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/ ABSTRACT

‘IExperimental 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 
~~~~~~ 

5 in. x 46 in., produced a 3.5 in.

thick turbulent boundary layer at~~ ’~ree stream Reyi~olds number of 3.15

x l05/ft. The three-dimensi~~al turbulent boundary layer was produced by

a 300 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 tran.sverse 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.

~~asurements 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 symmetri~~l about the center plane of the test. section. The apparent

origin of the vo’~tex-like flow was traced to imperfections in the next to the

last of five inlet damping screens where the weave was ver~ 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
i i
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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 22.40

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~~70

in the boundary layer at about 1 in. above the wall. Static pressure measure-

nients 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

B = barome tric pressure in mm Hg, cons tant in King’s law

Ca 
= calibration constant for angular response of pitch and

p 3-tube probes

Cf 
= skin friction coeff icient

-i - Ck = calibration constant for static disk probe
P -P

• p C = 
5 reL = static pressure coeff icientp

~~e = Reynolds number correction coefficient

D = external diameter

e = external width of rectangular pitot tube

H = external height of rectangular pitot probe

h = speed setting in inches of DC-200 silicon oil, internal
height of rectangular pitot probe

a
K = correction factor to dynamic pressure measured by side

tubes of pitch probe (K = 0.54)

9. = distance measured along tunnel Q from start of test section

a P = pressure

AP = differential pressure

~~sides = differen tial pressur e measured across the s ide tubes
of the 3-tube probes or pitch probe s

I

~~mcorrec ted = pressure differen tial of pitot probe uncorrected for
viscous effec ts

= pres sure measur ed by static disk probe

~ref = reference static pressure 
j -~

-
~ ~~~~~~ P = static pressure

S

I ~T 
= total pressure

q = ~pU
2 

= dynamic pressure
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q ef = refer ence dynamic pressure
r 3

= local free stream dynamic pressure

= gradient of q through boundary layer

• Re = unit Reynolds number (ft 1
)

s.g. = specific gravity

• Td 
= dry bulb temperature

T = temperature of monometer fluidm

T
~ 

= wet bulb temperature

U = total velocity

U = velocity at edge of boundary layer

1Tref = reference velocity measured by reference pitot-static probe

= streamwise component of velocity in the 3-DTBL

U = local free stream velocity

u~ = U/U
T 

= velocity in wall coordinates

u = = f riction veloci ty

Au = wall proximity correction

W = cross flow velocity component, specific humidity

x = longitudinal ‘streamwise) coordinate, coordinate parallel
r~ •~ to centerline of tcst wall , distance measured (parallel

to test wall centerline) from diagonal line passing
• through pressure taps no. 22 and S on aluminum wall

:~ y = coordinate normal to test wall , distance measured
from test wall outward through boundary layer

y = effective center of pitot tube
H - + y u

• y = —i- = distance in wall coordinates

-i z = transverse coordinate normal to x-y plane, distance
measured from center l ine of test wall

z = distance measured from centerline of test wall along a a
4 e l ine para llel to the trailing (leading) edge of wing model

xii
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p

,i 2
= longitudinal, turbulence intensity

p
= cross flow angle measured relative to centerline

of test wall

= pitch angle

p = boundary layer thickness

p = viscosity of dry air

v = Kinematic viscosity

p = 

~e density of (humid) air

Pf 
= density of DC-200 silicon oil used in micromanometers

~1~ 
= local wall shear stressw
= resistance in ohms

4

H ~- p
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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 Layerp

The three-dimensional turbulent boundary layer represents a general

class of viscous flows that include the two-dimensional turbulent boundary

P 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

P section. First, however , the 3-DThL will be described in more detail.

The 3-DTBL is characterized as a boundary layer flow which has both

streamwise and cross-flow mean velocity components. Three-dimensional boundary

layers can either be skewed or collateral. The direction of flow varies

k~ through the skewed boundary layer and the velocity profile is contained in a

twisted plane (fig. ib). By contrast, the velocity profile of the 3-I) 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 :ero angle of attack. 
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The two-dimensional boundary layer i ; at times also referred tc as a

collateral flow, but the vel ocity co~iponents in this case arc aligned ia

the streanwise direction (fig. 11a .

B. Past Studies of the 3-DTBL

In recent years , a number of computational and experimental studies

of three-dimensional turbulent boundary layers have heen completed. Compu-

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: 1.) momentum integral techniques and ii.)

differential techniques. A review of these methods as well as the deriva-

tions of the basic equations can he found in references I - 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

under consideration .

~~

. J The major i ty  of experimental studies of 3-DTBLs have been conducted in

low speed flows . Classif ied according to flow geometry (as ione in ref.

~ ) ,  these include : 1.) curved channel flows (e.g. ref .  6 - 11 , ref. 12

(s upersonic)),  i i)  flows on swept w in g s  or plates (e.g. ref. 13 - 25), iii).

stagnation point flow s in 2-l)TBLs (e.g. ref. 2 ( ~ - 3 1) , i v ) .  flows on rotating

• bod ies (e.g. ref . 32 - 40) , v .1 corner f lo ws ( e .g .  ref . 41 - 43) , vi . )

(s~~ersonic) flows on yawed ~env ~ (e . g. ref . ~) and v i i . )  two-dimens i onal

_  ~~~~~~~~~~~~~~~
•
~~~~~~~~~ -5•~~ i
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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.

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),

Fernho lz (ref . 48) , Nash and Patel (ref. 5) and Joubert, et. al. (ref. 3).

- - The exper imental 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

the 3-DTBL, it was desired that: i.) the boundary layer should be relatively

3 thi ck to assure spatial resolution of the measurements and ii.) the boundary

layer should be predominately shear driven in order to be a good test case

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

H 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 pre ssure driven

1$ (by the model) into a 3-D flow . Do~~stream of the model, the 3- DTBL rel axed

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

• relaxing boundary layer was considered to be influenced by both shear and

- - — • --- ~~~~~~~~~ •. ---~~~~~~-----—---- 5-~~~~~~~~~~~~ 
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-i pressure forces. In the present study, the 3-D boundary layer measurments

wer e made in this relaxin g region.

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

type of the wing model , the bounda ry 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 lay r (both two and three-dimensional) was

conducted.

To study the nonimiformities, a special traverse device was developed

that allowed one to survey the boundary l ayer in a direction transverse to

the mean fl ow 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 nonun i formities as well

as to check out the probes and n~ a suring techn iques . However , because of

time limi tat ions , onl y one representative boundary layer survey was completed

in the 3-fl 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 , followe d by a description of the

instrumentation used in the study. Ne x t , an outline of the test procedure and

data reduction is presented. The third chapter contains a discussion of the

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 ( r ef .  49).

p

~ I

- 4
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II. EXPERIMENTAl . PROGRAN

The experimental program carried out in this study will he outl ined

• below. A detailed description of the test facility and the instrumentation

will be given first, followed by a discussion of the experimental procedure

and data reduction. Finally an assess ment of the accuracy of the measuremen ts

will be made .

A. Test Facility

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

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

1. General Description of Wind Tunnel

The experimental studies carried out for thi s report were conducted

in the low speed indraft boundary layer tunnel of the University of Mary land

• (figs . 2 and 3). The original faci l i ty ,  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

20 ft.

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

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

~

j  turbulent boundary layer which developed on the side wall of the test section

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

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

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.

The two screens that were in the original inlet had an open-area ratio of only
•1~-

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I
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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 migh t help to reduce the nonuniformi ty prob lems observed in the

boundary layer. Hence the original honeycomb (1.50 in. O.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. O.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

honeycomb in order to withstand the large loads that were expected from the 

~~~—- -rn —-- •~~~---—-—---- - -p-5-- •,~~- ~~~- - - - - --~~~~— — - -~~~~---~~~~~~ -
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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 or iginal inlet were only 1.5 in. apart.

The design of the original inlet contraction section was based on calcu-

lations of an axisytiunetric 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 he adjusted in or out and could he 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 se~nented

access door for use with the boundary layer traverse device was constructed

in several interchangeable parts that allowed the traverse to he located any

place over the area of the door. No doors or openings were put on the test

wall in order to avoid flow dis turbance s from any door-wa l l mismatches .
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The test sec tion was ori ginally supported on 2 x 6 planks which were exten -

sions of the wall reinforcements. However , additional hea~y 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

I ~ 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

- _ _ __ p  - - - —— -~~~~ --- ~~~~~~~- -~~~~—- — -— - -- —- •-— -- ~~~ -~~ --— -- -5-- -
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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-fl 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-fl 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 (epoxi ed) 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

ohnmeter. 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). Tn 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 dummy 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 summarized 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

V possible to “feather in” the trailing edge to the aluminum wall with a step

of less than 0.001 inch.

- 
- B. Instrumentation

‘~ o 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

C,- 
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
I

li~~ -5- -5 - - - .  -5---
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combination, surveys could be conducted with sweep rates ranging from 0 . 1

in./min to 2.7 in./min. The motion of the carriage was monitored by a 10

turn potentiometer (lKc2) which was connected to the carriage by a pulley-

-spool-fishing line combination. The transverse dis tance ~as 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 he 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 in i t i a l  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

I 

- 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-

- 

j tion and deflection due to aerodynamic loading. Mechanical deflections of

the probes, which occurred when the carriages were traversed hack 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

T was within 2 minutes (as determined by a small precision bubble level). Over

4 
this sane distance, the probe underwent a pitching motion (p i t ch  defined

-1
in a plane normal to the wall arid parallel to the mean flow di rection) of

about 10 minutes. The smaller probe carriage indicated a change of 0.4 0 in

yaw when traversed over its 6 in. span. The var ia t ion of p i tch  over this
- 

, ,  
• 

distance was on the order of 15 minutes . The r e l a t i v e  change in height  of

- ~~~~
. the probe off the wall to a slig ht how in the m a in  t r av e r se  drill rods was

L
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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 i.n./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

m m . , was used to measure the relative angular position of the probe. • \

combination magnifying glass and prism assembly was used to conveniently

read the scale.
H:: ~

_ _ _  _ _ __ _ _ _ _ _ _ _ _ _ _ _
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A 0.375 in. O.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

4 
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 hut 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. Possible 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 rectangu1ar), 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 TO. The offset stem design of this probe was required for measure-

ments mat! in the 3-DTBL. With the probe mounted in the traverse device )

as sketched in figure 8, the probe tip could he 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 ti p. Similar types

of probes were constructed for use wi th 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

the boundary layer (which were used to determine the velocity profiles when

combined with the local static pressure). The overall profiles were obtained

using the circular flat faced probe shown in figures 10 and h a. Tn order

to obtain data closer to the wall than was possible with the circular tube ,

a rectangular pitot probe shown iii figure lib 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 lie.

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. ild) 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. lie)

was fixed in position (although aligned in yaw) and the differential pressure

measured between the tubes was used together with a calibration to the

determine the pitch .

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 ~~~~ -- 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

ol the two individual probes. For surveys made with the transverse traverse

device , the 3-tube probe was required since no nuiling capability existed and

--- -5 -- —- --  --- - -~~~~~~ - - -~~~~ 
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a simul a-taneous measur~ lent 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 Jish suggested in reference

56 (fig. h f). The static tube is rather sensitive to f low angular i ty  whi le

the static disk (according to reference 56) is v i r t u a l l y  insensitive to +20°

of yaw (defined in the plane of the disk) and +5° in pitch . The static tube

was mounted in a holder such that the stat ic  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 t ime s the local dynamic pressure

is required .

Four Preston tubes (f ig .  llg) with dimensions:

O.D. inches 1.1) . inches

0.059 1 x 0.04 1

0.0426 x 0.027

0.0283 x 0.016

0.0 183 x 0.010

were used to measure the l ocal skin friction (using a calibration for each

Li probe) at each boundary layer survey station. These probes had a comon 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-EITBL .

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  he summarized here :
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3-tube tubing used: 0.032 in. O.D. x 0.020 in. 1.D.

pitch tubing used : 0.0283 in. O.D. x 0.016 in. 1.1).

3-tube Preston tubing used : 0.0283 in. O.D. x 0.016 in. J .D .
p

Preston tubing used: 0.0591 in. O .D. x 0 .041 in. 1.1) .

static disk same as fig. h f

P 4. Pressure Measuring Systems

The primary pressure measuring instrument and standard used in this

study was the differential liquid manometer. In addition , pressure trans-

p 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. 13a1 was

p 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 rese rvoir

mounted on the adjustable arm of a 6 in. vernier cal ipers and c:nnected by a

f lexible polyurethane tube to a fixed glass tube inclined at 10 . -\ 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 li ght from the overhead flourescent lamps and provided adequate illumi-

~ 
p nation . Initially a cross-hair reticle was used in the mircoscope eyepiece to

serve as a re ference l ine for the miniscus. However, a considerable amount

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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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 retiche was later

replaced with a second reticle which had a hO mm scale divided into 100 parts.

A calibration of the reticle scale against the vert ical 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 th i s  reticle great ly

• reduced the time required to obtain a reading because it was no l onger necessary

to return the miniscus to the zero position . Instead , once the min iscus

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

the zero line and the miniscus could he 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 0.1°C) .

As shown in figure 14 , the calibrations varied from the least squares f i t

by about 0. 00065 slugs/ft . 3 at 340 C (va r ia t ion in s .g .  of 0. 0005) , but agreed

quite well at the lower t emperatures.

The micromanometers were found to he quite sens i t ive  to  t emperature

variations since a temperature change of 1°C would cause a sh i ft in the zero

reading of over 0.001 in. . After trying a number of way s to pack insulat i on

around the manometer tubes , the best thermal protection was provided by placing

a paste-board box over the entire instn~ ent . A p recision the~~ometer

(accurate to 0.1°C) was mounted inside the box to monitor the temperature.

Wit h the use of the paste-hoard box and by checking the :ei-o repeatedly through-

out a test , the zero shift was generally within 0.0002 in .  of DC-200 silicon 
—

oil.

_ _
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In addi tion to the two microm anometers described above , a second type

of micromanometer was constructed specifical ly 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 different ials .  It
- . . . . .7 0consisted simply of a U-tube mounted on an aluminum plate inclined at - . S

to the horizon (fig. l3h). 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 -‘- O.O3PSID together with a Dynasciences Corp. transducer indicator model

CD2 S). 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 sing le

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
p

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-

ver se traverse dev ice is shown in fi gure iS. The hot-wire probe was powered

by a l)TSA 55D05 ~TA which was run off a 12 volt car battery. The nonl inear

~~- - signal of the CTA was lineari zed using a DISA 55DlO linearizer and the output

was filtered at 10K Hz us ing TSI model 1057 unit. The signal was then fed

to i NSA S5D35 nns voltmcter, a DI~A S 5D3O d c voltmeter and ~~TST model 104 7
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— averging circuit. Finally the outp lt 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

L 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
-lReynolds number Re = 3.ISE + 05 ft (Re = 3.OOE + 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 pi to t -s ta t ic  probe)

• varied over a range of SO ft/sec < Uref < SS ft/sec. Tests were only conducted

when moderate temperatures (15°C < T < 30°C) and relatively dust free conditions

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

was to first run the -turmel about 4S minutes to assure proper air circulation

and temperature stabilization before the speed was set . The proper speed -:

j  
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 temperat.ure Td, the wet bulb temperature (

T , the barometric pressure P and the temperature of the speed micromanometer

- Tm (usual ly Td = Tm)• A further description of the procedure for calculating

- - 

- 

the speed setting is given in reference 49. ‘T he test conditions were taken C
- 

:-~~~
-
~-

- ;~‘;

* 5E + 05 is conventional computer notation for 1 x 10
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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.S°C).

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 he fr ee of any significant interference problems. For the 3-I) 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
p

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
p - p

: to +1 division (+ 0.0002 in. DC-20 0) 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 t emperature dr i f t ing  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 9. = 34 in. and ~ = 18 ft ( 9 .  = 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 ‘oldt ’

18 f t .  2-D station , a second along a l ine 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 f rom the

trailing edge, iS in. downstream.

As previously noted , the transverse traverse device was mounted on the

wall opposite the test wall to reduce aerodynamic disturbances ( f i g .  6).

Because the walls of the test section were not exactl y pa ra l l e l , small shims
S had to be placed under one end of the traverse base to assure that  a probe

would remain at a fixed distance above the wal l  over the 15 in.  survey l ine .

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

(tracing paper q u a l i t y )  was first taped to the luninum wall , over the regi on

- ‘ to be surveyed. Several I ig ht s  were placed on the outside of the test wall

such that the l ig ht shining through the pressure taps created a “sta r f ield”

on the paper. By using t h i s  star field , the pape r was positioned so that one
y

axi s of the graph was para l le l  to the centerline of the test w a l l  (essentially 

~~~~. - - - - ~~~ - - -- -- - 
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parallel to the horizon). A fine point Rapidograph pen was used to mark the
t

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 prohem stem) , and was parallel
I

to l ines on the graph sheet (hence parallel to the centerl ine of the test

wall) .  With careful adjustments, the probe tip could be located to withi n

0.02 5 in. of the intended survey line.
$

Because each probe was interchangeable with a comon 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 si ghting device

(fi g. 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 wal l and view the approach of

the probe tip to the wall. With a polished aluminum surface, the probe tip

and i ts mirror image can he seen in the microscope , hence effectively doubling

the magnification power of the microscope. The 5mm, 100 di visions reticle was

calib rated against a second 0.1 i n . ,  100 division reticle. Each division of

the microscope reticle corresponded to 0.00063 in..  Since the sighting device

was hand held and focused , the magn i f icat ion of the microscope used here

f~ S(~X )  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
z

that the side tubes were at the same distance off the wails (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 wh ich are introduced because o f gradients  in the 
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total p~essufe through the boundary layer. Similar techni ques 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-wi re 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 (~- .0.OO7 5 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 20 to

the wall in order to prevent the tip from lif ting 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 he 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 , af ter 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

~ l 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 arid another transverse scan was made .

In this way surveys at 0.063, 0.U5, 0.250, 0.50, 1, 2, 3, 6 in. off the

wall ~ere made in a typical test with the 3-tube probe to obtain transverse

measurements of the total pressure and flow angularity (yaw). Similar survc-y~--

were made using the pitch probe, the static disk probe and the hot-wire pro1~e

(to obtain transverse measurements of pitch , static pressure , velocity and

longitudinal turbulence intens i ty 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 ohnuteter.

The prc’-su re transducers were cal ibrated after each test using the calibration

micrornanometer. The hot-wire probe was calibrated (mean voltage output

J 
ve rs us oean velocit~- )  be fore and a fter each test.

I

3. Boundary Layer Surveys

l1~e location of boundary layer surveys made in this study are shown in

~ 0 figure 16 . These stations were selected on the basis of data obtained w i t h

the transve rse traverse device. For the 2-fl studies, a number of surveys

were made along the i = 18 f t .  station to assess the variat ions produced by

the nonun i form boundary layer . Because of time limitations , only one repre-

sentative bounda ry layer survey made in the 3-I) flow (on the centerline of the

test wall , 0.5 in. downstream of the trailing edge of the wing model).

I
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The f i r s t  step in se t t ing up the bounda ry layer traverse device was to

adjust the various sections of the segmented access door, so that a 6.75

in. wide vertical opening was prov ided 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 (f ig .  9). Final alignment of the traverse device ,

as out l ined below, was provided by adjustment screws on the mounting base

(fig. 7).

By placing a sheet of accurate graph paper on the test w a l l  (as done

for the transverse traverse surveys) the location of a survey station relative

to the adjacent static taps could easily he determined . Wi th carefu l adjust-

ments , the probe tip could be pos i tioned to withi n 0 .01 in . of the intended

survey station . Alignment of the traverse shaft  norma l to the test wall was

estimated to be wi thin 2 minutes of 90°.

Each time a boundary layer probe was mounted in the t r averse sha ft , the

probe sight ing device was used to check on the alignment of the probe tip

relative to the test wall. The probe tip was “leveled” t o  the horizon by

placing a small l ine level on the upper part of the probe ( i . e .  on the port icn

of the 0.’25() in. diameter tub ing tha t is e s s c n t i a l l \ ’  parallel to the bottom

of t he probe ( f i g. 10)) and adj usting the rota t ing assembly of the t raverse

devic e . In this way, the probe t ips were always pos i t ioned  p ar a l led to the

centerline of the test w a l l  at the start of each test . To assure greater

leveling accuracy for the Conrad probe, a small precision bubble l eve l was

— .~ made by epoxying two sensi t ice ~r i l e s  { 7 5  see d Ies available f rom a survey ing

equipment repair shop) onto a glass microscope slide . l~i t h  the precision
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level , the relative “leveling” of the Conrad probe was considered to he withi n

2 minutes from one station to another. The remaining boundary layer probes

- . 0were 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

to give a reIat ively steady manometer response with a reasonably fast time

response. The Conrad probe was ~u1led (i.e. aligned to the local flow

di rection) at each point through the boundary layer by using the null ing

micromanometer (fig. 13h). 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 ohnuiieter set at R x 10 Kt~) 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 l imited in accuracy to about 0.001 in.. Although the ~ca1l could be “located”

quite accurately, the actual location of the wall relative to the traverse device

(an d hence the probe) was noted to change slightly (typically < 0.001 in.)
4 

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

~J i. associ ite (i with thermal expansion/contraction of the building and the side wall

braces. The wafl motion (dial indicator reading) was recorded throughout a

run and tiic probes were brought hack to “relocate” the wall severa l t im es du r in g

the test. 

