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ABSTRACT

This is a report of the measurements; in the trailing edge region as well
as in the report of the developing wake tehind a swept NACA 0012 airfoil at zero
incidence and a sweep angle of 30 degrees. The measurements include both the
mean and turbulent flow properties. The mean flow velocities, flow
inclination and static pressure are measured using a calibrated three-hole yaw
probe. The measurements of all the relevant Reynolds stress components in the
wake are made using a tri-axial hot-wire probe and a digital data processing
technique developed by the authors. The development of the three-dmensional
near-wake into a nearly two-dimensional far-wake is discussed in the light of
the experimental data. A complete set of wake data along with the data on the
initial boundary layer in the trailing edge region of the airfoil are

tabulated in an appendix to the report.
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CHAPTER 1

INTRODUCTION

1. The Probiem Introduced

There is a growing interest, in recent years, in the development of
calculation methods of three dimensional turbulent shear flows such as
boundary layers and wakes. This is largely because of their application
in aerodynamics and ship hydrodynamics. Calculation of the drag on the
swept wing of an aircraft is a typical example. This problem presents
many complexities (especially in the trailing edge and near-wake regions)
such as viscid-inviscid interaction, three dimensionality and the
modeling of turbulence. Computational techniques capablie of handling
these complexities are currently under development at various research
centers. In order to serify the accuracy of such methods and also to
aid the development of new methods, it is essential to have a comprehen-
sive data base on three-dimensional flows in general and three dimen-
sional wake flows with particular reference to the problem cited above.
Such data should include information on velocities, pressure and the
details of the turbulence propgrties. Measurement of turbulence prop-
erties in three dimensional flows is still a challenging task since the
required measurement techniques are only in their early stages of
developmeri.. Consequently, there is not much data available on the tur-
bulence properties in three dimensional flows. The present research

has been aimed at obtaining a set of detailed measurements, in a



relatively simple three-dimensional wake, namely the developing wake
behind an infinite swept airfoil. Also as a part of this research
program, significant effort has been directed towards the development
and validation of a suitable technique for turbulence measurements in
three-dimensional flows.

Previous work done in the wake of streamlined bodies have been
largely restricted to two-dimensional flows. These include the work of
Chevray and Kovasznay (1969), Pot (1979), Andreopoulos and Bradshaw
(1980) as well as that of Sastry (1981) in the symmetric and asymmetric

wakes of flat plates and airfoils. In these studies, the relevant

" components of the Reynolds stress tensor have been measured. Compu-

tational models have also been developed and used to describe these ex-
perimental findings. Of the above, Sastry's studies included the two-
dimensional wake of a Korn-Garabedian airfoil at incidence. The develop-
ment of various wake parameters were studied and compared with those in
the case of the flat piate wake. It should be noted that most of the
data reported by the previous investigators have been restricted to

the near or intermediate wake regions. .

It is only very recently that experimental studies of wakes ‘exhibi-
ting three-dimensionality have been performed. One study, that of
Cousteix and Pailhaus (1980) explored the wake behind a swept 'ONERA D'
airfoil at incidence. Thic study contains hot-wire measurement of all

the components of the Reynolds stress tensor in addition to data on mean

velocities and flow inclination. Similar hot-wire data in the three-
dimensional wakes of turbomachinery blade have been obtained at Penn

State University. These data, however, were obtained under very



difficult experimental conditions, with many uncertainties introduced

by such factors as small physical size, probe orientation, probe di-
mensions, data reduction, etc. The data of Cousteix and Pailhaus (1980)
were obtained under more favorable conditions. Yet, even in these
experiments, (the airfoil studied had a chord of 200 mm and a span of
300 mm) tunnel wall interference on the wake development could have
been significant. |

In the present study some of the limitations of the atove experi-
-ments have been removed. Present experiments were performed in the wake
behind an "infinite" NACA 0012 airfoil swept at 30 &egrees, and at zero
incidence. Such a flow, being significantly three dimensional, yet
relatively simple, is expected to provide useful information on growth
rates, viscosity models and other properties of three-dimensional
wakes. Also, these flows can be studied with regard to the manner in
which they approach two-dimensionality at a large dic*ance from the
trailing edge.

A complete set of measurements are obtained both in the boundary-
layer in the trailing edge region and in the developing wake behind the
airfoil. These measurements include pressure distribution, mean velo-
city componients, in the boundary layer and wake. Additionally, the six
components of the Reynnlds shear stress were also measured in the wake.
The measurements extend up to two chord lenaths downstream from the
trailing edge. The turbulence measurements have been made using triple-
sensor hot-wire anemometry. A significant contribution of this study
is the development and validation of a suitable technique for the

mcasurement of turbulence properties using the triple-sensor probe and



a comparative study of alternative techniques. In fact, development of
thg ﬁresent technique forms a part of a larger program of study on general
three-dimensional boundary layer flows, currently in progress at the
Instituyte of Hydraulic Research.

Chapter II will be devoted to the development of the triple-sensor
anemometry. A complete description of the method is presented. Par-
ticulars concerning the airfoil experiments such as calibration procedures
for hot-wire instrumentation, details of the airfoil fabrication, instru-
mentatfon, and mounting are discussed in Chapter III. The results and
discussion are presented and discussed in Chapter IV. The effects of
three-dimensionality are compared with previous two dimensional experi-
ments and theory. Further, Chapter IV also contains the concluding

remarks as well as suggestions toward further work.



e e o

CHAPTER I1I

DEVELOPMENT OF THREE-DIMENSIONAL
HOT-WIRE INSTRUMENTATION

1. Problem Description and Quantities
Requiring Measurement

In studies of three-dimensional turbulent flows, it is necessary

to measure the instantaneous values of three mutually orthogonal velo-

cities at a given point in space. The instantaneous values will contain
three mean velocities as well as three time-dependent or fluctuating
velocities. 1It_is these three instantaneous fluctuating velocity com-
ponents, in addition to the mean components that require retrieval in
this study. This retrieval must be general énough, such that it allows

one to study flow fields of arbitrary geometry.

2. Available Techniques and
Relative Assessment

Hot-wire anemometry has been the most commonly used instrumentation
for velocity measurements especially in three-dimensional flows. Laser
velocimetry, which is currently gaining popularity, is complex and not
well tested in three-dimensional flows. Two techniques, using hot-wire
anemometry have been tried in three-dimensional flows. One of these uses
a triple-sensor probe in which there are three independent sensing
elements oriented in certain specific relative directions, and the other

uses a single sensor or x-wire probe oriented sequentially at different
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angles to the flow. The first method, used by Gorton and Lakshminarayana
(1976) and others, requires that the predominant direction of flow is
known and that the probe axis coincides with it. The three instantaneous
outputs u,v,w, from the sensors are then processed by an analog computer
which solves for the mean values U,V, and W as well as for the six

2

Reynolds stresses u”, MESWL uv, vw and uw via the soiution of & set of
linearized simultaneous equations. One of the drawbacks of this nethod
is that, often, there may not be a predominant direction in the flow.
Also, nonlinear effects may affect the accuracy of this method.

The second method, used by Elsenaar and Boelsma (1974), consists of
1 single inclined wire probe rotating about it's roll axis. The probe
outputs at successive orientations of the probe are used to obtain solu-
tions for the mean velocities and turbulent stresses. Here again, the
major difficulties are the need for actual physical rotation of the probe
itself and the interference of the probe support system with the flow.
Elsenaar and Boelsma have noted this and the associated uncert;fnties.

Apart from the shortcomings mentioned above, information is lost in
these methods during the analog processing for time-averaged résults.
Thus instantaneous velocities, their triple correlations, and higher
order moments cannot be determined.

