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ABSTRACT

Experimental data obtained in a two-dimensional turbulent boundary layer (TBL)
flow and a three-dimensional (3D) pressure-driven TBL flow around a wing/body junction
are presented. Reynolds number effects are investigated. Fine spatial resolution laser-
Doppler velocimeter measurements of mean velocity and higher order statistics including
the third order products measured for 9 stations are reported. Reynolds number based
on momentum thickness (Re,) of the developing 2-D boundary layer on the wall was

Re,=23200, and the approach nominal reference velocity of the undisturbed air flow was
32 m/sec. The wing shape used had a 3:2 elliptical nose, NACA 0020 profiled tail and it
was mounted on a flat wall. Distribution of measured static pressure variation on the wall,
turbulent kinetic energy and some derived quantities such as the flow angle, flow gradient

angle, shear stress angle, and modeling parameters such as 1/V?,
B=V¥/(uZv+V3+vw?), B,=V3/[(uv??+(vZw)?] are also discussed.




NOMENCLATURE

Reynolds’ stress tensor

Triple product tensor
mean velocity components (m/sec)

mean velocity magnitude above the layer edge at each station
Boundary layer thickness. Distance where the velocity magnitude in

the layer reaches to 0.995 of the U..

pressure coefficient=(p-p,.)/ (Py.y=P )

mean static pressure measured on the wall-surface
pressure fluctuating component

stagnation pressure

reference static pressure of the undisturbed freestream measured at

the tunnel entrance.
distance from wall (microns)

nondimensional distance to the wall, y*=yu_/v
flow density (kg/m®)

kinematic viscosity (m?/sec)

Reynolds’ normal stresses (m%sec?)

Reynolds’ shear stresses (m?%/sec?)

Skin-friction velocity:,/'cw/ p
Wall shear stress (Newton/m?)

shear stress magnitude= \/ (uv)®+(vw)?

T7)2 Y7a7\2
Townsend’s structural parameter, A,= ‘/(UV) +(vw)

u+vi+wZ
Turbulent kinetic energy:% (U2 +vZ+w?)

B=v?/(u?v+v3+vw?), triple product ratio
B,=Vv3/[(uv?)? +(vZw)?], triple product ratio

wall-stress angle with respect to the tunnel coordinates
free-stream angle with respect to the tunnel coordinates




CHAPTER I. INTRODUCTION

Wing-body junction flows have been the subject of many studies in the past. The
flow at the nose-of the wing has aperiodic (bimodal) double-peaked fluctuating velocity
histograms with very large Reynolds stress values compared to the approaching boundary
layer values (Devenport and Simpson, 1990a). Shinpaugh and Simpson (1995) used a
scanning LDV and a pressure transducer to further investigate this velocity and the
pressure field simultaneously.

The approach boundary layer separates due to the adverse pressure gradient in
this region and rolls in towards the floor, generating backflow. The flow visualization water
tunnel studies of Khan et al. (1995) and Kim et al., (1991) also show these characteristics
and describe the time development of the motion. The vortical flow is stretched around
the wing and is reoriented by the wing, which results in vortical flow along the sides of the
wing-body junction.

The 3-D TBL of the pressure-driven type has been the subject of many papers.
Reviews of recent experimental data were done by Anderson and Eaton (1989), Johnston
and Flack (1996), Schwarz and Bradshaw (1994), and Olgmen and Simpson (1992,
1993). DNS studies of Spalart (1989) and Moin et al. (1990) also show the capability of
CFD in explaining the flow physics at low Reynolds numbers. Three-dimensional
boundary layer/vortex interaction, which is relevant to the work undertaken here, was
studied by Eaton’s group (Eaton, 1995).

In the present study the detailed mean flow, Reynolds stress and triple product
characteristics of 3-D turbulent boundary layers forming on the wall around a wing/body
junction flow at 9 stations are presented. The wing shape used had a NACA 0020 tail; 3:2
elliptical nose wing (maximum thickness t= 7.17 cm). Figure 1 shows the measurement
locations. All the data, unless otherwise specified, are presented in tunnel coordinates
where x is along the tunnel centerline and y axis is perpendicular to the wall. Table 1
gives some of the flow parameters at the measurement locations.