~~~~~~~~~ _ _



_ _ _  

~~ 

-

~ 

-

~~~~~~~~~

- - ----- -

~~~~~~~~~~~~~~~~

--.-- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

28

After the wall was located , a typical boundary layer survey consisted

of taking data at a series of points starting from wall contact u~ ~ 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 log10y/6 vs U/U whci-c- U~ = local free stream

ye e~ i ty ) .

At each station, a boundary layer survey using the Conrad probe (fig. lid)

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 null ing

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 vet near to

the wall , this procedure required nearly 10 minutes per point because of slow

probe response. In this region, the sens itivity of the probe-manometer system

was estimated to he on the order oF 0.100. At points ahO\e 
~ 

= ~ 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 e;~ c at  cd i  ly  checked and ceet

throughout a nm to assure the greatest accuracy .

- : Following the Conrad probe ~iirvey , the cu - -ui ar pitot probe i f i gs . 10 and

h a )  was used to obta i n the total pressure profile through the boirndarv layer.

-\ techn i que was developed to more accurately local e the probe t i p r e l a t iv e

to the wall: The probe was Li rst traversed to the wall and then “driven into

I 

~ 
the sur face ” about 0.002 in. beyond the point where electrical contact was

first established. After the probe-cal ibrat ion micromanometer system had

responded, the probe was advanced away from th e wal 1 in steps of 0.0005 in.

— - —— — — —-—- ——-——— ——‘——~
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p
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

reading (on the order of 0.003 in. of DC-200 for the 2-I) studies) was read i ly
p

apparent.

The rectangular pitot probe (figs. llh and llc) was used to obtain total

pressure measurements in the region 0.0043 in. < y < 0.5 in.. For a li ;~ited
p

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.
p

Preston tube surveys, to obtain the local skin friction coefficient ,

were made using four sizes of probe tips (fig. h g) . The probe ti ps wer e

located using the graph sheet and checked using the sighting device . To assure
p

that the ti ps 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. lie) were taken at each stat ion to

measure the relative change in pitch through the boundary l ayer. As noted

ear l i e r , the pressure di fferent ial  between the two tubes of t he probe

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

4 c a l i b r a t i o n  micromanometer. The alignment (pitch) of the probe relat i ve

to the w:~11 was noted for each test by using the probe sight i ng (1~v ic ( - .

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

for t h e  l i t  ic pressure profile. The distance off the wall of the center

b~b -plane of the static disk was determined using the probe sighting device.

Add i t i mi I u~- ;i i enient s of the stat i c pressure through the boundary I ave r

L were made us i t ip the  st .i t c tube probe (tin i ted 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 tra\-erse surveys and the boundary l ayer 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 rim. Using the input data (Td, tc , 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 mode l were reduced to a static pressure coefficient

C 
P1 (1)

p 
~
1i’ef

t 

The reference static pressure t ap  for the -i ) s t ud ies  was t ap  no. 5 on 4

the aluminum insert (table 2), while a special reference tap upstream of the

wing model (table 1) was used in the ~-i ) studi es .

I
2.  t ransverse Traverse Surve

:-, 1 ~de~~t of the surveys obtained with the t raui s~s- r-~e t r:uver~-e device have

been presented as Xero\ repr~duct ions of the ori g in a l N -Y r i  t t er graph
I-

sheets. Infoimiation on test variables - c a l  ihrat tens , etc ., per taini ng to

these tests have been included on these -~hiee1 or in s e p r t t e  t - ihIe ~ . Only

a port ion of the data obta m e d  in these surveys was reduced for tli i s report .

~

- -



P 31

The data which was reduced was first read off the graph sheets using

a speci a l 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.
p

Surveys obtained using the 3-tube probe were reduced to the form of

U/Ue vs and a vs z, where lie (essentially U) is the velocity at y 
= 0

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 sli ghtly different from that at the

reference tap used for the surveys, a small correction (A ~~~ 0.22F 
- 02,

based on the wa ll static pressure measurements) was applied to the data obtained

with the center (total) tube of the probe. As will he 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 calculat ion of the local velocity lJ (using Bernoulli ’s

equation) is given by:

= 1 T 
- ‘ref 

- AC q f (2)

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

follows :
• I
: 1 AP

= ~
, sides degrees

c ~‘ q

C = ca l ib r a t i o n  constant  for the angular response of the

probe (C 1 
= l8 .~~

) for the data reduced in this report)

i)ata obtained with the 0.0591 in . O.D. Preston tube were reduced to

obt ain a local skin friction coefficient C~. The pressure differential
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measured by the Preston tube was corrected for AC~ as given by equation (2)

- : and then used in a cal ibration 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 ,

~ I 
three corrections were applied to the data to account for shear displacement ,

Reynolds number effects and wail proximity effects.

The procedures used to reduce the data ohtained with the 3-tube Preston

probe are similar to those described for the 3-tube probe and the single tube

(0.0591 in. O.D.) Preston probe. The local skin friction -r was calculated

using a calibration obtained for a single tube Preston probe w ith D = 0.0283 in..

• A value of 23.05 was used as the calibration constant C
~ 

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/U0 vs.

z and vs z, where ~~~‘lJ is the longitudinal turbulence intens i ty .

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 , interpol ate between

the calibrations to allow for a small dr i ft during a te — ~t , and calculate the

values listed above.

None of the data obtained wi th the p i t ch  probe wa s reduce ) for th i s

report. However, a scale has been included oui each graph sheet showing

the approximate pitch measured during the test. -\ few early trial tests

using the static disk probe indicated that the transverse t ra \cusi ’ device

- : was producing re I at  i ye ly large di ~ t u i u ) i u i e t  c ffect on the n~ :isured static

---

~



pressure distribution (to he 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

4.00 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 0.1SD further away from the wall than the geometric center , where
4 )

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

to MacMillan (ref. 60). h is results were e~~ressed as a correction coefficient

C1~~: 

AP
~~ = 

uncorrected (~4)Re q

; -
~~~~~,~
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The largest correction coefficient Re for the present data (when

the pitot probe was resting on the w a l l )  was on the order ol 1.000.

This produces a 0.3% decrease in the uncorrected ve l ocity (i.e. the

velocit y which would otherwise he calculated using 
~

1
~uncoirected~

Pitot tube data obtained eer v 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 (tel . 5 0 )  g i ves t h i s

correction as a small increase in the v e l o c i t y  ~u 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 ~u 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 p itot. However, the

values used for the corrections were different (because of the differences

in geometry) . The shear displacement correction of Quarmhy and l)as (ref.

61) was app lied to the present data . This correction locates the effective

center of the probe at 0.1911 further from the wa ll than the geometric

center plane of the probe tip , where II 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 CRC was on the order of 1.01

(produci ng a 0.5% decrease of the “uncorrected” velocity). The wall proximity

correction was based on MacMi I lan ’s results for ci rcular pi tot s H-e f .  o i l  ,

hut with the external pitot tube diameter 1) rep laced with the external width

e of the rectan~ i1ar probe tip. This wa~ suggested by ~ua nnb~ and flas (ref.

61) who also found the wall proximity coruection to he 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. (lic)) . However, an estimate of the wall proximity eff ect

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 ~u ~ 0.l9U 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.

l)ata from the pitot surveys were plotted on an enlarged graph to locate

the boundary layer edge where U = 0.995 I i .  The local free stream velocity

(dynam ic pressure) measured by the pitot tube was fed into these programs

as 
~‘~ ref ~~ /q 1,0 1) .  The skin f r ic t ion  coefficient Cf (f rom Preston tube

su rvev~ to be described be l ow ) was used in the pitot tube program to calculate

t ie v a n  ih~es fo r t he un i ve r sa l velocity plots , u~ ~

Ihe data obta i ned from the Conrad probe su rveys were reduced to the yaw

angle vs ~ and ~ vs y~ (using C~ from the Preston tube surveys ( . -\ correct i o~i

for shea r displacement of 0. 1 5(1 ( whe re P = diameter of one of the Conrai side

~ $ tubes wa~ apj l ied to the data. I lowecer , th i s correct inn ma not he appro -

pni :u t e !w~~au’~ of the dif ference in eeou Iet ry between the Con r ;u - l (u- be tip
.
k.

and I -
~ c i cu l l a t  p tm tot tube . No correct  inns  for Re iio I ds u s -cu e f f ect s

• wa (  I ~) u n .\ m u t ~ ffrct s , tuu rbuile nce 01- pitched flow (in the 3- lu boundar l iver

- i i  ~ I ’ )  ha ve ( S e n  i tie the dat - I .

-o~ I ( - I n I - l u s  obtai ned w ith flue four dilfe r eu ut si:’e~ of u - - t o n  t nb ’~

wcrc rcduced t~~ohtain in ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(~ 

___
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.

The pressure differentials measured by the Preston tubes were corrected for

AC~ as given by equation (2) and then used ii~ 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 variat ion

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

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

across the two sides of the probe was used with a calibration to determine

The account for the effects of a velocity gradient across the probe t i p

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

must be made to 
~~sides 

before ~ can he calculated. The equation used to

determine ~ has been derived in reference 40 as:

lA P .  1sides ~)dq~ (5)
q

where

K = correction factor which accounts for t~e fact that  each tube

(Beveled off at 550) reads a smaller pressure than the total

pressure (K = 0.54, see reference 40~~

The calibration constant C was found to var-v w ith velocity (see referencea
-(9):

C = 24.48 - 0 .0151J (6)

This was used to calculate Ca~ w i t h  the ve loc i t y  being dete~~ i ned from q.

The dynamic pressure q vs v and the gradient  dq/dy vs v were obtained

from the pitot tube surveys . The grad i ent was determined h hand after

plotting an enlarged graph of (( Vs v. Roth qu antities were fed in to  the

pitch tube program on computer cards .

__ -~~~ - - ~~- -~ ~~~~ - - - — —~~ 
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The effect i ve center of the probe was assumed to be 0.15D further away

from the wall  than the geometric center. This “correction for shear” was

made as a matter of convenience so that direct use of computer generated

cards (q vs y) from the pitot tube program could he made. This “correction”

may not he appropriate here because of the di fference in geometry between

the p itch probe and circular p it ot tube .

Measuremeuits of the static pressure distribution through the boundary

layer were reduced to a static pressure coefficient C~ vs y. The pressure

coefficient was given previously as:

= ~s~~ ref (1)
p

I n the pr esent case , p is the local static pressure at a g i ven point  in

the hoiaidary l ay er .  For surveys conducted in the 2-DTBL , the static pressure -j
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-DTBI .

f — t a t  ic tube data obtained in the 2-1) flow indicated that the probe was

reading a s l igh t ly  d i f ferent  pressure than the wall static pressure. Since

P these di iferences general ly amounted to a variation in C~ of less than +0 .001 ,

no ci - n i  Ct  ons were made when using the probe in the 3-l)TBI.. (he static tube

was al igneci in p i t  c i i  to w i t h i n  I . ~° over most of the 3-1) flow (where p i t c h

- ,O -
- I angles of over I .  were measured) .  Hence no corrections tor the small  amount

of p i t c h  were made to the s t a t i c  tube data.

The s t a t i c  d i s k  p robe requires a ca l ibra t ion which relates the pressures

ie;)SuiIe d by the disk  to the local s ta t ic  pressure . This  is expressed by :

- 

~d = 
~1 (7)

- - -
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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 l ay-er to 0. 004 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 de ta i l s ) .  For the present case, the varia-

tion of C~ vs y was used in the pitot tube program to calculate U vs y.

Using this profile as a starting point , a prof i le  of q vs y was fed in to the

data reduction program for the static disk  probe .

In the 3-DTBL , the static dis k probe was subject to over 1. T~° of pitched

flow. No corrections were made for this since calibrations indicated that

the probe was nearly insentive to pitch over a + 4 .0  range (changes to

were less than 0.005) .

E. Accurary of Measurements

In this section, an assessnuent will he made of the errors involved in

the various types of measurements obtained for this report . (or convenience ,

these have been listed in Tables -la- -Ic.

Table 4a l is ts  the variat ions of test conditions and test variables  during

a typ ical boundary layer survey . The variations g ive n in the table  were based

on the average of variations noted in sixteen p itot 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/lie and ii contain the ma.xi-

mum errors while those at  y ~~, 6 , the minimum errors . The errors in the trans-

verse traverse data are associated largely with the inab i l i ty  to accurately

read the somewhat scratchy output traces that were recorded on the N -V

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

____  

]n 
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next chapter
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Table 4c contair~s 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.

P

1.
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I I I .  RESULT S AND DISCUSSION

The results of this study have been divided into two parts; two-

-dimensional studies (i.e. w-ithout 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 characteri stics of the

tunnel and some attempts at improving the nonuni form 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. ~~o-Dimensiona l Studies

The results of the two-dimensional s tudies w i l l  he discussed under the

headings of: s t a t i c  pressure measurements , transverse traverse survey s arid

boundary layer surveys .

1. Static Pressure Measurements

The resu lts of the s t a t i c  pres sur e surveys cuap feted dur ing the 2 - D

studies are presented in figures IS-20 . The s t a t i c  pressure c o e f f i c i e n t

C is based on measurements re l at  ive to a reference pressun P . , monitored
p rd

at tap no. 5 of the a lum in in n  inser t  1 : t ) — l i  2 .  Thi ue fe r ence  dynamic pressure
~;
t q~~f 

is calculated from the wind tunnel ‘ f l - i - i l  ing speed :us nueasured by the

reference pitot-static probe in the u i p s t i i ; i n  port ion of the test section.

The pressure c l i s t r i b u i t  ion meacured - u l o n g  the l eng th  of the test section

is showri in Figure  18 . Re sul t from th ree  sepa rate run s are shown: i) an

e a rly  test mad he tore the  boundary I :u~ en t r i p was i n s t a l l e d , at a free

stream Reynolds number of Re 3. 00E + 05 , ii.) 1 l a t e r  test made at  Re =

3.1SF + 05 (and w i t h  the t r i p ) and i i i .) a pa r t  i a l  ~iur~ e~ made with the

LI 
--— - ~~~~ - - - - -- - - - - -~~ --- -~~~~~~~~~~
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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 th at the C~ for the untripped boundary

layer is larger (except for the first point) than the C~ for the tripped

fl ow over the first 5 ft of the test wall , but is consistently lower betl\een

l L = 6 f t and 9. = l l ft .

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

f ig.  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 he seen in fi gure 18

as a s l i ght (constant) upward shift in the data between 9. ~ 8.5 and Q~~
11.3 ft. The static taps at 9. = 12.6 ft and 9. = 14.5 f t .  are increasingly

influenced by the presence of the traverse device. The upward shif t  in the data

is caused when tap no. S experiences a small drop in pressure (~ 0. 002 ver t ical

inches of DC-20fl silicon oil) due to an accelerated flow past the traverse

device. Since the upstream pressures P remain unaffected, a small decrease

in P ,1 . produces a small increase in C . The static pressure at tap no. 32
H I p

( 1  = lT.9 ft , about 6 in. upstream of the traverse device) undergoes a relatively

large drop oIl due to the accelerated flow .

The ~ressIure distribution on the aluminum insert (Q ~ iS ft) has been

(u - ~~~nt~~ in more detail i figures 19 and 20. The expanded C~ scale (fig.

191 siuow ~ the d egree to which the data can be repeated in a single run and

how ic i w - it aNl e the data is from one run to another (solid symbols) ( ta b ilit

w ithin 0.0005 in. !)C-200 during a single run and within 0.001 in. DC-20() from

one run to -m o t h e r )  . In fi gure 10 . a l l  of the data has been Plotted relative

1,
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to a transverse line passing through tap no. S. Data from taps no. 5-17

and no. 22-23 agree quite well and indicate a relatively fas t  drop in pressure

at x~~ 3 in.. Following a relatively flat region , the pressure increases

until abour x~~ 23 in. and then fa l l s  off on approach to the exit of the test

section. The data from taps no. 60-71 is shifted upward froiui 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 r ead i ly  apparent .

Presumably, because of the particular geometry invol ved and the development

of the boundary layer, the flow experiences an acceleration ovei the last

portion (x > 36 in.) of the test section . A general trend to~ ar d s  dec reie-ing

pressure appears to already start with the drop off from ~ 14 .5 ft. to the

first pressure taps on the aluminum insert (fig. 18).

In figure 20, the static pressure along severa l diagonal sow s of st a tic

taps has been plotted versus Ze~ 
the distance measured along the diagonal

(see tables 2 and 3). The data along diagona l rows of t ap~ nos . I - Th and

nos. 5-60 indicates a relatively flat pressure distribution . H ow ev er , da ta

along the row vi th  taps no. 2 - 7 7  indicate  an increase of p ressur e in going

to the bottom portion of the test wall. A comparison of dal i taken along
_)

taps no. 16-7 1 and taps no. 17 -7 2  shows the effect of the diffuser on the static

pressure distr ibution.  The data plotted in thi s manner was used to obtain

(by interpolation) the s ta t ic  pressures at the b eat iou of boundary lay er

survyes made on the test wall (see f ig .  l o ) .

2. Transverse Traverse Surveys

The s ur v e - s  made with the transverse I r a v en~ e device were primarily

conducted to gi ve a qualitative indicati on of t h e flow fi eld in the 2-I) and

3-D boundary laye rs. For t h i s  reason , most of the result s obtained in these

surveys will  he presented as Xerox reproductions of the ori g inal  X - Y p l o t t e r

- ‘-- -- ~~~~~~ -- . --- -- - - ---- -_- -
~~~~~~~~~
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t races.  Informat ion  on test variables , calibrations , etc. for the t ests

shown in the reproductions have been included on the f igux i~ or in a

sofia i-ate table. Since some of the traces did not reproduce w e J i  , they

have been enhanced with a broken I i iic in  seve t a  I of the fi gures . Only

a port ion of th e  survoos oht - u i n e d  in  the 2-i) studi et; ila\ c been reduced .

lw s c w o i t s  of a numheu- of p r e l i m i n a r y  ~t iud i es u s i n g  t h e  t n u ~~ i roe

t rav e r se  device have been sununar I :ed in reference 10. These t st 5 wer~ in - t ly

~~ ccii-:cniod -c i.th at tempts to r odu i ce the tour a fnn;i u t ies  i n ‘he r i d - i s v  I a e r

by the use of various tiuicbne s~es of  t u i up i ng dcv ces , en ii en  I i i  et s- , etc .

