitch, the differential pressure Apsidcs measured

across the two sides of the probe was used with a calibration tc determine g.

The account for the effects of a velocity gradient across the probe tip

(since one side of the probe is closer to the wall than the other), a correction

must be made to AP before g can be calculated. The equation used to

sides
determine 8 has been derived in reference 49 as:

e, [épsides _ KD d¢ (5)
ot SRS q dy

where

K = correction factor which accounts for the fact that each tube
(Beveled off at 550) reads a smaller pressure than the total
pressure (K = 0.54, see reference 49).

The calibration constant Ca was found to vary with velocity (see reference

49):

Ca = 24.48 - 0.015U (6)

This was used to calculate Ca’ with the velocity being determined from q.
The dynamic pressure q vs y and the gradient dq/dy vs y were obtained

from the pitot tube surveys. The gradient was determined by hand after

plotting an enlarged graph of q vs y. Both quantities were fed into the

pitch tube program on computer cards.
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The effective center of the probe was assumed to be 0.15D further away
from the wall than the geometric center. This '"correction for shear'" was
S made as a matter of convenience so that direct use of computer generated
cards (q vs y) from the pitot tube program could be made. This "correction"
may not be appropriate here because of the difference in geometry between

the pitch probe and circular pitot tube.

Measurements of the static pressure distribution through the boundary
layer were reduced to a static pressure coefficient Cp vs y. The pressure
coefficient was given previously as:
Ps Pref
. o fs Tref (1)
P Qref
In the present case, Py is the local static pressure at a given point in
the boundary layer. For surveys conducted in the 2-DTBL, the static pressure
was assumed constant through the boundary layer and equal to the value
measured on the wall. Surveys conducted in the 2-D flow were used to calibrate
' the static pressure probes for use in the 3-DTBL.
Static tube data obtained in the 2-D flow indicated that the probe was ;
reading a slightly different pressure than the wall static pressure. Since |
1 ' these differences generally amounted to a variation in Cp of less than +0.001,
i no corrections were made when using the probe in the 3-DIBL. The static tube

was aligned in pitch to within 1.7° over most of the 3-D flow (where pitch

-

angles of over 4.7° were measured). Hence no corrections for the small amount
of pitch were made to the static tube data.

The static disk probe requires a calibration which relates the pressures

measured by the disk to the local static pressure. This is expressed by:
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From the surveys conducted in the 2-DTBL, values of Ck ranged from
0.08 at the edge of the boundary layer to 0.094 at y = 0.5 in. above the
wall. This variation (Ck vs y) was used in the data reduction program for
the 3-DTBL (see reference 49 for details). For the present case, the varia-
tion of Cp vs y was used in the pitot tube program to calculate U vs y.
Using this profile as a starting point, a profile of q vs y was fed into the
data reduction program for the static disk probe.

In the 3-DTBL, the static disk probe was subject to over 4.7° of pitched
flow. No corrections were made for this since calibrations indicated that
the probe was nearly insentive to pitch over a :.4.00 range (changes to Ck

were less than 0.005).
E. Accurary of Measurements

In this section, an assessment will be made of the errors involved in
the various types of measurements obtained for this report. For convenience,
these have been listed in Tables 4a-4c.

Table 4a lists the variations of test conditions and test variables during
a typical boundary layer survey. The variations given in the table were based

on the average of variations noted in sixteen pitot tube runs.
The estimated errors involved in the static pressure measurements and the

transverse traverse surveys are given in table 4b. For the transverse traverse
data, the estimated errors have been given at several locations through the
boundary layer. The measurements on the wall of U/Ue and o contain the maxi-
mum errors while those at y 3 6, the minimum errors. The errors in the trans-
verse traverse data are associated largely with the inability to accurately
read the somewhat scratchy output traces that were recorded on the X-Y

plotters. A further discussion of the determination of these errors is given

in the next chapter.




i

Table 4c contains an estimate of the errors associated with the data
obtained from the boundary layer surveys. As for the transverse traverse
data, the errors for several locations in the boundary layer have been

given. Further details on the calculation of these errors are given in

the next chapter.
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IIT. RESULTS AND DISCUSSION
E | ' "

The results of this study have been divided into two parts; two-
-dimensional studies (i.e. without the wing model in the tunnel) and
three-dimensional studies (with the wing model in the tunnel). Some early
2-D studies, concerned with the general operating characteristics of the
tunnel and some attempts at improving the nonuniform 2-DTBL, are discussed
in reference 49. In addition, reference 49 contains the results of a
series of prototype studies which were made in selecting a model to produce

the 3-DTBL.
A. Two-Dimensional Studies

The results of the two-dimensional studies will be discussed under the

headings of: static pressure measurements, transverse traverse surveys and

boundary layer surveys.

T

1. Static Pressure Measurements

e

The results of the static pressure surveys completed during the 2-D

studies are presented in figures 18-20. The static pressure coefficient

Cp is based on measurements relative to a reference pressure - monitored
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at tap no. 5 of the aluminum insert (table 2). The reference dynamic pressure
Gref is calculated from the wind tunnel operating speed as measured by the
reference pitot-static probe in the upstream portion of the test section.

The pressure distribution measured along the length of the test section
is shown in Figure 18. Results from three separate runs are shown: i) an
early test made before the boundary layer trip was installed, at a free
stream Reynolds number of Re = 3.00E + 05, ii.) a later test made at Re =

i
'!g 3.15E + 05 (and with the trip) and iii.) a partial survey made with the
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transverse traverse device installed at the 18 ft. station (see fig. 16). The

general trend of the data indicates that a weak favorable pressure gradient was

present along the test wall. In comparing the data taken with and without
the boundary layer trip, it is noted that the Cp for the untripped boundary
layer is larger (except for the first point) than the Cp for the tripped
flow over the first 5 ft of the test wall, but is consistently lower between
¢ =6 £t and 2= 11 £t.

Results from the third test indicate the disturbance effect produced by
the presence of the transverse traverse device mounted at the 18 ft station.
Although the traverse was mounted on the wall opposite the test wall (see
fig. 6) and about 2 ft downstream of reference tap no. 5, a slight distur-
bance effect was still noted at tap no. 5. This can be seen in figure 18
as a slight (constant) upward shift in the data between ¢ % 8.5 and 27
11.3 ft. The static taps at £ = 12.6 ft and 2 = 14.5 ft. are increasingly
influenced by the presence of the traverse device. The upward shift in the data
is caused when tap no. 5 experiences a small drop in pressure (v 0.002 vertical
inches of DC-200 silicon 0il) due to an accelerated flow past the traverse
device. Since the upstream pressures P remain unaffected, a small decrease
in Prcf‘ produces a small increase in Cp' The static pressure at tap no. 32
(2 =17.9 ft, about 6 in. upstream of the traverse device) undergoes a relatively
large drop off due to the accelerated flow.

The pressure distribution on the aluminum insert (2 > 15 ft) has been
presented in more detail i1 figures 19 and 20. The expanded Cp scale (fig.

19) shows the degree to which the data can be repeated in a single run and
how repeatable the data is from one run to another (solid symbols) (1 neatability
within 0.0005 in. DC-200 during a single run and within 0.001 in. DC-200 from

one run to another). In figure 19, all of the data has been plotted relative

T
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to a transverse line passing through tap no. 5. Data from taps no. 5-17
and no. 22-23 agree quite well and indicate a relativély fast drop in pressure
at x% 3 in.. Following a relatively flat region, the pressure increases
until abour x «’ 23 in. and then falls off on approach to the exit of the test
section. The data from taps no. 60-71 is shifted upward from the other two
rows, but it follows the same general trend. The decreasing static pressure
gradient would generally be expected. The exact cause of the favorable pressure
gradient over the last portion of the test wall was not readily apparent.
Presumably, because of the particular geometry involved and the development
of the boundary layer, the flow experiences an acceleration over the last
portion (x > 36 in.) of the test section. A general trend towards decreasing
pressure appears to already start with the drop off from 2 14.5 ft. to the
first pressure taps on the aluminum insert (fig. 18).

In figure 20, the static pressure along several diagonal rows of static
taps has been plotted versus Za the distance measured along the diagonal
(see tables 2 and 3). The data along diagonal rows of taps nos. 1-76 and
nos. 5-60 indicates a relatively flat pressure distribution. However, data
along the row with taps no. 2-77 indicate an increase of pressure in going
to the bottom portion of the test wall. A comparison of data taken along
taps no. 16-71 and taps no. 17-72 shows the effect of the diffuser on the static
pressure distribution. The data plotted in this manner was used to obtain
(by interpolation) the static pressures at the location of boundary layer

survyes made on the test wall (see fig. 16).

2. Transverse Traverse Surveys

The surveys made with the transverse traverse device were primarily
conducted to give a qualitative indication of the flow field in the 2-D and
3-D boundary layers. For this reason, most of the results obtained in these

surveys will be presented as Xerox reproductions of the original X-Y plotter
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traces. Information on test variables, calibrations, etc. for the tests
shown in the reproductions have been included on the figures or in a
separate table. Since some of the traces did not reproduce well, they
have been enhanced with a broken line in several of the figures. Only
a portion of the surveys obtained in the 2-D studies have been reduced.

The results of a number of preliminary studies using the transverse
traverse device have been summarized in reference 49. These tests were mostly
concerned with attempts to reduce the nonuniformities in the boundary layer
by the use of various thicknesses of tripping devices, corner fillets, etc.
These "preliminary’ studies were concluded when it was realized that further
inprovements in the boundary layer flow could only be obtained by still
further modifictions of the inlet of the wind tunnel. It was then decided
to go ahead with the planned 3-D studies under the assumption (as stated in
reference 50) that the slight nonuniformities in the boundary layer would not
cause serious problems in the interpretation of the data. Prior to the 3-D
studies, a number of transverse traverse surveys were conducted in the 2-D
test section (i.e. without the wing model installed) to obtain further data
on the nonuniform boundary layer. The results of these tests will be presented
below.

Transverse surveys in the 2-D test section were obtained at two stream-

wise locations; the first at 2 = 34 in. (where & = distance measured from

the start of the test section) and a second at ¢ = 18 ft. (see fig. 16). Both
stations were nominally centered on the centerline of the test wall. The
bulk of the surveys were made at the 18 ft. station, while tests at the 34 in.

station were made near the conclusion of the 2-D studies in order to trace

the origins of a peculiar flow pattern observed at ¢ = 18 ft.
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Surveys obtained at the 18 ft. station using the 3-tube probe are

i)

shown in figures 2la and 21b. This test was conducted at a reference
free stream Reynolds number Re = 3.15E + 05 fr-] and with the boundary layer

trip in place. The vertical scale in figure 2la is the output from the

£

pressure transducer used to monitor the center (total) tube of the 3-tube
? probe. With one side of the transducer connected to the reference static

f tap, the output is essentially PT - pref' The calibration for the transducer
; ' has been listed in table 5, along with the test variables (Urc(’ Re, etc.) 1
for the run. Because of a problem with reversed polarity when hooking up
the X-Y plotters, the calibrations were slightly nonlinear in some of the
runs. Hence, the calibration has been given in the tables in two or three !
parts, each for a given range of the plotter output. The distances above the %
wall at which surveys were obtained are listed on the right side of the
vT figures. The x axis of the graph is the transverse location (in true scale) j
of the 15 in. survey. Because of the large number of graphs to be presented, ‘
only the centerline of the test wall will be shown in each figure along with
an indication of the scale. In addition, some transverse locations (z locations) 'i
that are commonly referred to in the text will be indicated on the various
3 graph sheets. The numbered arrows at the top edge of some of the figures

A ‘l
i As !

refer to boundary layer surveys to be discussed in the next section.

shown in the sketch on figure 2la, the portion of the graph to the left

of centerline shows the survey obtained below the centerline of the test wall,

while +z refers to the portion obtained above centerline. The orientation E

of all other transverse traverse surveys shown in this report is the same.

The centerline of the test section indicated on the graphs is generally
shifted to one side of the centerline of the graph sheet. This occurs
because it was difficult to center the 15 in- span of the traverse device

exactly on the centerline of the test wall. Instead, care was taken to adjust
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the limits of the traverse device to within 0.05 in. of the 15 in. span so
that the trace on the plotter was full (true) scale.
The output in figure 2la clearly indicates the existence of nonuniformities
] in the 2-D turbulent boundary layer on the test wall. For example, the
variation in velocity U (the output PT = Pref is proportional to UZ) at
3 y = 0.5 in.is on the order of 9% (where y is the distance above the wall in
inches). The survey taken at y = 3 in. indicates the variation of the boundary
layer thickness & over the 15 in. span. At z = -4.5 in., the boundary layer
is relatively thick while at z = +6.5 in. the thickness is near the minimum
f over the survey. Boundary layer surveys (to be discussed in the next section)
indicated that ¢ varied from 3.1 to 3.9 in. over the 15 in. span at select
stations. The transverse variations in figure 2la appear to have a "wave-like"
structure. The "wave length" of the variations is on the order of 24
i Similar data showing the variations of velocity (dynamic pressure)
have been obtained in a number of other wind tunnel facilities. Most notable
are reports by Fernholz (ref. 64), Bradshaw (ref. 50) and de Bray (ref. 51).
Perkins (ref. 43) has suggested that the nonuniform 2-D turbulent boundary

layer may contain weak longitudinal vortices which alternatirely "‘pump"

fluid into and out of the inner portion of the boundary laver. In figure

y : 22, a sketch of Perkin's model is given for the transverse variations seen

1 AL GO = D - 3 3 E - - b

in the present PT iref data. The regions of low PT Ercf output correspond

to those areas where low momentum flow from the inmer portion of the boundary

-
1 ; B layer is transferred outward. Also shown in figure 22 are the expected outputs
1l i of probes used to measure the transverse variations in total pressure, yaw and
H pitch through the lower portion of the imbedded vortices. Survevs through
5 10 . . s -
[ § v the outer portions of the vortices would have the sign of the yaw angle a reversed. i
" |
6 | s
§,
:
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The differential output of the sides tubes of the 3-tube probe Apsides
; are shown in figure 21b. As for the 3-tube total tube, the calibration for
the transducer has been given in table 5. The output shown here is indica-
tive of the apparent yaw angle a of the flow and can be calculated using
equation (3) (p. 31). In order to separate the traces taken at different
values of y, the zeroes of each trace (i.e. where the plotter pen was located
when there was no pressure differential across the transducer) have been
shifted on the graph. These have been given as ''zeroes' along the right side
of the sheet. An output that is above the 'zero" indicated a yawed flow that
is directed towards the floor of the test section (@ > 0) while an output
below zero is a flow towards the test section roof (¢ < 0). The sign
convention on o was chosen so that the flow angle observed behind the 3-D
wing model (where the yawed flow was directed towards the floor) was considered
as positive. In the data obtained with the 3-tube probe, the actual (absolute)
flow angle depends on the original alignment of the probe. Hence, the output
é on the X-Y plotter must be interpreted as a relative change in a. The variations
in Apsides through the boundary layer is in part due to the variations in PT -
Pref seen in figure 2la, since the calibration of the side tubes is dependent
on the local dynamic pressure. The trace at y = 6 1/8 in. was first thought

to indicate swirl in the test section. A honeycomb was placed in the diffuser

=

k. in an attempt to remove this '"swirl'" (see fig. 3). The honeycomb had no

2

;ﬂ apparent effect on the trace at 6 1/8 in. Later studies of the possible disturbance
37; effects of the traverse device suggested that the "swirl" was due to the dis-

;ff turbing effect of the traverse itself. As sketch below, the flow which

approaches the traverse device must diverge off to either side of the centerline.
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This affect is most pronounced on the wall upon which the traverse is mounted.
However, the effects will still be felt at points across the test section
and above the test wall. The data in figure 21b at y = 6 1/8 in. shows that
the relative flow angle goes from a > 0 at z = -7.5 in. to « < 0 at z = +7.5 in..
This change is also suggested by the flow deflections in the sketch above.
The total variation in « at y = 6 1/8 in. was less than 1° over the 15 in.
span.

A comparison of the yaw data in figure 21b with the flow model in figure

22 is not directly possible because AP in figure 21b undergoes variations

sides
due to the variations in PT - pref shown in figure 2la.

The accuracy of the measurements obtained with the 3-tube probe (as well
as the other transverse traverse probes to be discussed below) is mainly depen
dent on the accuracy with which the somewhat scratchy traces can be read. For

; the data obtained with the 3-tube probe, the accuracies were estimated as

follows: for U/Ue’ +4% on the wall (i.e. survey completed with the single
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Preston tube), +1.5% at y = .5 in. and +0.5% at y = 6, for a, 0.2° on the wall

(3-tube Preston), 0.1° at y = 5 in. and 0.05° at y = 8.
About a year before the tests in figure 21 were conducted, an earlier series
of transverse traverse surveys were completed at the 18 ft station. These

tests were conducted at Re = 3.00E + 05 ft.1 and with the boundary layer

-

trip installed (the Reynclds number was increased to Re = 3.15E + 05 ft * in

the second series of tests (fig. 21) in order to get more response from the
pressure probes). The surveys obtained in the first series of tests were
reduced and are plotted in figures 23a and 23b. The vertical axis in figure
23a gives U/Ue’ where UC is the velocity at y = 6 in.. The traces are shifted
slightly because the 15 in. span of the traverse was not quite centered on the

test wall. Also shown in figure 23a are the results of a hot-wire anemometer

survey. The data from both tests agree to within 2% over most of the 15 in. span.

In comparing the traces obtained in the two series of tests, some variations
in the nonuniformities were apparent. The wave like pattern in figure Zla
appears to be shifted about 1 in. to the left of the original traces shown in
figure 23a. These changes might occur if the inlet damping screens and honeycomb
had changed slightly during the year (i.e. the polyester screens may have sagged
due to long term creep effects or the screens may have become slightly dirty).

Measurements obtained from four boundary layer surveys (to be discussed in
the next section) are also shown in figure 23a. The agreement between the
boundary layer and transverse surveys is good (within 2%) over most of the
boundary layer.