Flow around this wing at a lower approach Reynolds number of Re,=5940 is
extremely well documented and detailed references can be found in the work by
Simpson (1995, 1996) and Olcmen and Simpson (1995a, 1996e). Mc Mahon, Merati and
Yoo (1987), Mc Mahon, Hubbart and Kubendran (1982), and Dickinson (1986) made
measurements with a similar model at other Reynolds numbers to report the flow field
around and in the wake of the wing using hot-wire probes.

The present study differs from these previous studies with more detailed and more
accurate near wall information of not only of the mean flow and Reynolds stresses but

also of the triple products. Present detailed data are the highest Re, wing/body junction

flow studied. In high Re, flows there is a dire need for data sets which include triple
products for better understanding of the diffusion processes, and data sets should also
include near wall sublayer data since the most interesting flow physics occur in that
region.

The five-component laser-Doppler velocimeter that was used for the near-wall
measurements and the data reduction techniques were previously discussed (Olcmen
and Simpson, 1995a, b). The effective probe volume had a diameter of 30 microns. The
probe volume could traverse as close as 50 microns to the wall and the wall could be
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found with an uncertainty of +10 microns. in this study the five component LDV system
was modified to reach higher distances away from the wall. The probe volume could be
traversed to 6 inches away from the wall with reduced spatial resolution. The near wali
measurements were made using the original design, and measurements above 40mm
were made using the modified LDV system. Two overlapping measurements made at
each station were used to form composite profiles.

In Chapter Il, design modifications of the 5 component LDV system are described.
The high Re, flow generation procedure is described in Chapter lll. The present 2D zero-
pressure gradient high Re, data are compared to previous high Re, 2DTBL data. In
Chapter IV selected 3-D data are presented and the differences in flow characteristics at
selected locations due to different flow conditions are explained. Unless otherwise

specified the data are presented in tunnel coordinates. The report includes the mean
velocity, Reynolds’ stress, all triple products. The derived quantities such as: skewnesses

for different velocity components, turbulent kinetic energy, tv/ u?, shear stress magnitude,

Townsend’s structural parameter A,, (u?+w?)/v?, and velocity magnitude are presented
in Chapter V. In Chapter VI the high Reynolds number data are compared to previously

obtained low Re,=5940 data in the same tunnel using the same wing geometry and with
a reference nominal velocity of U, =27.5 m/sec.




CHAPTER II.DESIGN MODIFICATIONS FOR THE
5 COMPONENT LDV SYSTEM |

In the first part of this Chapter the design modifications applied to the 5 component
LDV system are described, and in the last part the data reduction program is
summarized. The design modifications were required to traverse the measurement probe
volume in a range 0 to 6.35" away from the wind tunnel floor. Expected boundary layer
thicknesses were less than 6.35". The design changes included changing the
transmitting/receiving optical lenses, and changing the orientation of the
transmitting/receiving optical heads (see figure 2). The focal lengths of the
transmitting/receiving optics were changed since the probe volumes were required to form
further away from the optics heads. The orientation of the transmitting optics heads were
changed to allow the traversing without major changes to the system.

The modified system has 56 degrees between the bisectors of the beams
emerging from the two transmitting probe heads, as opposed to 90 degrees obtained with
the original LDV system (figure 2). This was accomplished by inserting 17° apex angled
aluminum wedges between the transmitting optics heads and the translators that hold the
heads in their place. In the modified system the velocities are thus not measured in an
orthogonal frame, however the three components measured could easily be transformed
into an orthogonal frame. '

The transmitting lenses used in the modified system had 200mm (JML Direct Inc.,
part no: DBL14130) focal lengths. The separation of the beams emerging from the
transmitting head was kept as 9.1mm, which resulted in an included angle of 2.606°
between the beams passing through the focusing lenses. With a nominal effective focal
length of 200 mm, a 1 mm diameter laser beam focuses down to 174.7um in diameter.
The length of the crossing along the optical axis is calculated as 7.681 mm, and the fringe
spacing for the 514.5nm laser beams is calculated as 11.3 um. The light collection probe
volume for the system is defined by the overlapping portions of the individual probe
volumes. Thus the long interference region of individual probe volumes do not reduce the
spatial resolution. However the probe volume of the system in the modified system is
larger than the original 5CLDV due to the larger size of the focused beam diameters. On
the other hand the modified system is intended to be used only in regions of the flow
away from the wall where the velocity gradients are not large, therefore the reduced
spatial resolution does not effect the overall quality of the measured velocities.