These ‘ nsc~ ui i n a r y ’ s t u d i o s  were conc~ t zdH i~h~ n i t  r i -  us I i~~cd t ha t  further

ii~~ 
-a ~;:yiit in the boumdarv ( aeo n flow could oni c he ust - i  b a t  b t i l l

ñ i i t h e u niod i f i c t i o n s  of the i nl e t ni the wind  t - i n u - l .  I t  x c -  then (k- c ; dcJ

ta go aic uI with the planned 3-I) stucli es unio n t i c  ; i s s i n i  t ion ;i ~ ~-t  ; i t ed  in

ro eroirTe ~~l )  t h a t  the s h i  rhi nonun i fonn i t  ics  in  t h e  b e ;i r i d : t ry  I aver would not

can-se onrious preblens in the int erp retation of the data. P r i - ’n  t o  t he  3 — I )

studies , a number of traiuove r Sr t r a v e r se  su rvey s w o r e  conducted in the 2 — I )

te st  sect on ( i . e .  without the w i n g  mode l in str ul led ) t o  ob ta i n  further data

on the n onun i form boundary Live i - . Pa i’eoul t o  of these t e s t s w i l l  be presented

he low .
, 

; p
:uitsve i oe siurc eys in the 2-I) test sect ion were obtained i t  two s t r e am -

wis e  I L  a t  i ons ; t h e  f i r s t  at 2 = ~I i n .  (where 9. = dis tance n l e : i s x u i e i  from

the -~~i n1 of the t e st  -~ect  ion ) and a second at I = 18 It. (see f i .  1 6 ) .  8ot h

:-~t at  I oils w -u ’e nominal  lv centered on the center l ine  of the test wall . The

a h u l k  of - - ‘ surveys were made at the  I S It. s t a t  ion , while t e ’~t S  at the 3-i in.

~~‘ s t a t  out  wo ie made t i c - u n  the conclus i on of the 2~ h 1 s t u d i es in ord er to I i - i :e

~ p
-~~ . t h e  arigins of a pecul i ; i r flow nit tern observed it  = 18 ft  

~~-- 
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Surveys obtained at the 15 t~t . i-stat ion to tig tIe 3- tube probe ire

shown in f i i ~ures 2 1a and 2 lb.  This  le s t  was con du cted at a re fe rence

free st ream Re~~olds number Re = 3. i Sf i  + ~S f t  
- 

and wi I n  the ‘euuui d ;uu - y l i ven

y t r i p in place. The ve rt ic ;i 1 scale in f igure  2la i s  t I l e  Output 110 10 the

pressure t ransducer used to monitor t he  center ( t o t a l )  tube of the 3-tube

probe . (
~i th  one side of the t r a u i s L h u c e t  c o n ne ct e d  I - i the ne fe ri -r cc - si  - it  i-c

tap , t he out put is e s sen t i a l l y  
~T — ‘ ref ~ 

The cal ih i - it ion for the  ;iu~~duic~ i

has been li sted in table 5 , a l o n g  w ith the test c u r t - t I  L L- S  ( I J ,~~~- , l- ~e , etc. )

for the run . Because of a pr-oh l e n t  w i  t lu  reversed ( o n  I tv when honking tip

the X-Y p1o tt~~ns , the c a l  j O i n t  i ll s w e i - e sli d hi Iv  ton i luu :u l in some of t h e

i- tans . Itenco , the ca l ibr at  ion has heen gi veru in t i e  t ii i les in wo - n t It

par ts , each for a given range of the plotter out a t  . [ho l i s t  in -  ~ s above t ia

wall  a .  wh i ch suu-v ev s a L t o  obtained tiL 1 isted on t I -  n i j i t  s i - i c -  o f  the

figures. flue x axis of the graph  Is the t iauu- verse loc it l i lt  in flue s ca l e )

of the 15 in. survey . because of the I a nec n ind  L i  of g i ; i p hs t be t o  -~~ 1 0- . - ‘

only the c e n t e r l i n e  of the t e st  x c i i i  w i l l  be ~h i ’wut  in  e - i ~~h I i n u re  a l - o r - c with

an i n d i c a t i o n  of the scale. In a d d i t  ion , som e I r a n u sv e n se b o u t  ions (: b o u t  ion~ )

that  are con~ only referred t i  in  the text wi  11 he indicat ed on the c a n o n s

graph sheets. The numbered a I rows i t  the top e g o  of ~oise of he Ii g u i x e ~

refe r to boundary l ay e r  surveys t o- he d i s c u s s e d  in the next sect ion . \~

ahown in the sketch on fi gure 2 i n , the  port ion of the  m i  ~ ii I l ie  l e ft

of  c en t er l i n e  shows t l i ~ su rvey o b t a i n e d  below t i e  n - n t  L C j  inc si the t ol  w ; u l  I
- r

w h i l e  ~: refers to the  port ion ob t ;H n e d  : — \ i  center l  l i l O .  I luc  c o n - s i l t a t i on

of a l l  of her I l n u u t s v e r : - e  t u - averse -urvey s  shown i n  tl ii ~ ;- p n n t  i s  I la same.

‘Pie centerline of the test  ~~et  on i nd i c ied on the crap1u ~ i s  generall y

- - l u t  tel 1 one s ide  of h i t  - t - a1 nI inc  t o -  sr ;ip h s h e - I . [h is  i~e~ u u r ~

because it tot s d i f f i c u l t t i  ~~ i - ; i t  i t  t i c -  15 i n -  sp i t ’ ‘f the t i - averse device

exact ly  on the c t i t e r  I inc o f  the to- - i t~: u i  I .  instead , c t u e  was taken to : i d u u i s t

t
_ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _
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the I u n i t s of the t i nve r se  dec ice to w i t h i n  0 .05 in. of the 15 in. span so

- ‘ that the t race on the plotter was full (true) scale.

[he output in f i u m r  2la c l e a r l y  indicates  the existence of nonun i formit ic- s

in  t 2—i )  turbulent  1 oai~ 1a i :  1 ave r  on the  t e s t  anT 1 . For example , t ie -

‘ 
var  t i  t ;on in ~eioe  ity  U I the output 

~T 
— 

~reI 
is proport i ona l o tJ~~) it

= 0.5 i n .  is on t I l t order of 9’~ ( where v is t h e  d i s t an c e  above the an 11 in

i n c i t e S ) .  (h e  surer-v t ak en  ;it y = 3 in. indicates the  can al ion  (If the t l oanLia r \

l ivet t lticktt e s 6 over the 15 in.  - pa n .  -\t = -4 .5 in., the l e t u n i i t : v  f uyer

is  i’C i it i v e i c  t h i c k  wiu i  Ic at : = + u 5  i n .  the thickness i s  near the flou r :

t e e s  t iu ~ : I i 1 c ( \  . Boundary I nor olir\ - e\- s (to be di  ocum ssexl in t I e next sect 1011 I

nd i c - t i  c.I t~~t 6 -
~ am ied from 3.1 to 5. 1) in. over the 15 i n .  spa n it  sele-:~

ot i t  ions. The t manove r’se v - t n t  i t  i ons in f igure 21a appear to h~ie0 a ‘‘ n iCe I i i - ~

stru t ar , In’ ‘‘a-;l vr- 1 etu ’ t I i
’ of the v a r i a t i o n s  is on the ord i t of 2

Simi b at- ~ia t I  s h o w i n g  the var i at ions of veboc i tv  dvi~;ur ic iu’ess .rc)

h ive been oht  .11 ned in a numrh e i - of ot h r -n  wind tunne l faci I t i e s .  ~Iost n o t a b l e

ire  r . a t s  by l-enThoi: ( r e f .  (~4J , Brou-Jshaw (ref .  S0~ and Ic Bray ( i c - I .  5 1)

Feel i r t s  ( r e f .  13 I has ot ti e r s  ted t h at  the nonun i form 2-1) tu rb uu l  emit boundary

la er’ ma L timt t tin weak long itudina l vort ices which al ternat i re 1 y ‘‘P~11P’’

flit; d into and out of t he inner port ion of the boundary l ayer. In f i gi~rt

22 , a ske tch  of Perk i n ’s mnode l is give n for the t ransverse v a r i a t i o n s  See n

4 Ifl t i n  i n t L - S e n t  P - P data.  The regions of low P . - P ou tpu t correspond1 ref .- 1 ref

* those areas whei -e lor ~ momen tum flow f rom the inner po rt io n of the luoiuid;iry
• I

(steer is t n i n s f e rred outward . Also shown in f igure 22 are the  expected o t t I  1 )111

• of probes used to measure t I n e  t r ; i u i s \ e r s e  v a r i a t i o n s in tota l  pr essu re , yaw and

pi t e l  ti n- onig li t I C  l ower p ort  ion of the imb edded vort ices . ~t I n \ ev~ t h r  h i m

the nu i t e m -  a ‘ I t  ion s of the coil ices  worm! I have ti r e s i en o f the  \~ Rc angle  meet -t o ed .

- - - .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The differential output of the sides tubes of the 3-tube probe 
~~sides

are shown in figure 2lh .  As for t he  3-tube total  tube , the ca l ibra t ion  for

the transducer has been given in table 5. The output shown here is indica-

tive of the apparent yaw angle u of the fl ow and can be calculated using

equation (3) (p. 31). Tn order to separate the ti-aces taken at dif f erent

values of y , the :eroes of each trace ( i . e .  where the plotter pen was located

when there was no pressure di fferent. (sri ole ross the t r - auus du ce i ) ha ve been

shifted on the graph . These have been g iven as ‘ :emoes ” along the r igh t  side

of t i t e  s i t t ot . An output that is above th~- ‘‘:ero’’ imid ic;uted a au-h-ed f l o w  that

is di rected towards the floor of the test section (~ 
> I ) ;  wh i l e  an ou tput

belo w :er-o is a flow towards the te st sect ion roof ( i  I) ) . The sign

convention on -a was chosen so th at  the f low angle observed behind the 3-I)

wing mode l (where the yawed f l o w  was directed towards t i -ic f loo r )  was cons i d e -r e d

as posit lye . In the data ohtaimied w i t h  the 3-tube probe , the  aC t  u i : u l  ( abso 1 tu t e

flow ang le depends on the ori g inal  a l ign ment ( i f  the proh e- . h ence , the o l mtp uu t

on the X - Y  p lotte r must be interpreted as a r e l a t i v e  change in ~. The v a r i a t i o n s

in -
-
V - through the boundary lay er  is in 1;art due the va r i a t ions  in P - -

sides  - - •1

1 ref seen in fi gure 21 11 , since the c a l i b r a t i o n  of t h e  side tubes us dependent

on the local dyn amic pressure . ftc t race at  e = 0 1/S in .  was f i r s t  though-it

to indicate swirl in the test section . ~\ honeycom b was placed in the diffuser

in an it  t emp t to remove this “sw i ri” (see f i g  . 3 )  . Pie honeycomb had no

apparent effect on the t race  at n 1/8 in. later studies of the P~ ’o 1I u l e  d i s t u rbance

eli oct s of the t i-averse device suggested that the ‘ - - w i  m l ’ ’  was due to the dis-

t u r N i n g  I - f  eel of the traverse i t s e l f .  ,\s sketch io ( ’w , t in flow which

approaches the t r a v e r se  d e v i c e  mus t di verge of f  I - e i thier side of the center] inc.

1!
- -
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This affect is most pronounced on the wal l upon which the t r averse  is cn o u n teu .

However, the effects will still he felt at points across the test section

and above the test wall. The data in figure 21h at y = 6 1/8 i n .  shows that

the relative flow angle goes from a > 0 at a = - 7 . 5  in .  to a < 0 at = +~ •S UI . .

This change is also suggested by the flow deflections in the sketch above.

The total variation in ci at y = 6 1/8 in. was less than 1° over the 15 in.

span .

A com parison of the yaw data in figure 2lh with the flow mdcl in fi gure

22 is not directly possible because APSIdCS in figure 2lh undergoes v a r i a t i ons

due to the variations in 
~~ 

- 1
~ref shown in figure 21a.

- .  Ilie accuracy o f the measur ements obtai ned with the 3-tube probe (as well

- as the other t ransverse traverse probes to he discussed below ) i s  m u ij i n i  depen

- dent on the accuracy w i t h  which the somewhat scratchy traces can he read . h e r

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

- 
- fol l ori:; : for IJ/U~, ~t on the wall (i.e. survey completed w i t h  the s ing le

-
- I

-- — —- --- --- - - - — - . - -~~~-- - - - ---~~~~~~~~ .— - - -  ~~—. _ - - -~~ _ -
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Preston tube), +1.5% at y = .5 in. and +0 .5’~ at v = 6, for a , .2° on the wall

(3-tube Preston), 0.10 at y = 5 in. and 0.05° at v = S .

About a year before the tests in figure 21 were ecu ic h i c t ed , an earlier series

of transverse traverse surveys were com pleted at  the 15 f t  s ta t ion . These

tests ad -c conducted at Re = 3. OO E + 05 ft 1 and w i t h  the boundary layer

trip installed (the Reynolds number was increased to Re = 3.13 11 + 05 ft ’ in

the second series of tests ( f i g. 2 1)  in  order ti~ get mnoi-e respom-ise fm-eta the

pressure probes). The survey s obtained in the first series of tests were

reduced and are plotted in figures 23a lur id 23b . The vent i cu l ~x us in f i g u r - r-

2311 gives li/U , where U c is the ~ d c c  it 
~~ 

at ~
‘ = Ii ~fl. . The tr a ces are oh i f ted

sligh t l y  because the 13 in. sj cun  of the t r ave roe an a not q u i t  :ent e mci en t n

test w a l l .  ~\ l so  shown in figure 23a ii me the nc - s u i t  of a (Il l - c i  ic  an eunom ett u

survey .  The data from 1)0th tests agree to w i t h i n  2 over um io—l of tIr e I S  in. span .

In comparing the t races obtained in the two sen i e - s  of t e s t  o , some v a n i a t  io m t s

i n the nonum i formi ties were apparent. The wave like pattern in figure 2la

appea rs to be shifted about 1 in. to tile left of the orig ina l t races shown in

I ig ure 2 5a . [N ‘se changes mig ht occur if the i n i t - I , I ; uniu i  I ng -ac neens and honeycomb

had changed s I i  gh t lv  during the year (1 .e .  t i n  p01 ven t e r  scree-n ~ na have oagged

due to  long term c reep e f f ec t s  or the screens may h iv e become slightly dirty ).

~le;i~ m mi - emne m i ts  obtai ned from four Noundarv layer ~- imr v e vs  ~ i he d i  scnu s oecl in

the next sect ion) are also shown in fi gure 23 ;u . ilte .ig rc en-w-nt eel acer; the

boundary layer and transverse survey s is good ( w i t h i n  2°~ ) yer  most ~ f the

boundary layer.

Figure 23h shows t i-ic v a n i ; u t  ions in the \lu w m i le n c - a s n u m e e b  Nv the side

i t i l es of the 3-- tube probe . An add it iemra I t c - t v  e l i l t  - i i ned )r~- I l  IC 3— tubc Preston

sn -vev on the w a l l  is a I so i i-ic ! uclech (e  f l e e t  i ye cutter of  ‘mes I - n t  pr ob e is at

y = (1 .1)18 in. ) - As noted earl icr , ii > ) imp lies a downwa rd fl ea directed toward

_ _
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t i m e floor of the test section . Portions of the data might appear to he in :m ~’l u t - -

ment wi th the flow model shown in figure 22 . For example , at the far left of

f i g i u u - e  23h ( :  = - -7 in.), the ~‘aa angle is seen to be decreasing to a n u n uniua

point (in travers ing to the right) in the same way as the idealized trace in

figure 22 . Returning to f igures  21a and 2 1h , a simila r beha v ior can be seen

in the o r i g i n a l X - Y plotter output . In traversing to the right , the minimum

point in :1 (at = -6.5 in.) occurs before the minimum in P - Psides T ref

- 

- at z = - -1 . 5 in. (the sajnne way that the minimum in the idea l i zed -
~ curve occurs

be fore J I m  m i n i m u m  fl-i P~[ -- )
~~~ 

of the same area in f igure 22j . Anothe r por t ion

of t i t e output showing some agreement wi th the model occurs it  = ÷1 .5 in .

in fi gu re 231i . In t h i S  region the maxiunum in -
~ occurs before the  max !ni luJfl in

U/ li 0 mchcn tr aversing to the ri ght  (whi ch is in agreement tcit I i  t h e  pIt t tern- -

shown in figm-e 2 2 ) .  Four data points from boundary layer s lu r \ - e v o  (to he ~1i s~

cussed in the next sect iou ) are shown on the l e f t  hal f o f f i gure 3b . [he

free at r eam flow angles measu red by these probes showed no appa ren t “swirl ’

p in the flow- .

11w’ long i ted i nal tur-hulence intensity measured Nv the hot -wire probe

is shown in  f igure  24. The accuracy of these measurements were estimated

p n o  he: (~ it  ~ 
(1 .5 in. ;und 8% at y = ~~. Data from reference (-uS is shown

for comparison at the boundary layer sui-vev stat ion s completed in the f i r s t

se ries of t e s t s . The agreement is generally good for points closer to the

wall (within 3~ at 
y 0.25 in.) and in the freestreajn. However, the present

a t m u -veys are consistently higher than the results of reference 65 for the

‘~~ ~ survey-a in between (at y = 3 in .  , the present results are over 50~ hi gh e r ) .

I 

~~ 
The lange c:u ri at ions in the outer part of the flow represent variations of ti-ic

interrn i t I u r n - \ of the turbulence in the boundary layer.  S imi  J a r  v a r i a t i o n s

in t he i ntcrm i ttancv of :i t u rbu len t  hounda rv layer ( in  the t ransverse direct ion )
— 

were ohse~~cd by K ih en and ko~ asulay (ref .  66).  l ix ten C i ye (transverse ) 

-
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so

measurements of the turbulence stn ~ture in a nonuniform boundary layer are

presented in referenc e 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. O.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~~). For example, based on a 1/7th power

law velocity profile, the change in Cf at t = 18 ft would l)e 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, hut 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. O.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

-j th e reading accuracy of the traces) .

Tran sverse surveys using the pitch probe were only obtained during the

second series (Re = 3.l5E + 05 ft ~~ ) of tests. The differential pressures

measured by the side tubes of the pi tch probe at ~ = 18 ft are shown in figure

:~ 
26. An outpu t 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
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present tests , the accuracies of the measurements were estimated to be:
)

0.2 0 at y = I i n .  and 0. 0S~ at y = ó. The interpretat ion of the re~u1 ts im u

the boundary layer arc complicated by the fact that the pressu re d i f f e r e n i t a l

for a g i ven p i tch  angle ~ is a function of the local dynamic ‘
~~~~~ ‘~~~~~

-‘ and is

a f f ec t ed  by the va r i a t ion in dy namic pressure through t i r e  boun dar l ay e r .