Figure 23b shows the variations in the yaw angle a measured by the side
tubes of the 3-tube probe. An additional trace obtained by the 3-tube Preston
survey on the wall is also included (effective center of Preston probe is at

y = 0.018 in.). As noted earlier, a > 0 implies a downward flow directed toward

o




the floor of the test section. Portions of the data might appear to be in agree-
ment with the flow model shown in figure 22. For example, at the far left of
figure 23b (z = -7 in.), the yaw angle is seen to be decreasing to a minimum
point (in traversing to the right) in the same way as the idealized trace in
figure 22. Returning to figures 2la and 21b, a similar behavior can be seen
in the original X-Y plotter output. In traversing to the right, the minimum

point in AP (at z = -6.5 in.) occurs before the minimum in PT - P

sides ref
at z = -4.5 in. (the same way that the minimum in the idealized a curve occurs
before the minimum in P - Pref of the same area in figure 22). Another portion

of the output showing some agreement with the model occurs at z = +4.5 in.
in figure 23b. In this region the maximum in a occurs before the maximum in
U/UC when traversing to the right (which is in agreement with the patterns
shown in figure 22). Four data points from boundary layer surveys (to be dis-
cussed in the next section) are shown on the left half of figure 23b. The
free stream flow angles measured by these probes showed no apparent "swirl"
in the flow.

The longitudinal turbulence intensity measured by the hot-wire probe
is shown in figure 24. The accuracy of these measurements were estimated
to be: 6% at y = 0.5 in. and 8% at y = §. Data from reference 65 is shown
for comparison at the boundary layer survey stations completed in the first
series of tests. The agreement is generally good for points closer to the
wall (within 3% at y = 0.25 in.) and in the freestream. However, the present
surveys are consistently higher than the results of reference 65 for the
surveys in between (at y = 3 in., the present results are over 50% higher).
The large variations in the outer part of the flow represent variations of the
intermittancy of the turbulence in the boundary laver. Similar variations
in the intermittancy of a turbulent boundary layer (in the transverse direction)

were observed by Kiben and Kovasnay (ref. 66). Extensive (transverse)
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measurements of the turbulence stru :ture in a nonuniform boundary layer are
presented in reference 67.

The transverse variations in the skin friction along the 15 in. span are
shown in figure 25. The X-Y plotter trace obtained with the single tube
(0.0591 in. 0.D.) Preston tube is shown at the top of the figure. The data
obtained in the two surveys separated by about one year, show an apparent change
in the flow structure as previously noted in the 3-tube probe data. These
variations were presumably caused by changes in the inlet damping screens
and honeycomb. The small change in Reynolds number between the two series of
tests would be expected to produce a small decrease in Cf for the second
series of tests (Re = 3.15E + 05 ft'l). For example, based on a 1/7th power
law velocity profile, the change in Cf at ¢ = 18 ft would be on the order of
1%. This decrease for the Cf in the second series of tests may explain some
of the changes on the left side of figure 25, but cannot account for the large
difference on the right of the figure. The data taken with the 3-tube Preston
probe are on the order of 8% lower than the single tube data over the 15 in.
span. The variations are believed to be caused by the use of a somewhat
inappropriate calibration (the 3-tube Preston probe was not itself calibrated -
the calibration of an 0.0283 in. 0.D. circular Preston probe was used). A
comparison with data obtained in the boundary layer surveys has also been
included and shows agreement to within 7% for all points. The accuracy of the
Preston tube measurements was estimated to be on the order of 5% (based on
the reading accuracy of the traces).

Transverse surveys using the pitch probe were only obtained during the
second series (Re = 3.15E + 05 ft_l) of tests. The differential pressures
measured by the side tubes of the pitch probe at ¢ = 18 ft are shown in figure
26. An output which is above the zero for a given trace indicated a flow which

is pitched away from the wall (relative to the surrounding flow). For the

ettt it
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present tests, the accuracies of the measurements were estimated to be:

0.2° at y =1 in. and 0.05° at y = §. The interpretation of the results in
the boundary layer are complicated by the fact that the pressure differenital
for a given pitch angle 8 is a function of the local dynamic pressure and is
affected by the variation in dynamic pressure through the boundary layer.

The local pitch angle B8 could be calculated using equation (9) if the required
information (q and dq/dy) were obtained from the data. For the present tests,
the accuracies of the measurements were estimated to be: 0.2° at y = 1 in.

and 0.05° at y = 8. The following discussion will be limited to the results
obtained at the outer portions of the boundary layer and above, where q %
constant and dq/dy % 0. Of particular interest are the relatively large
variations in pitch noted at z% -4.0 in. and z % +5.5 in.. According to the
scale (which applies only for freestream data), these variations are as large
as 0.4° and indicate a local flow that is pitched away from the wall relative
to the flow to either side. Moreover, the variations at z = -4.0 in. indicate
that the flow goes through a type of reversal in pitch with a small dip down-
ward at z = -4.75 in. followed by a large upward shift at z = -4.0 in.. The
traces at z = -4.0 in. appear to skew slightly to the right in going from

y =4 toy =9, whereas the traces at z = +5.5 in. show a definite shift to
the right in going away from the wall. In addition, the maximum variations

in the pitch decrease in going towards the centerplane of the test section

(at y = 8.95 in.). The surveys at y = 8 in. and 9 in. show that these varia-
tions change sign in crossing over the centerplane of the tunnel. Returning
to figure 21b, there are also indications in the output from the side tubes

of the 3-tube probe that small variations in yaw occur at z = -4.0 in. and

z = +5.0 in.. In particular, the trace taken at y = 4 in. (in figure 21b)

g et ,0. . : :
shows small variations (<0.27) at z = -4.0 in. and z = +5.0 in., suggesting

a small local upwardly yvawed flow.
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When the nonuniformities in the pifch probe output were observed, a careful
check of the inlet damping screens and honeycomb were made. The expected loca-
tion of the origins of these variations were estimated by scaling the distance
on the X-Y plotter traces relative to the centerline of the test section (i.e.
with the test section height = 46 in. and the inlet height = 88.5 in., the non-
uniformities would then appear to possibly come from the screens at z = -7.7 in.
and z = +10.6 in. above the centerline of the inlet wall). A marking pen was
used to mark these locations on the inlet wall. When the screens were inspected
from inside the inlet using a flashlité, no apparent cause for the nonuniform-
ities conld be seen. To inspect the honeycomb, several lights were placed out-
side in front of the inlet and the honeycomb was viewed from the inside of the

(now dark) inlet contraction section. The photograph in figure 27a shows the

light diffraction patterns (Moiré patterns) that were produced by the honeycomb
and screens. Running across these patterns were two narrow interference bands
which lined up closely with the locations of the pen marks (the pen mark for
the variation in pitch at z = -4.0 in. was within 1. in. of the bottom band
while the mark for the variation at z = +5.5 in. was about 2 in. higher than
the topband). A closer inspection with a flashlite showed that the second to
the last screen had a slightly closer weave in the region of the light diffrac-
? tion band. The photograph in figure 27b shows that this nonuniform weave was
limited to only about 6 openings of the screen (approximately 0.4 in. in
width). Apparently, the flow field (wake) developed by this nonuniform weave
traveled down the test section and affected the pitch probe output at 2 = 18 ft
(nearly 24 ft. from the last screen).
After the wing model was installed in the test section, a further study
of the developing 2-D boundary layer at an upstream station was made. These

surveys were made at ¢ = 34 in. and were primarily conducted to obtain more

AW

information on the nommiformities coming off the screens in the location of
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the nonuniform weave. The surveys taken with the 3-tube probe are shown
in figures 28a and 28b. The surveys in figure 28a indicate the boundary layer
was about 1 in. thick. The traces obtained with the side tubes above the
edge of the boundary layer show an interesting local variation in the yaw
angle at z = +4.50 in. and y = 2 in. amounting to nearly 0.4° of upwardly
yawed flow (i.e. to the top of the test section). Similar changes (though
x smaller and shifted in z) can be seen at y = 1 in. and y = 3 in. The variation
also appears to skew off to the upper right corner of the graph sheet.
A comparison of the Preston tube (0.0591 in. 0.D.) surveys at & = 34
in. and 2= 18 ft is shown in figure 29. The variations in Cf at 2 = 34 in.
were on the order of +5% compared to the variations of +9% at ¢ = 18 ft. More-
over, the patterns of nonuniformites are different for the two stations.
Although the wing model was in the tunnel for the surveys conducted at ¢ = 34
in., this was not thought to significantly affect the Preston tube measurements.
Figure 30 shows the pitch probe surveys conducted at ¢ = 34 in.. In comparing
with the results from figure 26 for the survey at ¢ = 18 ft, it is seen that
the relatively large changes in pitch above the edge of the boundary layer
occur in the same z locations for both tests. The plotter gain on the survey
in figure 26 was set at twice the gain of figure 30, so the scales for the
i1 approximate pitch angle are different in the two cases. The regions of non-
uniform pitch appear to occur at and above the edges of the boundary layer

for both stations. Although the variations in pitch are accompanied by

variations in yaw at y = 2 in. and z = +4.50 in. (comparing figs. 28b and
30), no apparent variations in yaw occur at y = 2 in. and z = -3.5 in. in
figure 28b.

Ihe pitch probe was next mounted on an extended bent probe holder that

allowed surveys to be made 10 in. ahead of the surveys shown in figure 30
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and also allowed surveys to be made across the centerline and above the wall
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on which the traverse was mounted. The probe was extended forward to reduce
disturbance effects from the traverse device. Pitch probe surveys obtained
with this arrangement are shown in figure 31. The probe was traversed along
two y locations to each side of the centerline. These results show that

the maximum variations in pitch decrease to zero on the centerplane of the
test section and then show a reversed sign above the opposite wall. The
pitch probe survey at y = 2 in. above the transverse traverse wall shows a
relatively large pitch away from the wall at z = -3.5 in., flanked on both
sides with small pitch towards the wall. The same extended probe holder

was used to make several surveys above the traverse wall using the 3-tube
probe. The traces shown in figure 32 now show variations in yaw at z = -3.5
in. (y = 1.17 in., the closest the probe could get to the wall) and a variation
in yaw at y = 2 in. and z = +5.0 in. that was smaller but similar (i.e. indi-
cating upward flow) to the variation seen at y = 2 in. and z = +5.0 in. above
the test wall. These tests indicated that the flow structure coming from

the bands of nonuniform weave was symmetric to both sides of the centerplane
of the test section.

The results of the transverse surveys at ¢ = 34 in. and ¢ = 18 ft suggest
that a type of vortex like flow may be produced by the bands of nonuniform
weave. The wake flow that these bands produce develops into a vortex structure
that extends down the length of the test section and occurs to both sides of
the centerplane of the tunnel. The flow structure that one of the bands may
produce is sketched in figure 33. The cross sectional rear view shows a
vortex pair occuring to each side of the vertical centerplane of the tunnel.
Both pairs of vortices are producing a flow component that is directed away
from the wall. Consideration was also given to only one vortex existing to each
side of the centerplane. In figure 34, the expected outputs from the pitch

probe and the 3-tube probe are given for the two possible vortex models: the




CRTERES I TNy R

g

g \
+

first in which only one vortex is present on each side of the centerplane and

a second (already shown in fig. 33) where there is a vortex pair on each side.
The output from a total tube would be unaffected to the resolution of the
present measurements because of the weak vortices involved. Surveys conducted
through various regions of the vortex flows (numbered as 1, 2, 3) would produce
the output traces shown as 1, 2 and 3. The data from the pitch probe, in
particular, the survey made at 2 in. above the traverse wall (see fig. 30),

appears to support the vortex pair model. On the other hand, the surveys

obtained using the 3-tube probe indicated little or no evidence of any comparable

yawed flow (associated with the possible vortex flow). The output that was noted

in figure 21b (at y = 2 in., z = +5.0 in. and z = -4.0 in.) and in figure 28b
(y = 2 in. and z = +#4,50 in.) could appear to support either vortex model.

The 3-tube yaw survey shown at z = +4.5 in. and y = 1, 2 and 3 in. in figure
28b suggested that one may simply be missing the large components of yawed
fiow at z = -3.5 in. (where the large peaks in pitch were noted) by making
surveys in 1 in. intervals in y. Hence an additional test using the 3-tube
probe was made to survey the flow field over the range of -7.5 in.< z < -1.5
in. in increments of y = 0.25 in. The results of this test are shown in
figure 35 where surveys from y = 0.5 in. to y = 4 in. were completed. No
evidence could be found for any large component of yawed flow in the same
location (z = -4 in.) as the relatively large variations of pitch. However,
some small variations in yaw were noted at z = -3.75 in. and y = 2 3/8 in. to
y = 2 3/4 in. Several surveys were extended to z = +7.5 in. to show the varia-
tions of yaw above and below the maximum variation at z = +4.5 in., y = 2 in.,
Finally, the 3-tube probe was rolled by 90° to cerve as a pitch probe. The
survey shown at the top of figure 35 shows that both the pitch probe and
3-tube probe were nearly equal in sensitivity and both indicated a relatively

large change in pitch at z = -3.75 in..
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To stimulate a wake flow coming from the screens, a piece of plastic
tape 0.05 in. wide was placed across the entire screen. The tape was
located nominally on the horizontal centerplane of the tunnel and was
located approximately midway between the two bands of the nonuniform weave.

f The results of several different surveys are shown in figure 36. The output
of the Preston probe at &= 34 in. were virtually unaffected by the presence

of the tape on the screen. A similar result was obtained at 2 = 18 ft.
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The 3-tube (total) output at y = 2 in. was also wumaffected to the accuracy
of the X-Y plotter. However, the output of the side tubes of the probe
(i.e. yaw) show a sharp change slightly to one side of the centerline.
In addition, the output signal was quite noisy through this region as is
apparent in figure 36. The pitch probe at both 2= 34 in. and 2= 18 ft
showed a large change in pitch (indicating pitch away from the wall) due to
the tape, although the pitch at 2= 34 in. is again shifted slightly to one
side of the centerline. The output from both the yaw and pitch probes at
2= 34 in. appears to support the vortex pair model shown in fig. 34b.
Unfortunately, no additional surveys with the tape on the screens were conducted
to further help clarify the flow field structure and to confirm the model
in figure 34b.

? The exact affect that the two vortex flows have on the boundary layer is not
clear from the present data. Certainly the interaction between these vortices

5

and the weak longitudinal vortices shown in figure 22 is quite complex.

3. Boundary Layer Surveys

As noted in the previous section, the transverse traverse surveys were

conducted primarily to obtain a qualitative understanding of the boundary layer

flow on the test wall. Based on these studies, a nunber of boundary layer

1
! \
1

line. Two series of boundary layer surveys (accompanying the two series of

surveys were completed at select stations along the transverse traverse survey
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transverse traverse surveys) separated by about a years time were made:
The first at Re = 3.00E + 05 ft ! and the second at Re = 3.15E + 05 ft 1,
The Reynolds number was increased for the second series of tests (as
previously noted) in order to get a larger output (pressure differential)
from the various pressure probes that were used.

For the first series of tests, boundary layer surveys were conducted
at four stations along the transverse traverse line. These are shown in

fig

gu

re 16 as stations 1-4. Surveys at the remaining stations 5-7 were completed
during the second series of tests. The location of these stations have been
indicated by small arrows on the upper edge of several of the figures showing
the transverse traverse data (figs. 21-29). These particular stations were
selected in hopes of measuring the pitch and yaw of the weak longitudinal
vortices that may exist in the nonuniform boundary layer (see figure 22).

The 3-tube probe was used during the first series of tests to obtain
profiles of both the velocity and yaw variations through the boundary layer.
Because of the poor time response of this probe, it was replaced during the
second series of tests by separate pitot tubes (circular and rectangular)
and a Conrad probe. Preston tube and pitch probe measurements were obtained
during both series of tests. The static tube and static pressure disk were
used only during the second series of tests. A listing of the data obtained
in both series of boundary layer surveys is given in table 6. The average
values of the test variables for each survey is also included in the same tables.

The velocity profiles obtained in these tests are shown in figures 37-39.
The results from each series of tests were plotted separately since the Reynolds
nunber was slightly changed and there appeared to have been changes in the
nonuniform boundary layer over the one year interval. Figures 37a and 37b

show the velocity ratio U/U_ vs y, where y has been plotted on a logarithmic
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scale to expand (in y) the inner portion of the boundary layer. This was
done to show the variations due to the nonuniformities that occur near

to the wall. In figure 37a, the variations are largest between stations

1 and 3 (5% at y = 0.05 in., 6% at y = 0.5 in.). As shown in figure 23a
station 3 corresponds to a ''dip" in the output of P pref recorded from
the 3-tube probe of the transverse traverse device. As previously noted,
the transverse traverse surveys agree to within 2% of the boundary layer
surveys (fig. 23a). The surveys from the second series of tests (fig. 37b)
show large variations to occur between a maximum and minimun point on the
transverse output shown in figure 2la. The variations between stations 5
and 7 (where 7 is at a minimum point) are: 9% at y = 0.05 in. and 7% at

y = 0.5 in. The survey taken at station 6 shows an even lower value of
U/U_ at a given y location than station 7. On the otherhand, the transverse
traverse survey in figure 2la shows the velocity to be slightly higher at
station 6 than at station 7. The reason for this discrepancy was not apparent
from the present data. When the two sets of profiles are compared, the data
from the first series of tests is seen to fall entirely within the spread of
data shown in figure 37b.

Data obtained with the rectangular pitot tube has also been plotted in
figure 37b as the solid symbols. The agreement with the circular pitot data
is very close (within 0.5%) over most of the profile, with a number of the
points coinciding. Slight deviations were apparent in the range of 0.0184 in.
<y < 0.030. These differences were attributed to near wall effects on the
output from the circular pitot tube. This would suggest that the corrections
applied to the circular pitot tube data were not entirely adequate.

The velocity data has been replotted as U/U_ vs y/4 in figures 38a and
38b. The boundary layer thickness & (defined here as the point where U = 0.995

U, ) was determined by plotting U vs y on an enlarged graph. Based on the

y




scatter in the data, ¢ could be determined to within 0.025 in.. The values

of ¢ at each station are listed in table 6. The variations between stations
for the data in figures 38a and 38b are still quite apparent even for the
- normalized data. The 1/7th power law velocity profile has been shown in
each figure and is not in good agreement for the surveys obtained on or below

| the centerline of the test wall (no. 1, 2, 3, 4, 6 and 7). The power law

; does appear in good agreement with the survey at station 5. Assuming that

| the turbulent boundary layer starts at the boundary layer trip (&= 0), the
boundary layer thickness at & = 18 ft (for Re = 3.15E + 05 ft']) was 6 = 3.56
in.. The boundary layer thicknesses measured at stations 5, 6, 7 (with Re =
3.15E + 05 ft-l) were 3.14 in., 3.85 in. and 3.72 in. respectively. For clarity,
none of the rectangular pitot tube data has been shown in these plots.