The method selected for the present study use a triple sensor
probe oriented in an arbitrary direction to the flow. The instantaneous
outputs from the three sensors are used to obtain not only the three

mean velocity components and the six Reynolds stresses but also the

instantaneous fluctuating velocity components. This is done through



digital da:a acquisition software. Two alternate schemes were developed

for comparison purposes. Each of these is described below in detail.

2.1 Method A

Figure 1 shows the probe and flow coordinate system. Consider hot
wire sensor 1 with respect to the X,Y,Z (fiow) coordinate system. This
sensor has an orthogonal coordinate system (c],cz,cB) associated with

its orientation. We, then, have

(Q]) = a]U + b1v + o ()
(02) = a2U + bZV + c2w (2)
(Q3) = a0 + bgV + c M (3)

where 01, Q2 and Q3 are the instantaneous velocities in the Tis80sk3

coordinate system, and U,V, and W are the instantaneous velocities in the

X,Y, and Z coordinate system. The coefficients a1 b1, Cisenn, are the

appropriate direction cosines of the X,Y, and Z axis with respect to the

(;],52,c3) coordinate system as shown in figure 1. .
The effective ve]ocity sensed by hot wire sensor 1 is civen by

[see for example Friehe and Schwarz (1968)]

1/2
0 = (0% + (0% + k7 (07 ] ()




with k, being the cross-sensitivity factor associated with deviation

]
from the cosine law, Q] is obtained from the voltage output E1 of the
sensor 1, via its calibration curve. Now, if we substitute Eq. (1,2,3)
into Eq. (4), the resulting expression becomes

2 1/2

- 2 2
Q1 = [a4U + b4v + c4w + d4UV + e4UN + f4vw] | (5)

The coefficients in the above equations are:

a4 = a22 + a32 + k.|2 a]2 (6)
by = by? + b32 + k]2 b,2 (7)
Cy = C22 + b32 + k]2 c]2 (8)
dy = 2(azh, + 250, + k;% arb) | (9)
e, = 2(a2c2 *a,c, + k]Za]c]) (10)
£y = 2(byc, + bycy + k;bicy) (11)

Similar expressions can be derived for sensors 2 and 3. One, then gets
a set of three nonlinear algebraic equations for the three unknowns U,V,
and W. These require solution by an iterative scheme. The method used
is a Newton-Raphson scheme, which reguires an initial guess to start the

algorithm,
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In practice, the instantaneous outputs E],E2 and E3 of the three
sensors ave sampled, digitized and stored. These data are later re-
called, calibrated and the velocity components U,V,W are cohputed on an
instant to instant basis using the above procedure. After the entire
set of instantaneous velocity components are evaluated, they afe time
averaged to obtain U, V, and W. The turbulent fluctuations, u, v, and w
are then recovered and stored for subsequent processing. Since this
method involves the solution of nonlinear equations, for each set of
instantaneously sampled data, it is computationally very time-consuming
and expensive. However, it does not involve any linearization and can

therefore be used even for very large fluctuations.

2.2 Method B

In this method the effective velocities and resultant velocities are
both decomposed into their mean and fluctuating comporents. Egs. (1-3),

th=., become:

(@ + q); = a;(T+u) + by(VHv) + cq(Ww) (12)
(@ + a), = a,(T+u) + by(VHv) + c,(Ww) (13)
(Q + q)y + ag(T+u) + by(Viv) + ca(liHw) (14)

Now, if they are substituted into Eq. (4), we get
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[(a4U + b4V +C N+ d,UV + e,0W + f4VN) +

+ (2a4ﬁh + 2b4VV + 2c4Wh + d4(UV+Vh) + e4(Uk+ﬁh) + f4(Vh+ﬁV)

2 2 2 1/2
+ (a,u” +b,v- +c,w +duv + couw + duv + cuw + fovw) ]
4 4 4 4 4 4 4 4

(@ + q) (15)

which can be written (collecting teims from Eq. 15 such that A contains

W terms, Bycontains terms as Vu, and Cycontains uv terms):

3 . 1/2
q +ay = {n +B +C] (16)

If we assume that B1 + C] ff_A],'we can linearize Eq. (16) as

2
(8, +C))

B, + C
C S B B B
1

i 0] a7)

QG +tg = A

Squaring Eq. (16), time-averaging and neglecting terms of higher order,
the resulting expressions for hot-wire sensor 1 in terms of the mean
and fluctuatirng velocity components are

2

Q- a4U2 + b4VZ + c4W2 + 4,00 + e, T + £,/ (18)

= 1 T T T TwdTl o
q = E;-jja? [u(2a4U + d4 V + e4w) + v(2b4V + u4U + f4W) +
1
+ w(2c4’w‘ + e4U + fav)]. (19)
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1

= ——~T—§-(uP] + vS] + wR]) (20)

where P], R] and S] denote the terms in parentheses in Eq. (19). Simul-
taneous so’ution of the taree nonlinear algebraic equaticn like Eq. (i8)
will directiy yield the mean velocity components U,V, and W. Now, iooking
at (20) we find that it contains, as ccnstants, the oredetermined mean .
velocities and those of aeometry. The variables remaining are the in-
stantaneous fluctuations about the mean. €q. (20) and the corresponding
€duations for the other two sensors will again yield three 1inear equa-
tions for the instantancous turbulence velocities. Thus, the instan-
tanecus details can be recovered in this methed aiso, as was done in
Method¢ A. Since tne equations for u,v,w are linear in nature, this pro-
Cedure requ res much Tess computer time (less by an order of 10) than
method A, and also ensures absolute convergence. However, it should be
reminded that this method involves the process of linearization and is
therefore .acceptable only for flow situations wher2 the linearization

assumption is valid.

2.3 Method C

If we consider Eq. (20) again, square it and time-average, we get

2.1 202, 22, 202 . o—0p e . o—
qq = " [E'P] *VST tw R,™ + 2uv PiSy + 2uw PiRy +

+ 274 SR (21)
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Also for the effective shear stresses, the resulting expression is

m— ]

G,q, =

192 = 172
4h

—2 =2 =2 —
172 [u PyPy + V555, + WRR, + uv(PyS, +

PyS;) + UW(P{R, + P,R,) + VW(S;R, + S,Ry)] (22)

Similarly, one can obtain two such equations for each of the other
two sensors. There would be a set of six linear algebraic equations
with known coefficients, which can be soived once for all, for the six
Reynold's stress components uz, ;il ;?; uv, vw, and uw in terms of the
corresponding effective components as sensed by the three sensors. This
method does not allow the instantaneous u,v, and w values to be re-
covered. It is, however, very economical computationally. This pro-
cedure is very similar to that used by Gorton and Lakshminarayana (1976),
and has been used in the present studies chiefly to provide a comparison
with methods A and B. In fact, the linearization assumption implied in
this is less restrictive than in the method of Gorton and Lakshminiyama.

2.4 Description of the Probe

Two prubes were used for the test of the methodology and software.
One of these (Probe 1) was developed in house and the other (Probe 2)
was a commercial probe, Disa triaxial hot-wire probe. Probe 1
has dimensions and sensor orientation, as shown in Fig. 2a. It can be
seen that the ratio of proba diameter to sensor supoort length is such
that significant probe interterence may be present. This probe was a

first attempt .at constructing a 3-wire probe at the Institute. The Disa
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probe, Fig. 2b, has a much longer sensor support as well as a small
head diameter. Sensing elements in the Disa probe .sense over the cen-
tral 1.25 mm, whereas the in-house probe senses over its entire length
(approximately 2.1 mm). This is due to the fact that the Disa sensor
is a gold plated tungsten wire of 5 micron diameter, with the central
portion etched to give a 1.25 mm sensing length. The in-house sensor
is a bare platinum-rhodium wire of the same diameter. It is obvious
that the spatial resolution of the Disa probe is much better. However,
for flow measurement where spatial resolution was not crucial, the in-

house probe proved to be quite adequate.