The oca I pi tch  angle ~ could be calculated using equation ( t )  i f the reoul r d - -i

informat ion (q and dq/dv ) were obtained from the -Ja t - z . For the present t e~
0

the accuracies of the nr easuremnents wer-e est ima ted t o  be: 0. 2 0 at V = I i r .

and 0 .050 at y = ~~~
. The following discussion will he li m ite d to the results

obta ined at the outer portions of the boundary l ayer and ;ibovu , ida-re q ~p
CO n s t ; i n i t and dq/d v ‘~~. 0. Of pait i cu lar interest are tile relatively large

van li t  I O O S  in  p itc h noted at : ~ - 4. 0 iii . and ~ + 5.  5 in. . -\cc~ rd ing to the

scale ( r -du ic i i  applies only  for freestream d a t a ) ,  these variations are as large

as 0.4
0 and indica te a local flow tha t i s p itched aroic fromu the w :il I r (J l i i  ~ ye

to the flow to either side. Moreover, thìe variations at = 1 .0 in. indicate

that the flow goes through a type of i-cversai in pitch with a small  di p down-

ward i t  = - - 1.75 in .  followed Nv a large upward shift at : = -4 .) in. . The

traces at z = - 1.0 in. appear to skew sli ghtly to the rig h t in gr ing Irs — n -

v = -1 to y = 9. whereas tie traces at z = +5.5 in. show a definite shu t to

the ri ght in going away from tie w s l l .  In addition , the maxinR~ v ; m r i  it i ou-is

in t : e -  p itch (hc m eawe in going towards the centerplane of ti-ic test section

(at v = ~~~. ~~ in. ) . The surveys at v = 8 in. and P in. show tha t these vai- i 1-

r ion cii:mn ~m- Si gui  i n  Croa ~ i ng ove r the centerplanc of the tunnel . Retu rn ing

1’~ t o  f i g r m m - ( -  2 1 h , there are : i lso i n d i c a t i o n s  in the  output  from the side

of the 3-tub e  nmoh e t h i t  a n n a l l  v : m r e i t  ions in  yaw occur at - 1.0 i n .  and

S. () in.. In p ; i m t i c i i : r - . t i e  trace taken at v = I l it . ( i n  f i r .n u m e  21h)

~m nl ; i 11  e - t I i t i f l .  ( 0 . i t  = - 1 . (1 in. and = +5.0 in. , sL1~~~~-- ~t i ng

a ~m;i 11 1 , 1cm) upwa rdly s-awed f lo w .
H
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When the rion-~mifonuuities in the pitch probe output were observed, a carefu l

check of the inlet damping screens and honeycomb were made. The expected loca-

tion of the origins of these variations were estimated by scal ing 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 = -7 .7 in.

and = ~10.( in. above the centerl ine 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 us ing a f lash 1it~ , no apparent cause for the nonuniform-

ities could be seen. To inspect ti-me honeycomb , several l igh ts  were p laced out-

side in front of the inlet and the honeycomb was viewed from the inside of the

(now dark) inlet contraction section. ‘ft ~ photograph in figure 27a shows the

l ight di ffraction patterns (Moire pattern :~ that were produced by the honeycomb

and screens. Running across these patterns were two narrow interference hands

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 wi thin 1. in. of the bottom band

while the ma rk for the variation at z = +5.5 in. was about 2 in. higher than

the topba.nd). A closer inspection with a flashlite showed tl-iat the second to

the last screen had a slightly closer weave in t iuc reg ion of the light diffrac-

tion hand. The photograph in figure 27h 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 9. = 18 ft

(nearly 24 f t .  from the last screen) .

After the wing model was installed in the test section , a further study

of the develop ing 2 -I)  boundary la yer at an up stream s t a t i on  was made . These

~ 1 surveys were made at = 34 in. and were p r i m a r i l y  conducted to obtain more

~~

1

~~~~~~~~~~~~nformatrnn on the n onun i formr t i e s  coming off the screens in the loc~ition of
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the rio flUfli form weave . The surveys taken with ti-ic 3-tube probe are shown

in figures 28a and 28h. The surve s in figure 28a indicate the boundary layer

was about 1 in.  thick . The traces obtained w i th  the side tubes above the

ed ge of the boundary l ay er  show an interest ing local var ia t ion  in the yaw

angle at = ÷1 .50 in. and y = 2 in .  amounting to nearly 0 .4 0 of upwardly

yawec flow ( i .e. to the t op of the test  sect ion) .  S imi lar  changes (though

smaller and shifted in :) can he seen at v = I in. and 
~~

- = ~ i n .  The va r i a t ion

11151) appears to s~ ea of f  to the upper ri ght corner of the piliph sheet .

-\ cnn - i ) r lr i son of the Preston tube (0. 0591 in.  0.11) . ) surveys at t 34

in . r i n R i ~ = ~~ It is siior-a i in f i gure 29. The var ia t ions  in Cf at  = 31 in.

w end -  on the order of +S’~ compared to the varia t ions  of ÷91 - at = 18 ft. More-

o d e n , the - I t t - i n s  1!i nourunifoniiites are d i f f e r e n t  for the t i - n s t a t i o n s .

\ i t  1011gb the w i t I g  mo l d-I a;t~ in  tire tunnel for the surveys cona n c c-~ at t =

in. , thi s i-;lls t r ot  thought to  sign i Iicant lv affect the Preston tube m easurements.

- -~Jmows the p i tc lr probe s t i r -~- evs conducted at ~ = 3-1 j r - i . .  in comparing

w i  h resu l t  s ii - -- i i  f i  t -Ii r-e 2~i for ti -ic survey i t  = 18 ft  , i t  is  seen h a t

t e  el  vel — rg.  chances in p i tch  above the edge of the boundar l aye r

OCd -II in t h e  same : l i c - n t i o n s  for both t es t s .  The p l o t t e r  pa in on the s i i rv e

in I i  ~ I H 2’ was set at tw ice tire gain of figure 30, so t i-me scales lea- the
‘I

app t I  -~~ 1 1 ,1 te P i I  c it ang le  ;ire different in the two cases. The reg ions of non-

uniform p i t c h  appear o occur l i t  lund above tire edges of the houndar I aY er

for both c t - i t  iou-is. -\l I t y  a h the i:in i it ions in pitch arc accompanied Nv

\si r iat 1 0115 il - i \ ii. ~I t \ 2 in. - ‘n i = + 1 .5(1 in. (corumparing figs. 281-i and

30 i , tin : - Va i i  i t  j ‘ t i ~ in  V ;i i~ ()cc~Ir i t  V 2 in. and = - 3 . 5  in. in

i i y i in e ~ h.

~ ‘ ic ’ p i t e l ,  ~- r - - -
~ 

i- I S  -~~ , t  m n t e d  on an e\ t ended  bent probe ho l der that

- 1 ‘ owed ~au u -v -v s to  he muiadc 1 ’) imi . ;mhelnl of the  suurv ev ~ shown in f i n i m n e  3( 1

mmlii  t 1 ~~’ ii l~~~
j 5 l u r - ~

- e\ - - 1 (~~~ ‘ made i c r - n-~s the c e u r t e r l  inc and ihov e t i m e  w a l l

_ _ _  ~~~~~---
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on which the traverse was mounted. The probe w I t s  ex te n ded  I I r w a r d  t o  reduce

disturbance effects from the traverse device. Pitch j -t - ohe ~ ‘r ce y s  obtained

with this arrangement are shown in figure 3 1.  ‘ihe probe wa s  t r i v e r s l - J  along

two y locations to each side of the centerline . 1 i o - e  u c o a l t s  sh ow that

the maximun variations in pitch decrease to :ero on the c e m i t e n j - i a m i i ’  of the

test section and then show a reversed sign above the oppo si te  w a l l .  The

pitch probe survey at y = 2 in. above the t i a n c vence  t r:iver sc t~a ll shows a

relatively large p itch away from ti-ic wall at = -3 .5 i n .  , fi n hc~1 on both

sides w i t h  small p i tch towards the w a l l .  The same extended probe holder

was used to make several s,uru-evs abo~c the t rave n~c w a l l  us ing the 3-tube

probe . The t i-aces shown in fi gure 32 now show va r i a t i ons  in y aw :i t  -3.5

in. (y  = 1 .17 in. , the  c l e ce st  tire probe could get to  t iie w a l i l  :ind a \ a r i ~it ion

in yaw at y = 2 in.  and = ÷ 5. 0 in. t h a t  w as smaller hut s i m i ~ :~i ( i . e .  indi-

cating upwa rd flow) to the v a r i a t i o n  seen at  y = 2 in .  and = -‘-5.0 in. above

the test wall. These tests indicated that the (low strncture comi ng from

the bands of nonuniform weave was svrrmmetri c to both s i de s  of the - enterp lan e

of the test section.

The results of the tran sverse survey s  at = 3-i in.  and 9- = 18 ft  suggest

tha t a type of vortex l i k e  f l o w  may he pi-oduced by the hands of nonunifo rm

weave. The wake flow that th o se  hands produce Je ’ O l o H  in to  a v or t ex  s tnacture

that extends down the length of the test sect  h~~i and occurs to both sides of

the cen te~~ l anc of the twinel. lire flow st end u re tha t  one of the hands may

produce is sketched iii fi gure 33 . The c ross sect i ona I u -eat  v ~ew shows a

v n m t c - x  pal r occuring to each s ide  of the  ver t  m c i i  cen t  u p l  11th of the tIulnel

Roth pa i rs of \‘ort ices are prod u ic ing  a flow 5 c -~ -
~ a-ti h a  t i s  d i rec ted  away

- 
- 

fro uuu the w a l l  . Consider -a t ion was a lso  g i ven t - ii I v  ct-ic i o n t i - x  e x t  s~ ing to e t c h

side of the centerpiane.  In Ii pure 3 1 , I li d ex ec I d’d a tpl ut ~ from ti-ic p i tch
I -

probe and the  3—tube probe are  gi von for t ha -  t i - ~~~~ ihie vortex models: the
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first  in which only one vortex is present on each side of the centerplarme and

a second (already shown in f i g .  33) where there is a vortex pair on each side .

The output from a total tube would he unaffected to the resolution of the

present measurements because of the weak vortices involved. Surveys conducted

through various reg ions of the vortex flows (nennhered as 1 , 2 , 3) would produce

the output traces shown as 1, 2 and 3. The data from the pi tch 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-tub€ probe indicated little or no evidence of any comparable

yawed h o w  (associated with the possible vortc \ flow) . The output that was noted

in figiiie 21b (at ~‘ 2 in . ,  z = +5.0 in. and z -4.0 in.) and in figure 2~ b

2 in. and z = +4.50 in.) could appear to support either vortex model.

The 3-tube yaw s,irvev si-mown at z = -‘-4.5 in. and v = 1, 2 and 3 in. in figure

28b s t rgg estc - d that  one may simply be mis~ ing the large components of yawed

flow at a = -3.5 in. (where the large peaks in pitch were noted) by making

sur vey s in 1 in. intervals in y. Hence an additional test using the 3-tube
p

probe was t iade to survey ti-ic flow field ove r the range of - ‘ .S in. < 2 -1 .5

in. in increments of y = (1.25 in. The results of this test arc - shown in

figure 35 wi-icre surveys from y = 0 .5 in . to y = I in .  were completed . No

~

- 

j 
evidence could be found for any large component of yawed flow in the smne

l - a ; , t  ion (z = - -I in.) ms the relatively large variations of p itch . However ,

some small v a r i a t i o n s  in “;iw were noted at = -3 .75 in .  and y = 2 3/ 8 in. to
‘ I

y = 2 3/-I in. Several surveys were extended to = -4- 7~~5 in. to show the vat - ia -

t in ns  of y aw above and below ti-ic maximvniu v a r i a t i o n  at  z -= - ‘-4.5 i n . ,  V 2 in..

F ina l  lv , the 3 - t u b e  probe was rol led by 900 to serve as a p i tch probe. The
~~~~~ sara -v shown at i i i - top of fi gure 35 shn~ s tI-t at  both the p i t c h  probe and

3- t i  a ’ probe were ta - ar ] ’-  equa l in  sens i t  i v i  t v  and both i n d i c a t e d  a rd at i el v

T 1 argo u - h ; i u t g e  in p i tch  ;ii a = 3. 75 i n . .
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To st imulate a wake flow coming from t h e  scre~- 1 . ~~~, a p eec o~ plast ic

tape 0 .05  in .  w i de  was p lace- i  across the - cut i re  sce en .  The t ap e i -a s

located nominally on the hori :ontal  centerplam- of the tunnel :in- teas

located approximately midway bet woe- i the t e e  hands of the nonun i fo rm weave . La

The r e s u l t s  of ~everIul different seurvc~ s i r e- shor -a l in f i~~ re Sn . The Output

of the Preston probe at ~ = 32 in.  a-eu s v i r t u a l t v  una f f ec t ed  by -:hc presence

of the tape on the screen . A s i m n i l a r  i - esui  t wa s  obtained at £ = l - ~ f t .

The 3-tube ( t o t a l )  output  at y = 2 i n .  u-air also unaffected to the : cI :t i r : cy

of the X- Y p lo t te r .  h owever , the output of t h e  s l i t  t I l L  of t h e  probe

~i.e. yaw) show Ii sharp change slightly t - : -  one s ide  of the centerline.

In addition , the output signa l was quite i - m i  sy hint  iph t h i s  reg ion as is

apparent in figure 36. The p itch probe it  both i 3-2 in .  and i 8 f t

showed a large change in pitch (indicating p i te  S :iwn ~- f r - isa t }~
y i-;ill ) due l e t

the tape , althoug h the pitch at R 3-I in. is aga in  rh i  (te d sl i~i - m t i v  te  one

t i c  of the centerl inc Pro outpu t f t  on both the e i and p te N I I t h at

= 34 in. appea u -s to support t h e  v o r t e x  pa I r mode l shown in f t c .  5Th. ~~.- 
- 3

:~.. ~
tin fortunately , no add i t icru a l  ~u t v e v s  tci th the I ipe on the c S I ’C ’ C l I s  \O Ce ccnduct ed

to further  help c l a r i f y  the flow fie ld  S t r a c t i u r a -  and to con f ina  the model

in i l mune -  5Th.

The- c v  a t - t I’ tha t  t i c  ~ co vo r t e x  11 ow~ lint- c on t a -  l - o nhh: ) -v I ave r is nOt

c l e a r  I rom I v  p r - a e n t  d a t a .  P e r t  - i  i n ly  I IL i f l t e l I l C t ion h-~ t v -  -y t h e s e  v o i t  ices

and the  we ab l ong i t u d i n a l  y or t  I d e a  SI I wli in  fi gure’ 22 is u i  t o  ceurple x .

3. ha nJ~i1 LweI S i i m c e y s

e l  im t in - p t - ok’ ma sect i ou -i , t H t n - i t t , - terse t 151 t e r s e  surveys were

conducted pr in- r i  Ic  t I  O l t i  ii a 11 11111 i t  i t  ~t -  i mnJ ~- ra ~t i d i n g  of t i c  boenidan l iv e r

flow on the Ic  -t wall. based on t h e s e -  St - i d i e s , :1 n tm ~lx- r  of boundary l a er

s t ir v iv s  were complet ed i t  s e l e c t  s t a t  ions Ion I e I 1:sverse ’  t u lV d ’ I’ se Sili-Vey

~~~ li ne. i\~o ser ies of boundary I ay e- n a u i r v e l - ~- I ni~t a i i  i i g  t l ie t e series of

—— -- -- - - -  
__

~~~~c__ --— -
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t ran: v i s e  traverse surveys) separated by about a e’ears t lure icere made :

• The f i r s t  at Re = 3. ufl J  + 05 ft 1 at-id ti -me second at Re = 3 . 151: ~ 05 ft 1.

The lvt-nolds nunher was increased for ti-ic second series of t e s t s  (as
p

pr et - - I ous iv  noted in t i r  I i  to get a larger output (pressure di f fer ent  i i i )

fx - or~: the v a r  e el . -; p re a s eu re  probes that  t- ere used.

• I I r t i e -  f i r -st seui es of tests , boundary I aver sort — s were- C~ ~ti~l i i -  t ci
p

I - a - st ; it  ion s along the  t r ansverse  t rave m - se I i  no . lh es c .- are shown in

Hg r e  lt - ~ as at at i o n s  1-3 . hui-vey s at the remaining s ta t ions  S-~ were com leted

- . l L l n l . um g t i t  ac-c ud s er i e s  of tests . The locat ion of these s tat  i Ons  have been

i n d i c a t ed  by s m a l l  a r n - a s  on t a -  i l f l f l O I  edge of aevera l of the f i  gurc-s show in ~

the t r an~ re r - - -v t t ; . iv c ’rs e h i t :  ( f i g s . 2 1 - 2 9 ) .  These p a r t i c u l a r  s t a t i o n s  were  N

se l e c t ea  ui i : l i e ’ s of  ri -; i ~~a r i n g  the pit ch and y aw c-f t h e weak lo n g i t u d inal
p

Vor t i ces  i ;it n h i v  - x i  at  in  the nonun i form botrndarv l a t e r  (see ( I n u r e  22

The 3- t-rhe probe was iI . ~.eel during the b rst  se r i e s  of t e s ts  to obta i n

l itOli [es of b oth the t e l n e i t  and v:ae van at ions through t i - ic hotmelar c- i aver .
P

because of  he-  poor t i r e  response of th i s  1~ - ;~he , i t  was repl—mce ’J ~li rn  n~. thic

see nH series of t es t s  i- v  se — p ; i i  to  p i t  t it tubes ( c i  rcul ar - and r ect  u n f I t  1 ar )

and a ( I t i  i - i - .! probe . Pr eston tube’ and p i t c h  probe measurements sore’ oh t ai  ned
p

I i i  5 1 1- - o t l i  s e r ie s  of t e s t s .  The s t i t  ic  tube and -~t : 1  ic pre ssm. irc d isk  w e r e

used on~v (lut-ing t h e  a - c i n m i s e r ies  of t e at s .  -\ l i st ing of t h e  ~l a1a  - 2 Ii

t 
- 

i t t  b o t h  ser i es of I - I l r r l e i a r c  live r s t t r v c t -s is  g iven  in  table ~~. fire - u v e r a g c

v : i l i i e r  of t h e  t e s t  v : ir i a h l e s  fo r- - u t c h  a i r r v e y  is  mI s c -  inc luded in i c  sa ;’-e 1 i 5les .

he- c- e inc i tv p r o f i l e s  e l - . t a i u i e d  i n  these t e ~~ I s- a m - c- shown in figures ~ n .

lii : r- ’ s u m l  ts f u o u m I nch a e n i e s  of t e s t s  were  pl ott ed se i ai rui t elv s ince  1 ke~aie1 ds

nm unhe r teas r i gIr t lv c h i : u u u i ’ . e-d and there appeared t o  have ’ bet -u changes in  the

u n i t e  f on t  m I a t r n d a r v  l a v e t - ove r- l i i i -  one y e a r  lr~t t -rv ; ul . F i g u r e s  . ‘ . : u  am-id 5Th

show I! i - - c ~~t V  m i t  i n  I l / t i  t a  v , where v has  been p i tted on a l - . g a r i t h t . :c

_  _ _ _  -~~ -- - --~~~~~~- - - - - - - -~~~~~~~~~~~~~~~~~~~~~~~~
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scale to expand (in y)  the inner  - I r t  ion  of the- boundary layer . [his w as

done to show the var ia t ions due to the nonun i fo n n i t i e - s  t i n t  occur near

to the wall .  In fi gure 3Th , the e s u r i a t  ions are lar r e s t  e c -t c c - c : u s t a t  ions

1 and 3 (5% at y = 0.05 in. , b% at y = 0 .5  i n . ) .  r\5 sb ;c-.n in f igure 25a

stat ion 3 corresponds to a “di p” in the o u tp u t  of ~ T ’re recorded froru r

the 3- tube probe of ti-ic t rul n sv er se  i rice u - se- d ev ice .  :\S p r c - ’:ioue I~ noted ,

the transverse traverse su r e e  s agree  to a i t  I: ~u 2% of the  e - ;nu d crc l a y e r

sur-v ey s ( f ig .  23a ) . The survey s from the second s e r i e s  of I v a t  ~ - (fig. 37b~

show large variations to oc cur  be t acenc a n i u x i  nc uu and a i r  i ncus  p o i n t  on the

transverse olit I) it shown in f igure  2 1 a .  The c a r l  ution s i - e t s v c r  s t a t  ions S

and 7 wher e 7 is at a minimun p o i n t )  are: 9~ at y 
= 0. 05 i n n  and ~‘% : it

y = 0. 5 in. The sr .-irvcv taken at stat iou (t shows :ln eve - r i 1 acer va l ue- of

U / U at a given y locat i on t l ; cn s ta t  i ani 7. On the o t h e r l n c n d  , the t r ansver ;e

traverse survey in figure 2 I u i  shc twr the v e l o c i t y  to he sl I L I l t  ly  h igher  at

station 6 that -i itt  s t a t i o n  7 . The -eas cni  1ev t h i s  d i sc c - e- puu nc v was  not  :ip~la n e s t

fron the present da ta .  ~lien ti -ic t w o  set s c - f  pro f i  I es are cnan ;i reel . I h e - dat  a

fro m the first series of tes ts  is  seen to f a ll  ent i re ly witl c the spread of

da ta shown in figure 5Th.

i h i t a  -N t a  m e d  w i t h  the  rectangular p i t  it tube las a I so been l o t t e d  in

figure 5Th as the sol ii s~~ boi s . The agreemen t w i  t 1 the ci m c i u l iv p it i t t  d a t a

is  c-er>- close lid t h i n  0.5~,) over most of ti -me p rof i le ’ . I th a nenuher- i f  the

poi t i t  c o i n c i d i n g .  SI I g l c t  devi it  ions were appar -ent in  t i c  r i l e ’  of (2 . 01 ~4 in .