The receiving lens unit uses two achromatic lenses with 175 mm (JML Direct Inc.,
part no: DBL14110) and 60 mm (JML Direct Inc., part no: DBL13985) focal lengths,
instead of two 120mm focal length achromats used in the original system. The 1:1
magnification ratio of the previous system is thus reduced to 2.92:1 magnification ratio.
The receiving fiber core diameter was kept as 50 microns. Previous LDV measurements
with the original 5CLDV system showed that the light was collected only through the 30

um portion of the fiber core. Based on this fact with a 2.92:1 magnification ratio the light
is collected from 88 um portion of the overlapping measurement probe volumes. The

receiving fiber thus collects the light from 7-8 fringes.
Besides the mechanical differences between the original and the modified systems,
specific electronic data acquisition parameters needed to be adjusted for the modified



system. In the modified design Macrodyne 3100 frequency domain processors used
needed 64 record length setting/frequency analysis. The record length is the number of
samples used by the processors to calculate the Doppler frequency using fast-Fourier
transform process. The setting proved to be important, since the data obtained with 32
record length with a larger than 95% validation rate was observed to result in very high,
unusual normal stress values. The record length setting did not effect the shear stress
information obtained form the data. The noise content in separate processor do not
correlate with each other thus the shear stresses are not affected. For the original system
the record length was kept as 32.

The measurements with the near wall LDV probe were repeated up to 6 times at
different stations. The outer layer profiles were also acquired many times. The main
reason was to explain the differences observed between the measurements obtained with
the near wall and outer layer LDV probes. The discrepancy in the measured velocity
values with original and the modified systems were minimized by using the correct record
length setting for the Macrodyne frequency domain processors. The uncertainties
presented are calculated using differences in the measured quantities from different data
sets obtained at the same station (Table 2.).

Il A. Summary of data reduction program

In this section the data reduction program is summarized. The detailed data
reduction program description can be found in the paper by Olcmen and Simpson,
(1995b). At every measurement point total number of 30000 samples with more than 95%
validation ratio of the Macrodyne units were acquired. Each of the three simultaneous
components measured were used to form three histograms in the optics coordinate
system. The histograms were first cleaned in that coordinate system by fitting parabolas
to the logarithm of the histogram values one on each side of the peak and then discarding
the points which laid outside the parabolas crossing with the In(1) line. Once a component
of the velocity was discarded the accompanying two velocity measurements were also
discarded. Next the measured simultaneous velocity components were used to calculate
the simultaneous velocity components in tunnel coordinates by a transformation. The
cleaning process was repeated one more time in the tunnel coordinates to eliminate the
noise at the skirts of the histograms. The noise-free data were used to calculate new
histograms using the inverse-velocity-magnitude as the weighting function. The bias-
corrected histograms were next used to calculate the mean velocity and higher order
terms. Table 2 gives 21:1 uncertainties calculated using the Kline and Mc Clintock
method. The uncertainties in individual terms were estimated using 2 to 6 separate data
sets measured at each measurement location.




CHAPTER II.GENERATION OF THE re,=23200
APPROACH FLOW AND COMPARISON WITH DATA
FROM LITERATURE

ill A. Roughness plate and tunnel flow characteristics comparison

Two-dimensional roughness elements were used to artificially thicken the boundary
layer. The configuration of these elements (0.125" square ribs) is shown in the figure 3a.
The leading edge of this configuration is placed at a distance of 53" from the entrance to
the test section. The test section is over 29 ft long (about 353 inches) with a width of 3
feet and a variable height. The test section is divided into three sections numbered from
the contraction as sections one, two, and three. The first section has an accelerating flow
up to five feet from the contraction and approximately a constant inviscid core velocity
downstream. The second section has a constant height, but the third section has a
varying height that has been suitably adjusted to get a zero pressure gradient 2-D
boundary layer. The third section begins at a distance of about 200.375 inches from the
entrance to the test section. Plexiglass inserts of 0.25" thick were placed along the side
walls beginning at the streamwise distance of 200.37" to a distance of 260.31". The
heights (H) of this section at various streamwise distances (X) are shown in the following
table. The dimensions are in inches

X(in)

200.38

206

212

218

224

230

236

242

H

(in)

X(in)

10.875

254

10.85

260

10.875

266

10.906

272

278

284

290

296

11.031

11.031

10.938

10.844

10.812

10.75

10.688

10.75.

| H(in) 10.75 |
I'l"!'le rest of the test section downstream Is at a constant height of 10.75 inches. e
height adjustment in this third section was done to obtain a nominally zero pressure
boundary layer. The free stream velocity in the test section as a function of the
streamwise distance (X) is shown in figure 3b. The high Reynolds number measurements
were made at the streamwise location of 276 inches, approximately. Appendix | describes
in detail the additional pitot-static tube spanwise measurements made in boundary layers
to document the symmetry of the flow. Measurements were also used to validate the
boundary layer flow quality.