2.5 Signal Processing: Hardware and Software

| Each hot-wire sensor of the triaxiai probe was operated by a Disa
model 55M10 constant temperature anemometer. These instantaneous output
voltages from the three anemometers were filtered using a high pass
filter of 36 db/octave roll-off, set at 0.1 Hz. The voltage signals
were then amplified by 3 Preston SW 8300 amplifiers and sampled at a
rate of 50 samples per second for 50 seconds by a Preston GMAD-3
analog to digital converter (with a 3-channel'sample and hold' front end).
The data were stored on disk file on an HP-1000 minicomputer. At the
end of the experiment the data were recalled from the disk file and
Processed to obtain the velocities. A block diagram of the instrumen-
tation is shown in Fig. 3.

The computer program used for data acquisition records ‘he time and

date when the samples were taken. This information is used to apply

corrections for small drifts in probe calibration caused by temperature
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changes in the tunnel and probe contamination. This is done by calibra-
ting the probe at the beginning and end of the experiment and applying a
simple linear correction to the calibration coefficients with respect to
time. The corrected calibration constants are then used to convert the
voltages to effective velocities in each case. Time-associated changes
in the calibration for the hot-wire anemometry are therefore eliminated.
Double precision arithmeti. was used in calculating accumulated
sums while computing average valuvc where the numerics were suspected
to exceed the single precision register size. This way, round-off and
truncation errors were held to a minimum. Any errors still remaining
have to be associated with the uncertainties in the overall process

(i.e., probe orientation, tunnel speed, ... etc).

2.6 Accuracy of the Software

The stability of the Newton-Raphson algorithm used in Method A
depends on the "closeness" of the initial velocity guesses as well as
the convergence criteria specified. Tests on the.program itself were
performed to provide values of accuracy and reliability. In these
tests, dummy values for the effective velocities, computed (independently)
for a set of known velocities, were input to the program. The resultant
velocities output by the proaram were rcompared with the correct values.
It was found, that, in each case, the algorithm converged to the correct

value in approximately 5 iterations with a convergence criterion of one
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part in one thousand. The initial guess needed to be only of the same
order of magnitude as the final converged correct value. In order to
make the scheme converge quicker, the equations were analyzed and cer-
tain characteristics were noted. The predominant term in the three equ;-
tions (Eqs. 5), were those that involved the U terms and i the ef-
fective velocities were averaged and divided by the sum of the coeffi-
cients the resultant velocity was found to be within 2% of the final
value. For the other two velocities the relative magnitudes of the
effective velocities were noted and the appropriate sign for one of the
two could be recovered. The remaining velocity was guessed as the mean
of all the velocities in that direction by averaging first the effective
velocities and then using that solution as the starting point for the
discrete solution in question. Furthermore, a relaxation factor was
applied to U such that instabilities were damped. These techniques
helped in arriving at the final result for the particular sample set.
However, if convergence was not achieved, the set would be discarded.
and calculation would proceed to the next sample set. This dropout

rate would he recorded and later examined to decide whether or not the

results should be accepted. Typical dropout rates were .05 pr.r cent.

2.7 Triaxial Hou Wire Probe Calibration

Each sensor of the probe was calibratcd at the beginning and end of
an experiment. The probe was traversed to the freestream in the wind
tunnel with the probe axis aligned with the flow direction. This con-
dition represents a limiting case for the three simultaneous equations,

namely the equivalent velocities sensed by each sensor must be equal.
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- This is true, of course, if the sensors are all symmetrically oriented

with respect to the prdbe axis. A computer program was developed ex-
clusively for probe calibration. ‘

For the hot-wire anemometer, the output voltage across the sensor
varies as a function of velocity, this variation being given by the
well-known King's law. This law most commonly takes the form

2 . a4+ - (23)

E
where n is genera]iy between .45 and .55.

The computer program developed would sample the sensor output
at 50 samples per second for 50 seconds. These vaiues were time
averaged to obtain E. The calibration was carried out at several wind
tunnel velocities. The computer program would fit Eq. (23) to these
data by a least square procedure. This method of calibration required
a minimum amourt of time due to the fact that the three sensors were

calibrated simultaneously.

2.8 Validation Tests of Hot Wire Anemometry

Two of the well known two-dimensional flow fields, namely, a flat
plate boundary layer and a wake were used to validate the performance of
the triple-sensor probe and the related software and hardware. The
results obtained by the methods A, B, and C, in each case were compared
with those obtained earlier in the same flow with a conventional x-wire

probe by Sastry (1981). 1In the case of the flat plate boundary layer
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measurements, the triaxial probe results were also compared with the

data of Klebannof (1955). 1In this situation, however, onlv the in-house

probe was tested.

The flat plate used by Sastry (1981) was mounted as in the earlier
experiments. Velocity traverses were made in the boundary layer (at
-76.3 mm from the leading edge), and in the wake (at 177.8 mm from the
trailing edge). Various tests were then performed on the probe and the
software to determine uncertainties, accuracies, as well as the sensiti-
vity to errors in orientation of the probes with respect to the flow
field. Effect of sample sizes and rates on drop out rates (in Method A)
and accuracy was also studied.

Sensor orientatioﬁ angles were measured to be within + 1° in the
8 plane and + 3° in the y plane (see Fig. 1). Effects of uncertainties
in probe orientation were estimated by sirulating these uncertainties in
probe yaw, pitch and roll in the processing algorithm. Values determined
from the adjusted geometric inputs deviated from the best known inputs
substantially enough (approximately 5 to 10%) to verify the uncertainty
ranges and their centers. Sample size and rates were varied also to
find an efficient rate and size. The values used by Sastry (1981) were
rechecked to see if such rates and si es were adequate for the three
dimensional probe, and were, in fact, found tu be so. The convergence
criterion specified for the Newton-Raphson scheme was 0.i% of the free-
stream velocity, and further constraining (reducing the value) resulted
in negligible changes (less than 2%) in the shear stresses (the most

sensitive of the results).
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2.9 Test Rasults

It is seen from Fig. 4 that at y/é =.2 in the boundary layer, the
predominant turbulent shear stress uv (ubtained by Method A) is 25%
below the data of Klebanoff (1955), whereas the results obtained by
Method C, developed by the authors and very similar to that of Gorton
and Lakshimaryana (1976) appear to agree very well with the data of
Klebanoff. Intensities u' and v' determined by Method A or C show
smaller departures from the data of Klebanoff than in the case of the
shear stress uv (see Fig. 5). Hciever, the most disturbing observation
was that the nonprincipal shear stressés uw and vw (which should be
zero) wére found to be as large as the principal component uv at some
y locations. Results in the wake (shown in Table Al) for the in-house
probe were found to be even worse in this regard, even though values
for the principal stress uv, were found to be of proper magnitude and
to deviate by less than 20% from those of Sastry (1981).

The Disa triaxial probe 55P91 was traversed only in the wake because
of probe support and mounting problems encountered in the boundary layer
traverse. Principal shear stress component uv, shown in Fig. 6 is
in good agreement with the previous measurements. However, it was
found that even though the nonprincipal stresses had decreased sub-
stantially in comparison with the inhouse probe, they are still as high
as 30% of Uvﬁax in the worst case. Also shown for this case is'a com-
parison of the three methods of data reduction presented earlier It is
seen that methods A and B agree well with each other and also with the
data of Sastry (1981), especially in the evaluation of uv. On the

other hand, the time-averaged method C, while still giving good results



19

for u', v', and w', estimates the shear stresses very poorly (see Figs.
6, 7, 8, 9). Since method B takes about 1/10 the computer time of method
A and shows comparable accuracy, it is concluded that this is the most
useful procedure for data reduction.