Figures 39a and 39b show the velocity plotted in the wall coordinates

u" and y+. The data are now seen to collapse very closely along a single
curve over most of the profile. The data over the range 30 :_y+ < 500 is

seen to fall along a straight line given by:
u = 5.58 logy' + 5.5 (12)

In the literature, other values for the two constants (5.58, 5.5) have been
ﬁ given. These include: (5.6, 4.9) according to Clauser (ref. 68), (5.57,
5.10) from Coles (ref. 69) and (5.5, 5.45) from Patel (ref. 70). Below
y+ = 30, the data from the 3-tube probe deviates further from the straight
line than the circular pitot tube. This may be due to the use of the circu-
lar pitot tube corrections for the 3-tube probe. As noted earlier, the use
of the circular pitot corrections for the 3-tube prote may not be entirvely

appropriate.
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The rectangular pitot tube data in figure 39b is seen to follow the
surve u' = v' over a limited range and then deviates below y+ = 7. Figure
40 shows the data replotted as U vs v. The straight lines are the slopes
of the velocity profile determined from the measured skin friction on the
wall (in the linear sublayer e »dU/dy). In the linear sublayer (below
approximately y = 0.005 in. in the present case) the data for each survey
should fall along its straight line. Above y = 0.005 in., the data should
anproach the line from above (i.e. the velocity gradient is steadily increasing
up to the value in the sublayer). The results in figure 40 show this to be
the case for points beyond about y = 0.010 in.. However, the data below this
level is seen to indicate velocities that are too high. This shows that the
corrections for shear and wall proximity were not appropriate in the region
close to the surface. The present data indicates that the effective center
of the probe Yo when resting on the surface is at yC/H = 0.67, where H is the
external height of the probe.

Based on the reading accuracies of the micromanometer probe systems, an
estimate of the accuracy of the circular pitot tube data was calculated at

three points in the boundary layer. These were: +0.25% at y = §, + 0.6% at

) =

y = 0.5 in. and +3% for the probe on the wall with effective center at ¥ ™
0.0184 in.. It should be noted, however, that the data obtained near the wall
is subject to several corrections whose accuracy determines the final accuracy
of the plotted results. This is particularly true for the rectangular pitot
tube data.

The data obtained with the Preston tubes were used in the pitot tube data
reduction to obtain u' and y+. The values of the skin friction coefficient
(If at each measuring station have been listed in table 6. The measurements have

also been compared to the transverse traverse measurements (fig. 25) and were
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seen to agree to within 6%. An estimate of the accuracy of the Preston tube
measurements was based on the scatter seen in the data obtained with four
different sized tubes. For the present data, all measurements at a given
station agreed to within 3%.

Figures 41a and 41b show the measured profiles of the yaw angle o vs y
through the boundary layer. The data must be compared on a relative basis
since the absolute yaw angle relative to the horizon is not known. In the
present case, a = 0° is the angular position at which the probe was initially
"leveled" (as described in a previous section). The geometric axis of both
the 3-tube probe and the Conrad probe were within 10 minutes (0.170) of align-
ment to this '"leveled'" position. For the purposes of discussion, a positive
a denotes a flow directed (relative) upwards towards the roof of the test
section. The data taken at station 4 in figure 4la appears to agree qualita-
tively with the trend seen in the transverse traverse data shown in figure
23b (i.e. the yaw angle becomes less negative with increasing y). The survey
taken at station 1 appaears to pass close to a region of downswelling since in
figure 23a it is located near the center of the top of the "wave''. As noted in
the previous section, the pattern of the nonuniformities appears to have shifted
about 1 in. to the left on the graph sheet during the one year interval between
the tests. Hence, one must shift the same distance in comparing the survey
at station 1 with the model. The survey indicates a relative upward yawing
of the flow with increasing y whereas the model predicts the opposite trend.

A comparison of the data at station S in figure 41b with the model in figure
22 appears to show the correct trend. The variation in yaw at station 6 is
very small over most of the bouundary layer and would seem to suggest that the
survey was obtained in a region between two vortices - i.e. along the adjacent

upswelling shown in the model in figure 22. The survey at station 7, which was
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originally selected to be in a region of upswelling (based on the proposed
model) would then be shifted to the right in figure 22. The trend of the
data would then agree with the model.

The accuracy of the yaw probe measurements were estimated on the basis
of the sensitivity of the nulling manometer system during an actual survey.
These were: 0.025° at ¥ =46, 0.06° at y = 0.5 in. and 0.1° at points very
near to the surface. The alignment from one survey station to another was
considered to be within 2 minutes (O.OSO). For the second series of tests,
the alignment of the Conrad probe was checked between runs at a location
in the upstream portion of the test section. The mounting device used for

the hot-wire calibrations was located on the test wall 3 ft. from the inlet.

The Conrad probe was installed, leveled and then aerodynamically aligned with
the local flow during a short test. For every test completed, the aerodynamic
alignment of the probe agreed to within 1 minute (0.017°) of the first test
that preceeded the first Conrad probe survey.

Surveys obtained with the pitch probe are shown in figures 42a and 42b.
As in the case of the 3-tube and Conrad probe measurements, the pitch angle
8 must be compared on a relative basis from one station to another. In the
present figures, the results from the data reduction have been plotted directly
and 8 = 0° has no special (absolute) meaning. The geometric axis of the probe
was estimated to be pitched downward toward the wall by less than 0.5°. This
angle was checked before each test (using the probe sighting device) and found
to vary less than 0.1° from one station to another. The scatter in the data
is very large below y = 0.25 in. with a number of the points lying well off
the graphs. This was caused by inaccuracies in determining the gradient of
dynamic pressure near the surface. The gradient of q is used in equation (9)

to correct for the effects of the dynamic pressure gradient over the tip of

the probe.




A comparison of the pitch probe surveys and the model in figure 22 is
more difficult than for the yaw probe surveys because at any given station
the pitch will always generally in the same direction (according to the 3
model). The survey taken at station 1 (which is near to a downswell according
to the proposed model} shows a tching toward the wall with decreasing y.
The survey at station 3V locat ; upswelling and appears to indicate
a pitching toward the wall wi e sin e survey at station 3 was
‘ located near an upswelling and appears to indicate a pitching away from the
| wall with decreasing y. However, the surve t station 4, also located near
f to an upswell shows a relative pitching towards the wall with decreasing y.
£l
E Obviously, any interpretati s in regards to the model in
i s v 3 1 y - 1 A9}
; figure 22 depends on the ] tocation ( in figures 4Za and 4:.D.
I The surveys in figure 42b a1 - el i nnection with the vortex-
i
e
| -like flow patterns that were IS¢ w the bands of nonuniform weave in the
|
inlet screens. In particular, the survey at station 6 was selected to pass
f
through the location of cal peak he pitch probe data obtained with
the transverse traverse device (see fi 26) his survey indicates an are:
| at y = 4,75 in. where the flow is shown to locally pitch away from the wall
i
i relative to the rest of the survey In regards to the vortex pair model, this
1
i location may be taken as the center of the vortex pair. The survey at station
7 also indicates a similar pattern with the maximum pitch occurring at y = 3.5
: in.. However, according to the vortex model, station should have been in a
£ ]
i ! region of flow pitched toward the wall (see fig 26) .
8
5 The accuracy of the pitch probe surveys depends on the accuracy of the
9
L " calibration for the probe and alsc on the accuracy of the corrections for the
g 9
¥ P gradient in dynamic pressure. As shown in figure 42b, the correction for the
dynamic pressure gradient is quite large for 1 in. Based on the accuracies
of the calibration and the determination of dq/dy, the estimated accuracies of
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the data are: 0.1° at y =1 in., 0.05° at y = 8.

The attempts to compare the yaw probe and pitch probe surveys with the
proposed model in figure 22 have been somewhat speculative. The inter-
pretations depend in a number of cases by what is meant by yawing downward
or upward and what is meant by pitching away from or toward the wall. More-
over, the flow field structure may be more complex than the simple side
by side vortex model shown in figure 22. For example, in a study of the flow
on a concave wall (where Gortler type vortices are produced) So and Mellor
(ref. 71) speculated that a double system of longitudinal vortices may exist.
Further comparisons of the present data with other models is certainly required.
The pitch and yaw probe data do appear to show some type of directional
structure in the nonuniform boundary layer. However, more detailed and
closely spaced surveys are required to further understand the flow field.

Static tube measurements in the 2-D turbulent boundary layer were limited
to '"'spot checks'" through the flow. The static tube reading indicated a
slightly higher pressure than the local wall static for points taken over the
outer half of the boundary layer and above. The differences in Cp were on the
order of 0.0007. Closer to the wall the static tube read increasingly lower
pressures relative to the measurements in the outer half of the boundary layer.
At v = 0.25 in., the static tube was reading a lower pressure than the local
wall static, with the difference in Cp's amounting to 0.0013. The decrease
in the static tube reading was presumably caused by wall interference problems
which would produce an accelerated flow around the static tube. The result
of these tests showed that the static tube could be used to measure the static

pressure through most of the boundary layer with an error in Cp of about

+0.001.




N RS A SN T

Three static disk probe surveys were completed during the second series of

tests. Two of the surveys were made at stations 5 and 7 while the third was
located above static tap no. 32 on the aluminum insert (see table 2). A partial
velocity survey (not discussed above) was also obtained at the station above

tap no. 32. Assuming a constant static pressure through the 2-D turbulent
boundary layer, the calibration coefficient Ck for the static disk probe was
calculated using equation (11) from a previous section. In figure 43, Ck has
been plotted vs y. At the edge of the boundary layer and above, Ck has a con-
stant value of about 0.0805. The value for Ck increases nearly linearly to the
wall where Ck = 0.095. Similar variations were noted by Johnston (ref. 21) for

a static disk used in a 3-D turbulent boundary layer. According to a calibration
presented in reference 56, the value of Ck does not vary greatly with velocity.
Hence, in the present case, the data would suggest that the variations are caused
by the effects of wall interference. This does not appear to be entirely correct
because the variations noted here are seen to occur first at y = § (y = 3.5 in.)
and are virtually constant for y > §. Unfortunately no separate calibration

for the present probe vs. velocity was completed.

B. Three-Dimensional Studies

As for the 2-D studies, the results of the three-dimensional studies will
be discussed under the headings of: static pressure measurements, transverse

traverse surveys and boundary layer surveys.

1. Static Pressure Measurements

The static pressure measurements that were obtained on the test wall and
3-D wing-1like model will be presented in this section. All of these measure-
ments were referenced to a reference static tap located about 16 in. upstream

of the wing model (table 3). Only a limited set of measurements were obtained
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downstream of the model on the aluminum wall. These were primarily intended
for use in reducing the data obtained with the transverse traverse and boundary
layer probes. A complete set of static pressure measurements on the aluminum
wall were completed by Hebbar and are reported in reference 55.
! The pressure distribution measured along the test wall and wing model is
shown in figure 44. The measurements along the first 11 ft of the test wall
were made using taps no. 1-8 (table 1) that were 6 in. above the centerline
of the plywood wall. The pressure distribution shown on the wing was measured
by wing taps no. 7-29 (table 3) and on the aluminum wall by taps 22-34 (table 2).
The line of taps on the wing model and aluminum wall were 1.125 in. above the
centerline of the test wall. The wing model is seen to produce a pressure
coefficient of over 1.0 at its point of maximum thickness. The pressure dis-
tribution over the first 8 ft of the test wall is virtually unaffected by the
presence of the wing model (compare figure 44 with figure 18). Boyénd L =8
ft (where ¢ is the distance from the start of the test section) the pressure
gradient is slightly adverse up to the start of the wing. The pressures measured
at the first two taps nearest the leading edge of the model (taps no. 7 and 8
in table 3) were noticeably unsteady compared to the measurements at taps no. 9
i and 10 further downstream on the model. This was apparent in the micromanometer
as a very jittery miniscus for measurements at taps no. 7 and 8. Together with
the adverse pressure gradient noted between ¢ = 8 ft and the L. E., this behavior
! may suggest that an early stage of a separation bubinle existed at the very
start of the wing.
The pressure distribution over the wing appears quite symmetric except
for points approaching the leading and trailing edges. Figure 45 shows the
pressure distribution over the wing in more detail where x is measured relative

to the first diagonal row of static taps behind the wing (in this case to tap
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no. 22). The pressure distribution downstream of the wing model (on the
aluninum wall) is seen to be weakly favorable. (n approach to the diffuser,
the pressure distribution again shows a drop off as was seen in the 2-D
measurements (figs. 18 and 19). In figure 46, the pressures measured at taps
no. 43-47 and taps no. 35-36 are shown for comparison with pressures along
taps 22-34. This grouping of taps near the trailing edge was used to obtain
(by interpolation) the static pressure coefficient at the location of the 3-D
boundary layer survey discussed in a latter section.

Figures 47a shows the static pressure distribution along the two diagonal
lines of static taps on the foreward and rearward surfaces of the wing model
(see sketch in fig. 47b). The coordinate Za is measured from the centerline
of the test wall alonga line that is parallel to the trailing (or leading) edge
of the wing. The pressure distributions on the wing are virtually linear for
both the foreward and rearward surfaces. Data obtained along pressure taps
no. 1-76 on the aluminum wall are also shown in figure 47a. This line of
taps is 0.50 in. downstream of the trailing edge of the wing or at x = 0.375
in., where, as before, x is the distance measured from the first diagonal
row of pressure taps behind the trailing edge (taps no. 5-60 in table 2).

The distribution along this line of taps is also nearly linear. The scatter
about the straight line through the data is several times larger than the
reading accuracy of the micromanometer (a Cp equivalent to 0.004 in. of DC-200
manometer fluid is shown in figure 47a - the reading accuracy of the manometer
for the static pressure measurements was on the order of 0.0004 in. DC-200).
Between 2y -4 in. and Zg = -24 in., the distribution appears to have a slight
curvature. Pressure distributions further downstream of the trailing edge

of the wing are shown in figure 47b. The data along the line at x = 0.375 in.
(from figure 47a) has also been replotted for comparison with the other data.

The remaining surveys at x = 0.000 in. 12 in., 16 in. and 26 in. were used
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to map out the pressure disbribution for the transverse traverse surveys made

in the 3-D flow at the original (2-D) & = 18 ft station.

2. Transverse Traverse Surveys

Transverse traverse surveys were conducted at three stations behind the
wing model (as shown in fig. 16): 1i.) the first was at the original & = 18
ft station used in the 2-D studies, ii.) the second was along a line that was
parallel to the trailing edge of the model, 0.5 in. downstream of the trailing
edge and centered on the side wall centerline, and iii). a third station that

was along and parallel to the test wall centerline and which extended 15 in.

downstream of the trailing edge. At each station, surveys were completed using
the 3-tube probe, the single tube Preston probe, the 3-tube Preston probe and
the pitch probe. Xerox reproductions of the data obtained at all three
stations are presented in reference 49. For the present report, only the
3-tube survey taken along the T.E. of the wing model will be discussed.
The 3-tube surveys obtained along the trailing edge of the wing model
are shown in figure 48. The distanced measured along the 15 in. survey line
are designated as Zas where Za is measured along a line parallel to the trailing
edge of the model. The 3-tube total surveys in figure 48a show an apparent
amplification of the nonuniformities and a slight shift to the right when 3
compared with figure 2la. When comparing the 2-D surveys with the surveys
in figure 48 it must be remembered that the surveys at the T.E. are along a
diagonal line. The surveys made at y = 1/16, 1/8, 1/4 and 1/2 in. indicates 3
that the boundary layer velocity profiles immediately behind the trailing
edge lack "fullness'" (i.e. low velocities exist for some distance off the

wall whereas in the zero pressure gradient boundary layer, the velocities J

increase very quickly just above the surface). As noted earlier, these

"retarded" velocity profiles are the result of the region of adverse pressure

L
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gradient on the rearward side of the wing model. The yaw probe surveys at
y = 5 in. and 6 in. in figure 48b now show the output due to the non-

-3.5 in. to have the same shape as the expected output

i

uniformities at z
for the vortex pair model in figure 34b (trace 1 for the survey at y = 5

in., trace 2 for the survey at y = 6 in.).

3. Boundary Layer Surveys

Boundary layer surveys were made at only one station behind the 3-D
wing model. This station was located on the centerline of the test wall,

0.5 in. downstream of the trailing edge of the model. The results of these
surveys will be presented in this section.

Surveys were first completed using the Conrad probe to obtain the profile
of the cross flow angle a vs. y. This data was then used to align the remaining
probes to the local flow direction at each point in the boundary layer. Figure
49 shows the variation of o« from the wall (y = 0.0148 in.) to y = 6 in..