Il B. DNW data (Nockemann, et. al, 1994 ) and the present 2D data comparison

DNW (Re,=22140, and Re,=20920) and the present 2D data ( Re,=23200) mean
velocity and the normal stresses are plotted in figures 4 and 5, respectively. The mean
U/u, values differ =2.5 from each other throughout the measurement range. The

differences between the nondimensional normal stresses are approximately 0.5. The
differences are not easily attributable to the size of the hot-wire probe or the technique
itself. The single normal-wire probe used at DNW had length/diameter=220 with a

corresponding 1'=22.5 (for Re,=20920 case, '=47 for the Re,=41260 case). These
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values are close to the values suggested by Ligrani and Bradshaw (1987) I/d>200 and
I'=<20 for turbulence statistics to be free of wire length effects. The DNW skin-friction
values were measured using a Preston tube, and a semi-empirical relationship by
Femholz (with a 8% variation in the calculated skin-friction coefficient values due to
different methods used (Fernholz et al., 1995). For the present data, using the semi-log
law-of-the-wall concept with Coles’ constants (0.41, and 5) resulted in u,=1.08 while with

Fernholz’s constants (0.4, and 5.1) the u,=1.057. For sublayer data using a function fit

in the form of U=a(y+c)-b(y+c)*, where a=u’/v, u.=0.98 was calculated. The skin friction

velocity was chosen as the average of these numbers as u,=1.03. The u,=1.03 used in
the present study is lower than the 1.057 calculated using Fernholz’s constants. Thus U*
values are higher than the law-of-the-wall variation. The small size of the probe volume
used in these studies eliminates the probe volume size effects in the turbulence
measurements. The 30um near wall probe diameter, and 88um outer layer probe
diameter correspond to |'=1.85 and 1'=5.43, respectively, well below the requirements
defined by Ligrani and Bradshaw (1987).

V@),

U1:
changes semi-logarithmically from a value 2.72 at Re,=1000 to 3.03 at Re,=10000. For
higher Re, flows hot wire probes can not be made small enough for conventional size
tunnels, which restricts the use of the technique at high Re, flows. The maximum value
of the ratio drops at higher Re, flows with the increased value of I*. However, the present

(Wu?)

— ™ =3.13 calculated at Re,=23200 is along the semi-logarithmic variation observed
u

by Ligrani and Bradshaw (1987.

Ligrani and Bradshaw (1987) show that with a probe size 1 <I* < 10 the

oz
The mean velocity and the _u_2_ normal stress profiles for DNW, Re,=20920 case

u,
and the present 2D data follow each other closely (figures 12 and 13). The agreement

-z
between the Lz normal stresses is better above y*=200 as compared to Re,=22140
U‘t

case. The DNW, Re,=20920 and the present flow U mean velocity values are also in

better agreement than the Re,=22140 case. The reason for this is probably a combined
effect of the hot-wire probe size and the skin-friction velocity estimation methods used
both for the DNW and the present study.

The DNW data obtained at Re,=20920 (Fernholz and Finley, 1996, their figure 47)

-z

match well above y*=2000 for the XE (figure 5). Their data vary semi-logarithmically from
ur

=1.2 at y*=30 to =1.45 at y’=1500, while the present data quickly rise to =1.6 at y*=100

and increases slightly till y*=1250. The peak value location at y*=1250 is closely predicted

by the relation defined by Fernholz and Finley (1996) for the maximum location as




y*=0.071 * Re,.
w?

2
u,

The peak values presented by Fernholz and Finley are =2.5 (their fig. 51)

72 .

while the peak value for the present data is =2.9 (figure 5). For the present case w
u‘t

varies semi-logarithmically from y*=100 to 1500, similar to the variation observed by
Fernholz and Finley for Re,=21390 case.
The DNW Tv data show a peak around =-1.0 at y*=400 (figure 6). The variation

above y*=1000 is about the same as the present data.
The DNW triple product data and the present triple product data are plotted in

u’v

figures 7 and 8. The low observed at y*=250 for the present data is not observed

u‘[
by Femholz and Finley. Bruns Re,=2573 data presented by Femholz and Finley show

uv?

a dip at this y*, however the values are not less than zero. Similarly large values of -
u‘t
observed for the present data at y*'=300 is not observed for data presented by Femholz
and Finley.