Looking at the spatial resolution of the two probes, Disa 55P91 and
the in-house probe, and the corresponding values of the vw and uw ob-
tained using them providgs some insight into the requirements for three-
dimensional flow measurement. The in-house probe with a spatial resolu-
tion of approximately 5 mm has failed to determine turbulent quantities in
the moderately high shear regions. On the other hand, the DISA 55P91
probe with a resolution of 3.2 mm has given better results. It is there-
fore recommended that a probe of even smaller size (such as the custom
made Disa subminiature triaxial probe with a resolution of 1.2 mm) be
used in future measurements. It is felt that such a probe is needed to

measure uw and vw to a better level of accuracy.

2.10 Accuracies

An uncertainty of + .007 meters per second, due to micromanometer
error, is inherent in the calibration procedure. Other uncertainties are
associated with the software as well as with probe size and orientation.
The convergence criteria for velocities in the software is less than .00W.
This is the maximum uncertainty associated with software, hence, remaining
inaccuracies are best described as being well within the uncertainty
associated with geometry. However, in high shear regions, the errors
extend beyond this and are due to size and displacement effects. Those

errors due to misalignment and sensor angle error are approximately .5%
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in the mea: velocity components and 5% and 15% for the intensitites and
shear stresses respectively. However, because of the finite size, the
accuracies are reducei even further. While the probe size effect is not
significant on the intensities u', v', w', the estimated values of vw

and uw may be in error by as much =s + 35% of [
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CHAPTER III
DESCRIPTION OF AIRFOIL EXPERIMENTS

In selecting a suitable airfoil for the study, several design
requirements had to be satisfied before construction could begin. The
test section of tne wind tunnel used is octogonal throughout, with a
distance of 1.67 m between the flats. This dimension provided the con-
straint for the span of the airfoil. The requirement of 'infinite’
spain  conditions restricted the maximum chord. By combining these two
constraints with the range of velocities possible in the wind tunnel
used, the sweep angle, span and chord could be specified.

The profile selected is the NACA 0012 symmetric airfoil - a well
studied profile. For the purpose of fabrication the coordinates de-
scribing the profile geometry were taker, from Abott and Vvan Joenhoff
(1059).

A sweep angleof 30° was chosen, so that a sizeable crossflow compo-
nent would be present at the trailing edge. The construction of the air-
foil is shown in Fig. 10. Blocks of aluminum, milled to size, were se-
cured to a central frame 12.5 mm thick aluminum plate, to form spanwise
ribs. A wooden nose cone was attached to the central frame with pres-
sure taps on both sides. Two aluminum sheets (0.75 mm) used as skins,
were wrapped around the aluminum blocks on each side of the frame and
were feathered to give a nominal trailing edge thickness of 1 mm. Pres-

sure taps of 1.2 mm diameter (totaling 92) were provided on both sides
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of the airfoil along midspan, and along two cff-mid span p1anesv15 cm
away on either side of the midspan plane.

The airfoil was mounted in the wind tunnel with its spanwise diréc-
tion located 30° from vertical. A false floor and boundary layer fence
were used to remove end-wall boundary effects. This provided conditions
close to the desired infinite airfoil configuration (see Fig. 11).
Tubing and other mounting fixtures were concealed so as not to affect
the flow under measurement. Flow visualization studies made, using wool
tufts did not indicate any areas of separation or tunrel-wall effects.
These tests also showed that the fence had no appreciéb]e effect on the

flow and hence was not used during the main experiments.

1. Coordinate System

The coordinate system used is a right handed orthogonal system, the
freestream velocity direction corresponding tu the x-direction. The y-
direction is normal to the airfoil surface and towards the near wall of
the tunnel. The z-direction is perpendicular to the tunnel ceiling.

This system is chown in Fig. 10 and it should be noted that the sensor's
direction cosines are referenced to this system.

Traversing the Loundary layer and wake in the y-direction was accom-
plished by a servo-controlled stepping motor with a range or 20 cm and ar
accuracy of .025 mm. The traverse is movible in the x-direction for the
longitudinal repositioning. A list of traverse stations and their loca-

tions are shown in Table 1.
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2. Pressure Measurements on the Airfoil

Measurements ot static pressure were used to insure that the air-
foil was mounted at zero incidence, and more importantly to provide the
aztual pressure distribution on the airfoil. A total of 92 pressure
taps were used for this purpose. In the midplarne of measurement, 22
taps were located on each side of the airfoil with additional 11 taps
+ 15 cm from the midplane. These were also located on both sides of the
airfoil.

To perform the measurements a 48-port-selecting scani-valve was
used in conjunction with an alcohol micromanometer. The micromanometer
had an accuracy of .025 mm and was used for monitoring tunnel speed as
well as measuring the static pressure.

Static pressure taps on the two sides of the airtoil ind directly
opposite to each other were used for initial alignment of the airfoil.
For a further and more accurate check on alignment complete scans of all
the pressure taps were made at a tunnel speed of 21.84 meters per second.

The coefficients of pressure, Cp, defined as

5 pU
2 Y

©
—
~nN

are shown in Figs. 12 and 13. It is seen that the static pressure distri-
butions at the three spanwise locations coincide reasonably well. This
is an indication that the airfoil can be considered to be nearly 'infi-

nite' in span. However, it should be noted that this test will be
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pressure, which, according to Bussman and Ulrich (see Schlichting (1974))
is the region where natural transition occurs on an NACA 0012 airfoil.
Past experience at the Institute has shown that sand paper strips nerform
better than trip wires often used for this purpose. With this tripping,
the boundary layer on the airfoil was found to be fully turbulent and the
Reynclds number based on the momentum thickness at 2.5 cm upstream of the

trailing edc  was 7280.

5. Experimental Procedure

The wind tunnel was started and allowed to warm up before starting
the experiment. Typically, the temperature rise over the duration of an
experiment was of the order of 1°C. First, yaw probe traverses were
made in the boundary layer and wake. These included profiles on either
side of the airfoil to check for symmetry and profiles at spanwise loca-
tions 15 cm above and below the midspan plane to check for infinite con-
ditions. These locations are indicated in Table 1, referred to eariier.
The yaw probe traverses were followed by traverses of the Disa 55P9% tri-
axial hot-wire probe in the wake. Location of the wake centerline was
inferred from the minimum in _he velocity distribution across the wake.

Uncertainty in the velocity measurements is estimated to be 2%.
Static pressure is considared to be accurate within 15 - 20% and the flow
angle within 0.5°. Hot wire uncertainties are primarily due to errors in
probe alignment and resolution. Preset yaw is expected to be less than
+0.5° and » preset error in pitch is likely to be less than +2°. Inac-
curacies in probe nanufacturing were of the order of 2° as determined by

direct measurement through a steroscope with a graduated reticle. Roll
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inaccuracies were eliminated through the Disa type mounting that fixed

the roll axis to the traversing mechanism. The overall uncertainties

in the turbulence measurement were u', v', w': 5%, uv: 15%, vw: 30%.

The uncertainties in the uw were too large to be acceptable. Hence, these
data are not discussed in this report. Further miniaturization of the
probe is necessary in order to improve thes2 results. Also not used in

the discussion are the data on the various triple correlations such as

;3, ;2;; etc., since their accuracy has not been established so far. Al1

the data are, however, reported ir the Appendix, for the purpose of docu-

mentation.
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followed by boundary layer traverses in "the midplane" and "off-planes"”

for this aspect to be further verified.

3. Flow 215le Measurement and Calibration

Magnitude and cirecticn of the velocity vector were determined by a
directionally sensitive ‘h-ee-hole yaw probe. This probe of similar
type and size to thet used by Ramaprian, Patel, and Choi (1378) énd
was calibrated i: » similar manner. However, several changes were mace
to make the calioraticn more accurate. The probe was 21so caiibrated to
yield the local static pressure, in addition to the magnitude 2nd direc-
tion of the velocity. Details of this calibration, inciuding probe dimen-
sions are shown in Fig. 14. The yaw probe outputs we: = read via a set
of three STATHAM pres:zure transducers, amplifiad, scanned, digitized
and reco.ded by the HP/1000 computer. The results were averaged over 20
seconds to obtain the mean pressure for each tube. The transducer cali-
bration was repeated severa1‘times each day to see if the instrumentation

and methodology used ensured repeatability.