An enlargement of the near wall region shows that the maximum cross flow angle
does not occur at the wall, but rather at about y = 0.070 in. A similar

type of behavior was observed by Hebbar (ref. 55) who conducted hot-wire
anemometry studies at the adjacent instrumentation ports (see fig. 4). By
performing a sublayer analysis on his data, he was able to relate the decrease
in flow angle in going from the maximum a point to the wall, to the pressure
gradient existing at the T.E. of the wing model. In figure 49, the crossflow
angle at y = 6 in. is about 0.69” and appears to be decreasing to a = 0° at

y = 9 in. (the center plane of the test section at this station was at y = 8.92
in.). The boundary layer on the wall opposite the wing model is also weakly
three-dimensional and this flow will have a small influence on the free stream

flow angle above the test wall.
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The cross flow angle o has been replotted in wall coordinates in figure
50. The maximum angle « is not apparent at y+ = 45. The last few points
| from y+ = 11.6 to y+ = 13.6 appear to indicate a constant crossflow angle of
o = 22.05°. Measurements obtained by Hebbar (ref. 55) for points as close
to the surface as y+ = 3.2, showed that the flow angle remained constant for
all points less than y+ = 10. In the literature, the region near the wall
where the crossflow angle is constant is generally referred to as a region of
near wall collateral flow. This effect has been observed in a number of other
studies which include work by Johnston (ref. 72), Lewkowicz (ref. 7), Francis
and Pierce (ref. 8) and Hornung and Joubert (ref. 26). On the other hand, a
numerical study by Pierce and Fast (ref. 73) suggested that the flow angle
through the linear sublayer continues to change right down to the wall and no
region of collateral flow actually exists. Instead, the flow merely appears
to be cellateral flow actually exists. Instead, the flow merely appears to
be collateral because of low probe sensitivity close to the wall - in particu-
lar for directionally sensitive pressure probes such as the Conrad probe or
3-tube probe (in the present experiment the sensitivity of the Conrad probe
near the wall was on the order of 0.]0). An experimental study by Rogers and
Head (ref. 74), using a special near-wall traverse device with a hot-wire probe,
has shown that the crossflow angle in a 3-DTBL can change continuous ri;ht
down to the wall. The existence of collateral or noncollateral flow in the
near wall region of a 3-DIBL may well depend on the type of 3-DTBL which is
being studied. The experimental measurement of the changes in the flow angles
through the sublayer depends finally on the sensitivity of the probe being
e the calculation of the velocity through the boundary layer requires

f the local static pressure, the results of the static tube and

» surveys will be presented next. The pressure coefficient Cp VS 3§
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y for both surveys is shown in figure 51. The static pressure coefficient
for the disk probe was calculated using equation (7) ( p. 37) together

with the local dynamic pressure (which was calculated using the local static
pressure as measured by the static tube). For points beyond y = 2 in. the
agreement in Cp between the two surveys is generally within 0.00075. More-
over, the pressure distribution above y = 2.0 in. varies linearly out to

y = 6.0 in.. Below y = 2.0 in. both surveys indicate widely differing
pressures. While the static tube indicates a nearly constant Cp between

y = 1.75 in. and y = 1.0 in., the Cn from the disk probe continues to
change. The extrapolation of both sets of data to the surface appear to

be in good agreement with the wall static pressure coefficient (Cp = +(0.001
on the wall at this station). This result may be somewhat fortuitous since
both probes are subject to interference problems when used close to the
surface. The extrapolation to the wall of the linear variation noted above
y = 2.0 in., would give a wall static pressure coefficient of Cp = +0.008.
Hence the variations in Cp below y = 2.0 in. do appear to be real. Since

a greater confidence was placed in the Cp's measured by the static tube (the
disk probe used a correction Ck which could easily vary ¥ 0.005 in the inner
region of the boundary layer), the velocity profile through the boundary
layer was calculated by using the Cp profile determined by the static tube.
Moreover, as will be seen in the discussion of the pitch probe results, the
static disk probe may have been in error for points below y + 2.0 in. because
of the effects of pitched flow.

As shown in figure 1, the total velocity U in a 3-D velocity profile
can be projected onto orthogonal planes to form a streamwise velocity
component US and a crossflow component W. For the present survey, the
direction of the streamline at y + 5.0 in. was used as the '"'streamwise

direction'. As secen in figure 49, the flow angle above the edge of the

R




boundary layer is continuously changing and the correct choice for

the streamwise direction is not entirely clear. Hence with U = velocity
at y = 5.0 in., the normalized strcarwise and crossflow velocities US/Uw
and W/U_ are plotted vs y in figure 52. Again the choice of a free
stream velocity is not clear since in Figure 52, the velocity is seen to
vary continuously even up to y + 6.0 in.. Because of this varying "free
stream' velocity, a definable boundary layer thickness § (e.g. where U =
0.995 U ) cannot be determined. If the velocity at y + 5.0 in. were assumed
to be the 'free stream velocity', then the boundary layer thickness would
be on the order of § = 4.0 in..
The streamwise velocity profiel Ug/Um in figure 52 shows the effects

of the extended adverse pressure gradient that exists over the rearward

surface of the wing model. The adverse pressure gradient tends to make the
velocity profile less "'full", with low speeds (Uq/Um < 0.5) existing
nearly up to y = 0.7 in.. In comparison, the 2-D velocity profile U/U°°

in figure 38a shows U/U_ < 0.5 for y $0.2 in..

The total velocity U for the 3-D flow has been plotted in wall
coordinates in figure 53 (where ut = U/UT). For a limited range of 25 < y+ < 170,

the data can be fit to a straight line given by:

u' = 5.07 log y * 5.76 (13)
The constants (5.07, 5.76) differ from the set determined for the 2-D
velocity surveys (from equation (12), the constants for the 2-D flow were
(5.58, 5.5)). In the literature (e.g. ref. 21 and 28), the velocity profiles
obtained in 3-DTBLs do tend to show agreement with the 2-D log laws such as

given by equation (12). In the present case, the line from equation (12)
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was shifted above the data. This difference may be associated in part with

an error in the skin friction coefficient Cf. As discussed below, the four
sizes of Preston tubes used in the surveys gave values of Cf which differed
by 10%. The data obtained with the rectangular pitot probe is seen to agree
poorly with the curve u = y+, This suggests that the corrections used for
the 2-DTBL are not appropriate for use in the 3-DTBL of the present study.
Since the corrections are likely to be a function of Cf, then the factor
of two difference in Cf between the 2-D and 3-D tests probably explains
why the Z-D corrections cannot be applied to the present 3-D data.

Figure 54 shows the crossflow velocity W/U_ plotted against US/Um.
This plot is generally referred to as the 'polar plot' and was first extensively
used by Johnston (ref. 72) to analyze data obtained in a 3-DTBL. When
straight lines are faired through the data, a characteristic triangular
outline is formed. For the present data, the vertex of the triangle occurs
at about US/Uou = 0.345. The line running off to the lower left has been
drawn in at an angle equal to the angle measured by the Conrad probe at the
last few points above the wall (from fig. 49, the limiting angle o 22.059).
The data (mainly from the rectangular pitot probe) is seen to fall slightly
below this line. The location of the vertex of the triangle is of interest
in certain analysis of the data. In the present case, the vertex is
located at y+ = 88. Hornung and Joubert (ref. 26), working with a 3-D flow
produced by a right circular cylinder mounted on a flat plate, measured
the vertex to be as high as y+ = 150. On the otherhand, Johnston (ref. 72),
working in a 3-DTBL developed by flow impinging on a back wall, measured y*

e 2
no higher than y = 16.
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The data obtained with the four sizes of Preston tubes is plotted
in figure 55 as skin friction coefficient vs D, where D is the external
diameter of the Preston tube. In addition, the data obtained at stations 5,
6 and 7 in the 2-D tests have been included. A scale indicating the
variation of the measured Cf at a given station is shown along the right
of the graph. A line is drawn through each set of data to designate the
average value for all four Preston tubes. For the 2-D tests, the variations
in the data obtained with the four sizes of Preston tubes are well within
3%. The 0.0183 in. 0.D. Preston tube appears to read high for two of the
three tests in the 2-D flow. The data from the 3-D flow show an increase in Cf
with decreasing diameter D (the total variations are now about 10%). In
data obtained by Prahlad (ref. 28), a similar trend was noted. He concluded
from his results that the larger diameter Preston tubes were outside of the
region of wall similarity. On the other hand, smaller diameter Preston tubes

were seen to measure the same values of C., hence indicating that the

f’
smaller tubes were within the region of wall similarity. In the data shown in

figure 55, the C_. measured by the 0.0183 in. 0.D. tube in the 3-D flow is

i
reading higher than the Cf from the 0.0283 in. 0.D. tube. However, this trend

was also noted in the 2-D surveys at stations 5 and 6. Hence, the Cf's

measured by the two smaller tubes may be in the same relative agreement
in the 3-D flow as they were in the 2-D flow. For the purposes of reducing

the data taken in the 3-D flow, the C. measured by the 0.0283 in. 0O.D.

¢
Preston tube was used.

The results of the pitch probe survey conducted in the 3-D

flow are shown in figure 56. A negative pitch angle 8 indicat:s flow that is




pitched towards the wall. The pitch angle B8 is seen to increase as one goes

fromy = 6 in. down to y = 1.0 in.. The pitch angle then decreases in going

fromy = 1.0 in. to the wall. The presence of the wall apparently reduces the
pitch over the inner 1 in. of the boundary layer. Returning to figure 51, the
deviations in Cp below y = 2 in. are seen to occur in the same region where
the pitch angle exceeds -4.0°. Since the static tube was already pitched

at -3° to the wall, the maximum relative pitch angle over the probe was 1.75°.
No corrections for the effects of this relative pitched flow were made to the
static tube data (as noted in reference 75 a static tube aligned to within

4° of the local flow has an error of less than 0.5% of the local dynamic pressure).
The disk probe was aligned to be parallel to the wall and hence was subject

to a pitched flow of 8 = -4.75° at y = 1.0 in.. Although a check calibration
showed that the static disk output (or equivalently the calibration constant

Ck) was nearly unaffected when pitched to 40, this may not be the case at

4.75° (unfortunately no angles larger than 4° were checked in the present

tests). As shown in a calibration of a static disk probe given in reference
56, the calibration constant Ck was unaffected (Ck = 0.12) up to flows angles

(0]

Ofoe, AL 29 the value of the calibration constant had risen to Ck = (0.23.

» In the present case, a similar error may have occurred in the value of Ck
used to reduce the static disk data. The static disk probe in this tests
should have been rolled by 90° so that it would have been insensitive to the
pitch. Alignment in yaw would have been provided by the boundary layer

traverse device. Or alternately, the plane of the disk could have been

pitched down by 3 so that the pitch angles would not have exceeded 1.75%,
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IV. SUMMARY AND CONCLUSIONS

Experimental studies of a two and a three-dimensional
low speed turbulent boundary layer were conducted on the side wall of the
University of Maryland Boundary Layer Wind Tunnel. The 20 ft. test section, with
a rectangular cross section measuring 17.5 in. x 46 in., produced a 3.5 in.
thick turbulent boundary layer at a free stream Reynolds number of 3.15
X IOS/ft. The three-dimensional turbulent boundary layer was produced by a
30° swept wing-like model faired into the side wall of the test section.

Preliminary studies in the two-dimensional boundary layer indicated
that the flow was nonuniform on the 46 in. wide test wall. The nonuniform
boundary layer is characterized by transverse variations in the wall shear
stress and is primarily caused by nonuniformities in the inlet damping
screens. An effort was made to improve the flow by changing the existing
screens, but this was not successful. Following this, an extensive study of
the nonuniform boundary layer was conducted.

To study the nonuniformities, a special tranverse device was
developed to allow one to survey the boundary layer in a direction transverse
to the mean flow and at set distances off the wall. Transverse surveys were
made using several different probes which included a 3-tube probe (combined
yaw and pitot probe), Preston tubes, a pitch probe and a hot-wire probe.

Over the 15 in. span of the transverse device, the local skin friction
coefficient varied (at discrete locations) 1 99 about a mean. Transverse
variations in the flow velocity, yaw, pitch and turbulence intensity were
also measured in the boundary layer at set distances above the wall. The
transverse surveys were compared to a possible model for the nonuniform

turbulent boundary layer proposed by Perkins (ref. 43). 1In this model, a




series of counter-rotating longitudinal vortices are thought to exist

in the boundary layer. Although some regions of the surveys indicated
F. | general agreement with the model, comparisons in other regions were inconclusive.
Measurements with the pitch probe revealed the presence of a vortex-

like flow to exist above the edge of the boundary layer at two locations

along the 15 in. traverse line. This structure occurred above both test
walls and appeared to be symmetrical about the center plane of the test

E section. The apparent origin of the vortex-like flow was traced to
imperfections in the next to the last of five inlet damping reens where
the weave was very slightly closer together. These imperfections existed

in two small 'bands'', each about 0.4 in. wide, that extended across the entire
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width of the inlet screen. An analysis of the data suggests that the wakes
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produced by these imperfections 'bands' tend to roll up into trailing

vortices which occur on both sides of the center plane of the test section.
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Comparisons were made with two possible models for the vortex flow: The

A 3

first in which only one vortex occurs to each side of the center plane of

the test section and a second where a vortex pair occurs to each side. The

f

pitch probe data appeared to support the second model. Measurements with

the 3-tube yaw probe in regions of the vortex-like flow failed to consistently
indicate any substantial yaw in the flow which would be expected to accompany
the relatively large variations in pitch.

A second traverse device was also developed to make surveys

through the boundary layer at select stations along the transverse survey line.
| The probes used with this traverse device included pitot probes (circular
and rectangular), yaw probes (3-tube and Conrad), a pitch probe, Preston

5 tubes and static probes (static tube and static disk). Velocity profiles




plotted as U/U_ vs y/§ showed relatively large variations in going from one

survey station to another because of the nonuniformities. However, when
the data was replotted as uvs log y+, all of data showed very close agreement
with a logarithmic universal velocity distribution (in the form of u = A log y+
£ B, The velocity profile obtained with the rectangular pitot probe very
close to the wall showed poor agreement with the sublayer velocity law
(u+ = y+). The discrepancies were primarily due to the effects of the near
wall corrections applied to the data. These results point out the need for
more accurate near wall corrections for the rectangular pitot probe. Surveys
made with the yaw probes and pitch probes indicated the presence of a definite
type of directionaly structure in the nonuniform turbulent boundary layer
(i.e. the yaw and pitch angles of the flow varied through the boundary layer).
As for the transverse traverse surveys, some of the boundary layer surveys
appeared to agree with the longitudinal vortex model while others suggested a
more complex flow structure. A survey using the pitch probe at the station
where the vortex-like flow occurred (due to the imperfections in the inlet
screen) showed a region above the edge of the boundary layer where the local
flow was pitched away from the wall as was indicated by the transverse traverse
. .

surveys. ‘

< g

The twansverse traverse device was also us to survey the three-

¥ ;
dimensional flow field developed downstream of the #ving-like model. These
measurements suggested that the presence of the wing model tended to amplify
the nonuniformities in the boundary layer.

Only one representative set of boundary layer surveys were made in

the three-dimensional flow at a station 0.5 in. behind the trailing edge of
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the wing model. Surveys with a yaw probe indicated a maximum cross flow of
22° to occur at 0.07 in. above the wall in the nominally 4.0 in. thick

turbulent boundary layer. Data from the pitot tube surveys, plotted

as u’ vs log y+ (where u' = total velocity/uT) showed a limited range

over which a logarithmic universal velocity distribution (in the form of u =
A log y+ + B) could be fitted to the data. The range in y+ was smaller

than for the 2-D boundary layer and the constants (A,B) were slightly different.
The measurements obtained with the rectangular pitot probe very close

to the wall showed very poor agreement with the sublayer velocity law

(u+ = y+). These results suggest that the near wall corrections used

for the 2-D flow (where the skin friction was over twice as large as in the
3-D flow) are not appropriate for the present survey. Measurements with the
pitéh probe showed the flow to be pitched toward the wall by over 4.7°

in the boundary layer at about 1 in. above the wall. Static pressure
measurements indicated a decrease in the static pressure of 5.5% of the

free stream dynamic pressure in going from the surface to a point 6 in. off
the wall. Moreover, the variation in the static pressure coefficient Cp

was linear from 2 in. above the wall to 6 in. above the wall. Below 2 in.
the distribution of Cp deviated from the linear variation. Measurements
with the Preston tubes showed variations of 10% between the data obtained
with the smallest (0.0183 in. 0.D.) and largest (0.0591 in. O.D.) probes.
Since the variations in the 2-D flow were well within 3% this suggests

that the calibrations for the 2-D flow cannot be accurately used (for all four

Preston tubes) in the 3-D turbulent boundary layer in this study.




V. RECOMMENDATIONS FOR FUTURE WORK

Experimental work in three-dimensional turbulent boundary

layers will continue for many years before sufficient information is
obtained to calculate the variety of 3-DTBLs that occur on a number of
different kinds of geometry. Recommendations for further experimental
work in 3-DTBLs have been well documented in the literature. The
greatest need at the present time is for turbulence data for use in
the differential calculation schemes (which appear to have the greatest
chance of eventually predicting the more general 3-D flows).

n regards to the present study, a number of recommendations for

future work can be given:

i.) A further a more detailed study should be made of the
peculiar vortex-like flow patterns which were formed by the
impefection "bands' on the inlet screen. Additional probes
such as a hot-wire X-probe or a four-wire vortex probe may
help to obtain further insight into the flow structure.
Complete surveys should be completed with a narrow piece of
tape on the last inlet damping screen to see if the wake
flow from the tape produces the same flow patterns as the
imperfection '"bands'" in the screen.

ii.) Bcfore any additional three-dimensional measurements are
made behind the wing model, further attempts should be made
to reduce the nonuniformities in the boundary layer. The
first step would be to remove the secon” to the last damping

screen (which had the imperfection bands) and see what affect

80
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iv.)

81

this had on the boundary layer flow. Before any further
modifictions were made to the inlet honeycomb and screens,
it would be desirable to study the nonuniform turbulent
boundary layer in a smaller, more manageable facility.

The effects of honeycomb and screen combinations as well

;5 the shape of the contraction inlet should be investigated.

0
wn

In addition, the effects of a wall or floor located very close
to the inlet cowling should be considered (in the present
tests the bottom of the inlet was located close to the

floor.) To improve the flow in the present wind tunnel,

the 0.59 open area ratio polyester screens will probably

have to be replaced by high quality stainless steel screens
with an open area ratio of about 0.67. Obviously, the screens
should be very carefully checked for manufacturing imperfections
before permanent installation. The plastic drinking straw
honeycomb should be discarded and a honeycomb of approximately
3/8 in. diameter cells by 8 in. length should be used.

A hot-wire probe should be used to make any future velocity
measurements through the 3-D flow behind the wing model. The
use of the hot-wire probe would eliminate the errors caused

by the uncertainty of the static pressure distribution
through the boundary layer. Pitch probe and yaw probe
measurements could also be made by using an X-probe.

Further studies should be made to determine the correct

calibrations of Preston tubes to be used in 3-D turbulent

boundary layers.
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vi.)