-
• 

< y < 0 . 030 . These di f fe rences wer e - i t t  v i  IcicI ~I t o  neci ‘ w i l l  e f f e c t s  c-n t he -

output from the c i t e - m u I r pi tot tube. This wo utid sit e est t 1 ; u I  t h e  co r rec t i i ’ucs

ap p l i e d  t o  the c i r c u l a r  p i t o t  tube l a I n  were- n t  ni u n i v  ; I 1c- ~ u t e .

~~ 

- 
The ce l t i c  i t  v la t ; i  Im a s been rep ] I t  ted as iJ/1J~ va t-/~ in Ii gures SSa and

3~~i t  • The bounda ry 1 ave - n  i i i  c k m i u ’ s s  (de f i r - t ed  here Its  the point whuc ’re I i 0 .905

U )  was determined by p i t  t i ng U vs t- en an en] at eel gra ph. u sed on the

I 

~~~-~~~~~~~~~~~~ -- - - .
- -~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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scatter in the data , 6 could be determined to within 0 .025  i n . .  [he va lues

of 6 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 ti-me

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 S. Assuming that

the turbulent boundary layer starts at the boundary layer trip ( e ~= 0), the

boundary layer thickness at 2~ = 18 ft (for Re = 3.15E + 05 ft~~ ) was 6 =

in.. The boundary layer thicknesses measured at stations 5, 6, 7 (with Re =

3.15E + 05 ft~~) were 3.14 in., 3.85 in. and 3.72 in. respectively . ior clarit>- ,

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
4 
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 fal l along a straight line given by:

u~ = 5.58 log ~ 
+ 5 .5 (12 )

In the literature , other values for the two constants (5.58, 5.5) have been

given. These include: (c .6, 4.9) according to Clauser (ref. 68), (5.5 ,

5.10) from Coles (ref. 69) and (5.5, 5.45) from Patel (ref. 0). Below

= 30 , the data from the 3-tube probe deviates further from the stra ight

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 u-se

of the circular pitot corrections for the 3-tube probe may not be entirely

appropriate.
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The re ctangular  p i to t  tub e data in f i gure 39h is seen to fo1 l ow t I -me

+ + +surve u = e over a l imi t e d  range at -md t h en deviates below y = hi m r.-

40 shows the data rep lotted as U c-s v • The s t ru m i i~ht l i n e s  a re- the  s lope s

of the velocit profile detem iic.nm ed fr-c-rn the meastur-ed ski t-i fri ct ion on tire

• wall ( i n  thi e 11 ne a i  sub l ayer -c ‘i l l/ el> ) . in  the- l i n e a r  suh laye- r -  ( H e - i - c e

app i-oxima t e l c  y = ( ( .005 in .  in t h e  pr esent  ea se l  the da tu m for each s i n r c e - v

-
- - simo u ld f a l l  :i1orn ~ i ts  s ti . ig ht l i t - m e . Above v = ( l .~ 0(5 in., t hie- da ta should

anproach the I in c ( vomi t uihoc -~- i i  . - . t ime  ye’ I oc i t  v gru d i eu -it is sIt - :c d i i  y i ncre: is i n c

up to ti -me va lue  in the- suhlaycr) . 11-me r esu l t s  in f i gure 2 ( 1  show this t I he

the ease for poi  n~ s liec- onid about e- I ) . 010 in. . I loc~ eve r, the data i.e I ore t h i s

level is seen to m d  I c u i t c -  c-e loci  t i e s  that i re -  too hi gh. This sl ier - - t h a t  l i -ic’

corrections for sb -ar and rea l I pro c imi ty were not app ropriate in ti-me refion

close to the surface. The present da ta  indicates that ti ie e f f e c t i v e  c em -m t er

of the probe y~ wi-men rest it-mg on ti-ic surface is at y J I l  = 0 .6 , where’ I i  i s  the

external height of tin c probe .

based on the r ead in g  accuracies of the micromanometer probe systencis , an

e s t i m n i t e  of the u m c c i m r u i c v  of the  i r c u l a r  p i t o t  tube d i ta  was ca lcu la ted  c u t

three po in t s  in time hoim~luim -v lu ive ’r .  These were : +0 . 2 S’ - at >- S + 11. (i~~ at

>- = 0 .5 in. and ÷3% for the probe on t i c- wall with effective center a t  v~ =

0. 0li~- i in. I t  should he noted , howeve r , that ti -ic data obtained near ti -me w ; i  11

is sub ect to severa l corr ect ions whose accuracy determines ti -me f i n a l  a c c i mr uic v

of the plot te d resul ts .  This is particularl y true for the rectangul ar r n t o t

• tube data .

The data obta ined  Ic i t i i  t lie Prcstomm tubes were used il-i the p i to t  t r ibe  data

reduction to obta in  u~ and >-~~
. 11w v a lues of the skin  f r i c t  ion c o e f f i c i e n t

Cf at each measu r ing -~t i i  ion h ; i t c  been l i s t e d  i n  t a b l e  t . The measure ments have

also been compared t i m  t he  t r a n sv - r ~~- t rui ve rse measurements (fi g. 25) and w e m e  

~~~------ - --~~~ - - -~~ ~~~~~~~~~~~~~~~~~ - -- - - - --~~~ -“~~~~~~~~~~~~~~



seem-i l i t  u ig t - e e  t ., me I th in ( - ml .  An eat  j ~:u e oi  the un l; c u ra cy of the ( ‘ n -e~ ton tc ui -e-

measurements was based on the :-~cu i t t e r  seen in the data ih t : : r  c ued ee l th four

different  sized tubes. For the In ’esent J u i i u i , alL : - ~a su re eent~ - i t  a giveti

s t a ti on  agreed to wi th in  3% .

Fi f e  res 4ler and 4Th show the - in , - a n c ~ p iT- I i c’s of the van- m g i  e -i vu— y

tbron~ l the boundary 1 a \ e c  - The data car5t  be compur or d crc a rd at i  ye onsi  5

Since the absolute yaw angle re-Li t ic -c- to tine hor izon  is not k nncecc. In the

present case, ~ = (10 is the ulnyn i l u i i  position at which ti-me 1ii-oH ~ cens in :  t i c u l l y

‘‘Inc -el ed ’ (as described in a p-m T-v i c - ems  section) . The geom e t r i c  ax i~ of hot I

the 3- tolic nc~oiu -e nd ti - me - ( o ic r - a e l  probe .~c-re cci thin 10 flimnUtes (0. 1 T c- i of all i~n 
-

ment to this ‘lcve 1 c’ l’’ posi tion. For the :~~~ eae ~ of di scu ss i  e n , a pos i t i ve

~ d enotes ci flow directed (Fe l e t  I ye)  cmp e e a rds to i- :ce~ ds ti -me i- c - c— f of the test

section . The h - e t ~i taken at s t a t n c — n 4 in f i gure Ila cr i (ic - ar ~ to agree qualita-

t i v e ly  re th the trend seen in the ruin svc ’r sc  t ru t -  c - r sc d at a  shor-~n in f i cure

23b (i.e. the yaw an g l e -  hecnc ’cea loss  n e % u c t I cc- w i t h  I r i cre -u r c ing ~) . f tc  scun. c-

take-ri at s ta t i emn I u rp ~- m c c : e  as to pass c i c- s e  ta  a regi on of downswelling since in

• f i gu r e  dSa it is located near the center of the top of the “reue ’: e’ ’ . A-~ noted in

the previous section , the p a t t e n n i  of t i - me enauc i fonnit I es cmppe-irs to  h ave  shi ft  ed

ac-out I in .  to the left on tle graph sheet Ju n - t cup the one rear unt o r y al between

ri-me- tests. lie-nec , one m u s t siii f t  the same dis t ance in comparing the scii-ve\-

at ~ e - i t ion  1 cci th the model .  The sin -c - cc ili d Il cci tcs a rel uct i Va upward yawing

of t l i e f low w i t h  i t - m e t  c u t s  nmeu v i \ lce m - e ’ u i -c  t he  en ( e l  p r e d i c t s  t i c -  opposite t rend .

-\ e~ m o a r i s t i n  of the data  at  s t u l t  ion S in  f i g u r e  - i l h rcmth the mode l I n c  f i g u r e  -

22 u yp e cu i s  I t -  s ine w ti -me co r ec -e t  t remwi . The vu -i r i O t  ic -n in  y~ c~ at ~t u u t  ion 1— i s

ye nIt - s - n u t ] !  over most of the t i c  I i f ld h i  m - >- 1 i c  n and i i l  id seem to - - eggest ti-mat ti-

surve ; was o b t a i n e d  in  cm nec ion et n ’ e - e—n i c  - -n rort ice-s — i . e. al mu g the ad c a r e -n t

- 

i — c 
. upswe l I log shown in t i r e -  c iode’ l in I i e i i u r - c  22 . The su m - c oy c i t  S t c i t i - i T i  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 we l d- estimatedi on the basis

of the sensitivity of the nulling manometer sys tem during an actua l survey.

These were : 0.0250 at y = 6 , 0.06° at y = 0 .5  in .  and 0.10 at points very

near to the surface. The ali~rmment fromn one surve y stuetiori to another was
0considered to be within 2 minutes (0.03 ) .  For ti-me 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 elevice used for

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

The Conrad probe was installed , l eveled and then aerodynanm ic allv ali gned with

the local flow during a short test. For even- test completed , t i-ic aerodynamic

alignment of the probe agreed to within 1 mit-mute (0.1)1 1°) of the first test

that preceeded the first Conrad probe survey.

Surveys obtained with the pitch probe are shown i n f igures 42a and 42h .

As in the case of the 3-tube and Conrad probe measur enme nt— , the p i t ch  angle

~ must be compared on a relatic-e basis from one station to another. In ti-me

present f igures, the results from the data reduction have i-me-en plotted directly

and ~ = 00 has no special (absolute) meaning . The geometric a x i s  of the probe

was estimated to he pitched downward toward the w a ll by less t han ~~~~~~ This

angle was checked before each test (using the probe si ghting device) and found

to vary less than 0.10 from one station to another . ftc scatter in ti-me d a t u m

is very large below = 0.25 in. with um nu~ her of the poin ts  ly ing w e l l  off

the graphs. This was caused by inaccuracies i t  de termining  ti -me - gradient of

~~namic pressure near the surface. The g m u i c l i e - n t  of q is used in e~1uat ion (9)

to correct for the effects of the dyn amic pressure grad i ent over the t i p of
• - ~ - 

the probe.
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A compan u -~ - r e-m~C the ol tcl pt -ohc a - c - c r - - ;s  c-nec tre e en id ~i i f i g u r e -  22 H

more U . i e ~e~ t i~ aa- tar t t ie  vu iw probe ne u rv ev ~ be c u n c - S e  c i t  in-: c~i c n n  ~t d1  l e t i t

t I n e  p - t e lu  cc i I ]  u . l ~~~— 2e- n e - r ; l I l v  - ~ H th e- ~~nue - d i r e c t  ion ( c u -. 1-g i l - m g c ti -me

nioc-o I )  l i me su i r ~ c-v r u n P e n  a t  -~~ i c - n  I c c ~- b m c n  i s  c -  - m  to a a c - c e - c - H I ~i~ eor- i ing

to- t I m e  pm - c -p ond mode l shows a p i t c n i m g  cne ~a i l  rh -n ~e- 11 w I t h  i e  i o n s  ing 
~~~

.

f tc  Sicr\ C- c c it  s t a t i -  -a -~nc I c m ~ e~P ~~~ : In elfl sc-e i lug and nc-c-cu-s to in~~ caee

ci - i t c h i n g  : - : -c - c - r d  a c - u -  I ~~ i j -  ~lt ~ t nc-as r io v . bum: - ; rurv e~ u nt  s t a t ion  3 c- ,

it :a~ ed ic ar no i u g av - i~l 1 i u c g  c - ce- i n ( r l n — ; n n  to- i nd i cat e  a p i t cH  ti p  icenc from t ie-

c - c 1] with -h~ :~ I ac - si  :lg ~~
- . 

- eiee~ eu , t l n c  sin cey at a ~at ion -i , a] ~o ic-cc-ted near

to an up u c e eu i  shows a r e i c i t  I :° - - tc -war ds the t - e 1 1  c - i t T -- d e c c t - c ~-~ing v .

( ih v i o u s I v . c-nv i n t e r - T i r d - l a t i n i  of t h e - ac  ~-ern.-v5 n r~-~ ards  to the mode l i i

f~ g nlc - 22 denp - -H cc the  cc T~~~c- H i t  i c - i  c - c  ~ i n  f~~t i r n s  J 2 a  c -n P ~2h.

The- surveys in cain - Pb :me - i - t - - r e ~ 1 i n  C) C t l O f l  iCi th  the c~C rTe ~c-

- l ile c Iloce n~ ~ea rn s t i - i t were L - u s icu iv t hc -  - u -  ~ I t - -~c i tfl n c t - r n e c - e e o c -  in  the

inl et  sci~ -ehs . m i  pa r t  i c i t i r , t I e  - - e c r m ~e-\ c- i s t a t i o n  ( m eas~~ c - to p-e - -

thro ugie  th e  l o c :m t  ion c-i a l oc-~ c - c u P  - - c c -  p i t c h  p rPn - l u t e  cmh tc- red it i t ic

t ic : t r - n n s - ~ecau t n c i c c - n~~ c i o v u c e  ~~~~ f I g . I t - )  - f l - m i s  ~e c c ~~v ic -~d i c : n t e s  i n

- c ~~ ~n ~- c - t i c ~ P c--~ a ~l -iiei-i t c -  lo n urd iv  p1 t P ii- ci \ - ~ c - c - I  I

relc u ? j y~ ~~~
— l~}~m~’ T e a t  t~~~ th e  ~u rc:ev . I n c  rt p r s  t o  t he  \ o r t c -~~~ ; l i r  model , H i s

p
toe  c u t  ion c u r l y  he l i k e n  em s t e e  c - n - h r -~r the Vi ’rt ‘e n-- c u r . h s r e r \ i - V  - i t  s t i t  ion

7 a L s o  ind m u -s a s e c - i l -  r n at H i - m n w i t h  t he  nia~ i ;Tnuc - p ita - occurring a t  y =

k i c e . .  l iec y- vi - r , crc :cordiiict - t me v’,tt d - \ i cc - - ut - I , st at  ion 2 ~~ou i d  ) la v T -  ace -u i  in  a

r o : c t c e of P l O ~ p i t ch e d i  ?oc u rd ’ uc - -  w;1 i I 5 - e : i g .  2 0 ) .

ftc’ ce -n ancy of t~ ie ~- i  -lob p n o r ~- - cu rv e -vs  din d f l t l - - - ( t n t u e  c c c  - I t ic-

c n l i f r u i t i n i  i c r  ‘he probe i c - i  m l - ~O -in t il e - a c c c n r c e c v  of tb -c cc-u I T - Ct  C O l D  I c r  t h e

~i u m d i e c r r  m u  c ! y - n i a  pn - s~ ’ e r o . As s1eoc- .~t c c  f u ~nrrc ]H . t i ’  Ce ar c -ct  ion I or  t h e

e l v nem ni ic  poe -c -sure g m - en d i e r n t  i s  e~ - u t e  1 apr - fo r  v I i - i .  ( Pn ~ c - :  e n  t h e  :macur ;icn. -~

of th e  e u m l i h o u n t  ion  eud t l i t  -iC t c i i I l l h - t l t ) T i  ~t ci- 1 / cly , be est n chc - lC e l a cc u r a c i e s  m l

• 
- -~~~~~~--  -- -~~~~~~~~~~~~ ~~--- ~~--~~ -~~~~~~~~~~~~~~~~~~~~~-~~~~~~~~~~~~-
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the data are : 0.10 at y = 1 in. , 0.0 50 at y =

The attempts to compare the yaw probe and pitch probe surveys w i t h the

proposed model in figure 22 have been somewhat speculative-. The inter-

pretations depend in a numther of cases by what is meant by yaw i ng downward

or upward and what is meant by pitching away from or toward ti -me w a l l .  ~1orc -

over, the flow field structure may be more complex than ti-me simple side

by side vortex model shown in figure 22. For examp le , in a study of the flow

on a concave wall (where Gortler type vortices are produced) So and ~1cl1or

(ref. 71) speculated that a double system of longi tudinal vortices may ex is t .

Further comparisons of the present data with other models is certainl~’ required .

The pitch and yaw probe data do appear to show some type of directional

structure in the non~~iform ho~~da~y layer. However, more detai led and

closely spaced surveys are required to further understand the flow f i e l d .

Stat ic  tube tneasurements in the 2-I) turbulent hounelarv layer were l i m i t e d

to “spot checks” through the flow. The s ta t ic  t ithe reading i n d i c u i t ed a

slightly higher pressure than the local eec-li s t u i t i c  for po in t s  t ui P e ni ovc r the

outer half  of the boundary Ic - cr and above . The differences in C~ i .e-re on the

order of U . 00fF . Closer to the wa l  1 the s ta t  ~~ tube re- ad JR t O r s  i r u g i  v l ower

pressures re la t ive  to the measurcr ’tent s in ti -me outer h a l f  of ti -me bocmdare- luiv cr.

At y 0 . 25 in .  , the s t a t i c  tube was reading u m l owe r pr e s snere  than the local

wa l l  static , with the difference in L1
t s amoun t ing to 0.0013. The decrease

in th e s tat i c  t ube read i ng was prestniuahl v caused b ~mCc- I I i n ter ference  pooh] ems

which would produce an accelerated fid iw around the - t u n t  ic  t r ibe . The result

of these t e s t s  showed that  the sta t ic tithe could he used to  measure the static

pressure through most of the boundary l ayer with urn error in of about

‘-0 . 00 1.



Three static disk probe surveys were conmp leted during the ~u e — 1id series of

tests. Two of the surveys were macic at stations 5 and ~ whi l e -  the t h i r d  c-as

located above static tap no. 32 on the aluninum insert (see table 2 ) .  A par t lal -
~

- , velocity sw-ye-v (not discussed above) was also obtained at the station above

tap no. 32 . :CS5i j Ce j n~~ a constant st a t i c  pressure through the 2-1) turbulent

boundary layer , the calibration coeffic ent Ck for the static disk probe was

c c d c u c H c c d  r i s ing  equation (11) front a previous section . In f igure - 13 , Ch hue -s

been p l o t t e d  vs ~~~~ At the edge of the boundary layer and above, Ck has a con-

stan t value c-f about 0.0805. The va l ue for Ck increases nearly linea r ].v to the

neeci l  c-here - C.~ = 0.095. Similar c-c -n a t i o n s were noted by Johnston (ref.  2fl for

a sta t ic cl ic ;k used in a 3-P turbulent boundary layer. According to a calthratiorL

presented in re ference 56 , th e  value- of Ck does not vary greatly w i th  y e- ic -c  t-c .

Hence , in the present case , ti -me data would suggest that the variations are causH

by the c - e r e c ts of cee’Ii interference. This does not appear to he ent i rely a: l Ye-c t

because the v- c -n a t i o n s noted here are seen to occur first at v = ~5 ft = 3 .5 - i n . )

p and arc vi rtuc lilv constant for v > 6 . Un fortunately no separate calihrat ion

for the p r e s e n t  probe vs. ve loc i ty  icc-s completed.

B. i i u -ee Diurecn s~onal Studies
p

As for the 2-P studies , the results of the three-dimensiona l st u i d i -s w i l l

he el i sc~essed e m r c k - r  t he head ings of : s t a t i c  pressure measurement s , t ran sverse

t r el y c-rse surveys and boundary l ay er  surveys .- p  -

-~

1. Static Pressure ~1easurc-r ne -nts

The s ta t ic  pressure measurements that were obtained on the test wal l  and

~ I 3-D w i i i g - i i k e  model w i l l  he presented in th is  section . A l l  of these i c i e u i s n n r c

I - - r enen t ; werc re- fe re- r i e n -d t o  a reference s t u m t l c  tap located about 16 in .  upstream -

of ti -me cc i ng mode] ( t ; m h  I d  3 )  - Only a l imi ted  set  of measurements were obtained
meT

~ 

---- 



T 

‘~~~~~ ~~~~~~~~~ 
—

66

downstream of the model on the aluminum wall. These were Primarily intended

for use in reducing the data obtained wi th  the transverse t raverse  and boundary

layer probes . A complete set of s ta t ic  pressure measurements on the aluminum

wall were completed by F-Iebbar and are reported in reference 55.

The pressure distribution measured along the test wall and w-ing mode-I is

shown in figure 44. The measurements along the first 11 ft of the ty st  wall

were made using taps no. 1-8 (table 1) that were 6 in. above ti ie c e n t e r l i n e

of the plywood wall. The pressure distribut ion shown on ti-ic wing icc-s reicuisured

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! alum inum wal l lee-re - 1. 125 in.  above the

centerline of the test wall. The wing m odel is seen to proeluce a pressure

coef ficient of over 1.0 at its point of maximum thicla ess. The J i r e s s l rr e  d i s —

trihution over the f i rs t  8 ft  of the  test wal l is virtually unaffected by the

presence of the wing model (compare fi gure -14 w i t h  f igure  I S ) .  Beyond = S

ft (where t is the distance from the - s ta r t  of the - test se-ct ion ) the  pressure

gradient is s l i g h t l y  adverse U~ to the s tar t  of t i m e w i n g .  The pressures uneasured

at the f i rs t  two taps nearest the l ead ing  edge of t i-ic mode-I ( t ip s no. c-ne1 S

in table 3) were not i ceabi v unsteady compa red to the ncea~ i u r en :ce -n t -
~ ci t t ips r io .

an d 10 further downstream on the mode l . This ic u m s appa rent in t h e  mi cro m an omnet -a n

as a very j i t t e ry  miniscus for measurements cit taps no. T and S. Ingether w i t h

the adverse pressure grad i ent noted between 2 = 8 it and ti - ic 1. . I . , c~~e s  behavi or 
-
~

may suggest that an car-tv stage of a sepa ra t ion  hit i h i ~
- cc  is ted ;1 vcrv

start of the wing.

The pressure distribut i on over time wing appears i~pii t c  -~cn::m a i c -
~~~~