4. Experimental Conditions

The experiments were performed at a tunnel velocity of about 22
meters per second corresponding to a trailing edge Reynol is number of
approximately 1.36 x 106. To fix transition tc turbulence, a boundary
layer 'trip' consisting of a strip of 20-grid sand.aper, 15 cm wide aﬁd
extending over the entire span, was glued to the surface on bo.h sides
of the airfoil at a distance of 20 cm from the leading edge. The loca-

tion of the sand paper corresponds roughly to the region of lowest
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CHAPTER IV
RESULTS AND DISCUSSION

1. General
Tne results of the experiments are presented and discussed in this
chapter. A complete set of tabulated experimental data is provided in

Appendix A.

2. Mean Flow Measurements

The variation of static pressure across the tr:°1ing edge boundary
layer and wake is shown in Fig. 15. It is interesting to see that the
static pressure varies across the wake and reaches a maximum value at
the wake centerlire. This trend persists mildly even at the last meas-
uring s*aticn in the wake. 7This observation confirms similar otserva-
tions made by Sastry (1981) in the developing two-dimensional wake of an
airfoil. The static pressure variation across the wake can be viewed
as the result of the interaction among the boundary layer, wake and the
external inviscid flow. These data should, therefore, provide a good test
case for interactive calcuiation methods.

Figure 16 shows the distributions of the longitudinal velccity com-
ponent U across the boundary layer in the trailing edge region. Speci-
Yically, the velocity profiles at x/L = - 0.220 and x/L = - 0.014 are
shown. It is seen that these profiles, especially the latter, resemblie

a typical distribution in a moderate adverse pressure gradient. The
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profile does not show any evidence of flow separation. The variation of
the crossfliow angle y in the boundary layer at the sama locations are
also shown in Fig. 16. It is seen that the crossflow increases towards
the trailing edge. Also, at the trailing edge, the crossflow is strong
f+ = 15°) enough to introduce significant three-dimensional effects into
the wake flow. Furthermore, at x/L = - .124, spanwise variations in the
boundary layer are seen to be small (see Fig. 17).

Figures 18 and 19 show the distributions across the wake of the
chordwise velocity componen§. A close study of these profiies shows that
there is slight asymmetry in the flow. The reason for this is not known.
Also, the profile at the last station has been shown only for half of the
wake since the traverse could not be extended to cover the other half of
the wake at this station. The crossflow angle, (y) profiles across the
wake shown in Fig. 20 exhibit similar properties as the chordwise velocity
profiles, namely decay of the crossflow angle and the increase in spread
with distance downstream. It is also seen that at the last measuring
station, the crossflow is verv small, indicating that the mean flow is

virtually two-dimensional beyond this point.

3. Integral Parameters

We now define the foliowing integral parameters for the wake:

displacement thickness 8 = [ (- %—) dy (25)
. v U
momentum thickness 8, = f o (-7 (26)
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° ]
momentum thickness 6, = / %— (1 - %— ) dy (27)

shape factor H = (28)

i)

The distributions of these parameters with dcwnstream distance are
shown in Figs 19-22. First, Fig. 21 shows the variation of 911.
In this figure the reference length scale used is the momentum thickness

Gf at the far wake,defined as

f n at the last measurement location

From Fig. 21 certain aspects concerning the flow may be noted. Clearly,
the momentum thickness increases in the boundary layer due to the adverse

pressure gradient. There is a small increase in 911 again in the very

near wake due to the finite thickness of the trailing edge of the airfoil.

Continuing into the wake we see a gradual dccrease of 11 brought about
by the combined contributiains from the favorable longitudinal pressure
gradient and the rotation of the velocity vector towards the streamwise
direction. The effect of the gradual weakening of three-dimensionality
in the flow is also seen from Fig. 22 which shows that the momentum de-
ficit thickness 9,1 decreases nearly to zero at the last station. Un-
fortunately, measurements could not continue beyond x/L = 1.928. It is
assumed that <he flow will be two-dimensional beyond this distance and
hence 6;; will remain constant at its value 6. at the last station. This

value is, therefore, used as the reference length scale in the rest of the

figures.
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Figure 23 shows the variation of the displacement thickness &10ng
the streamwise direction. The initial increase in the boundary layer is
caused again by the adverse pressure gradient in the trailing edge region.
Subsequent reduction in 6} is primarily due to the evolution o7 the wake-
like profile from the original boundary-layer-1ik2 profile. This trend is,
of course, also influenced by factors such as the prevailing favorable
pressure gradient and gradual decay of three-dimensionality. The changes
in profile shape are more clearly seen from Fig. 24, waich shows the vari-
ation of the shape factor H with P It is seen that the shape factor,
at the trailing edge, has a value of about 1.5, indicating that the
boundary layer is only under a moderate adverse pressure gradient. The
shape factor is seen to drop quick? - and at x/ef = 326, is only slightly

greater than 1, its asymptotic value at very large distances.

4. Growth and Decay of the Velocity
Defect and Wake Width

The decay of the maximum longitudinal velocity defect L is shown
in Fig. 25 in the usual coordinates used for two-dimensional wakes. The
distance downstream is normalized with O Also shown in the figure is
the asymptotic decay law [See Sastry (1981)].

y 2
(=) = -4(3) (29)

X0 ef
for two-dimensional far-wake. The data seem to indicate that the decay
rate approaches this law near the farthest downstream station (x/ef = 326).

Likewise, Fig.” 26 shows the half-width of the wake again plotted in the
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usual two-dimensional coordinates. The theoretical two-dimensional
far-wake behavior given by [Sastry (1981)].

b 2

(ﬁ) = .355 (x/6) (30)
is also shown in the figure. The wake width does not show any clear signs
of approach to two-dimensional far-wake state, though changes in slope
qualitatively resemble two-dimensicnal flow results. 'In Figure 25, if
the dotted line can be assumed to repi-esent the decay process at large
distances, it intersects the x-axis, at a virtual origin corresponding to
x/ef = 70. If, this point is joined to the last data point in Fig. 26
the Tine is approximately parallel to the asymptotic growth line. This
is a very rough indication that the wake has perhaps reached very nearly
the two-dimensional far-wake state at x/ef = 326. This observation is
in conformity with the findings of Sastry (1981), who inferred that the
two-dimensional wake behind a flat plate reaches an asymptotic state
around x/ef = 350. The present data, are inadequate to confirm this
definitively. More closely spaced data as well as data extending further
downstream are needed to substantiate the present observations.

Figures 27 and 28 show the corresponding decay and growth rates of
parameters Yo and bz, the maximum defect velocity in the z-direction and
half-width of this profile. The velocity defect in this case is norma-
lized by U_ sin ¢ (where ¢ is the swenp angle), since this is the maxi-
mum value that W, can attain. It is seen that the crossflow defect velo-
city decays very rapidly compared to the longitudinal velocity. The wake

half-width behaves qualitatively like bx but is seen to be much larger.
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5. Self Similar Velocity Profiles

The ve]ocity~data plotted in the conventionél self-similar coordi-
nates are shown in Figs. 29 and 30. In Fig. 29 showing the streamwise
velocities, it is seen that beyond x/L = 0.138 (x/ef = 23.4) the
profiles become very nearly self-similar and that the profiles follow
closely the profile for asymptotic two-dimensional far-wakes. The span-
wise velocity profiles shown in Fig. 30 also appear to approach self-
similarity. Compared to the Wyo profile, however, the ha]f-width of this

self-similar profile is approximately 25% larger.