The "u skewness" near wall variation presented by Fernholz and Finley for
Re,=20920 case is very similar to the variation of the present data till y*=30 (their fig. 66),
however the positive values of "u skewness" and following semi-logarithmic variation are
not observed (figure 9). Data presented by Fernholz and Finley (1996) show that the "u

skewness" near the wall in the sublayer is independent of Re,. Above y'=1000 the

present data and the DNW data for Re,=22140 follow each other closely. The large
variation at the layer edge is due to the presence of turbulent-nonturbulent interface.

The "v skewness" values presented here are similar to the data presented by
Fernholz and Finley (their fig. 72), however the near wall negative values observed for
the present data are not observed for the other data sets (figure 10). The "sweep" and
"ejection" type of motions observed near the wall requires that the "v skewness" to be
less than zero around the y*=15 where the turbulent kinetic energy production is
maximum. Thus it is believed that the present data is more correct indicator of the "v
skewness" variation near the wall.

The "w skewness" values for both flows are close to zero (figure 11).

Figures presented in this section clearly show that the DNW turbulence data are
much more scattered than the present data. The DNW data uncertainties are also not
given in the papers documenting the data. In conclusion the present data set is a data
set with low uncertainties (Table 2) and much less scattered than the DNW data set.




CHAPTER IV.EXPERIMENTAL RESULTS FOR THE
HIGH REYNOLDS NUMBER WING/BODY JUNCTION
FLOW

IV_A. Oil flow visualization pictures

Oil flow visualization pictures obtained in two different Re, number flows are presented
in figure 12a and 12b. The figures show that the incoming flow separates from the wall,
rolls inward towards the wing/wall junction at the nose region and follows the contour of
the wing to form a horse-shoe shape. Near the leading edge between the separation line
and the leading edge there is another line where the limiting streamlines pass through.
This line is formed due to the chaotic nature of the flow field and it is named as line-of-
low-shear, since the shear stresses following this line is smaller than the surrounding
regions. The flow separates near the trailing edge to form the fish-tail separation region.
The figure 13 shows the schematic of the oil flow visualization and some important
distances which were measured from the oil-flow pictures. These lengths are given in the
following table.

Reynolds | X, Xiois D L w W,

number

5940 -0.45 -0.27 1.38 3.76 1.72 2.02

23200 -0.475 0.201 3.77 1.84 1.994
The abbreviations "sep” stands for separation, "lols" stands for line of low shear.

IV B. Mean static surface-pressure distribution

The wall static pressure on the tunnel floor was measured using a plexiglass plate
with 230 pressure taps around the contour of the wing and a small metal plate with 139
pressure taps at the nose region. A Scanivalve system (CTLR2P/S2-S6) was connected
to all taps. Two Setra 239 pressure transducers were used to measure the port static
pressure and reference dynamic pressure. A data acquisition board (DT2801) in
conjunction with a PC-A7286 was used to acquire the data from the pressure transducers.
Once a port was connected to the Scanivalve, pressure measurement was taken after a
settling period of 15 seconds.

The figure 14 is a contour plot of the Cp values. The wing’s presence generates
longitudinal adverse pressure gradient region around the nose region of the wing. The
pressure gradients become favorable following the contour of the wing towards the
maximum thickness location. Near the trailing edge the adverse pressure gradients are
generated. Details of surface mean-static pressure measurements are given in Appendix
.
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IV_C. Mean Flowfield

The mean velocity profiles are presented in figures 15 and 16. The U mean
velocity show logarithmic variation regions similar to 2-D flow U mean velocity variations.
In 2-D flow the logarithmic regions for different Reynolds number flows overlap up to
y*=400 to form a “law-of-the-wall* region. However in a 3-D flow the profiles at different
stations do not overlap. There does not exist a similarity law-of-the-wall for 3-D TBL flows
(Olgmen and Simpson, 1992). The U mean velocity first decelerates until station 4 and
then accelerates.