82

Additional data is required to help develop more accurate
near wall corrections for the rectangular pitot tube. These
tests might be done in conjunction with a hot-wire

probe which could be used to accurately measure the velocity
very close to the wall.

Future studies of the 3-DTBL developed behind the wing
should include the measurement of the turbulence structure

through the boundary layer.
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ref. Tap/”

Table 1 Location of Static Pressure Taps on Test Wall (2-D)
_233_23;_ £ 1n. z in
1 7.00 6.00
2 23.00 6.00
3 39.00 4.50
4 55.00 6.00
5 71.00
6 87.00
7 103.00
8 119.00
9 135.00
10 161.75
1 173.25 Y
ref. 119.00 -4.00
£ is measured from start of test section
z is measured from test wall centerline
static taps over last 5 ft of test wall (i.e. the
aluminum insert) are given in table 2.
(~ Tap no. 1 Tap no. 11
‘ -
/ oy
:Z -— -

|
b = - r-—- -

Start of aluminum insert nnd?




Table 2 Location of Static Pressure Taps
on Aluminum Wall

i ot SA A s 2l i i A it i

3 tap no. x in. z in, tap no. X in, z in.
E 1 0.375 18.00 40 15.625 -1.000 1
3 2 12.000 18.00 41 23.625
: 3 0.375 11.94 42 34.625
z 4 12.000 11.94 43 0.000 -3.125 ;
V 5 0.000 5.875 44 0.375 |
| 6 0.375 | 45 0.875 |
| 7 0.875 46 1.625
8 1.625 47 2.500 i
| 9 2.500 48 3.500
' : 10 3.500 49 5.000
i 1 5.000 50 7.000
i 12 7.000 51 9.000
] 13 9.000 52 12.000
i 14 12.000 53 16.000 ]
. 15 16.000 54 26.000 , 4
' 16 26.000 55 36.000 '
1 17 36.000 f 56 0.625  -4.5¢2
18 0.625 5.000 57 0.375 -4.500
k 19 0.375 3.500 58 5.000
; 20 5.000 l 59 12.000
i 21 12.000 60 0.000 -7.125
22 0.000 1.125 61 0.375 ;
23 0.375 62 0.875
t 24 0.875 63 1.625
' 25 1.625 64 2.500
26 2.500 65 3.500
] 27 3.500 66 5.000
ki 28 5.000 67 7.000
B 29 7.000 68 9.000
¥ 30 9.000 69 12.000
; 31 12.000 70 16.000
4} 32 16.000 71 26.000
H 33 26.000 { 72 36.000
& 34 36.000 73 0.625 -8.000
i 35 0.625 -1.000 74 0.375 13.19
g 36 2.625 75 12.000 13.19
M 37 5.625 76 0.375  19.25
¥ 38 9.625 77 12.000 19.25
: 39 12.000 1

X is measured relative to a line parallel to T.E. and
passing through tap no. 22 (see sketch in table 3)

Z is measured relative to centerline of test wall
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i
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E Table 3 Location of Static Taps on Wing Model
3
£ tap no. x in. z in. tap no. x in. z, in
8
i
7 7 -60.78 .13 1 -53.29 .30
b 8 -59.78 3 15.30
9 -58.28 5 8.30
10 -56.29 11 1.30
11 -53.29 30 - 5.70
12 -49.30 32 -12.70
k| 13 -44 .86 34 1 -19.70
; 14 -40.86
' 15 -37.84 2 -12.45 22.30
16 -35.84 4 15.30
17 -34 .34 6 8.30
18 -32.84 25 1.30
19 -31.35 31 - 5.70
20 -29.86 33 -12.70
21 -27 .84 35 -19.70
22 -24 .84
23 -20.83
24 -16.43
25 -12.45 ‘
26 - 9.46
al - 7.45
28 - 5,96
29 - 4,94 f

Xx is measured on surface of model
Zq is measured from test wall centerline, parallel to T.E.

taps (1-34) are on a line through tap 11, parallel to L.E.
, taps (2-35) are on a line through tap 25, parallel to T.E.

X
\

| \

\\
|
L.E.
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E Table 4b Estimated Errars for Static Pressure
3 Measurements and Transverse Traverse Surveys
A Quantity Location Estimated Error
Cp all +0.0005
y ai’ +0.005 in,
on wall +4%
U -
= 0.5 1in, +1.5%
| N ¥ -2
3 y =3 +0.5%
E | ‘ on wall 0.2°
; a y = 8.5 In. i G
E y =96 0,05°
| y = 1.0 in. 0.2°
B
y = 3§ 0.05"
k| Cf all 5%
|
- ‘: = y = 0.5 6%
 q /2
] Ug y =8 8%
“v” |
by |
# i
i {
B
% 1
; |
B
'4 q §
¢ §
3
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Table 4c Estimated Errors for Boundary Layer
Surveys

Quantity Location Estimated Error

¥y <« 0,5 in. 0.0005 in.
¥y » 0.5 in, 0.001 in,

§ all 0.025 in.

on wall +2%
u/u y = 0.5 in. +0.6%
Y= +0.25%

on wall 0.1°
= 0.5 in. 0.05°
y =8 0.025°

]
<
[

= 1.0 1in. 0.1°
y =38 0.03°

<
i

c all 2.5%

y = 0.5 in, .002
P y = & . 001

-

it

A
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Tahle 6a Boundary Layer Survey Measurements - Station 1

Re = 3,00E+0Q5 p 5 .2251E~02 § = 3.070
Uref = 81,85 » .3871E-06 Cf .2579E-02

g = 2,991

¥y u a g y u a 8
.021 21.47 1.05 .634 38.81 .68 -.40
.024 22.87 1,07 .754 39.81 .70
.028 24 .04 1,08 .904 40.88 .70 -.34
332 25.186 1.09 1.054 42.01 .67
837 26.01 1.05 +2.16 1.254 43.29 .63 -.26
.044 26.91 1.05 - .63 1.504 44 .86 .62
«B852 27 .58 .97 1.804 46.46 " -.12
.060 28.12 .90 - .81 2.104 47 .93 .58
.071 28.91 .90 2.504 49.59 «53 -.01
.084 29.62 .90 - .89 2.754 50.33 293
.099 30.18 <87 3.004 50.82 .43 -.09
116 30.98 87 - .62 3.129 50.95 .43
.139 31.70 .82 3.254 51 .06 .43
.164 32.41 .85 - .52 3.504 9l.12 <34 -.13
154 32.99 .87 4.004 51.16 .30 -.13
.229 33.10 .82 - .37 5.004 51.05 . & -.10 )
.269 33.94 - 5.971 81 .02 .18 -.10
.324 35,62 .82 - .39
.384 36.35 il
.454 3713 .82 - .35
.534 37 .88 i

9
t
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Tabie 6b Boundary Layer Survey Measurements - Station 2 |

3 Re = 3,00E+05 p = .2255E-02 § = 3,250
B 1 - = = * =
boap = 51445 4 = .3872E-06 x
| q = 2,984 |
y U & g* y ] a g*
.021 20,89 +20 .634 38.24 67
4 .024 22.07 «50 754 39.47 .65
3 ,028 23,45 45 .904 40.55 .67
8 3 24 .35 08 1.054 41 .40 .63
4 « Q37 25,15 48 1.254 42.89 .58
- .044 26.15 .48 1.504 44 .29 .58
3 .052 26,99 43 1.804 46.06 .50
. .060 27 .46 93 2.104 47.32 .48
- .071 28 .41 W43 2.504 49.18 .43
E .084 28.79 .48 3.004 $0.39 .40
;. .099 29.56 47 3.129 50.59 .38
; 116 30.19 50 3.254 50.77 37
V1ad 31.18 .48 3.504 50.95 sl
.164 31.70 N 4,004 51.03 .30
. 194 32.7) 48 5.004 91 ¥ « ol
289 33.15 w29 9 997 50.99 .18
.269 34,22 D
3 .324 34.80 2]
= .384 35,88 .55
- 454 36.49 .62
534 87,47 .83
- *No surveys were completed at this station with the Preston
% tubes or the pitch probe,
&
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Table 6¢

Boundary Layer Profile Measurements - Station 3

Re = 3,00E+05 = .2301E-02 § = 3.550

U op = 49.72 = ,3818E-06 Ce .2320E-02
q = 2.843

% U a 8 y U a 8
.021 19.25 .03 .904 37.34 .48  +.07
.024 20.88 12 1.054  38.31 .50
.028 21,88 22 1.254 39,60 .50 +.00
032 22.717 10 +2.47 | 1.504 41.15 .52
.037 23.38 .03 1.804 42.88 .53 -.0]
.044 24,52 A58 <« 17 ]| 2,108  84.4) .52
.052 25.17 .13 2.504 46.21 .52 .03
.060 25.75 13 =« .12 ] 3.008 48.06 50 - «.03
071  26.32 .13 3.254 48.63 .47
.084  26.94 07 -« ,21 ] 3.508 49.05 A48 <. 14
.099 27.42 .13 3.604 49,13 .47 -.09
116 28.02 20 - 08 | 3.784 39.24 .45
.139  28.74 Y. 4.004 49.35 A48 «.14
165 29.44 5 - .22 | 5,008 49.35 A3 <17
.194 30.06 .15 5.979  49.35 33 =07
.229  30.73 J8 0 = L0
.269 31.56 22
324 32.37 .27+ .06
.384  33.08 .30
.454  33.80 .33 0+ 14
.534  34.50 .37
.634 35,30 .38 + .16
.754  36.38 .43

aliind i ke

|
|
1
'
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Tahle 6d Boundary Layer Survey Measurements - Station 4 :

.

: Re = 3.00E+Q5 p = ,2308E-02 § = 3,250
Bl 1 - = = = -
2 U.o¢ = 49.40 y = ,3809E-06 cf ,24289E-02
' g = 2.816
1. y v a g J u a B
: .021 19.74 .. 23 .634  36.24 .00 +.06
.024 20,80 =25 754  37.20 .05
028  21.%8 -.30 ,904  38.32 .07 +.09
.032 23.02 =30 +2.6) 1.054 39.42 .10
.037  23.86 -, 32 1.254 40.76 15 +.02
044 24,75 «,32 - .83 | 1.504 42.36 .20
052  25.82 «.32 1.804 44,03 .22 +.05
.060 26.18 - 28 - 78 | 2.708 45.58 .25
,077 26.81 w30 2.504 47.23 .28  +.10
.084  27.49 «. 30 «~ 07 ] 3.004 48.74 W S b
.099  28.09 -.30 3.129 48.93 .33
.116  28.61 -.30 - .55 | 3.254 49.00 W &
: L1269 29.44 -.30 3.379 49.08 o
F | 168 . 38,12 <.25 <« .44 | 3,504 49.19 32 +.17 |
.184  30.73 -.25 4.004 49.23 35  +.17 |
229 31.57 -.25 - ,33 | 5.00¢ 49.23 33 .04
269  32.03 -.22 5.975 49.19 33 +. 14
328 32.77 w17 = 23
384  33.94 -, 12
| .454 34,53 .10 =« 12
,534 35,42 -.08

o i i, SEERIES
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Table 6e Boundary Layer Profile Measurements - Station 5
Re = 3,15E+05 p = ,2259E-02 § = 3.14Q
Uref = 53,79 p = ,3863E-06 Cf = ,2640E-02
q = 3.268
Y o 8 y u a 8
.018 23.29 <43 3.004 53.43 -.07 .22
.019 24,00 g 3.204 5359 .
« 921 24 .64 70 3.254 53.63 -.13 .19
.024 25,63 .70 3.304 53.69
.028 26.69 il o 3.354 53705
032 27.45 o795 -2.46 3.404 $3.07
.037 28,16 17 - .16 3.454 53.82
.044 28,96 ol - .98 3.504 53.83 -.22 21
.052 29.75% D ]2l 3.554 53.83
.060 30.35 o -1.10 3.604 53.83
.071 31.10 i - 90 |} 3.654 53.83
.084 31,72 3 « +88 3.704 53 87 -
.099 32.46 b7 - .7 3.754 §3.85
J16 33.44 e - «81 3.804 53.87
139 34,06 «l9 - .75 4.004 53.86 -.25 .28
.164 34.84 o3 - 18 5.004 53.84 -.35 23
.194 35,70 «ld - .68 5.976 53.82 -.45 4
229 36.62 <4 D = 49
.269  37.39 73 - .66
.324  38.28 J2 - .65
.384 39.17 g - .66
.454  40.11 e - .67
.534 40.88 .68 - .68
.634 41,91 «99 - .71
.754  42.96 .63 - .72
.904 44,13 «0& - .73
1.054 45,11 .58 - .71
1.254  46.39 53 - .68
1.454 47 .63 .48 - .63
1.654 48,66 35 - .57
1.904 49,79 .28 - .52
2.154 50,88 - .45
2.454 51,96 18 - .36
2,754 52,93 .Q3 - .28
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Table 6f Boundary Layer Profile Measurements - Station 6

.2275E-02 § = 3.850
.3848E-06 Ce = .2225E-02

Re 3.15E+05 0

Voap ® 53.36 it

q = 3,238

<
{ o=
2
™
<
e
2
™

018 20.43
.019 21:15
.021 21.87
024 22,83

97 .634 37.54
.07 .754 38.49
+07 .904 39.53
.054 40.60
.254 41.88
454 43.07
.654 44,33
.904 45.73
.154 47.03
454 48 .44
.754 49.83
.004 50.79
. 51.69
.504 52.38
.004 83.1¢

032 24.55
037 25.23

.052 26.66
.060 el.22
O 27.91
.084 28.64

TR o T g (R S S [ [ i S
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. W »

(= ]

n

s e = =
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o
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£
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ke e R
n

.269  33.60 989  53.32

324 34,45

]
~N
n

S B B o £ N AL RN N o Y el e
o
[0 0]

il sl el il B dorlt el ol el el 4
U100 0000 GOS0 LW

TN S T

ST RIS
(3%
S

- b & e i B e v i LR RS L i S e s N el S o Z AR
el oo ‘;« = v ke e s A L s ek A s 5 TP Oy
e R e SR PSSR = - . : -
el




L e WIS A O N R R A A i Mt i s i T

102

Table 6g Boundary Layer Profile Measurements - Station 7

Re = 3.15E+05 p = ,2232E-02 § = 3,720

3A; Uref = 54.86 n .3876E-06 Cf .2340E-02
K | q = 3.359

| y u a 8 y u a 8
4 .018 21.64 - .28 .634 39.53 -.27 .44
3 .019 22,31 - .28 .754  40.50 -.27 .41
E | .021 23.07 - &l .904 41,62 -.22 « 37
: .024 24,15 - .48 1.054 42,65 -.18 .32
3 .028 26.14 - .30 1.254  43.97 -.15 .30
1 .032 25.91 - .30 +2.32 1.454 45,23 -.12 .25
g 037 26.55 - 33 # .01 1.654 46.31 -.08 .23
3 .044  27.40 - 432 - .81 1.904 47.71 -.07 17
# J82 28.12 - .32 - 77 | 2.154 43.00 -.03 .14
2 .060 28.75 - 32 - .67 2.454 50.48 -.02 .12
: .071 29.36 - .38 - .57 e.758 S1.7% -.02 « 10
1 .084 30.14 - .33 - .54 3.004 52.76 -.03 .07
¢ 099 30.78 - +33 - .67 3.254 53,54 -.07 .05
: 116 31.50 - .33 - .67 3.504 54,20 -.12 .03
3 « 139  3¢.42 - 33 - .62 3.704 54.50
; .164 32,96 - .33 - .52 3.804 54,61
; .194  33.68 - .33 - .51 3.904 54.70
- «&e9 34.50 - 33 - .49 4.004 54.77 -.18 .05
E | .269 35.29 - .33 - .49 4.129 54,82
b | .324 36.17 - .8 - .47 4.254 54.84
ki .384 37.04 - .35 - .49 | 4.504 54 .84
K ) .454  37.81 - .33 - .45 5.004 54.81 -.20 .14

i .534  38.66 - .30 - .43 §.992 54,78 -.18 19
i |
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b Table 6h Boundary Layer Profile Measurements
k| 3-DTBL Survey !
|
' Re = 3,15E+05 o = ,2321E-02 §% =
Uoup = 51,85 y = ,3829E-06 Ce = .1108E-02
q = 3,132
A Y U a g Y U a 8
: 018 12,38 22.05 754 28,80 11.43 -4.58
, .g19 12.80 22,02 .904 31,28 9.50 -4.74
a 021 13,26 22.02 1.054 33,70 7.83 -4.75 i
024 1414 22,05 1.254  37.09 6.02 -4.69
b 028 14,84 22,13 1.454 40.16 4.65 -4.54
{ 032 15,52 22.30 +4.45 | 1.654 42.91 3.67 -4.29
3 037 16,17 22,27 + .84 | 1.904 45.48 2.87 -4.10
] 044 16,82 22.30 - .98 | 2.154 47.26 2.43 -3.96
; 052 17,32 22,27 ~1.36] 2.454 48.69 2.08 -3.85
060 17,79 22.40 -1.36| 2.754 49,97 1.83 -3.77
i 071 18,18 22.40 -1.36 | 3.004 50,89 1.65 =3.70
o84 13,63 22,40  .1.26 ] 3.28% 51].%58 1.48 -3.63
| 099 18,92 22,30 -1.35| 3.404 52,02
;6 19.33 22,13 -1.54 | 3.504 52.18 1.37 -3.58
| -352 19.84 21.90 -1.65| 3.604 52,34
7 20.3¢4 21,47 -1.81 ] 3.708 B2.48
3 194 20,79 20.98 -2.13 | 3,804 52,60
. 229 21,24 20,42 -2.32 | 3.908 52,72
E | .29 21.80 19.72 -2.62 | 4.004 52.75 1.15 -3.49
| 324 22,66 18.78 -2.88 | 4,504 52,95 -3.41
£ .384 23,51 17,60 -3.31 | 5.004 53,08 .93  -3.35
¥ 454 24,54 16.33 -3.61 | 5.504 53,17 -3.31
E 534 25,59 15,77 -3.96 | 5.994 53,31 A2 =3.20
‘4 634 26.88 13,27 -4.25
e | {
1 ! *No definable boundary layer thickness was determined from
Q’ {, the data