6. Turbulent Stress ﬁeasurement

The turbulence quantities measured uéing the three-dimensional hot
wire probe can be analyzed in different ways. First of all, the three
intensities u', v', w' and the three shear stresses uv, uw and vw are
normalized with respect tc the freestream velocity so tha. general trends
may be observed. These results are shown in Figs. 31 thru 36. In gen-
eral, the intensities are of similar magnitude and behave in a similar
way. This indicates that the turbulence is not too far from isotropy.
Furthermore, in Figs. 31, 32, and 33 it is seen that the profiles exhibit
a minimum in the center and are fair]y symmetric about the wake center-
line. The shear stresses uv, vw and uw are shown in Figs. 34, 35 and 3€.
It is seen that uv and vw arenearly anti-symmetric about the wake centerline
changing sign as expected. In contrast, however uw measurements are
considerably in error. This stress has almost the same magnitude as vw.
This trend is similar to that observed during the validation tests in the

flat plate wake mentioned earlier. The ratio of vw to uv is shown in
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Fig. 37. This ratio is a good measure of the three-dimensionality of the
shear flow field. It is seen that at the last station (x/e. = 326), ww
is of the order of 15% of uw, indicating the near two-dimensionality of
the flow field. Next, the decay rates for Unax YVmax and VW oy 3re

shown in Fig. 38. The centerline turbuleat intensity is seen to increase

continuously with distance downstream. The normalized Reynolds shear

uv
stress -—m%l is also increasing, but at the last measuring station its
W

' X0
value is only slightiy higher than the value of 0.48 for the asymptotic
W
two-dimensional far-wake (Sastry 1981). The shear stress maX on the
W20

other hand is found to be slowly decreasing at large values of x/ef.

It is difficult tc predict from the present measurements whether it

would continue to decrease or reach an asymptotic valuz f2rther down-
stream. The development of UVﬁax is faster thean in the case of the flat
plate wake of Scstry or Pot (1979), but otherwise qualitatively similar
in that it approaches the asymptotic vaiue from "below". This is in con-
trast with the behavier of either the wake behind a gy]inder 6r that
behind a two-dimensional airfoil at incidence [Sastry (1981)]. In both
these cases, Gvﬁax decreases "o the asymptotic value from 'above". The
trends in ali these cases are consistent with the relative influence of

tne wall on the velocity profile just before the flow detaches from the

wake generator.

7. Self Preservation of the
Turbulence Profiles

Figures 39-41 show the profiles of u', uv and vw in self preserving

coordinates. It is seen that the profiles are evolving continuously.
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It appears that the turbulence properties have not attained self-similarity
even at the last location. However, since Gvﬁax at x/ef = 326 is nearly
equal to the asymptotic value, further datd in the far wake are needed

to determine whether the turbulence profiles indeed have attained the

asymptotic self-preserving form.

8. Eddy Viscosity Results

The presenc data can be used to calculate the eddy viscosity in

both x and z directions defined by

4

_uv
€x ~ 3U/a3y (31)
and
- _\wW '
€2~ JW/ay (32)

Plots in self-preserving coordinates of both €, and e, are shown
in Figs. 42 and 43. From this it is seen that both viscosities are
evolving continuously. The eddy viscosity in the z direction exhibits
considerable scatter, but is still of similar magnitude as €y As to
whether or not the flow has reached asymptotic behavior it is difficult
to confirm because of the lack of adequate data points between x/e% =
180 and 326. However, the value of €y obtained from the present experi-
ments can be compared with the asymptotic values given by Schlicnting
(1:73) and Sastry (1981). At x/e = 326 the present value for e /Ugg 1s
039, This compares with .032 quoted by Sastry and a value of .044 by
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Schlichting. Therefore, it seems reasonable to say that at x/ef = 326
the streamwise flow is sufficiently close to the two-dimensional far-wake.
If we now assume an average eddy viscosity from Figs. 42 and 43 for
each x/L location, we should in turr be able to recalculate the stresses.
Typical results for uv and vw are shown in Figs. 44-47. Theze figures
| allow us to compare the extent to which it is realistic to use a con-
stant eday viscosity model to describe the shear stress in the wake. For
the shear stress uv it is seen that the agreement with experiment is gcod.
The plots for vw show the difference in result obtaired by using e, Or
€y (scalar eddy viscosity assumpticn). Average values of the viscosity
for the given x-iocation were used in eacn case. The comparison (con-
sidering experimencal scatter) shows 1ittle difference and hence we
conclude, that for calcuiation purposes, e, can be used as a scalar eddy
viscosity at least for mild crossflows.

2. The Structure Parameter

Nash proposed for three-dimensional turbulent shear flow, the fol-

lowing relations (see Nash and Patel 1972):

ov] = a 3 ey (33)
1/2
2 2
(G + (2]
T I e
Tl s @ (0, (2
lvw|= a g (ay)/[(ay) + (5) ] (34)
2
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"a" is often called the structure parameter. For two-dimensional flows,

the proposal takes the furm
] = a G (35)

Results of calculating 'a' from Eq. (34) are shown in Fig. 48. It is
seen that except near the centerline and in the outer intermittent re-
gion, 'a' kas a nearly constant value. Typical comparisons of the value
of 'a' ubtained using the alternate definitions Eq. (34) and Eq. (35)
(three-dimensional and two-dimensional definitions) are shown in Fig.

49. 1t is seen that two-dimensional definition is adequate to evaluate
‘a' in this mildly three-dimensional fiow. Again, to assess the validity
of the model for practical use in three-dimensioral flows an average
value for a (= .15) was uséd in Eq. (34) to calculate vw for a few near-
wake locations. These results are compared with measurements in

Fig. 30. The agreement is seen to be moderate considering the un-
certainties in measurement. Therefore, it can be concluded that the
structure parameter ricdel in the for of Eos. (33) and (34) is reasonably

satisfactory for describing dimensicnal wakes.

10. Conc.usions

The following conclusions can be arrived at from the study reported
in this thesis.

1. A triaxial hot-wire probe can be used, with one of the tech-
niques developed in the present study, for turbulence measurements in

three-dimensional shear flows. The accuracy of such measurements,



critically depends on probe orientation, probe size and correct
knowledge of sensor angles.

2. The present techniques A and B are superior to that used by
Gorton and Lakshminarayana (1976) both in accuracy and versatility.

3. At present, the measurement of uw is unsatisfactory. Further
miniaturization of probe is necessary to get better results.

4. The study of the developing three-dimensional wake behind an
infinite swept airfoil shows that the static pressure varies across the
near-wake with the maximum occurring at the wake centerline.

5. The longitudinal and crossflow wake defect components reach
near self-similar distributions within about 10 momentum thicknesses
downstfeam of the trailing édge.

6. Three-dimensionality of the flow becomes negligible within about
325 mementum thicknesses. Also, at this distance, the wake begins to
exhibit many of the mean and turbulent flow properties of two-dimensional
far-wakes.

7. A scalar eddy visccsity, constant across the wake, can be used
to describe both the shear stress components uv and vw reasonably
well.