The W mean velocity profiles show that the peak values in the profiles are located
further away from the wall proceeding downstream. The pressure gradients are most
effective on the low momentum lateral flow nearer the wall and the turning of the flow is
propagated throughout the layer. In the present flow the lateral pressure gradient is
positive at upstream stations, negative at stations 4-7, and then positive again. Since

(02 W/ay?) is proportional to this spanwise pressure gradient, the changes in(aW/dy)
propagate away from the wall. Thus, the maximum magnitude of the profiles increase until
station 5 and than decrease to form the wave-like velocity profiles at station 9. The outer
layer W velocity gradient is practically zero indicating a zero flow gradient angle, and

reduced productions for the w?, Tw and vw stresses. This also implies that the presence
of the wall is propagated out into the layer at a much further downstream distance than
a lower Reynolds number flow.

IV D. Stress variation

The Reynolds-stress transport equation with summation-subscript notation can be
written as (Daly, and Harlow, 1970):

ouu, duu __dU U,
U —1L=-(uu—L+uy,
ot Urgx (Bl Ul
convection .  production
p(du du) a(yuu) 1 a(puj)+8(pu,.))+va u,.uj_zvau,auj
ox;, 09X oXx, p ox 0x; ox? 09X, 0X,
pressure turbulent  pressure viscous  viscous
strain diffusion diffusion diffusion  dissipation

T
The Lz profiles at the first two stations show that the fluctuations of the flow are

U
highly increased throughout the layer, especially in the logarithmic variation region of the
U mean velocity (figures 17a and 17b). This is however followed by a very high reduction
in the fluctuations in the outer layers at the stations where the longitudinal pressure
gradient is favorable (starting with station 4). The dimensional data show that adverse

longitudinal pressure gradient reduces the u? value below y*=100, and increases the
values above this y* location. The pressure gradient affects the flow near the wall and
above y’=100 in the opposite sense. The near wall values below y*=100 are increased
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at stations 4 through 7 where the longitudinal pressure gradients are negative, the flow

is accelerating, and production of u? increases. However, above y*=100 the values are
reduced at the same stations, suggesting that there are 2 distinct regions within the

layers. In this region the production of the u? is much lower than nearest the wall and the
rapid distortion takes place.

-z
The Y values are also increased compared to the 2-D values at the first 2

2

U‘C
stations where the longitudinal pressure gradient is an adverse pressure gradient (figures
18a and 18b). However the values are smaller than the 2-D values proceeding

downstream until station 8. On the contrary the dimensional data show that the vZ normal
stress values are overall increased throughout the layers with the three dimensionality of
the flow as compared to the 2D flow data.

T2
The W

2
u

stresses are also increased at the first 2 stations and they gradually relax

until station 8, which may be due to the redistribution of elevated u? values (figures 19a
and 19b). In a 2-D flow the production term for the w? is practically zero, and the main
source for the w? is due to the redistribution of uZ. The values increase at stations 8 and

9. Similar to the vZ normal stress, the w? normal stress values increase proceeding
downstream, once the data are plotted in dimensional units. All the three-dimensional
values presented in dimensional units are larger than the 2D data values.

The uv shear stress values are increased in the outer layers of the first 2 stations
compared to 2-D values and the maximum stress locations are further away from the
wall. This is similar to the observations made by other researchers in 2-D flows under

adverse pressure gradients (figures 20a and 20b). However the uv values reduce quickly
below 2-D values with the accelerating flow in the outer regions. Below y*=100 the values

increase proceeding downstream. The dimensional uv magnitude values are increased
with the three dimensionality of the flow in the outer layers above y*=300. Near wall
dimensional values however show a dependence on the longitudinal pressure gradient
sign. With favorable/adverse pressure gradients the magnitude increases/decreases.

The production term for the uw stress is -(uv oW/dy+vw oU/3dy) and the
production term for the Vw stress is -(v? oW/dy+vw 9V/dy). The production of these

stresses, especially that of vw, are close to zero where the d W/dy=0 (figures 21a to
22b). The peak value locations and the sign of the profiles follow the variation of the

dW/dy. Both stresses show wave type nature throughout the layers. Even though the

value of the uw .is the largest it drops out of the equations used for computations once
the boundary layer approximations are applied.