1 M)




Boundar{ Layer Survey Measurements
a

3 Tahle 61

® Rectangu

kA

,3 Station 5

5| Re = 3.15E+05 o = ,2283E-02
U.g¢ * 53.02 w = .3845E-06

| q = 3.209
y u y u

.0059 12.31 0214 24,46
.0064 12.58 .0254 25,55
.0069 13.18 .0294  26.23
.0079 14.46 0388 2717
.0089 15.91 .0414  28.00
L0099 17.28 .0494 28.75
.0109 18.78 .0579  29.41
0127  20.03 .0684  30.16
0142 21,15 .0814  30.93

! .0157 22.08 .0964  31.68
.0169 22.84 L1134 32.32
.0187  23.52 L1614 34.00

| Station 6

| Re = 3.15E+05 o = .2258E-02

f U g¢ = 54.01 u = .3869E-06

:g q = 3.293

:V*'l.

i y u y ]
.0059 10.71 0267  23.11
L0064 11.41 .0309  24.06
.0069 11.62 .0359 24 .84
L0079 12.91 .0417  25.45
.0083  14.50 .0499  26.10
.0099  15.79 0579  26.81
.0109 16.80 .0689  27.45
.0126 18,02 .0819  28.09
,0142 18.98 .0967  28.78
.0159 19,59 L1137 29.49
0177  20.40 L1617  30.93
.0194 .07 .2514  32.80
AL SRS + L -+

(¥

8

f

r Pitot Probe Data

= 3,140
= ,2640E-02
y 1]
.2514 36.10
3214 37.34
4514 39.05
.6316 41.00
.9016 43,01
1.2516 45,38
1.6516 47 .68
2.¥516 49.99
2.7516 51.93
3.2516 52.79
4.9556 52.96
= 3.850
= ,2225E-02
y ]
.4509 35.35
3.4016 52.94
3.5016 53.17
3.6016 53.40
3.7016 53.59
3.8016 53.76
3.9016 53.96
4.0016 54.01
4.1016 54,08
4.2016 54.14
3.8516 53.88
5.0016 54,18
5.,9646 54,15

104
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Table 61 Boundary Layer Survey Measurements
: Rectangular Pitot Prohe Data (Cont'd)
E Station 7
i Re = 3,15E+06 a = .2242E-02 § = 3,720
f i - 1 = ; - = 3 -
f dvef 84 .31 u .3867E-06 Cf .2340E-02
| q = 3.306
:
y U Yy U J v
Q83 11.56 0154 20,51 L0964 30.50
0064 11.89 0169 Sh.o L1134 31 .22
2069 12.39 0184 22.01 .1614 32.75
L0379 13.53 Q214 e3. 15 2514 34.80
0080 15.21 .0254 24,39 .3214 35.92
¥ ,0098  16.20 L0294 25,25 4514  37.60
I 0101 16.45 0344 26.10 3.501 53.86
| ,01G7 17.28 G414 26,97 3.601 54.04
0111 17.62 L0494 24 <18 3.701 54 .17
' G2 18.70 L0574 28.31 3.801 54 .27
. L0127 18.75 0684 29.02 3901 54.35
0137 15,67 .0814 29.77 4,973 54.45
3-DTEL Survey
1 . Re = 3,15E+05 o = .2304E-02 § = 3,175
‘ | U . = 52.49 p  .3836E-06 Ce = 0.1108E-02
i ! g = 3,174
Lq ’
;ﬁ ¥t U y U y U
. 0059 T¢26 2154 12,04 ,0684 17.95
L0067 7.33 0166 12,66 L0814 18,35
; L0064 7.41 .0184 13,07 L0961 18,75
i 0067 7,63 .021G 13.94 L1131 19.18
: it L0079 g.10a .0254 14,75 1611 20.02
e 0087 8,59 .02849 15.49 L2511 21.36
e .00499 9,25 .0342 16.06 L3211 22.35
| e 0107 §.82 0410 16,75 L4511 24 .14
sezdo Q124 106,62 .0489 17,14 .5311 25.33
fivs e L0137 11.38 L0574 17,58 5.0059 53,28
e i?;‘.
e
O




Ty

hLi 2

B s e B T e S o

Fig. 1

N
106 ]
ya :
>
Uﬂ
x axis designates : : i
streamwise direction T >
A a.) 2-D Velocity Profile X
: 9
1

US = streamwise
velocity

W = cross flow
velocity

flow angle

b.) 3-D (Skewed) Velocity Profile

The Two and Three-Dimensional Boundary Layer




2 "6id

{ jO A3LSudALUN Y]
iofe7 Auepunog pue|Auaey j0 A1
—.3 Uos
Lauun] pul

107

ENE RSN cor

o
[




jauun] puim Jshkeq Auepunog 40 MaIp 8piS € *Bi g
2222227727227,
“ “ poomAd
V=¥ 80E3as5y 4 R T
¢ | H
/ §
¢ ]
/ H
¢
9 Ut gtgy f
¢ .
5 /
¢ 4
/ /
s
\ ’ ’
/ ’
A %
? “
aje|d E:cwss_a\\\m “
uhszT “
/ /
’ SuUa94d
v o a8
/ ‘ L3POW @-€ sJo00q quodkauoy A931 44
] 1/ 40 uoj3ed07 $5220y 39yl a1y
22222202022 2222074
N Lod b bbb bd bbb bb Ml bl h Ll hd bbb hdddlddddld Ll L L L LLLLLLL L L L 2Ll L L L b ld Ll lldiLddl Ll PEREEN . L LA LLLLL L L L LY L \\\\\\\\\\\\‘\\\\\\\\\\ LLLL 2z
\ 5
3 1> v =
o ot = o= =
¢ r ] 3 I =
= oo M C s L ) T JL L . = =
) 1 1 ' ! 5 =
L cendd D PR | =
— 02— =
X o D
Jamo g bupapey quodAaucy
6°9 30 o13ey

uo§3d043u0)

e S s ) RN BN RSN A S e

i lla xS
FOREARTRT AT




109

(G471 UL £90°0 ®M PI3U3WNUISU] puUR [3pOW BULM g-£ 40 y233%S 61
X *Q'0 ‘ul 2£0°0 7 L v 613

poomA | d

Ut | Y-y uoL3oas

T, i Y,

burarey

“SL'Y  snipey ,02

$340d uOL3RIUBWNUAFSU] o

sde3 oi3e3s +

Jﬂ
+
+
i
+ + +
+ + :
L - ¥
+ + +
wG 9P
+ + +
i |
X m
“0%2 9JUPUAIU] WOJL} 3dueISLQ




90LAD3(] 9SAdARUL ISJUdASURL] G “DBL4

 EEEE

TN




3-D Model

AN
%////Wﬂﬂ

Test Wall

R N

Y

L2 iz i 713

N

Rear View

L IHIITIIITIIIINIMY

Top View

Transverse Traverse Device Mounted In Tunnel

Fig. 6




Fig. 7 Boundary Layer Traverse Device




L A e A R ISR s s . L AL S 1 i s TS SRR v S el i o S e ey e = s b S 4
§ i S e R I S D5 s i e ARk bibe- o i

113

innoonnm L

e |
E{ nonnr

1 e e Test Wall

]
b
]
N

oy e
[ITI i =
[

f -—

|
.
W

0.995

padl CF SRS, S ol o

B ! Traverse stand ,

Fig. 8 Boundary Layer Traverse Device In Tunnel




I e i A 0 B R < b A PSS e . R R
i p
; 114 3
/ e / |
Sealed %
| AY A |
E. | ui g Fairing of Plastic é
' ;¥ Wrap Taped to |
4 { % Aluminum Extension |
b | |
1 0ilite bushing '
Section A-A
3/8" dia. traverse shaft ——
1/4" dia. probe body —————— Section B-B
.._—_—___)'
5 $0.995
|
‘
. 5 T e N |
ki inches E
F Drawing to scale '
] 1/4" Aluminum Plate
{1
| 1 . o o
1. / //Aé¢,ﬁ%J ]

Mounting of a B.L. Probe In Tunnel




ol

SRR FSSEETINS SRS SIS S

AGHEHS

Boundary Layer Pitot Probe

10

T el

Sranty
-— —
3 i v




116

OCD.

0.016 in. 1.D.
N\

0.0283 in.

A

Test Wall

V4 /7/%/ Tz

1 1

S S

Pitot Probe

Circular

a.)

e o % gt SR (e |
b+ -4 ,»i%ﬁx - . —
| i 1
- -+ .+i. A - . Wv +
. 0, ) |
e !
et S5 S5, FE 4 -
s
R |
—4— .t+f+?."., T
. ..Tv, n 2 ,%.l 1
| ]
.t L. F
Lad 1.

;lfit,J!L,. +
(IS S “Tl :
.-E o |

i I LSS (T8 N )
! o !
S~ : s:
1 { L {
e e LI|!.w - 4 *
T I
! .
e
1 ! «
T i e o S - C
W SIS S B . ,_ﬂ — - n.
+ =
_ $ ot b $
. - : ﬁv 4
0 0 <
- .;1 r .
o L

Probe

Rectangular Pitot

B.L. Probes

of

Portion




LETEL T T LT LA E L ER L A A

4 . 1 " D44 + Dy b ¢ TSy
C.) Microphot A Nqgu

Test Wall

e T




118

i { i
B R e S

hae

B < [

] = =l

.0283 in.

%

Z Z 7

Test Wall

S S i e <

-+

RESRE L1 RARSEERE NN REE .
: - . H ’ . + | ' . . .

Pitch Probe

.010 in. dia
5/16 in.

}

s W -

e auet S

I}
— SRS S
§antp

-ttt
1 | j f0.032 in.

4 % g
W/%//%/;Z/z//%//%};//Z/%/W,%A

—4-

| Test Wall

!
|

Y S——

——
»—4»-% +

HE?

f:—‘-»»o

*%*ﬂ+\+ -

+ — :

|

4!

: 4
}

- SRS W _—

!
GRAPES GHMEL LR ESREN R

Static Pressure Disk

Bottom Portion of B.L. Probes (Cont'd)




119

(B

in.

0591

B,

ini

) 15139

in.

SR remnn e

in

. 0183

-

(')

L VAW A

(Cont'd)

Probes

L.

B.

B e

i

P e




120

B T AR, S i et

; .. istatic Disk
: it g
w"f"‘"?"’*‘“'""“ vy 1 T =23 1773 T3 3 r 22 ; 1
e -
;_ - — - ‘ : - . s . é. — - vu g -
(Hot-wire . .
; ~_~..%..‘w“t s
{
DISA '55F3F |
i : . _% ......... —

| i
z 15} }
i |

Fig. 12 Transverse Traverse frobes




SUS13WOURWOUD LY, [ “H

Ve

L

Ad33uwourwoudty burpinNn (°q 4333WOURWOUD LY UOLIRUQLLR) (‘@

L ) \




-~

S i

it

18

0LS°1

.oom.—

1 a3
#*0

06S°1

009"

019°1L

029" 1




123

4 T DISA Probe
1 U
- S———————
;‘ f * 0
! DISA 55D05
Car Battery CTA
DISA 55D10
Linearizer
i TSI 1057 :
k: 10K Filter
DISA 55D35 DISA 55D30 TSI 1047
rms vdc Ave.
a
‘ HP 7004A HP 7004A
X-Y Plotter X-Y Plotter
: rms Qutput Vd Output
! C
b
¥ ; Fig. 15 Hot-Wire Anemometer Circuit




e .:_.
sAaAang
9sJdaAed]
dSUIASURY)

N

shkaAaung dsden

AJdepunog pue 9SJUSABU]| 9SJ3ASUEBJ]| JO UOI}ED0T

—

8791

31

+ &~ o <
L o~
)

*3°] 30 WEAJISUMOP G'p ‘Y uo
Xerans g10-¢ ¥

19°p-
99°¢-
£9° p+
58" G-
§2°¢-
09°1-
00°0
z uop3es
sA3AJNS 1gl0-2 @ @

—NO SO~

Aaaans )] "up g sajeubysag

91

14 81

ESIBEHE S

\

.
-l
i

I

i N
L
\J

\
\ BQ>/
i

\\ 34 08 ———

(3POW Duim

/

/

v

T

. =
A o,

b1y




3d1Aag buirjybrs aqoud 1 "biyg

‘UL 7°0n
aseq Aueboyey L 270 Snila m
/) /\ L A\\.-‘\\\u\\\\ 2\\:\\\:§ |
A0UU LW _

adej4uns
JU0U4 i

3yby| snoaueulxa

djeuLwWL|d 03
ade3 Y3 M pauaAo0d
1Ry dAL323[qo X§

abewt
daeys auansse 03 °"ul gg* 3e

pauiejulew aAL3d23[fqo pue
X J0JdJd LW UBIMIDQ ddUeR3SL(

312132934 “ALp 00l ‘ug
yaim adardaks uabAny x|




|
!
S U013235 3$3] (-2 @Yl UL UOLINQLAISL(Q BUNSSIJY DL3e3S gL-biLy
, — 34 7
01 8 9 v 2 0
EERE LR CEREE LERALDERRR AR REARL ERRE IR VAR VRGRR NPV VELLE OO IOAR L URRSAH BRI R
| i {: sttt | fsalit il
| I3 FELEY RRRS Bl iy i L. sl
, il i ! ,
00 e i o
{ FLRRE CRRE HEURN KR CHRDE ERORE bR BET) R | ]
| , U0 (1338 1591140 H A B
| plers woay 1 ug.:.w*.u,ﬁ.d R AUNEE FAR8S ERETE FAALL -t
\ . s [ty _ fo4 jifsiiaindiig
! ! | i) 8 ERFY) | RESEY S8SE) HPLH £ Sl 20" -
| _
X Jduizhil 1‘ ....,X..x.......:m—o.o
—. | i N QU
; faadetdsidd ERR] ERRAD EEEYY
10"
auun] ul pajunoy 3d1A3Q
SJU3ABU] 35J3ASURI] YILIN
+300°€ = 3y ‘diu3 °7°g InoyIlN O | | i i) 1
, §0 + IGL°€ = oy *dpa3 19 WK © TN T T T T e e T T
s L] ez Ik i el _ m
4 L “ il . { | m { | 4
-4 ; i “ T m
i A F !
SR |
_ _
2
k.
1 Lo g g = b s e -, e b s Fien 1 el b e S ...,L,,,w,.r,.. v,,:\.xw.H;v.yv.y‘!..x.. e i Lo e




127

(a-2)

343SU] WNULWN|Y UO LUOLINQLAIS|(Q d4NsSSdUy

513035 6161y .

a8

e

2 @|qe3 upsdel di3e3s
03 43434 sdaquny il

LE=9L
v
Si-v!

i 900 * -

- B5fo-

O

004Q<dac<da




S (- - T T B = it e L=

& ¥ (g-2) sdej 40 smoy |euobeig Buo|y - 3J43SU] WNULWN|Y UO BUNSSAUd dL3e3§ 02°644
| & 4 1
OO s el Sl T Nl SIS0 o e S 9l- , 02 4 £0" -
/ \
\ . {
............. NG OO SR IR ¥ I I B
ou d
. ” 20"~
e e o -
Ui [veobeip Ayl

T I b3 32 ‘68 dey ybhe

S dobodl o L jouchup 43& 3uBI$4p Sf X
i banod il i PRt BREEl A dtered e
o
ejep {
, paieadas sy oquAs p}og b
Mt res toney : G0+300°€=3Y 3® 3533 wouy O 5

000°9¢




129

14 Bl = Yy 1€ sAaaung (|e10|) 2Q0ud aani-¢ e12°61 4

“wkody wURENTG
- s e ottt




m }4 81 = Yy 3B sAsAaung (mej) acoud aanj-g¢  q|g ‘61 4




(E¥ *484 uo paseq) dJsAeq Auepunog
3 jus |nqun] WJOLIUNUON 84] U] MO| 4 X33JOA 9 |QISsSod 22*61 4

131

e

St ol s
i.ﬁo
agn] (930]

! B—
|

- -

e ——— G SOTGIR £ T

e p—— e e e ——— e -

= " + ¥ o i
S LG s EUREREY TP~ S TSR R DRSS - T SR N PIOCRYELE I i el A N, SO0 sk O s i 3



132

—
]
|

|-}4 60+300°€ =
3B SA3AUNG 8GOJd 9JIM-10H pue (|e30])

B R R

| |
[T ﬁ [E] w (T

T TTTIT

s {

°Y ‘34 8l
agoJd aqnj-¢

|
|

SRS (R

}

I N e S S |

R LI e ..L

| R
| '
- FES |
==

A =) =Py oy

|
|
|
|
H

W

i

|

m

|
hoalost P RSRS

e > =
.tll.#’ e m— S = S AT

|

u
{
. %r
| P e e T
|

ege b1 4

e g - 0 — —a

1Sde e o

SESS) NS SO FERS] £ 7108 51

|la.l.|.,|o‘L

I‘-IL“IL

= Omae e b

- 3

|

- . —

.,LamML-w-J n;-mcaoa -a;u.-uca

2q04d d41M-10H
2qdad aqni-£

e SR | 1 L




e T e

-34 GD+400°E = 8y
u\ 1e sAsAung (MeL) 84Oodd agn|-¢ agz 614

e |

i |
Rt E T

. Wb g,

= e ey

P

1 —tt
R e O R

|

8 |
Riis) AEEUlcEi) o

|

e ———— e

|

s, |
e
B T e

Q ]
AOA4Ung 7§ wou; ereQ
% w |
£ v

|
1
i
|
B 1
|
|
{
i
|

O —

o T,

s33ubap ®




134

‘34 81 = J 3B Sarjlsusjul @0

}-u* G0+300°€ = 9y
us (nguny |euipnytbuol

ST

piaaatyacel | i m gl
o i 59 ¥3u9i

)32 wWoa} |C

sAoadws| TeasRad

i1 4

€

o~ T e G L PR R A SPERIE  g



1481 =) 3® $9 40 SUOI}BIJEA 3SUBASUEY]

G2 614

T T T T T

Al (|34 S0 + 351°€ = 3¥) U0IsIJ4 3qn1-¢ Y3 wody ¥3g O W i m | ol _ s o
1 skeAa4ng aske) Auepunog wodj e3eg V'@ o ap e ’ ,,,A ¥ : k,,*...rl
({74 SO + 300°€ = 2¥) SIS3L JO $31435 3ISUL4 WOy PIRQ T W ! J it
::-: GO + 3ISL°E = 3Y) SISI] JO $SILJ3AS puodas wouay eyeg O 1 W .........