for v i c nt s  approach ing the leading and t ic- i 1 ing eel ges . F i g i u n t  - 15 ~~~ -e-

pressure d i s t r i b u t i o n  ove r ti -me i c in g  in more d i e - t a m  I where .~ i~ measured rd i t  ive

to the fi rst diagonal row of stam t  ic  taps behind I he r% m tu g ( i n  t h i s  a. i~ e t ap

_
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no. 22 . ik~ pressure Ji~ t m i  hut  ion downst nec-in of n - lw -  icing nc-od e-I (on the

ui l um innmt c - c u l l )  is sec-nc to he weakly f u i c u r u i l l c .  -a approach to the diffuser ,

t ic - p r e s sune  d i s t r ibu t ion  again slic -c - -~ u i drop c- i  I a~ s u i s  seen-u in  ti -me 2 -I )

ucuccus uren c-eruts (figs. 18 and 19). In f igure 4t , t i - m e pm-essures measured at t u i p s

no. 43—47 and t ips t o .  35—36 are shown for compa r I s c - n i  cci t ie  p n-essurcc ;i

tu os 2 2 - 3 - -i . This group i t i c :  of taps c- c l! t he- t out i ing edge n u i s  used to ohtai  ic

(Nv interpolation t Sc stat ic mu c -s siu n - e cod- rh c ient at t i- ic I c - c a t  i ii of t 1c 3-I)

h-e~u u u ; c  cv lay er  sect -y e-v d i scussed  in a l i t t e r  section.

l - igur cs  47a shows t i -me s t u u t  ic  j o e - s c - n c  a t  n . ih u t  ion along th e  t nCc dc agon u 1

l i nes  of static tun 1 is on the fore-ward and rca r ec -nr d surface-s of thi e- i c i n g  mod el

(ge e-c shetch in H ~~~. 4 T h )  . The coordina te- 2 e- 
i s  measured from t i e  e e c - n - c - r i  c u e  -

ri t i - i c  test se - i  1 along a l ine t h a t  is p ara l l e l  to ti -me t r a i l i ng  i o n .  l ead ing ) edge

of the c-n a - 1ii - p r essure  di  s t i i h u t i o n s  on the wi ng are v i r tuall y l inear for

c - c - t e e  Pie- c- reward c r 4  i e u i r c - e e v d  su r faces .  I)ata obtained along pressure t ap s

no . l — 7 n  c-rn n - eec  a iu rn inumnr u eu u 11 an -c c m l  so shown-i in figure 4 T h .  iliis 1 inc of

tac-s is 0. 50 in. eh c-iist ream of the t r a i l  ing ed ge- of the wing or u t  x = (1~

in .  , v i e- - n . ’ . c-s he j ore , x is  the dil stance measured fromim t i-ic f i r s t  di cic gri ui  I

ic-c- c- f o n - e s s n u r e -  taps beh ind tin e ’ t r a i l i n g  edge (taps no. 5 -OD in - i tuth ie 2 ) .

The u s  I n i  h i n t  i c r c  cr1 v-mg t h i s  l ine of taps is also nearly l i nea r .  The sceit te l-

about the si:i- ig i c t  l ine  throug h ti -me elci ta is several times larger than tui e

ru in i n g  CId c u r i e  c - f ti -me m icro ma n erne -ter  (a eqw vale-nt to Ii . e e c - - I  i n .  of DC-2 00

manometer fin id is shown in li gmt r e  -Fu i - the reading accuracy of thie manometer

fo r the  st u r t  i C pressure measuren cient s  c-as on the order of 0.0004 in. D C _ 20I i )

l i t  i c - a J i  Z
e 

= 4 in. and -- 2-1  in .  , the - dist r i b u t i o n  appears t o  have ci s l i g h t

en r v u i  t u nc- - - h i - c,sna n.e 4 I -~t n - ihut ion s fu r the r dc-c-c- st  niamed of the trailing edge

c-i the c - i  r i g  c-r e shown in figure ITh . The etc-ta along the li~ne at x = 0. 3Th in .

C Irotu l i g i n e e -  4Th )  !n ;r ~ u m l a m e  ln e e - 1 n - p i t  t n - e) for comparison icith the other data .

~~~~~~~~~~~~~~~~ 
;~1~2:r~J: i...ii 0 01 1 1 1 U-i L : n , th Th
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to map out the pressure disbrihution for the transverse traverse surveys made

in the 3-D flow at ti-ic original (2- 1)) ;. = 18 ft station .

2. t ransverse I raverse Surveys

Ti -cuns ver se traverse surveys were conducted at three s ta t ions behind the

wing model (as shown in fig. 16): 1.) the first was c-it ti-me - orig inal 9. = 18

ft station used in ti-me 2-D studies , ii .) the second icuis along a l ine  that  icc-s

parallel to ti-ic trailing edge of the model , 0.5 in. downstream of ti-ic trailing

edge and centered on the side wall centerl ine , and iii). a third station that

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

downstream of the t r a i l i n g  edge- . At each station , surveys were completed using

the 3-tub e probe , the single tube Preston probe, the 3-tube Preston probe and

the p itch probe. Xerox reproductions of ti -me data obtained at al l  three

stations an -c presented in reference 49. For the present report , only the

3-tube survey taken along the T.L. of the wing model will he discussed.

The 3-tube surveys obta i ned along ti-ic trailing edge of the - wing model

are shown in fi gure --18. The distanced measured along the 15 in . survey l i n e

are designated as Ze~ 
where z

e- 
is mnmeasured along a line p um ru ill el to the- trailing

edge of the model. The 3-tube total surveys in figure 28a show an apparent

ampli fication of the nonun i formities and a slight shi ft to tie right when )

compared w i t h  figure 21c m . M-ien comparing the 2-1) sun-revs w i t h  the surveys

in figure 48 it mus t he remembered t h a t  the siurvey- ~ at the T. are alon g a

diagonal l ine . The surveys made at v = I/1~ , 1/8 , 1/2 and 1/2 in. in d i c ;c t c s

that  the boundary l aye r ve l oc i ty  p r o f i l e s  i tmnic e l iat el y behind the - t r a i l i n g

edge lack “fullness” (i.e. low velocities exist for some d n s t u i n c e -  o f f  the

wa l l  whereas in the :ero pressure grad l icn t  ho ur -md u r rv l ay er , the c e - I c - c i t i e s  )

L

I n c r eu m s n - very quick lv j c-st u ibn iv e  the surface) . -\s noted earl  j et - , these

- ~~
- “ retam -ded ” ve l o c i ty  p r o f i l e s  are  t i e  n - e - s n u l t  of the region of i n l \ d r s e -  pressure
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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 48h now show the output due to the non-

uniformities at z = -3 .5 i n .  to have the same shape as ti”ie expected output

for the vortex pair model in figure 3-lb ( trace 1 for the survey at y = 5

in . ,  t i - ac e  2 for the survey at y = 6 in.).

-‘I

3. Bound cu ~1y_Lruver ~~ urvc-ys

Boundary layer survey s were made ci t  only one station behind the 3-li

wing model. This station nec-s located c-ri the centerline of the test wall ,

0.5 in. doe-e:ist rcuuii of the trai l ing edge of the model. The results of these

surveys  c - i l l  he presented in this section .

5un-eys wcre first  completed using the Conrad probe to obtain the pro f i l e

of the cross f l ow angle a vs. ca This data nec-s then used to a l i gn  the re -riuni c-ireg

probes to the In-sc - I f l ow direction at each point in the boundary layer. I- i g u r e

-12 shows t } ie c u e  cit ion of a from the wall (v = 0 .0148 in .) to v 6 i n . .

-\n e n c i u u n g e n i e : u t  of the near sa l  I reg ion sh ows that tine maximun crc-ss flow ang le -

d c - c c -  not ocecu- c i t  the wa l l , hut rather  at about y = 0. 070 in. A similar

tYpe ’  of heie - m c or ci -c c - Icc -c -n c - e d  by (lebbar (ref. 55) who conducted bet-wire

- c e c - - u - u r n - :  iv s t n u d  ~~-s e t the : m u l j . m - euo nt  i n s t r m ~n ent at io n ports (see f ig.  1) .

perfor m ing c m s e ih i  ave r in n - i I C c -  is on h i s  da ta , he icc-s able to relate the decrease

in f low ang le ~n goi n i c :  ( c o n e  the m a x inmu m a p o i n t  to ti -me - i-:a l I , to the p t -c c - s I re

pmacliemi t exist ing it t i c -  T. P . of ti-ic wing mode l . In f i gure 19 , t he c r e - m s s f l ow

angle c i t  a = 6 in. is about 0.~~90 and ui p e - u u r s  to he decreasing to -n = 00 at

-y = 9 in. ( t h e -  ce -miter p l u m e  of  the test c- e c t  ~c - Ji a t  t h i s  c - t e n t  ion-i ~ci s i t  v = 8 .92

— i n .  ) . 1he h i c - ineh in - -v laye r on t i - me ceci l 1 opposi te  the  i c ing  model is c- il so cc ccul. l V

t i t - c e - d i c u e c r u s i o n a l  and t h i s  f ic - i c  i c i l i  have cm smal l  in f luence  c - n i  ti -ic In-ce c - t t  O u nde

n c -  a n g l e -  uthove ti-ic test  c e u m l l .  
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The cross flow angle a has been re-plotted in wal l coordinates in figure

50. The maximum angle a is not apparel-it at y~ = 4~~. The last f ew poi nts

from y
~ 

= 11.6 to y~ = 13.6 appear to indicate a constant crossflow angle of

a = 22.050. Measurements obtained by Hebbar (ref. 55) for points as close

to the surface as = 3.2 , showed that  the flow angle remained constant for

all points less than y~ = 10. In ti-me 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

studtcc- which include work by Johnc-ton (re ’ 72), Lewkoc%iL: (re f 7 ) ,  F rancis

amid Pierce (ref.  8) and Hornung and -Joubert (re f . . ( c ) .  On the other han d , a

nennerical stud\- by Pie . cc’ and Fast (ref. 73) sug~’ested that  the flow angle

through the l inear sublaycr continue s to change rig ht doc~n to the wall and no

region of collateral flow actually exists . Instead , the flow merely appears

to he collateral flow actually e’xists . Instead , the flow merely appears to

he collateral because of low probe sensitivity close to ti-me wall - in particu-

lar for directionally sensitive pressure pi-ohcs such as the Conrael probe or

3-tube probe (in ti-ic present experiment the sensi t iv i ty  of ti -me Cc-n i-ad i- m r c - ( c e

near ti-ic c c c i i i  was on the order of 0.1 0) .  Arm experimental study icy Pc -gcrs  and

Head (ret . 7-fl , c-sing a spec ia l  ne cmn - - w c i l l  traverse device w i t h  a h o t -w i re probe , -
~~~

has shown that the crossflow angle in a 3-I)TBL can change cont i nu c-u~ r i~ l u t

down to the  wall. The- existence of collateral or noncoliatera l flo~n in t(ì-

e -u mr icc-li t e l z io n of a 3-DTBL may wel l  depend on the typ e of 3-i)TBL which is

ei c-p st c-died. The exp er in tcnt a l  n ie -uis ni r - ement  of the changes in the flow nig les

~u r o t gh the suh l :iye-r depends f i n a l l y  on the s e n s i t i v i t y  of ti-ic probe being

- he- c .i 1cc-I un t ion of the ye-I ocit v through tic s -  hounda i- I c - e r  requi res

- the local static pressure-, t h e  r e su l t s  of t i-ic s tat ic t aPe and

- - - irveys i%I 11 he presented ti e - c - t . The pressure coe f f i c i en t  C~ vs
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y for both sw-vec-s is showa in f igure  51. The s ta t ic  pressui-e coe f f i c i en t

(or ti -ic disk probe sc-c- calculated us ing  equation ( 7 )  ( p. 37) t o r e - t i t e r

wi th  the local dynamic pressure (which nec - s calcul ated using the local s t a t i c

pressure as measured hr the static tube) . For points beyond v = 2 in. tine

;c ,pTe-smc ’nt in C between the two surveys is generally within 0.00075. Mw-c-

ove r, the pressure dis tr ibu t ion above e = 2. 0 in. v u t r i e c -  l i n e u r r l y  out to

y = 6.0 i c c . .  Below y 2 . 0  in .  i-moth surveys indicate widely d i f f e r i n g

pressures. ~hi I c -  the s ta t ic  tube indicates a nearly constan t C~ between

y = 1.75 c-. c-c-el y = 1.0 i n . ,  the C fi-onn ti-me disk probe cont inues to

change . The ext rapola t ion  of both sets of data to the surface appe ar tc

be Lr~ good ur precu r ne nt  with the wall s t a t i c  pressure coefficient (C~ =

on the c-c-~ i at this st ,- it ion ) . This result may he somewhat fortui tous s i c cc

both probes am - c - s i n i - mi e c t  to interference problems when used close to ti-ic

s u r f a c e’ . The e-x trapoiation to the wall of the linear variation noted above

y = 2 . 0  i n . ,  ceauld g ive a cnci I l  static pressure coefficient of C = +0 .008.  . - -

p Hence the v c n : i c i t  ions in C in c - l o n e  v = 2 .0  in.  do appea r tn he real. Since

a yr e: ttcr  confidence was p l u L e ’ d  in the C
e

’ s measured by the s t u i t i c  tube- -~the

disk probe used ci cor rec t ion C-k n chich could eas i ly  va ry ~ 0 .005 in the inner

rep r o n  o I the honine lurrv I aver)  , t i c  ve loc i ty  prof i le  throug h the boundary

1 a c e r  ne c- s calculated bc us i f l ’  the - C p ro f i l e  elcte-rmimicd hr th ie s t u m t  ic t i the .
- - p -

;-~o recn v e- r , as will he seen i n  ti n e d i  c - c n m ss  ion of the pitch p c -c - Ic e  re s u l t s , the

~
l-;i tj c  cl ick ( n r ~ i~o may h - t i - c ince n in  error for poin ts  below v + 2 . 0 i n .  becumitse

of t h e -  e f fec t s  of pitched flow.