In an attempt to relate the variation of the U mean velocity and the u? normal

stress the following relation was observed. Dimensional data showed that the u? normal
stress and the mean velocity are inversely proportional to each other. In order to describe
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this co-dependent variation the product (u?XU) was calculated using the tunnel

coordinates data. The (u?XU) product nondimensionalized with the U, are shown in
figures (figures 23a and 23b). The product profiles overlap with each other above 5mm,
which roughly corresponds to the region above 0.04 * § (boundary layer thickness). The
product can be interpreted as the faster mean flow results in smaller velocity fluctuations,
or faster flow reduces the longitudinal normal stress values.

In another attempt to describe the co-dependent variation of the U mean velocity

and the u? normal stress in tunnel coordinates, Batchelor's (1953) "Sudden distortion of
a turbulent stream" concept was used. The method assumes that the distortion of the
stream takes place so rapidly that the inertia and the viscous forces arising from the
turbulent motion have no effect. With these assumptions, the problem becomes linear.
It is also assumed that in the regions upstream and the downstream of the distorting
section of the stream tube, the mean flow is uniform and the turbulence is homogenous.

The equations describing the co-dependent variation of the u? normal stress is than given
as:

(?’?)downstream =p = 3 ( 1+0? In 1 +(X) _a-z)

(7P) 4c? 208 1-a

upstream

U
where ¢=_2M020 and o2=1-c"3,
upstream

For the lateral components the following equation holds:

- (T/-Z+Wz)downstream = EE +..-3—C_2( 1 - 1"0.2 In( 1 +a))
2 3 -
(-\—/-2+W2)ypstream 4 4 . 204 4o 1-a

and, the equation for the TKE ratio reads as:
2. 2.2
us+ve+w

tkemuit = ( aomateam _ €, 12 In(c®3(1+a1))
(72;‘72 +Wz)upstream 2 2c%a

At all stations u? decreases in the outer layer approximately as given by "u". The use of
"w* computed using the ratio of the local mean velocity magnitudes at 2 streamwise

locations for "c" also collapsed the u? data within 10% for y > 10* microns (figures 24a

and 24b). The use of Batchelor's "v* for the distortion of the lateral vZ and w? stresses
and the TKE ratio did not collapse those data (figures 25 and 26).

IV E. Triple Products

Triple products are presented in dimensional (m/s)® and nondimensional correlation
coefficient form in tunnel coordinates in figures 27a to 36b. Presentation in correlation
coefficient form shows the combined effect of the mean velocity variations due to the
pressure gradients both on the normal stresses and triple products.

The ©w?v/u?v’ (Fig. 27b) shows the transfer of the u? normal stress with the "v"

fluctuations. The u? on the average diffused towards the wall below y*=20 and away from
the wall above this height. Maximum TKE production occurs at y*=15 to 20, and most of
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the TKE is stored in u?. The dimensional plot of the quantity (Fig. 27a) shows that all the
station profiles collapse on top of another above 1.5 cm away from the wall and the
variation is a semi-logarithmic variation. This indicates that the turbulent diffusion process
is not affected by the three dimensionality of the flow in the outer region of the flow in this
high Reynolds number flow. The effect of three dimensionality is felt further from the wall
in this high Re flow than the previous study of the same configuration in a lower Re,
(=5940) flow because the current boundary layer is much thicker.

The u?w variations (Fig. 28a) are large only near the wall below y*=100. This
shows that the turbulent structures are almost aligned in the same direction of the mean

flow at the first station, a similar conclusion observed from the u?v profiles. This is also

clearly observed in the w® variation (Fig. 36a). The triple products involving "w"
fluctuations above y=1.5 cm are not affected by the three dimensionality of the flow; the
turbulent diffusion process is similar to 2D flow diffusion. Three-dimensional effects have
not propagated into the outermost part of this thick boundary layer.

The variations of the uw? (Fig. 31a), u® (Fig. 34a), and the uv? (Fig. 30a) triple

products are similar to each other. The u?, W2, and the VvZ normal stresses are
transferred on the average in the same fashion by the "u" fluctuating velocity component.
Below y*=100 the transfer is associated with the higher-than-the-mean velocity

fluctuations and above that height the transfer is with lower speed fluctuations. Positive u®

and negative u2v nearer the wall indicates "sweep" type of motion (+u,-v) is the dominant
motion in this region. Above y*=100, the ejection type of motion (-u,+v) is dominant. Semi-

logarithmic variations of the u%u’ ® (Fig. 34b) and the uw?/u’'w? (Fig. 31b) show that
between y*=100-4000 these triple products are scaled with the normal stresses. The

dimensional profiles of the u® and of the uw? triple products overlap on top of another
for each station, respectively. The nondimensional v® (Fig. 35b), vw? (Fig. 32b) plots

show that the transfer of the vZ and the w? normal stresses are away from the wall
approximately above y*=25.
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CHAPTER V DERIVED QUANTITIES