; | i
(5] . 1 | |
L _ il e L aadiiss 153

K - - SEUREES S », deeee | ‘
i " m | _ .
Lt ool | 1100 B O M .
i ¢ EIEEN S ..IM\I .A Ll 0 FERER DI 18 w ! . b3 TP LR FER L , ~
| | | | | | T
T Bt | ‘ O foii o $iaiiliones 4 |
m W ‘ m ” [
i ! &
i alansftl faarids: el BT [ s | Y B . [N [ T S Bz

e




S HESES LESHE FEESY TORY HUS0 VY E 8B weJ ey
|

FEEPSS FESER VELR] SESTUSREE FEUNISTEA

- 8 ¥ 3} SA9AJNG 3QgoJdd Ud3i4g




.wm—:...-..
Sl S

Locations
of

nonuniform

weave

a.) Full View of screen from inside
contraction inlet

s . a & & o & & B & & A &

Region of
nonuniform
weave

b.) Close-up of nonuniform weave

T Nonuniformities In The Inlet Damping Screen




S

e

Y

}e shkaAaung (|e3o])

|°an| -¢

T
[
{
_

egg b1 4

' T 0
ERER




T

v

139

A Ve m\ }E SAAJNG (MEBA) 8gn|-¢€ Smm .O_u

Mey .9

[
|

0! “xoaady N THIES D334 1008 1 v,. ! | ! Jagud M
_ v | |




- ‘ULl g ¥ 38 sAaAaung agn] U03SaJUd }O

140

..... .4 - 4 B L TSt SUSSE SRS tee L o ISUSSGUEEY PSS B oot SYDSY IOSUS FURSS FSNS)

u:rumm

=u_r-suu

 EESSEer tn s s ey T o




——

> hid
—

e s

| ! i Jiile
0

_ | {

| {

m M |

Wd'

sazal

|
Ll

|

«9°0

|

|

*ud

143

“xoxady

y

}JB SABAUNG 3Q0ud Yoiid

0E"61 4

i
{
1
—
4

i snin F T T




|

o~
&
1

uo1309S 3S9| jo

SapIS ylog UO SABAUNG 8QOJd YD}l

o




|
|

{
|

143

015+

| |EM @SJdABJ| BU} aA0Qy SAdAUNG

SRS aE e

4
1S
i

g e

(Mey )

Ul pe
aqoud

LY




sussJuog bBuidweg 38 |uj 3y} U| SAEIM -
WJ0jlUNUON 3y} Ag padnpodd MOl 4 X91J4OA 9|QlSsod £f |

14y

weadsisdn
Buy3007 u0i323S
1S9 40 M3LA 403y

apis yove 03 \?‘

4104 X3340A

R L P T L P
IR 1,

2AROM WJO LUNUON

e ——————————

Sttt sn e el n i e bl s s BN L e T NSl il L T i



3

B
{
‘ LLLLL AL L LLL L L L L L LA LLLh ke L L LA h L L L L LY LLLLLLLLLLLLLLLLLLLLLLLLL
'; R R S ) £ : 45 ! , et 1% S 5 IR S T ;
1 H H H
: : RIS o s S v | 1 o e e o : =
i 1 1
1
i
|
' 4
|
|
vl .
Lo b s

Fig.34a Possible Vortex Flow Model - Single Vortex Above
Each wall

145




r——

T T

T

I VNIV

i

Vortex

’Il[l[[l[l/{//l/LllszZI{IZZII

25

{ 1(111111111 LLLLLLLLLLLLL

{

e S S

Iow Model

Vortex Pair Above

146




MO| 4 X33JOA 40 YOJE3S Ul SABAUNG (MBA) 3GOJd agnj|-¢




w
|

panuijuog

Ge*b1 4

SRTES ROV|§ TR pACH SUOLY dAmLQ S

AT
»\\.‘-
\l.‘ll\‘,.. v\.\sw\
nfuﬁw
il
|
_ | |




;

hﬂdlhdd uv

”
ey e

UsadJog
apiIM ‘Ul

buidweqg 38 |uj

ode| GO0 ® 40 S309443

] 40 0 uo P

s30€|d

9€°61 4

!

L BT = UYL
e e t ey 4 4

M ....l.._rl.:i,rlx..l*“ SOPHICHNS ESUNS SR FSPR RN | i

¥ ¥ = YJOTIE

QLI

|

“ f e S S e SESEeeaet |
| i | . | m i
[yt BeE M | gt il | il #|
 EREET) b | ! = H 3 1 rbevo- |

{1eyo0L)3gn)-¢

uo3sIag

-




150

S

| Satuas

1910-2 ay3

ur sAaaung A3Ld0(ap

[

=y Yot

= s
B )
PO R L o st
'
= 4 © P

e/€ "By

10o”"
10




|
|
|
|
{

3

2 S3L43S - 1910-2 3yl ut sAsaing A3100]|3)p q/s

O = T DU IR S |

elep

aqouad 3031d seinbue3dau L

fi

9j0uap S|oquhks piLog

by

[ uor3je3s v

9 uoL3lels o

G uotjezg o I
o

B B S T e S SN

PRIy e Y
-t

| WETUE Sveent




>, )

: ’

\
S3|1304q AZLD013A 1810~2

L satdds

4
o

ege

"6y

b
Uy 5 Ak f FERT RN FILY BSO ER IS it
eid ..“\ { | | {
1Ly b WL FEERTRTEL SRER! Lipihehatizi i
| . e e b L Y
............. « M
I\
E | i
LI THEE) R e
p uoireis o
g uorjeys v
2 uoljezs o
| uoije3s o
] | IERE
‘ | et
SO0 FEO0) FRUEA L5084 K5
k| fiit
‘ A ..... "
| i
PR e SN  HHIHE




|
"
{

153

Rt

2 S3LJ4ag -

L uoijels
9 uoijess

G uoirie3s

$9 13044 A3

v

o

o

|
|
R0 LARERRAAN RRRSUNESRE bt 0 RRSNL ARERE10ATY)
1 1 H
A i
i ,
| |
=
- paL AR s

{20(9A T910-2

qge *b1y




B N

L

S3| 43§

+

O LR TN VRO DR

+

TEF

thre et

e

oilstaat

- S@3PULPUOO]) | |BM ULl SA|Ljy04d A3LD0|dA 1810-2 e6e 614

A
mﬂ: 0l o0l

S . . et : 0

p uorjezs o
£ uorjeis v
¢ uoije3zs o

| uojae3s o Rt

o e T e e P o,
" Ceatn i i S e o8 R e TR




155

2 S9L43§ - S3IRULPU0O)

+
mo—

Ml

i
LS
.*...

bt i

LiI®M UL sajljouq A3120|8)

ol

L uoL3ie3s

9 uoLje3s o

§ u0j3e3s o phitebe

1910-2

$ 4 o i
prestiapiensbisas ....«Hll:....?...!.. -

agf 614

01
10

——i?

L L

e e e




v

SHISAEIIRISEIETIE LRELE SEAEE SERRUEOON

[ LM 9u3 Jeay e3eq aqn] 30314 Jenbue3say oy b1y
29s/34 N

‘v,_ 2l 0l 8 9 v 4 0

1 _ i 1

| | [ uoL3je3s§

i , G uoLiels N ,
" 9 UDL3eYG Tt 900

- paje(no|e) sado|s 900"

ERSERRSY SERES 21 * sedaas

|

‘up £

800"

L uoLieis

Sl g uorieis QO

I}

. Tﬂ%...ii...

b SBSE BESEE (PN
it

1010°

g uoleys O T

il
|

210°




157

| S31435 - 1910-2 3yl ui A3AUNG 3qouag MeA

12 SHe5] AL KST IS BURTNIRRR 1N

14

elp b1y

uotieis O
uotiels
uoLieys

uotie3is o

| [ {
., “
| {
|
1 {

708 POESE LS

dpilleyy &
|

v




uor3e3s 7
uorje3s O
uoL3e3s O

2 SdL43S - 1910-2 3yl ul A3A4NG 3qodq Me,

qLy “614

~luy




L $3143% - 7840-2 3yl ut A3A4NS 3q044 yd3id e2y 614

159

A 8" - O

BT s (L M

LFELSRERL yOURRUNESY BTVAS 81S% FEOIE LTV st s .-.:..I»L £

R B S S k.!:AT ..... SEEE SEREE EE

y uoiieys &
€ uoljels
;-ti..t.....r.:&!.%..: L uolie3s O Hl:

el i N o e




160

HERTENG FOREH SPREY |
[

PERBS BURES S FREL EEEEE B

2 $3143s - 1810-2 Y3 Ul A3A4ng 3qodd Yo3ld  qzp by

FERE s
|

|
| |
B & e

|
I} 8 I

()bt

....... Heets Az:a,xJ:A 2
UB Bunssadfl JjweuAp

Ds peRdBJUDIUN EYEp
BOUSP S}0QAS pL}OSG..

L uop3eys 7
9 uoi1ye3Is

S u

U TV o EIER K245 1% KRS 1AW SRR ELLA AL 202 B

oLie3s O

13 14 i

|
4 . . { .

__

BPURS SN




1810-2 943 ui SAdAUNG 2qoud ASLQ d43Ie3IS gy buy

161
-

de| aAoqy ¢ r-xﬁ. | 1l
L uoLiels 1
G uotriels O |
d BEVIN S -
“ ] I}
LR | . )
| |
X U.,l“.yri._i. L | LA
= L)
. e = . AT LT BN T L N 1
R — e — - E— - IS ¢
(e S il o B e S AR S s - o & - 5 i &




162

—- O

12POW BULM YILM ||eM 3S3] UO UOLINGLUISLQ B4NSS3J4 213035

by

o Q._.l

|
o

RRSEREE S
|

|
{
| {
|

SR IR TESE FERs s §




_,_,
b

LLEM Wnurwn|y pue [3pol BULM UO UOLINGLUAISLO BANSSBUY DL3eIS

‘ut

X

Gy 614

09-




|
|
|
|

164

L3pol BuiM JO We3u3SUMOQ UOLINQLU]SL(] BINSSBU4 D13B3S
X

¥

‘UL

N -

9E=4E
ve-22

sde] 34NSSILY

' 1 1
6 S L0 SR L 9 S [ 1 50 B T A A T
*. {214 4
LR &1 | Ly
Epd ~
b
DS SR /5 S 99 5% 56 S S WS I8 T e

o |

i
|
R
1
‘

L

!

P o) ey e e

= P S T 1 I 18 I 0

v ......... |
|

......... i
*
i
il
M

e T e R e

8

LI ,
|

Auauthehee |

it

SRSEINSISFIERE USRS S

o Sy
mrgens -~

s -
> e gl




"4 1l YY4 UG |O||¥aEg dOuU} | WUU|Y
LLeM wnurwn|y pue |3poy BuiM 3y3 uo sSuoLINQLUISLQ B4NSS3UY ey By

w
= ‘up ?z
ml
E |
dto°-

_
E |
-

{
b |

i

|

|
J“
b | ULSLE0 = X O

m buim jo 3oeyuns paemavay [ |

* Buim 30 adsejuns paemausoy O

! |
k| !
4

i~

. e g, B s e e TR R R SRR : 2 : AT T) wt o e :




*3*] 8y3 03 |3d||eueq sauLq buoyly
LLeM wWnULwNn|y 8y3j U0 SUOLINGLUISL(Q B34NSSAU4 q/pbL4

v

,,4.
| !
*, il
IR 4, r‘wAruomr..u¢||.| + 55 4 A m H Py “mo a1
HIRR O sdey| | sdey |
: BUNESElU4 S0 BULA! ug:mmu;m 4o eugq!
£E9 A { nLnanmmﬁ { I PuINBA0S-|
0L-S1l ¥ M
69-1€ O 4z0°-
19-9 0O h
€Ev-22 O d,
sde] 3anssaug
410" -
-0




.54 B 40 *3 *| 03} |9||eJded SAaAUNG (|B30]) 8QOJd ¥qni-£  egp B4

4 : RBRR URURY (A, W Semae it s _ / u—:x {
i 4 4 dated | ' | ‘
| e 1 |
SCSITHE, 12130 C3E8 H FISEL SO 1S ! .,.(..l.!la)...llILil ” o r LS IR L

R

+ s S S < .. ’ —— : . 4 : ) : <
$ RO | BURER BUEST VESR] FRRRR RUE] ISUTd K L BT ERSTY  Peer FAle stiidsaitl |
FUPESRS ST SERSN BREL SSR0 ML 431 4 $asidien ISR IS0 | Hialst ¢ ol el 4 | h- L:ﬂ
(e ) S o s e | i -
{ PR | $els 3 i 1t | FERY S5RA | | | | |
{ | | |

v kel i B o paptdiiiy L L fecd daotatints L o {iatd | jaideso sy

i i i SR et | i jedt 1 { ! littaf | {

2 et



168

Buim jo *3 "1 03} |3||eded shkaaung (Mei) aqoud sani-¢  qgv 614

ey 5 14 e e e i o i T
SHYDUY (WD IUeRIOACRY AOuRSHIU

I ! ” | |
] ) | 1
, | i [ | :
| | ! W A _ | ﬁ : |
H | | | i | e | | | { |
1 i ] |
" , | i | } | i ! 1 i
ULl L " EP¥ M USSR 5 $ 41 A i 1L S9N DS i ’
3 . -




169

1810-¢€

OB
v2 1A 2l 0l 8
| | 1 1 1 1
| A, _ ,_ ,
_ _ .
| | | |
. |1 |
e et
o] b
-+ |
w m | ﬁ
,. , ,W H
| L | e
B v
L -] Lt |
ol
| ﬁ i
B w
LT f
e |
7 _
i ! # { |
_ “ Lo
" A " i ,
| | R
i | BS
] ] |

ay3 ybnouy)] a|buy MO[4 SSOJ) JO UOLIBLURA

6y°-614

0
-

-2




S33°ULPU00)

LLeM Ul pajlo|qd 3(buy Mo(4 SS04) 0§ 614

o0l

PESTETEE | (]

|
L
|
1 |
¢ SEDIER RS
I
|
! 4
L i
I ] it
L | I
NI IRUREEE BT
" ..H» R
ulfi RN 10000000 RENRERB B S
SIEIINRER IR DO G R I I
4 AL LI ]
ool ISRURESE U U
- PIRRTTONE RN H B I Wt
! 1RS04UNNA RN M B
100 1Ru i IIRELLS :.,..H..

=T

i

i

s

saadbap ©

SOPMEEIE S U T T e



171

7810-€ 343 ybnouyy "9 40 uoLjeLdep

A MNETNRS . 5o

SjuawWaanseay
94NSS3Ud O1303S ||©oM

Astg dSt3els
agny dt3e3s

d

50" =

R

Ll

15614

|
o I H .
| | |
11iid {
AU BBERIBERER: e $410
| | i
i l .“
i
jatiptidisidiidied fire)

=
IR EIRE o
il
—
-




S3[ 13044 A3L1D0|dA MO|4 SSO4) pue asimweauls 26 "biy

“n/m

et
i | :
Joeidead s

LT




S83PULPUIOODY) || eM Ul 8|14044 x.uwuoﬁw.) |e30]) Mr.o_m

0l 01 a0l

e

12

¥
i3
§ 5

T YT

EPUN PR SR
|
t
{

FTIITH SRS S S I ST




o S
m. 3\ ﬂ. V.

uoLInqLaystg A3120(3A 1810-€ 4O 30|d 4e|0d

vS "614




wy
~
-

O Station 5

O Station 6 :

¥

D Surve

= 3-

Preston Tube Diameter

Varifation of Cf Wit

Fig.55




1610-¢ 3y3 ybnoayy 3 buy ys344 40 uorjeraep gg b1y
s33Jbap ¢

-




voh Lkl

s
ny
e
:

.
b

|
J

October 1973

DISTRIBUTION LIST FOR UNCLASSIFIED
TECHNICAL REPORTS AND REPRINTS ISSUED UNDER
CONTRACT W _00014-67-A-0239-0029  _ TASK _iR 00}-212

All addressees receive one copy unless otherwise specificd

Technical Library

Building 313

Ballistic Research Laboratories
Aberdeen Proving Ground, MD 21005

Dr. F. D. Bennett

External Ballistic Laboratory
Ballistic Research Laboratories
Averdeen Proving Ground, MD 21005

Mr. C. C. Hudson
Sandia Corporation
Sandia Base
Albuquerque, NM 81115

Dr. J. D. Shreve, Jr.
Sandia Corporation
Sandia Base
Albuquerque, NM 81115

Defense Documentation Center
Cameron Station, Building 5
Alexandria, VA 2231k 12 copies

Library
Naval Academy
Annapolis, MD 21402

Conductron Corporation
3475 Plymouth Road

P. 0. Box 61k

Ann Arbor, MI L8107

Air Force Office of Scientific
Research (SREM)

1400 Wilson Boulevard

Arlington, VA 22209

Dr. S. J. Lukasik, Director

Defense Advanced Research Projects
Agency

1400 Wilson Boulevard

Arlington, VA 22209

br. R. Hoglund

Strategic Technical Office

Defense Advanced Research Projects
Agency

1400 Wilson Boulevard

Arlington, VA 22209

Mr. J. L. Potter
Manager, VKF-AP
Arnold Air Force Station, TN 37389

Professor James C. Wu

School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, GA 30332

Mr. M. J. Thompson

Defense Research Laboratory
University of Texas

P. 0. Box 8029

Austin, TX 78712

Library

Aerojet-General Corporation
6352 N. Irwindale Avenue
Azusa, CA 91702

Professor A. J. Chorin
Department of Mathematics
University of Californie
Berkeley, CA 9LT20

Dr. S. A. Berger

Department of Mechanical Engineering
University of California

Berkeley, CA 9LT20

Professor M. Holt

Department of Mechanical Engineering
University of California

Berkeley, CA 9LT20

Professor A. K. Oppenheim

Department of Mechanical Engineering
University of California

Berkeley, CA 9LT20

i

y



A e B

Page 2

br. L. Talbot

Department of Mechanical Engineering
University of California

Berkeley, CA  9LWT20

Cr. G. R. lnger

Department of Aerospace Engineering
Virginia Polytechnic Institute
Blacksburg, VA 2L061

Professor A. H. Nayfeh

Lepartment c¢f Engineering Mechanics
Virginia Polytechnic Institute
Blacksburg, VA 2L061

Jchool of Applied Mathematics
Indiana University
Bloomington, IN LT7hkol

I'irector

Office of Naval Research Branch Office
495 Summer Street

Boston, MA 02210

Superviscr, Technical Library Section
Thiokol Chemical Corporation

Wasatch Division

Prigham City, UT 84302

Dr. J. Erickson
Calspan Corporation
P. Q. Box 235
Buffalo, NY 1k221

Mr. R. J. Vidal
Calspan Corporation
¥ Os Boax 235
Buffalc, NY 1kL221

Dr. Gordon Hall

Faculty of Engineering and Applied
cciences

Department of Mechanical Engineering

ctate University of New York at Buffalo

Buftalo, NY 1L21k

Professor R. F. Probstein

Department of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

Professor A. H. Shapiro

Department of Mechanical Engineering
Massachusetts Institute of Technology
Jamoriuge, MA 02139

Dr. John D. Anderson, Jr.