As shown in f igure  I , the t I l t u n  I v e l o c i ty  U in cm 3 - -i ) ve l oci t c-  iroI iie
- 

$ C u mi n a~ l e si d c -~ ~~ on to cr0  l i o p I c n l : n l  p i c m n e s  to i c - n c r  ci  st i - e umn lcc - ~e- v e l o c i t y

eompot-icnt U . c-nd a c r os s f l o w component l’s . For t i r e  orcscnt sur\-cv , the

d i r e c t i o n  of t i e -  - recimi n r c -  i t  v + 5 . 0 in .  iccms used ci s the - ‘‘ sti-eamw i c-c

d ir e t  ion ~s c ( n  n u h n i n t i  2 0 , the I lo~ in gic ahovc thc edge of the
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boundary layer is continuously changing and the correct choice for

the streaiiiwise direction is not entirely clear. Hence with U = velocity

at y = 5 .0 in . ,  the normalized strc-amwise and crossflow velocities U /US o ~

and W/U are plotted vs y in figure 52. Again the choice of a free

stream VCIOC1tY is not clear since in Figure 52, the velocity is seen to

vary continuously even up to y + 6.0 in . .  Because of this vary ing “free

stream” velocity,  a def inable boundary layer thichtess ~ (e. g. where U =

0 .995 U ) cannot be datermined . If the velocity at y + 5.0 in. were assumed

to be the “free stream velocity ”, then the boundary l ayer thicimess would

be on the order of ~ = 4 .0  in . .

The streaniwise velocity profiel Us/U 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” , w i t h  low speeds (Uç/U < 0.5) existing

nearly up to y = 0.7 in.. In comparison , the 2-I) velocity profile U/li

in f igure 38a shows U/U 0.5 for v ~ 0.2 in..

The total velocity U for the 3-D flow has been plotted in wall

coordinates in figure 53 (where u~ = U/U). For a limited range of 25 < y
~ 

<

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

= 5.07 log 
~~ 

+ 5.76 (13)

The constants (5.07 , 5.7o) differ from the c-ct determined for the 2-I)

veloci ty  surveys (from equation (12), the constants for the 2-0 f low nec -i_ C

(5.58, 5.5)). In the l i tera ture  (e.g. ref .  2 1 and 28), the velocity profiles

obtained in 3-DTBLs do tend to show agreement with the 2-0 log l aces such as

give-n hr equation ( 1 2 1 .  In the present case , ti-ic line Inc-n equation ( 1 2 )

- -

~

- -

~

- - - -  
~~ - -— --——-- - - -~~~~~~~~~~ 
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was shifted above the data . This di f fe rence may be associated in par t c - i n

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 w i t h  the rectangular pitot probe is seen to agree

poorly with the curs e u+ 
= 

+ This suggests that the corrections used for

the 2 - i n  h u .  a re  net appropriate for use in the 3-DTBL of the present stud y.

Since the cor-re ct ions c-re l ike ly  to be a function of Cf~ then the factor

of tc-;o di iIc-rence in Cf hn ’ tn e e -c-e n the 2- - D and 3 - -D tests probabl y explains

neiny the 2-D corrections cannot be applied to the present 3-D data .

Fic-crc-e 54 shone s ti-ic crossflow velocity W/U plotted against li /U .

ThIs plot is generally referred to as the “polar plot” and was first extensively

used by ~Johnstori (ref. 72) to anal y ze data obtained in a 3-DTBI . Whec n

straight lines are faired through the data , a characteristic triangular

ou t l in e  is formed . For the present data , the vertex of the tr iangle cs -c c-c- s

at about U
S/U = 0.345. The line runn ing off to the lower left  has been

drawn in at an angle equal to the angle measured by the - Conrad probe at the

l as t few ~r - m i n t s  above t h e ’ wal l (from f ig .  40, the limi ting angle cx
c- 

= 22.05°).

The dat - i  ~r iai n 1v from the rectangular pitot probe) is seen to iall sli ghtl y

h e- lo n e this line . The l ocation of the vertex of the triangle is of l u t e - r e s t

in certain analysis of the data. In the present case, the vertex is

located cit y~ = 88. l lornung and -Jouhert (ref. 26), working with a 3- 11 flow

p m o d c n c eel by a s i ght i r c u l c r r  cy l i n d e r  mounted on a f l a t  p la te , measured

true ce -rt e x to be as high as v~ = 150. On the otherhand , ~Johnston ir e f . 7 2 ) ,

wos k i n  i n  ci ~ -l )TB L dc-re loped by flow im pinging on a hack c--all , measured v

n’ - h - 
~~I ’ n ’ i  th : m r n y + 10

I

_ _ _ _  _ _ _  _ _  _
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The data obtained with the four si zes of Preston tubes is plotted

in figure 55 as skin friction coefficient vs D, where I) 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. O.D. Preston tube appears to read high for two of the

three tests in the 2-0 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. lie 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 Cf~ hence indicating that the

smaller tubes were within the region of wall similarity . In ti-me data shown in

figure 55, the Cf measured by the 0.0183 in. 0.0. tube in the 3-D flow is

reading higher than the C1 from the 0.0283 in. O.D. tube. However, this trend

was also noted in the 2-I) surveys at stations 5 and 6. Hence , the Cf’5

measured by the two smaller tubes may he in thie same relative agreement

in the 3-I) flow cms they nc~’re in the 2—fl flow. For the purposes of reducing

the dui t c i  taken in the 3-fl flow , the Cf measured 
by the 0.0283 in. 0.0.

Preston tube  was used.

The re-c -nil ts of the pi tch probe survey conducted in the 3- fl

- -  - 
flow are shown in figure 56. ~\ ~egative pitch angle 8 i nd ica t s flow that is

-—- --——-- -— -~~~~~ - - — —-- —- ----- — - ~~~~~ --
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pitched towards the wall. The pitch angle 8 is seen to increase as one goes

from y = 6 in. down to y = 1.0 in.. The p itch angle then decreases in going
-

- 
- 

from y = 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 C below v = 2 in. are seen to occur in the same region where

the pitch angle exceeds ~4 . 0 0 . Since the static tube was already pitched

at ~30 to the wall , the maximum relative pitch angle over the probe was 1. 750 .

No corrections for the effects of this relative pitched flow were mad e to the

sta tic tube data (as noted in refe rence 75 a static tube aligned to wi th in

4
0 of the local fl ow has an error of less than 0 .5% of the local dynamic pressure -) .

The disk probe was aligned to he parallel to the wall and hence was sub c-ct

to a pitched flow of 8 = - 4 . 7 5° at V = 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 7 5 0 (unfortunately no angles larger than 40 were checked in the present

tests). -\s shown in-i a calibration of a static disk probe given in reference

56 , the calibrat ion constant Ck was unaffected (Ck = 0 . i 2 )  up to flows angles

of 5°. At 70 the value of the cal ibration constant had ri sen-i to Ck = 0.23.

In the present cu m se , a similar error may have occurred in the value of GiN

used to reduce thie stutie : disk data. The static disk probe in this tests

should have been rolled by 900 so that it would have been insensitive to the

p i tch .  A l ignment  in y aw would have been provided by t I e  boundary layer

t rave r se  device. Or alternately, the plane of the disk could have been

pitched down by 30 so that ti -ic pi tch ang les would not have exceeded 1. 75 0 . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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IV . SIJ14IARY 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 l05/ft. The- three-dimensional turbulent boundary layer was produced by a

300 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, hut this was not successful. Following this , an extensive study of

the nonun i form 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 n~ an flow and at set distances off the wall. Transverse surveys were

made using several different probes which included a 3-tube probe (combined

yc lc-- and pitot probe), Preston tubes , a i-mitch probe and a hot-wire probe.

Over the 15 in. span of the transverse device , the local skin friction

coefficient varied (at discrete locations) ~ 9~ about a mean. Transverse

v u i r i a t . i o n n s  in the flow velocity, vc n w , p i tch  and turbulence intensity were

also m e c i s l r r ( d 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 propose -ti by Perkins (ref .  43) . Tn this model , a
I—
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series of counter-rotating longitudinal vortices are thought to exist

in the boundary layer . Al though some regions of the survey s indicated

general agreement with the model , comparisons in other regions were inconcl usive.

Measurements with the pitch probe revealed the presence of a v or t e x -

like flow tc exis t  above the edge of the boundary layer at  two locat ions

alo ng the 15 in. traverse line . This structure occurred above both test

wal ls  and appeared to be svinvnetrical about the center plane of the t e s t

scct ~ on n .  The- up p ui rent  ori g in of the vortex-like flow was traced to

~I nb cr t e ct i o ns in the next to the last of five inlet damping zeens whe re

the weave was very s l i g h t l y  closer together. These imperfections existed

in two small ‘~hands”, each about 0.-) in .  wide , that  extended across the ent i re

width of the inlet sci - e- t - n .  An ana ly s i s  of the data suggests that the - ne u ihc - -~

produced by these i mpe r fec t  ( onu — ‘‘hui nds ’’ tend to roll  up into t ic -i  I i  ni ~

Vort ices which occur on both sides of the ce - in ter  p lane of the t es t  sect i o n .

(:on~J -) cn n i -ions were made w i t h  two poss ih l  e- models for the von cx fl ow P c

Lu st in which only one vortex occurs to each s i d e  of the center plane of

the test -ect ion and - i second nehete-  a v or te x  pair occurs to e- w h side . The

p itch pr ohe data appeared to snnpp oi -t the second model . ~~asurements wi th

the 3-tr ibe  vuiw probe in reg ions of the vortex-like flow fa i l e d  to cons is ten t ly

i n d i n c - t e  any subs tan t ia l  yaw in the flow which would he expected to accompany

the r e l a t i v e l y large var ia t ions  in p i t ch.

A second traverse device nec -s also developed to make surveys

~hrnufJ the boundary lunver at select stations along the transverse survey l ine - .

The probes used c - i t h  t h i s  t ru i v e r s e  device included p i tot  probe-s (circular

and reL t i n i z - a i a r ) ,  v:c-e probes (3-tube and Conrad), a pitch probe , Preston

t~n ( - : ;u id st a t i c  probes ( s t a t i c  tube and s t a t i c  disk) . Vel c-cit \ profiles

— -~~~~~ — —— —— ~~— --rn—— —— — —~~~
— —

~~
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-,

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

survey station to another because of the nonun i formities. However , when

the data was re-plotted as u~ vs 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 sub layer velocity law
÷ + 3

(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
3

made wi th 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 t ransverse traverse

surveys.

1)-n e t~~nsverse traverse device was c i l s e  us to sun-ye-v the three-

k I
di mensional flow field developed downstream of ti-ic ‘ing-like model. These

measurements suggested that the presence of the wing model tended to amplify

the nonun i formit ies in the boundary Liver .

Only one representative set of boundar layer surveys were made in

- I the three-dimensiona l flow at a s t a t i o n  0.5 in. behind the trailing edge of

-- -— —— ---- --- —-~~~~~~~~—rn .~~~~ - - -- ~~~ - - - —  -- - -~~~~~ - -  -
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the - wing model. Surveys with a yaw probe indicated a maximum cross flow of

22 0 to occur at 0.07 in. above the wal l  in tine nominally 4 . 0  in.  thick

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

as u~ vs log y~ (where u~ = total velocitv/u
~
) showed a limited range -~

over which a logarithmic universal velocity distribution (in the form of u~ =

A log y + B) could be f i t ted to the data . The range in v nec -s cinailer

than for the 2-1) boundary laye r and the constants ( - \ , B) were s l ight ly  d i f f e r e n t .

The measurements obtained w i t h  the- rectangular p itot probe very close -i

to the ne u nl  i showe d ve rc poor agreement with the sublayer ve loc i ty  law I

(u~ = v~~) .  These results suggest that the near wall corrections USe-el

for the 2 - f l  flow (where the skin friction was over twice as large as in t i - m e  -
~

3-fl ~~~~ arc not appropriate for ti-ic present survey. Measurements with the 
-

p itch probe showed the flow to he pi tched toward the wall by ov er

in the boirndrny layer at about I in.  above the wall .  Stat ic  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 .  of f

the wall. Moreover, the variation in the static pressure coefficient C~

was l i nea r  from 2 in.  above the w a l l  to 6 in .  above the w a l l .  Below 2 in .  
—

the d i s t r i b u t i o n  of C dcvi c-ted from the l inear variation . ~1e-cisuiernen t s —p
with the fli’c- st~ n tubes showed variations of 10% between ti -me data  obtained

with the smallest (0.0183 in. 0.11.) and largest (0.0591 in. OJ).) probes.

-Si nce the var i at i ons  in the 2- 11 fl ow were n e l l  w i t h i n  3~- t h i s  suggests

- 

-
~ that the c a l ib ra t ions  for ti-ic 2 - 11 fl ow cannot he accurately used (for all four

Preston tr ib es) in the 3-1 ) t u rbu l en t  boundary layer in t h i s  study .

I-

I~~~
j  

-~~~ 
-
~~~ 
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V. RECCTvMENDATIONS 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 cc-- be given:

1.) A further a more detailed study should be made of the

peculiar vortex-like flow patterns which were formed by the

impefection “hands” 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 damp ing screen to see if the wake

flow from the tape produce-s the same flow pattern s as the 
C

imperfection “hands” in the screen.

ii.) Bcfore any additional three-dimensional measurements are

made behind t i -ic wing model , further attempts should be made a

to reduce the nonumiformities in the boundary layer . The

first step would be to remove the secorY to the last damping

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

i r - - -- --- -- -

~
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this had on the boundary layer flow . Before am- further

modifictions were made to the inlet honeycomb and screens ,

it would be desirable to study the nonuniform turbulent

bound ary lay er  in ci sm aller, more manageable facility .

The effects of honeycomb and screen combinations as well

as the shape of the contraction-i inlet should he inves ti gated.

In addition , the effec ts of a wall or floor located y e-re- close

to the inlet cowling should be considered (in the present

tests tb~- bottom of the inlet was located close to the

floor. I To improve ti-ic flow in the present wind tunnel ,

the 0.39 el-nec- area ratio polyester screens will probably

h n ve tn he re-placed by hi gh q u a l i ty  stainless steel screens

with cnn open area r a t io  of about 0 .67.  Obviously, the screens

should be very careful ly  checked for manufacturing imperfections

before permanent ins ta l l a t ion . The plastic drinking straw

honeycomb should be discarded and a honeycomb of approx imate ly

3/8 i n ,  diameter cells by 8 i n ,  length should be used .

i i i . )  A ho t -wire  probe should he used to make any future velocite

H measurements through the 3-11 flow behind ti-ic wing model. The

use of the hot-wire probe n- - n n i ld eliminate t i ie  errors caused

by the l i n e  t i n  u t v  of the static pre~- s n n n c- di st i ’ihut i on

t }nroul d h the boundary hive-v . Pitch probe and yaw probe

measurements could also he made i-nv using an X-probe .

i v . )  rurther stud ic- s sinomi lc i he made to determine the corr ect

cc - I  ib ra t i ons  of Preston tubes to he used in 3-fl turbul ent

-no n in Wiry 1 avers .

— - — -- - - -  
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v.) 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.

vi.) Future studies of the 3-DTBL developed behind the wing

should include the measurement of the turbulence structure

through the boundary layer.

I
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~ Table 1 Locat ion of Static Pressure Taps on Test Wall (2-D)

_tap no. — ~ 
in. 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

10 151.75
11 173.25

ref. 119. 00 -4.00

~ i s measure d from s tar t o f tes t sec ti on
z is measured from test wall centerline

static taps over last 5 ft of test wall (i.e. the

~ I a i um i n u m insert) are g iven in table 2.

I C Tap no. 1 Tap no. 11

~i .

~~~~~ 1 ref. Tap

~ (
-
~~~ -

~~ \,~L__.~ I
Start of  aluminum insert
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Table 2 Locat ion of Static Pressure Taps
on Alum inum Wall

tap no. x in. z in. tap no. x in. z in.

1 0.375 1 8.00 40 15.625 -1.000
2 12.000 18.00 41 23.625
3 0.375 11. 94 42 34.625
4 12.000 11.94 43 0.000 -3.125
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
9 2.500 48 3.500

10 3.500 49 5.000
11 5.000 50 7.000
12 7.000 51 9.000
13 9.000 52 12.000
14 12.000 53 16.000
15 16.000 54 26.000
16 26.000 55 36.000
17 36.000 56 0.625 -4.50’) 5

18 0.625 5.000 57 0.375 —~ .5C 0
19 0.375 3.500 58 5.000
20 5.000 59 12.000
21 12.000 $ 60 0.000 -7.125
22 0.000 1. 125 61 0.375
23 0.375 62 0.875
24 0.875 63 1,625

- • 25 1.625 64 2.500
26 2.500 65 3.500
27 3.500 • 66 5.000
28 5.000 67 7.000
29 7.000 68 9.000
30 9.000 69 12.000
31 12.000 70 16.000

‘1 32 16.000 71 26.000
33 26.000 72 36.000
34 36.000 73 0.625 -8.000
35 0.625 — 1.000 74 0.375 13.19
36 2.625 75 12.000 13.19
37 5.625 76 0.375 19.25
38 9.625 77 12.000 19.25
39 12.000

x is measured relative to a line parallel to T.E . and —

passing throug h tap no. 22 (see sketch in table 3)

z is measured relative to centerline of  test wall ~ —
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I
Table 3 Locatio n of Static Taps on Wi ng Mode l

S tap no. x in. z in. tap no. x in. Z~ in. -
7 -60.78 1.13 1 — 53.29 22.30
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 —12.7 0
13 —44.86 34 -19.70
14 -40.86
15 —37.84 2 —12.45 22.30 -

-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 -~ 2.4526 — 9.46
27 — 7.45
28 — 5.96
29 - 4.94

x i s measure d on sur face o f mo d e l
Z

e 
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 .

1
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Ta ble 4h Estimated Errors for Static Pressure
Measuremen ts and Transverse Traverse Surveys

-_
Quan tity Lacatio.n Estimated Error

— 

C~ all +0.0005

y afl +0.005 in.

5 on wall +4%

y = 0.5 in. +1.5%

y = +0.5%

on wall 0.2°

y = 0.5 in. 0.1°

y = 0.05°

y = 1. 0 in. 0 . 2 °

y = 0.05°

5 Cf all 5%
— 

y = O . 5 6%

y = ~~ 8%

- -— -- - -S -- - ~~~~ - -- —S ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ -S -— - S
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Table 4c Estimated Errors for Boundary Layer
Surveys

Qua.rttlty Location Estimated Error

y < 0.5 In. 0.0005 In.

y ~ 0.5 In, 0.001 in.

all 0.025 in.

on wal l  +2%

U / U  y = 0.5 in. +0.6%

y = +0.25%

on wall 0.1°

a y = 0.5  in. 0.05°

y = 0.025°

y 1,0 in. 0.1°
8

y = 0.03°

Cf 
all 2.5%

~~~ : y = 0.5 in . .002
F1 Cp y = .001
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Table 6a Boundary Layer Survey Measuremen ts - Station 1

R e 
= 3.OQE+Q5 p = .2251E—02 6 = 3 .070

U ref = 51 ,55 = .3871E-.Q6 C
f 

= .2579E—02

q = 2 .991

U a 6 y U a B I
.021 21 ,47 1.05 .634 38.81 .68 — .40
. 024 22 .87 1 , 07 .754 39.81 .70
.028 24. 04 1. 05 .904 40.88 .70 -.34
.032 25.16 1.05 1.054 42.01 .67
.037 26. 01 1.05 +2.16 1.254 43.29 .63 — .26
.044 26.gl 1.05 — .63 1.504 44.86 .62
.052 27.58 97 1.804 4 6 .4 6  .62 — .12
.060 28.12 .90 — .81 2.104 47.93 .58
.071 28,91 .90 2.504 49.59 .53 — .0 1 -
.084 2 9 . 6 2  .90 — .89 2.754 50.33 .53
.099 30.18 .87 3 .004 50.82  .43 - .09
.116 30.~ 8 .87 — .62 3.129 50.95 .43
.139 3 1.70  .82 3.254 51.06  .43
.164 32.41 .85 — .52 3.504 51.12 .37 — .13
.1~~4 32.~ 9 .87 4 .004  5 1 . 1 6  .30 - .13 -
.229 33.10 .82 — .37 5.004 51.05 .22 — .10
.269 33.94 .82 5.971 51.02 .18 - .10
.324 35.62 .82 — .39
.384 36.35 .77
.454 37 . 13  .82 — .35
.534 37.88 .75