8. The turbulence in the wake exhibits structural similariiy in the

manner proposed by Nash.
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Table 1

Boundary Layer and Wake Traverse Stations
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Station # x/L x/ef
1 -.220 -36.7
2 -.124 -21.0
3 -.014 -2.37
4 +.014 2.37
5 .027 4.57
6 .041 6.94
7 .055 9.32
8 .138 23.4
9 .275 46.6
10 .399 67.6
1 .661 112.0
12 .992 168.1
13 1.928 326.7
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-
U

Sensor Direction Cosines

a; =cos 8

b] = sin ¢ sin 8

¢y =cosy sin 6
= - sin

2, sin @

b2 = - siny cos8

C, = COSy COSB

ag = 0

b3 = COS P

C3 =siny

Figure 1. Sensor coordinate system and sensor direction

cosines

Ao 1
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a. IIHR constructed three-dimensional hot-wire
probe

b. Disa 55P91 three-dimensional hot-wire probe

Figure 2. Hot-Wire Probes
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A Near side

F; O Far side
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Figure 12. Coefficient of pressure variation on both
sides of wing
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Figure 13. Coefficient of ~ressure variation on both sides
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AK23 = PZ-P3
QF - 2
1/2 oQ = AK23/[.51885 + .023779 *y - ,0000142 * y~ -

3

.0000035 * y> - 0000001 * v*]

y = -1.4345 + 10.28219 * AKP + .04959500 * AKP

- .0246590 * AKPS - .0148545 * AKP®

2

P

. 2 2
static = P - [1-0088296 - .0011767 * y - .0002621 v<] * 1/2 2

Figure 14. Yaw probe description and calibration
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APPENDIX
TABLES OF EXPERIMENTAL DATA
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Beta

Gama

Delta*sub x
Delta*sub z
Theta sub x
Theta sub z
Theta sub xz
Theta sub zx
Pstatic
u/Uinf
w/Jinf

U bar 1

V bar

W bar
uu bar
nv bar
ww bar
uv bar

Y (mm)

uw bar

92

KEY TO <YMBOLS USED IN DATA TABLES

angle between mean flow vectors and the
chordline

angle between mean flow vectors and the free
streamline

6] meters

62 meters

6]] meters
622 meters

6]2 meters

62] meters
static pressure in inches of alcohol
loca? chordwise velocity/reference velocity

Tocai spanwise velocity/reference velocity

u/U; from 3-D hot wire probe

normal velocity component/U_ from 3-D hot wire
probe

W/U°° from 3-D hot wire probe
YuZ/U_ x 100
/'\77/U°° x 100

A /U_ x 100
uv_ 104

U<

o
distance from wake centerline or wall
in millimeters

W x 10°

o



VW bar

uuu bar

vvv bar

www bar

uuv bar

uuw bar

vvu bar

vvw bar

wwu bar

vwv bar

uvw bar
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Symmetric Flat Plate Wake Data (x

Table A}

= 177.8) using IIHR probe

94

Ynm u/Uinf Whar vvbar wwbar uvbar vwbar UWhar
9.62 .81 6.273 6.460 3.476 +10.8/9 -14.358 -/.3/0
5.81 .76 6.219 6.764 3.755 " 10.091 -13.694 -°.821
2.00 72 5.381 6.709 .317 5.551 -6.361 -15.538
.73 .709 5.098 6.422 4.713 4.056 -1.497 -17.972
-.54 710 4.933 6.009 5.075 -2.966 +4.693 -17.587
-1.30 711 5.131 5.758 5.349 -4.775 6.742 -17.594
2.06 .714 5.292 5.645 5.613 -7.217 9.636 -17.105
2.32 17 5.530 5.572 5.724 -12.607 10.014 -15.674
4.09 .729 5.799 5.084 5.873 -12.315 12.802 -14.390
5.36 .742 5.08¢ 4,965 5.926 -15.098 14.263 -13.412
7.90 .769 6.409 4,331 5.829 -15.113 14.137 -11.317
12.98 .839 6.259 4,819 5,279 -13.286 12.468 -9.424
18.06 .8862 5.397 4,504 4.570 -9.85, 8.262 -6.942
23.84 .930 4.648 3.660 3.646 -6.184 5.515 -4.753
33.0 .3c2 2.199 2.063 1.837 -1.058 1.275 -=2.113
48.24 1.00 .477 .792 .603 -.002 .099 -.339




TABLE A2

Airfoil Boundary Layer Data at x/L = -.220 (central plane)
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RUN ¥ <
DATE OF RUM

1981
Urefernce (mfs) = 21.84
¥ leca.= - 220
Uinfinite (m/g) = Q23 47
Intearal Parametercs
Pelta¥sub x = _4776£6S9E-02
DeltaXsub z =.3158%40E-01
Thets sub x = . 3&847375E-0C
Thets sub z = 6247743E-03
Theta sub xz = . 2697690E-01
Thets suvb zx = .16B1640E-03
Shape Factoer H = 1 398
Eoundarv Laver Profile
VoM, v/Uint Gama
.51 L4584 1 37
B .5¢0 448
i.02 .S2E 4 97
1.27 .53=s 4 .54
i.52 .56 4 43
2.03 L3748 4 47
2.54 .5¢¢ 4.3%
.05 .hig 4. 20
3.%& A 440
4 .83 678 367
£.40 746 X826
7 .37 L7327 3.07
g.64 782 .68
¢ .91 L7095 2.31%
12.4% .84z 1.77
14 9% . 881 1.49
ig.en LSAL .55
28 .64 Qa4 Ao
26 .83 s.eun Rt
2(1.23 1.0¢0 .o

w/linf
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TABLE A3

Airfoil Boundary Layer Data at x/L = -.124 (central plane)
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RUN 3 ]

DATE OF RUN 22384
Urefernce (m/s) = 21 .7
X loca.= -.124
Uinfimitv (m/s) = 22.64
Intearel Parameters
Delta¥sub x = _6346047E-02
Del taXsubk z =.7921i3063E-01
Theta suvh x = .4398430E-02
Theta sub = = .7212564E-03
Thete sub xz = .7T3053I7E-0
Thets sub zx .= .c&87848E-0
Shape Facter H = 1 443
Foundarv Laver Frofile
Y mm, v/Uinf Gama
.51 . 416 4.80
1.27 480 & .07
2.03 .524 6. 27
2.30 L8776 S .87
5.08 630 5.20
7.11 . 678 £ 345
10.16 742 3.27
172 45 .798 2 A4
i3.29 .887 1.20
25 .94 .977 .04
33.53 .90 -.43
43 .69 97 -. 2%
58.93 A 5 -.15
74 .17 1.000 g.ao
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TABLE A4

Airfoil Boundary Layer Data at x/L = - .124 (-6" plane)

RUN ¥ <
DATE OF RUN 29881

Urefernce (m/s) = 21.84
¥ loce.= -.4124

Uinfinity (m/s) = 22.&6

Intearal Parameters
DeltaXsub x = .S580028E-02
Deltadcub z =.48870C7E-04
Theta sub » = .394684i2E-02
Theta sub z = .94872%92E-03
Thets sub xz = .43%54173E-01
Thetas sub zx = .26168080-03
Shape Factor H = 1.414
Eoundarv Laver Preofile
Y oMM v/Uinf GCamsa w/Uinf Reta Petatic
.54 435 4 35 0353 34. 3% 036¢€
.76 L4814 S .61 .047 25 .61 . 0425
.27 B2 & 06 . 055 36. 056 4%Y
1.78 .554 &.00 . 058 36.00 465
2.54 .564 c.eZ .06 25 .63 0naza
3.30 .609 S.69 RS 25.69 . 0442
4. 57 646 G20 .0%e 5.2 G377
. &4 LH73 4 .87 L0587 34 .87 L0365
8 38 L7332 3.%0 0SS0 73.90 .02%8%
i1 .18 .779 3.23 Qa4 33.23 0294
13.46 L8314 .59 036 32.50 0236
18 .54 .908 1.93 021 31 33 0177
23.62 . 9714 X .007 20.43 0093
31 .24 . 998 05 L0014 3004 - Q0046
386 .84 1.001 - 02 -.000 29.98 -. 0002
46 .48 1.000 0.00 g.000 30.00 -. 0049
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TABLE AS

Airfoil Boundary Layer Data at x/L

.124 (+6" plane)

[

”

21 .84

298814

3
RUN

suk

DPeltaXsub

Intearal Parameters
Delta¥sub

Uinfinityv (m/s)