Chairman, Department of Aerospice
Engineering

College of Engineering

Ilniversity ot Maryland

College Park, MD 20T7L2

Professor W. L. Melnick
Department of Aerospace Engineering
University of Maryland
College Park, MD 207k2

Acquisitions Branch (S-AK/DL)

NASA Scientific and Technical |
Information Facility

P. 0. Box 33

College Park, MD 207LO

Director
Office of Naval Research Branch Office
536 South Clark Street

Chicago, IL 60605

Code T53
laval Weapons Center
China Lake, CA 93555

Professor R. T. Davis

Department of Aerospace Engineering
and Applied Mechanics

University of Cincinnati

Cinncinnati, OH L5221

Library MS 60-3

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, OH LL135

tattelle-Defender Information Amalysis
Center

Battelle Memorial Institute

505 King Avenue

Columbus, OH L3201

.

Professor 0. Burggraf 3
Department of Aeronautical and
Astronautical Engineering
Ohio State Univercity
Columbus, OH L3220

Technical Library S
Naval Weapons Laboratory 4
Dahlgren, VA 22418




e b

o ¥ F e

L fsg

!

2
g
2
£

»

Page 3

Technical Library 2-51131
LTV Aerospace Corporation
P. 0. Box 5907

Dallas, TX 5222

North American Aviation, Inc.

Space and Information Systems Division
12214 Lakewood Blvd.

Downey, CA 90240

Army Research Office (ESD-AROD)
Box CN, Duke Station
Durham, NC 27706

Library, United Aircraft Corporation
Research Laboratories

Silver Lane

Fast Hartford, CT 06108

Dr. W. R. Briley

United Aircraft Corporation Research
Laboratory

East Hartford, CT 06108

Technical Library

AVCO-Everett Research Laboraotyr
2385 Revere Beach Parkway
Everett, MA 02149

Dr. Martin H. Bloom

Folytechnic Institute of New York

Department of Aerospace Engineering
and Applied Mechanics

Farmingdale, NY 11735

Technical Documents Center

Army Mobility Equipment R& D Center
Building 315
Fort Belvoir, VA 22060
Library (MS 185)

NASA Langley Research Center
Langley Station

Hampton, VA 23365

Dr. S. Nadir
Northrop Corporation
Aircraft Division
4901 West Broadway
Hawthorne, CA 90250

Professor Allen Chapmann, Chairman
Mechanical Engineering Department
William M. Rice Institute

Box 1892

Houston, TX TT7001

Dr. Frank Lane

KLD Associates, Inc.
T High Street
Huntington, NY 11743

Technical Library
Naval Ordnance Station
Indian Head, MD 206L0

Professor E. L. Resler

Graduate School of Aerospace Engineerinc
Cornell University

Ithaca, NY 14850

Professor W. R. Sears

Graduate School of Aerospace Engineering
Cornell University

Ithaca, NY 14850

Professor S. F. Shen

Graduate School of Aerospace Engineering
Cornell University

Ithaca, NY 14850

Library

Midwest Research Institute
425 Volker Boulevard
Kansas City, MO 64110

Dr. Robert Goulard

School of Aeronautics, Astronautics
and Engineering Sciences

Purdue University

Lafayette, IN U4T9OT

Dr. N. C. Freeman
Aeronautics Department
Imperial College
London, S.W.T., England

Mr. John L. Hess

Douglas Aircraft Comnany
3855 Lakewood Boulevard
Long Beach, CA 90801




DEC 76 A E WINKELMANN: W L MELNIK
UNCLASSIFIED AE=76=2

=

END

DATE

FILMETL

477

./fﬂD-A037 459  MARYLAND UNIV COLLEGE PARK DEPT OF AEROSPACE ENGINEERING F/6 20/4
AN EXPERIMENTAL INVESTIGATION OF A TWO AND A THREE=DIMENSIONAL ==ETC(U)

N0O0014=75=-C=0613
NL




IO kK i
I = - 22 "m 22
L .
R
= L

N
O

ym

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




ST | RN vV

Yo .- aNgry g

el e ol ot

Rl il e 4 e i i L o

Page 4

Dr. H. K. Cheng

Department of Aerospace Engineering
University of Southern California
University Park

Los Angeles, CA 90007

Engineering Library

University of Southern California
Box 77929

Los Angeles, CA 90007

Dr. J. Trulio

Applied Theory, Inc.
1010 Westwood Blvd.
Los Angeles, CA 90024

Dr. T. D. Taylor

The Aerospace Corporation
Post Office Box 95085

Los Angeles, CA 90045

Commanding Officer
Naval Ordnance Station
Louisville, KY L4021k

Dr. C. Cook
Stanford Research Institute
Menlo Park, CA 94025

Professor E. R. G. Eckert

241 Mechanical Engineering Building
University of Minnesota
Minneapolis, MN 55455

Library
Naval Postgraduate School
Monterey, CA 93940

Supersonic-Gas Dynamics Research Lab.
Department of Mechanical Engineering
McGill University

Montreal 12, Quebec, Canada

Librarian

Engineering Library, 127-223
Radio Corporation of America
Morristown, NJ 08057

Dr. J. R. Spreiter

Nielsen Engineering & Research, Inc.
850 Maude Avenue

Mountain View, CA 9L0OLO

Engineering Societies Library
345 East 4Tth Street
New York, NY 10017

Dr. R. Vaglio-Laurin

Department of Aeronautics and Astronautics

Polytechnic Institute of New York
New York, NY 10453

Professor S. Weinbaum

Department of Mechanical Engineering
The City University of New York

New York, NY 10031

Office of Naval Research
New York Area Office

207 W. 2lth Street

New York, NY 10011

Librarian, Aeronautical Library
National Research Council
Montreal Road

Ottawa T, Canada

Lockheed Missiles and Space .umpany
Technical Information Center

3251 Hanover Street

Palo Alto, CA 94301

Director

Office of Naval Research Branch Office
1030 E. Green Street

Pasadena, CA 91101

Engineering Division
California Institute of Technology
Pasadena, CA 91109

Professor H. Liepmann

Department of Aeronautics
California Institute of Technology
Pasadena, CA 91109

Library

Jet Propulsion Laboratory
L4BOO Oak Grove Drive
Pasadena, CA 91103

Mr. L. I. Chasen, MGR-MSD Lib.
General Electric Company
Missile and Space Division

P. 0. Box 8555

Philadelphia, PA 1910k




b 3o pn o i L w X ’
B ol jun.;._.x-n._ﬂ‘i.-_.,.

Page 5

Technical Library
Naval Missile Center
Point Mugu, CA 9304l

Professor S. Bogdonoff
Gas Dynamics Laboratory
Forrestal Campus
Princeton University
Princeton, NJ 08540

Professor S. I. Cheng
Gas Dynamics Laboratory
Forrestal Campus
Princeton University
Princeton, NJ 08540

Professor J. H. Clarke
Division of Engineering
Brown University
Providence, RI 02912

Professor J. T. C. Liu
Division of Engineering
Brown University
Providence, RI 02912

Professor L. Sirovich

Department of Applied Mathematics
Brown University

Providence, RI 02912

Dr. P. K. Dai (R1/2178)
TRW Systems Group, Inc.
One Space Park

Redondo Beach, CA 90278

Redstone Scientific Information Center
Chief, Document Section

Army Missile Command

Redstone Arsenal, AL 35809

Professor M. Lessen

Department of Mechanical Engineering
River Campus Station

The University of Rochester
Rochester, NY 1L627

Editor, Applied Mechanics Review
Southwest Research Institute
8500 Culebra Road

San Antonio, TX 78206

i b o 4 kA o e e S e B e

-
Pd

Dr. H. Yoshihara

Mail Zone 630-00

General Dynamics-CONVAIR
P. 0. Box 1128

San Diego, CA 92112

Library and Information Services
General Dynamics-CONVAIR

P. 0. Box 1128

San Diego, CA 92112

Office of Naval Research
San Francisco Area Office
760 Market Street, Room LLT
San Francisco, CA 94102

Mr. Tom Brundage

Defense Advanced Research Projects Agency
Research and Development Field Unit

APO 146, Box 271

San Francisco, CA 96246

Library

The Rand Corporation
1700 Main Street

Santa Monica, CA 9040l

Professor A. Hertzberg

Department of Aeronautics and Astronautics
University of Washington

Seattle, WA 98105

Depertment Librarian

Department of Aeronautics and Astronautics
University of Washington

Seattle, WA 98105

Professor M. van Dyke

Department of Aeronautics and Astronautics
Stanford University

Stanford, CA 94305

Professor K. Karamcheti

Department of Aeronautics and Astronautics
Stanford University

Stanford, CA 94305

Dr. R. J. Hakkinen

Department 222

McDonnell Douglas Corporation
P. 0. Box 516

St. Louis, MO 63166




Page 6

Engineering Library
Department 218, Building 101
McDonnell Douglas Corporation
P. 0. Box 516

St. Louis , MO 63166

Dr. Roger P. Heinisch

Honeywell, Inc.

Systems and Research Division -
Aerospace Defense Group

2345 Walnut Street

St. Paul, MN 55113

Professor R. G. Stoner
Department of Physics
Arizona State University
Tempe, AZ 85721

The Library

Institute of Aerospace Studies
University of Toronto

Toronto 5, Canada

Dr. S. M. Yen

Coordinated Science Laboratory
University of Illinois

Urbana, IL 61801

Office of Naval Research
Code 438

Arlington, VA 22217 3 copies

Office of Naval Research
Code 421
Arlington, VA 22217

Office of Naval Research
Code L61
Arlington, VA 22217

Library, Code 2629 (ONRL)
Naval Research Laboratory

Washington, D. C. 20375 6 _copies

Code 2627
Naval Research Laboratory

Washington, D. C. 20375 6 copies

Mr. W. Koven (AIR 320)
Naval Air Systems Command
Washington, D. C. 20361

Mr. R. Siewert (AIR 320D)
Naval Air Systems Command

Washington, D. C. 20361

Technical Library Division (AIR 60k4)
Naval Air Systems Command
Washington, D. C. 20361

ORD 035
Naval Ordnance Systems Command
Washington, D. C. 20360

Library (ORD 913)
Naval Ordnance Systems Command
Washington, D. C. 20360

Dr. Harvey R. Chaplin

Code 16

Naval Ship Research & Dev. Center
Bethesda, MD 20034

Code 5643
Naval Ship Research & Dev. Center
Bethesda, MD 2003k

Code 1800
Naval Ship Research & Dev. Center
Bethesda, MD 20034

Chief of Research & Development
Office of Chief of Staff
Department of the Army
Washington, D. C. 20310

Mr. Robert A. Moore
OSDDDR&E (Strategic Weapons)
Room 3E1082

The Pentagon

Washington, D. C. 20331

Dr. A. L. Slafkosky

Scientific Advisor

Commandant of the Marine Corps
(Code AX)

Washington, D. C. 20380

Science and Technology Division
Library of Congress

Washingtons D+ C. 20540

Director of Research (Code RR)

National Aeronautics and Space
Administration

600 Independence Avenue, S. W.

Washington, D. C. 20546

Library
National Bureau of Standards

Washington, D. C. 2023k




i i s i
pos

F S

s

o
=
:

Page T

National Science Foundation
Engineering Division

1800 G Street, N.W.
Washington, D. C. 20550

Director
Weapons Systems Evaluation Group
Washington, D. C. 20305

Dr. Antonio Ferri

Advanced Technology Laboratories, Inc.
Merrick and Stewart Avenues

Westbury, NY 11590

Bell Telephone Laboratories, Inc.
Whippany Laboratories
Whippany, NJ 07981

Librarian
Naval Ordnance Laboratory
White Oak, MD 20910

Dr. J. M. Solomon
Naval Ordnance Laboratory
White Oak, MD 20910

Mr. R. Feldhuhn

Code 313

Naval Ordnance Laboratory
White Oak, MD 20910

Chief of Aerodynamics
AVCO Corporation

Missile Systems Division
201 Lowell Street
Wilmington, MA 01887

Research Library

AVCO Corporation Missile Systems Division
201 Lowell Street

Wilmington, MA 01887

AFAPL (APRC)
AB
Wright Patterson, AFB, OH L5433

AKL ( ARN)
Building 450
Wright Patterson AFB, OH L5433

L. M. Hedgepeth (APIP-1)
Commander, R&T Division
Air Force Systems Command

Wright Patterson AFB , OH L5433

]

2T A g s sk RN, Lo Ao SR sl SR el

Elmer G. Johnson, Director (ARF)
Fluid Dynamics Facilities Laboratory
Aerospace Research Laboratories
Wright Patterson AFB, OH 45433

Dr. Donald J. Harney
AFFDL/FX
Wright Patterson AFB, OH L5433

ifr. J. darshall

Code 4003

daval Weapons Center
thina Lake, CA 93555




e e

. ax-d 7 L

K D st Ll O S NG Era i A Vi T SR N

”~

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

READ INSTRUCTIONS
BEFORE COMPLETING FORM

3 /zﬂrﬂ{' yaxr 73—"zu 1.076

[5. TYPE OF REPORT ¥ PERTOUCOVERED
An Experinental nvestigation of a Jwo and A|| Final Technical 1/73-12/76

e-Dimensional gpeed Jurb f  [re—
%:da%ger . _A%fw IUI' e { 6. PERFORMING ORG. REPORT NUMBER
8. CONTRACT OR anw[:m-)

[T ~AU THORCE) '
g A E%inke]mnn - Y. ;./ﬁelnik /) Nd¢y14-7s-c-)1613

9. PERFORMING ORGANIZATION NAME AND ADDRESS 0. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

The University of Maryland
Aerospace Engineering Department
College Park, MD 20742

11, CONTROLLING OFFICE NAME AND ADDRESS
Department of the Navy @' Decoslim, #76

Office of Naval Research : rn—mw
Arlington, VA 22217 176

| |‘ MONI T OiING AGENCY NAME & ADDRESS(M ditferent from Controlling Office) 18. SECURITY CLASS. (of this report)
e Unclassified

iC/:ZP‘ / 18a. DECL ASSIFICATION/ DOWNGRADING
A SCHEDULE

[76. DISTRIBUTION STATEMENT (of thie Report)

Approved for public release, distribution unlimited

17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if y and { ity by block number)

Turbulent Boundary Layer; Two-Dimensional; Three-Dimensional; Low Speed
Flow; Subsonic Wind Tumnels

20. ABSTRACT (Continue on reverse eside if y and identify by block number)

Experimental studies of a two and three-dimensional low speed turbulent
ry layer were conducted on the side wall of the University of Maryland
Boundary Layer Wind Tunnel. The 20 ft. long test section, with a rectangular
cross section measuring 17.5 in. x 46 in., produced a 3.5 ins thick turbulent
boundary layer at a free stream Reynolds number of 3.15 x 10°/ft. The three-
dimensional turbulent boundary layer was produced by a 30° swept wing-like
1 faired into the side wall of the test section.
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Preliminary studies in the two-dimensional boundary layer indicated that
the flow was nonuniform on the 46 in. wide test wall. The nonuniform boundary
layer is characterized by transverse variations in the wall shear stress and
is primarily caused by nonuniformities in the inlet damping screens.

Over the 15 in. span of a special transverse device, the local skin
friction coefficient varied (at discrete locations) +9% about a mean. Trans-
verse variations in the flow velocity, yaw, pitch and turbulence intensity
were also measured in the boundary layer at set distances above the wall.
Measurements with a pitch probe revealed the presence of a vortex-like flow
to exist above the edge of the boundary layer at two locations along the
15 in. traverse line. This structure occurred above both test walls and
appeared to be symmetrical about the center plane of the test section. The
apparent origin of the vortex-like flow was traced to imperfections in the
next to the last of five inlet damping screens where the weave was very
slightly closer together. These imperfections existed in two small 'bands",
each about 0.4 in. wide, that extended across the entire width of the inlet
screen. An analysis of the data suggests that the wakes produced by these
imperfections '"bands" tend to roll up into trailing vortices which occur on
both sides of the center plane of the test section.

A second traverse device was used to make surveys through the boundary
layer at select stations along the transverse survey line. Surveys made
with a yaw probe and pitch probe indicated the presence of a definite type
of directional structure in the nonuniform turbulent boundary layer.

The transverse traverse device was also used to survoy che three-
dimensional flow field downstream of the wing-like model. These measure-
ments indicated that the presence of the wing model tended to ampiify the
nonuniformities in the boundary layer.

Only one representative set of boundary layer surveys were made in the
three-dimensional flow at a station 0.5 in. behind the trailing edge of the
wing model. Surveys with a yaw probe indicated a maximum cross flow of
22.49 to occur in the nominally 4.0 in. thick boundary layer. Measurements
with the pitch probe showed the flow to be pitched toward the wall by over
4.7° in the boundary layer at about 1 in. above the wall. Static pressure
measurements indicated a decrease in the static pressure of 5.5% of the
free stream dynamic pressure in going from the surface to a point 6 in. off
the wall.
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