)

S 3

)

-

‘ S 3

~~~~LS~~~~~
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Table 6b Boun dary Layer Survey Measurements - Stat ion 2
-

~~ 
j

Re. = 3.OOE+05 p ~ .2255E—02 6 = 3.250

~
ref 

= ~1, 45 .3872E—06 C
f
* =

q = 2.984

U y U a

.021 20,89 ,50 ,634 38.24 .67

.024 22,07 .50 ,754 39.47 .65

.028 23.45 .45 .904 40.55 .67

.032 24,35 .52 1 .054 41 .40 .63

.037 25.15 .4~ 1 .254 42 .89 .58

.044 26 .15 .48 1 . 504 44.29 .58
4 .052 26.99 .43 1 .804 46.06 .50

.060 27.46 .53 2.104 47.32 .48

.07 28.41 .43 2.504 49 .18 .43

.084 28.79 .48 3.004 50 .39 .40

.099 29.56 .47 ~~l29 50.59 .38

.116 30.19 .50 i.254 50.77 .37

.139 3~ .18 .48 3.504 50.95 .37

.164 31 .70 .53 4.004 51 .03 .30

.194 32.7~ .48 5.004 51.29 .22

.229 33.15 .55 5.997 50.99 .13
• . 2 6 9  34.22 .52

.324 34.80 .57

.384 35.88 .55

.454 36.49 .62

.534 37 .47 .63

~~ su rv~~is were comp leted at this station with the Preston

S 
tu bes or the pitch probe .

S _ _ _ _
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Table 6c Boundary Layer Profi le Measurements — Station 3

Re 3 ,00E+05 p .2301E— 02 6 3.550

Uref = 49.72 .3818E—06 C
f 

= .232 0E 02

q = 2.843

y U a B y U a B

.021 1 9.25 .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 22.77 .10 +2,47 1,504 41.15 .52

.037 23.38 .03 1.804 42.88 .53 - .0 1

.044 24.52 .15 — .17 2.104 44.41 .52

.052 25.17 .1 3 2.504 46.21 .52 +.03

.060 25.75 .13 — .12 3.004 48.06 .50 - -.03

.071 26.32 .13 3.254 48.63 .47

.084 26.94 .07 — .21 3.504 49.05 .48 - .14

.099 27.42 .13 3 .604 4 9 . 1 3  .47 - .09

.116 28.02 .20 — .16 3.704 49.24 .45

.139 28.74 .17. 4.004 49.35 .48 — .14

.165 29 .44  .15 — .22 5.004 49.35 .43 - .11

.194 30.06 .15 5 .979  4 9 .35  .33 — .07

.229 30.73 .18 — .01

.269 31.5 6 .22

.324 32.37 .27 + .06

.384 33.08 .30

.454 33.80 .33 + .14

.534 34.50 .37

.634 35.30 .38 + .16
H .754 36.38 .43

5~~~
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Tab le 6d Boundary Layer Survey Measurements — Station 4

- 

Re = 3,00E+05 p = ,2308E—02 6 = 3, 250

J re f = = ,38Q9E—06 C
f 

= ,2429E—02

F’ q = 2 .816

Y U a B y U a B

.021 19.74 — .Z3 .634 36.24 .00 +.06

.~ 24 20.80 — .25 .754 37 .20 .05

.028 2~ ,98 — .30 .904 38.32 .07 +.09

.032 23.02 — .30 +2 .61 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 .s2 — .32 1.804 44.03 .22 +~ 05

.060 26.18 - .28 — .78 2.104 45.56 .25

.071 26.81 — .30 2.504 47.23 .28 + .1Q

.084. 27.49 — .30 — .77 3.004 48.74 .32 ÷ .17

.099 28.09 — .30 3.129 48.93 .33

.‘~16 28.61 — .30 — .55 3.254 49.00 .32

.139 29.44 — .30 3.379 49.08 .32
- .164 30.12 — .25 — .44 3.504 49.19 .32 + .17

. 194 30.73 — .25 4.004 49.23 •35 + 1 7

.229 31 .57 — .25 — .33 5.004 49.23 .33 +.14

.269 32.03 — .22 5.975 49.1 9 .33 +.14
— .324 32.77 — .17 — .23

.384 33.94 — .12
1 • 4~54 34 ,53 — .10 — .12

.534 35, 42 .08

-
~ 

- 
5 5 5 

-~
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Table 6e Boundary Layer Profile Measurements — Station 5

S Re = 3.15E+05 p .2259E—02 6 = 3.140

— U ef = 53 ,79 ,3863E—06 C
f 

= .2640E-02

q = 3.268

y U a B y U a B

.018 23.29 .75 3.004 53.43 - .07 .22

.019 24.00 .70 3.204 53.59

.021 24.64 .70 3.254 53.63 — .13 .19

.024 25.63 .70 3.304 53.69

.028 26.69 .73 3.354 53.75

.032 27.45 .75 —2.46 3.404 53.77

.037 28.16 .77 — .1 6 3.454 53.82

.044 28.96 .77 — .98 3.504 53.83 — .22 .21

.052 29.75 .75 .1 .21 3.554 53.83

.060 30.35 .77 — 1 ,10 3.604 53.83- — . •

.071 31. 10 .77 - .90 3.654 53.83 - . •

.084 31.72 .75 — .85 3.704 53.87 - .

.099 32.46 .77 — .71 3.754 53.85

.116 33.24 .77 — .81 3.804 53.87

.139 34.06 .75 — .75 4.004 53.86 -.25 .28

.164 34.84 .73 — .72 5.004 53.84 — .35 .23

.194 35.70 .73 — .68 5.976 53.82 -.45 .27

.229 36.62 .75 — .65

.269 37.39 .73 - .66

.324 38.28 .72 — .65

.384 39.17 .72 — .66

.454 40.11 .72 - .67

.534 40.88 .68 — .68

.634 41.91 .65 — .71

.754 42.96 .63 — .72

.904 44.13 .62 — .73
1.054 45.11 .58 — .71
1.254 46.39 .53 — .68
1 .454  47 .63 .48 .63

4 1.654 48,66 .35 — .57
1.904 49.79 .28 — .52 —
2.154 50.88 — .45
2. 454 5 1 . 9 6  . 18  — .36
2. 754 52 , 93 .03 — .2 8
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Table 6f Bou ndary Layer P ro f i l e  Measurements - Sta ti on 6

.~~~ Re = 3.15E+05 o = .2 2 7 5 E - 0 2  a 3 . 8 5 0

U = 53.36 ‘~ 
= .3~ 4 8 E— 06 C f = .2225E- 02

ret
q = 3 .238

y U 
— --— - -.•-±- 

y U 
—

.012 20.43 -.C7 .634 37.54 - .12 - .10

.019 21 ,15 — .07 .754 38.49 — .12 - .10

.02 1 2 1. 87 — .07 .904 3 9 . 5 3  — .12 — .08

.024 22.33 -.07 1.054 40.60  - .10 - .06

.028 23.82 — .08 1.254 41.88 - .12 - .02 -

.032 24.5~ .08 i’2,67 1.454 43.07 .12 .03

.037 25.?.3 — .05 — .11 1 .654 4 4 . 3 3  — .10 - .0 1

.044 26 .04  — .05 -1 .07 1.904 4 5 . 7 3  - .10 — .03

.~~5 2  26. 66 —~ 05 — .95 2.154 47.03 - .10 - .04

.360 2 7 . 2 2  — .05 — .75 2 . 4 5 4  48. 44 — .10 -- .06

.071 27.~~1 — .05 - .62 2.754 49.83 - .12 -- .06

.084 28 .64  — .08 — .57 3 004 50.79 - .12 - .07

.099 29.30 — .12 - .65 ~.254 51. 69 — .13 - .06

.115 29.92 _~~ 13  — .65 3.504 52.38 - .20 - .0~.139 3o.b;- - .13 .5 9 4.004 53.12 - .28 +.04

.164 -31 .37 - .18 - .48 4.504 +.12
- .!94 32.~ 9 — .18 — .43 5.004 53.34 - .27 +.13

.229 3 2 . 8 0  - .17 - .3~3 5.504 +.06

.~~69 3 3 . 6 0  — .18 — .33 5.989 53.32 — .22 — .03
3~~4 .~4 . 4 5  - .18 - .27

• .384 35.32 - . 18 — .24
. 4 5 — ~ 36~~i4 - .13 - .21
.534 36.99 - .15 — .15

:~-~ ~ S~~~~~~p
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Table 6g Boundary Layer Profile Measurements - Station 7

Re = 3.15E+05 p = ,22.32.E-02 6 3.720

Uref = 54.86 = .3876E—06 Cf .2340E—02

a B y U a 8
-

~ .018 21. 64 — .28 .634 39 .53 - .27 .44
.01 9 22,31 — .28 .754 40.50 -.27 .41
.021 23.07 — .27 .904 41.62 — .22 .37
,024 24.15 — .28 1.054 42.65 — .18 .32
.028 26.14 — .30 1 ,254 43.97 — .15 .30
.032 25.91 — .30 +2 .32 1.454 4S’.23 -.12 .25

• .037 26.55 — .33 + .01 1.654 46.31 — .08 .23
.044 27.40 — .32 — .81 1.904 47.71 — .07 .17
.052 28.12 - .32 — .77 2.154 49.00 — .03 .14
.060 28.75 — .32 — .67 2.454 50.48 — .02 .12
.071 29.36 — .32 — .57 2.754 51.74 — .02 .10
.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
.139 32.22 — .33 — .62 3.704 54.5 0
.164 32.96 — .33 — .52 3.804 54.61
.1 94 33.68 — .33 — .51 3.904 54~70.229 34.50 — .33 — .49 4.004 54 77 - .18 .05
.269 35.29 — .33 — .49 4.129 54~82
.324 36.17 — .32 - .47 4.254 54,84
.384 37.04 - .35 - .49 4.504 54.84
.454 37.81 — .33 — .45 5.004 54•81 -.20 .14
.534 38.66 — .30 — .43 5.992 54.78 — .18 .1 9

~~~S j

~L. .
~~I~~ .i~g S

_  _ _
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T a b l e  6h. Bo u n~ ary Layer P ro f i le  Measurements
3 — DTB L Su”vey

Re 3.15E-s’OS .2321E— 02 6* =

L
~r e f  51. 95 3.’ = .3829E -0 6  C f = .1 10 8E — 02

q = 3 ,132

F •

j U 
____________ 

y U a B

.~~l 8  12.32 22 ,05 .754 28.80 11 .43 -4.58

.3~ 9 12.80 .~~.C2 .904 31.28 9 .50 -4 .74

.-02 i3~~~ 2~~.02 1.054 33.70 7.83 —4.75

.324 14 .1 4 22 .05 1 .254 37.09 6.02 —4 .69

. 3 2 2s i~- .84 22 . 13 1.454 40.16 4.65 —4.54

.032 15 .52 22 .70 ~4.45 1 . 654 42.91 3.67 —4 .29

.33~ 1 6.17 �2 .27 + .84 1 .904 4 5 . 4 8  2.87 —4 .10 -.044 13.82 ~2 .- 3O — .98 2 . 1 5 4  4 7 . 2 6  2 .43 — 3 . 9 6

.0~~ 17 .32 2:~.27 — 1.36 2.454 48.69 2.08 —3.85

.360 17.79 22.43 — 1.36 2 .754 49.97 1 .83 —3 .77.07 1 1’- .13 22.~ 0 - 1 .36  3 . 004  50 .89  1 .65 -3 . 70

.0 84 18.63 22.40 — 1 . 2 6  3 .254 51 .58  1 .48 - 3 . 6 3

.09S 18.92 22.3~ .1 .35 - 3 . 404 52 .02.1 16 
~~~~ 2 . L~ — 1 . 5 4  3 . 504  52.18 1.37 — 3.5 8

.139 19.84 21.90 — 1 .65 3.604 52 ,34. 164 2 3 . 3~ 21 , 47 -1 .31 3 . 704  52 .48
.~~~4 

~0 .7 9  20.98 - 2 . 1 3  3 .804 5 2 . 6 0
.22 9 --~l .24 20 .42 -2.32 3.904 52.72.26 9 2 1 . 8 3  1 9 . 7 2  — 2 . 6 2  A .004 5 2 . 7 5  1 .15  - 3 . 4 9. 8 2 4  2 2 . 6 6  18 .7S  -2 .88  4 . 5 0 4  5 2 . 9 5  — 3 . 4 1.38~ 2 3 . 5 1  17 . 60 — 3 . 3 1  5 .004  53 .08  .93 - 3 . 3 5.4~~ 24 .84  ~6 .33 -3 .61  5 . 5 0 4  5 3 . 1 7  - 3 . 3 1

E34  25.~~ 15. 77 —3.96 5.994 53 .31 .72 — 3. 20
.634 

~~~~ 13 .27 —4 ,25

*~~ s~ de f i nab le  boundary  layer  t h i c k n e s s  was de te rmined  from
t h e  ~~~~~~~~~~

I

’

- -5- -  — -
-
~~~~—- ---- - -- ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 55-~~~~~~~ S~~~~~~~S~~~~~~~~~~~~~~~~~~~~ J
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Table 6j Boundary Layer Survey Measur ements
Rectangular Pitot Probe Data

Stat ion 5

Re 3.15E+05 p ~ ,2283E-02 
= 3,140

Ureq 53.02 1.’ = .3845E—06 Cf 
= .2640E 02

q = 3.209

y U U y U

.0059 12 .31 ,0214 24. 46 .2514 36. 10

.0064 12.58 .0254 25 .55 .3214 37.34

.0069 13 .18 .0294 26.23 .4514 39.05

.0079 14.46 .0344 27.17 .6316 41.00

.0089 15. 91 .0414 28.00 .901 6 43.01

.0099 17.28 .0494 28.75 1.2516 45.38

.0109 1.8.78 .0579 29.41 1.6516 47.68

.0127 20.03 .0684 30.16 2.1 -516 49.99

.0142 21,15 .0814 30.93 2.7516 51.93

.0157 22.08 .0964 31 .68 3.2516 52.79

.016 9 22.84 .1134 32.32 4 .9556  52.96

.0187 23.52 .1 614 34.00

Stat i on 6

Re = 3.1SE+05 p = .2258E—02 6 = 3.850

Uref 
= 54.01 = .3869E-0 6 Cf 

= .2225E- 02

q = 3.293

y U y U y U

.0059 10.71 .0267 23.11 .4509

.0064 11 .41 .0309 24.06 3.4016 52.94

.0069 11.62 .0359 24.84 3.5016 53.17 L

.0079 12.91 .0417 25.45 3.6016 53.40

.0089 14.50 .0499 26.10 3.7016 53.59

.0099 15.79 .0579 26.81 3.8016 53.76

.0109 16.80 .0689 27.45 3.9016 53.96

. 0126  1- 8.02 .0819 2 8 . 0 9  4 . 0 0 1 6  54 .01

.01 42 18.98 .0967 28 .78  4 . 1016  54.08

.0159 19.59  .11 37 29 .49  4 .2016  54 .14

.0177 20.40 .1617 3 0 . 9 3  3 . 8 5 1 6  53.88 - 
-

~~~ .01 94 fl .Q 7 .2514 32.80 5 .0016  54. 18

~ 

5- _ i 2~~ , 
~~~~~~~~~~~~~ . 5 .~ 646 .1~~ -
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T~ b 1e E~ Bour: d~ rj Laye - ~ S~ r’~ey Measur eme nts
~-~:tangu iar Pitot Probe Oata CCont d)

Statio :1 7

Re % ,15Et0~ ~.- .22 4 2E— ~32 = 3 , 720

54 , 3 1  , 3 8 6 7 E - 05 C
f 

. 2 3 40 E 02

q 3.306

y U y S

~~~~ i i ,~~ .~~~54 20 ,31 ,(~964 30.50
JWo4 .8 ,8~ .016w 21 .88 .11 34 ?1 .22
.0069 12 .8~ .8184 ~.801 .16 14 32. 75
,0’3~ -~ 13 .83 ~l 21- ~ 23 .19 .2514  34.30
.~~i~- 0 1~~. 2 1  .025-i. 24 .39 .3214 35.92
,H~98 1~~,20 .U~ 94 25.25 .4514 37.80
.0 101 i~~. ~5 .0 3 4 4  26.~ 0 3.501 53.86
S• U i~~~~~~ .8,28 .0Y~4 26 .97 3.60~ 54.04
.011 17.82 .0494 27 ,70 ~,701 5 4 . 1 7  

-

.C1%2 11 73 .05 74 2 8 .3 1 3.801 5 4 . 2 7

. 0 2 7 . 8 , 7 3  .0~~~- 29.02 3.901 54.35

.0137 19 , 6 7  .0814 2 9 . 7 7  4 . 9 7 3  5 4 . 4 5  
-

~_~Yi’H ~~~~~~
Re 3 ,~~~~:+O5  p . ‘3 04E 02 6 3 . 17 5

U f 52 . 49 . 3836E - 06  C f 0.11 08 E-0 2

• -~ 3 .8~~4
p

3’ U y U U
7, 2~ .. 31~~4 ‘2 .04 ,0684 17 .95

.00~ i 7.3 .; .0 166 12 , 66 .08 1 4 18.35

.0 O ~~~~ 7 ~~1 , 0 18 4  1 3, 07 .0 9 61  18 . 75

.0067 7~~3 .0213 13 . g4 .11 3 1 19.18

.0 07 2 P~,1Q ~02 54  14 ~ 75 .1611 20 02

.0087 ~~59 .0289 1 5 .4 9  .251 1 21 .36
~~~~ ~~~~~ q 25 .0342 16.06 .3211 22 .35 -.0410 16 ,75 .451 1 2 4 .1~C) .0121 1-0 ,62 .U~ 89 17 .14 . 5 3 1 1  2 5 . 3 3

0137  1 38 0 5 7 1  17 ,58 5 0059 53 28

~~
. ‘.S,j

~
.’ 

~~~~ -

S

~~ ~5 5~j~ 
--—~~ - - ~~~~~~~~~ S~~ 5-5--55- - S~~~~~~~~~~~~~~~ 5-~-5S 
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U

x axis designate s
S streamwise direct ion

)

)

Z a.) 2-0 Velocity Profile X

y

t_5

U S

U = streamW iSe
S veloc ity

W = c ross fl ow
veloc ity

= f low an gl e

w
e

- :
,

Z b ) 3-0 (Skewed) Velocity Prof i le X

FIg.  1 The Two and Th ree -D i mens iona l  Boundary Layer

iL 
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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 bounda ry

• 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
• iS in. traverse line. This structure occurred above both test walls and

appeared to be syninetrical 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 f ive 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 i defini ’e type
• of directional structure in the nonuniform turbulent bouridar; layer .

The transverse traverse device was also used to surv~y the three-
dimensional flow field downstream of the wing-like model. These measure-
ments indicated that the presence of the wing model tended to amp1~fy 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 max i.mi.in 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

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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