RUN #
DATE OF
Thetsa
Thetea
The

Salyt]
Moo
[ I |
Il
w0l
98 g N ¥

NGO
O
T014
GI0)

i

T =
2
X

cub
sub

tea
Theta sub

Petatic

w/uin#f Beta

1.413
GCama

H

Laver Profile
v/Uinf

Shape Factor
M

Foundarw
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TABLE A6
24 .84

1984
re

i
RLUIN

Airfoil Roundary Layer Data at x/L = - .014 (far side)
or

3

locea.
Intearal Paramete

Urefernce (M,
Uinfinityv (mss)

DATE
X

pLN

¢

20d
O
=N
wl b id
L0
MI0S
<
G
OdI~ O
oq i
ol

i

HoMN X

i.442

H
Laver Profile

Shape Factor

Loundary

Petatic

]
qi

R

w/uint

Gama

e/uinf

Uit (US SO P00 O WO CIn T PO &
GLAC SOOI AGISE TGRS GGl
£ CICI QIR QIS OIS v € S O O AT T SE QU T8
CUCEG O OICIOICITIGITICI TG vt i am v i v
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TABLE A7

.014 (near side)

Airfoil Boundary Layer Data at x/L

19614

&

‘E OF RUN

RUN #
DAT

0%

esde
P

{m/s)

Uinfinityw

Integral Parameters

L0060

su
su

Theta
Theta su
Thets

R

i.

Shape Factor H =

Boundarv Laver Proefile

Petatic

w/Uinf keta

Cama

v/Uinf
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TABLE A8
21 .84
2E A7
T30E-01
E+00

24

~
[~

0
i
G HeE-01

29814
(m/€)
. 140
/)

2

LN

[

Airfoil Wake Data at x/L = .014 (central plane)

refernce
loca.

FUN #
DATE OF
Uinfinitw

*

Y
S o
<ol

bisitd
o
LML
gt =2 1]
igits Ty
oG
Lo
i -

z
z:
ub zx =

sub
sub

gi
T ‘0 m
Ladhad od
v W
oo
-

Petatic

w/ULnf Beta

Gama

v/uind

Profile

MM

Wal e

,.
oS
fw]
o
Lol
e}
'.31
P
o
70
0
3
‘;.
o
Ay
0
1
2y
o<

3353?irw5804,,E
8( 01:»0441..1414;1(, ,qcm

P

DR | By ot dul KNS TN TOS RS ENUY L s SRV Y N F o E vt SN S RO T )
< Ax.n. »C:I,Cr)f\. O.._/trL;t.r..( anr?/l.llr :J,.n.u

n,”\rU‘tJAJn;__?\Llu:u ~aisg :BQ S =G m._. i<t
P 053 S 1 oot oY op sl oS T ASTRNE EFTRN 25T A K- fho uls oy uR oy o+ K> 4

(=GN MG PRSI RS g R TRE TR - Suvhs sl LV RN TN SRV k2> N ¢T3 S
oSS =SCHITNOOGr So oo o oooe
DO S O D CO S Co D S0 b et v i

ot SN w\"ﬂ.OJSIJO/D—H.Q C.AJCr = -t ;.Cf

1._4.:_ :-..A.t/‘u 9()((14.1.? CHG S
i~ L/lAL‘Jal

117\_\ S OLINCS ol S ol

g Rattel S SRS T RN U E] U RN s B3 g Feon n\.mf..r:_

; ((nl;fr GCLQCJr)C,r:C.A:A 44
iR
an,umoﬂ“ﬁos406%2&57 SIS0 TG
m,.t.:r:a.‘ 3 };;bz.m,oﬂzuc,;/.m. _./.;f._.n,.‘?
;(«J.f_\../,\j:.?h.w.\.jr trb.ﬂ.? Ciliv

T FIIOCICITiwt e



102

TABLE A8 (Continu2d)

Wake Profile

atid

Reta Proy

uiU1nF

U!U1nP Gama

Y MM
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1C3

.027 (central plane!

TABLE A9
L &e

24

£

&

29E;

~
-

im/8)

&
RU

Airfoil Wake Data at x/L

0F

loca.
Intearal Parameters

Urefernce (m/&)
Uinfinity

RUM 4
DAETE

,.

Y%

IS O S S D NI N QIO T Ry o4 L B I B B e Dok Al
NSO OO T T A AS T D DB
MRSt oo oo o n G- WIS QT Mt
i i e b e T G CI G Gl v v i i e e ~

Petatic
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Airfoil Wake Data at x/L = .055 (central plane)
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21 .8 m/s
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TABLE A14 (Continued)
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.225 (central plane)

TABLE A15

Airfoil Wake Data at x/L =
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.8 m/¢s

a1

=

¥

TABLE Al15 (Continued)
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Turbulence Data

X/L Location
Wake Profile
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TABLE A15 (Continued)
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at X/L
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TABLE A15 (Continued)

at X/L

Profile continved
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TABLE A15 (Continued)
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Proefile continved at X/L =
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TABLE Al6
Airfoil Wake Data at x/L = .399 (central plane)

RUN $ 14

DATE OF RUN 3984
Urefernce {(m/s) = 21.84
X loca.- . 399

Uinfinite (m/e) = 22.26

Intear. . Parameters

DeitaXsub x = 94780792E-02
DPelra¥subk 2 3.13593?15+00

T-eta sub x .7767224E-02

“a2ta sub z = (1764364502

.he ta sub xz = _1267331E+00

Theis sub zx = _2740450E-03

Shape Factor H = §1.220

Wake Profile

Y mm. v/U0inf Gama w/sUinf Eeta Petatic
64 .77 1.006 .2 .004 I0.2%5 -.0736
G4 .64 1.00% .19 .003 30.49 -. 0716
44 45 1.004 .44 002 30 .14 -. 0748
34 .29 L9986 L33 006 30.33 -. 0801
24 413 . 925 1.03 047 21.063 -. 0524
i3.97 . 835 2.07 030 32.67 -.0212
6.35 773 2.92 034 32.52 -. 0013
1.27 L7860 2.59 034 32.59 .0040
¢ 00 .759 2.56 . 034 32.%6 L0033
-1.27 L7614 2.61 U35 32.61% .ep4a7
~-3.81 L7274 2.47 033 32.47 0028
-6.35 . 786 2.32 032 a2 32 -.0047

-44 .43 .82% 1.97 .028 34.97 - 0127

-16 .51 . 873 1.54 .023 31.54 -. 0250

-24 .13 .954 .74 012 30.74 -. 0660

-31.75 985 .30 .00s 20 .30 -. 0549

-41 .91 .997 .08 004 30.08 - 05618

-52 .07 .998 .t1 .00 30 .04 ~. 0643

-62 .23 1.000 0.00 0. 000 30.00 —-.360°




TABLE A17

Airfoil Wake Data at x/L = .66%1 (central plane)

RUN # 15
DATE OF RUN 3781

Urefernce (m/s)
X leca.= .661

Uinfinityv {(m/e)

Integral Parameters

" Deltaksvb x =
DeltaXsub z =
Theta sub x =
Thete svbh z =

Theta suvbk xz
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.1125227E+00

Theta suvb zx = _26S1i202E-03

Shape Facter H =
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1.27 .&606
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-4 .27 . 805
-3.05 . 811
-4 .83 . 816
-7 .37 822
-9 24 .83

-413.72 8564

-iB8. .50 .8%4

-2%.015 L9410

-32.77 Levn

-21 .86 .96 4
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TABLE A17 (Continued)
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TABLE A17 (Continued)
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Petatic

Beta

w/Uinf

TABLE A20

Airfoil Wake Data at x/L = .992 (central plane)
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TASLE A21

Airfoil Wake Data at x/L = 1.928 (central plane)
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Ml

2i.8

TABLE A21 (Continued)
28

~
Ll 4

1.9

Turbulence Data
X/L Location
Reference Velocity
Half Wake Profile
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TABLE A21 (Coniinued)
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