V_A. Flow, Flow Gradient, and Shear Stress Angles

The flow angle, flow gradient angle and shear stress angles in tunnel coordinates
are shown in figures 37 to 45. The near wall flow angle first decreases until station 3 and
then increases at the downstream stations to become positive at station 8. Previous
three-dimensional experimental data show that the shear stress angle lags behind the
flow gradient angle. However at stations 1 and 2 in the high Reynolds number case the
shear stress angle near the wall seems to lead the flow gradient angle; the shear stress
angle has a larger magnitude than the flow gradient angle at these stations. At
downstream stations the flow gradient angle leads the shear stress angle. The changes
in the flow gradient angle results in gradual change of the shear stress angle in the region
above y*=100. Above y*=1000 the shear stress angle seems to change very slightly away
from the station 1 mean free-stream flow direction. The changes in the mean flow
direction due to pressure gradients and the subsequent changes in the shear stress
values does not seem to affect the shear stress angle. The turbulent structure direction
above y*=1000 does not seem to change with the three-dimensionality of the flow in this

high Re, flow.

V B. Townsend’s S_tructural Parameter, A,

The A, =\/ (uv)2+(vw)? /(u?+vZ+w?), Townsend's structural parameter is shown
in figure 46. The maximum value at the first three stations is 0.1 which is lower than 0.14
observed for the 2-D station. The peak value obtained in the outer regions increase to
0.14 proceeding downstream. The data show that the shear stress magnitude and the
turbulent kinetic energy of the flow at the first 4 stations in the 3-D flow are not as well
correlated as in the 2-D flow.

V C. Turbulent Kinetic Energy

The Turbulent Kinetic Energy ( TKE =(u?+v?+w?)/2) profiles are shown in figure
47. This figure shows that the TKE of the flow stays constant above y*=1000. Large
changes occur nearer the wall where the production of the TKE is maximum.

V D. Stress, Normal Stress Ratio, 1/v?

The 1/vZ profiles show that the shear stress magnitude and the vZ normal stress
are highly correlated with each other (figure 48). The ratio is practically a constant around
0.6 within the y*=100 to 1000 range. This fact was previously shown using 9 different data
sets (Olgmen and Simpson, 1995).

V E. Triple Product Ratio, B
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The parameter B=v3/(u?v+v® +vw?) is the ratio of the perpendicular-to-the-wall velocity
fluctuation triple product to the triple product terms which appear in the TKE transport
equation (figures 49a and 49b). The parameter is defined to reduce the number of
independent terms that need to be modeled in governing equations. "B" varies as a
constant with a value between 0.2 and 0.4 between y*=300 to 3000. The "B" parameter
was also observed to be within 0.2 to 0.4 using other available 3-D data sets (Olgmen et
al. 1995).

V F. Triple Product Ratio, B,

The parameter B,=v3/[(uv??+(vZw)?] is the ratio formed among the triple

products which appear in the transport equations for the v? normal stress (figures 50a
and 50b). The ratio is approximately a constant (ratio=1) between y*=500 to 6000, similar
to the variations observed for other 3-D flow data (Olgmen, et al., 1998).

V G. Uv / u?, Shear Stress to Normal Stress Ratio

The wv/u®, shear stress to normal stress ratio which shows the correlation
between these stresses is plotted in Figure 51. The "v* fluctuating velocity is usually
assumed to be unaffected by the large longitudinal inactive motions as described by

Bradshaw. Thus the uv should not be affected by these inactive motions, since the
Fourier frequency of the large scale motions generating the inactive motion and the
Fourier frequency of the small scale structures generating the “v" fluctuating velocity are
largely separated from one another. The quantity therefore indicates two possible flow
phenomena: 1) Either "u" and "v" fluctuating velocities are less correlated at stations
where the pressure gradlent is adverse or 2) the inactive motion is more pronounced at
adverse pressure gradient stations.

V H. (u? + w?) / V2, Ratio of Normal Stresses

The ratio of the stresses, (u? + w?) / vZ is shown in figures 52a and 52b. For an
isotropic turbulent flow the ratio is equal to 2. However the ratio varies semi-
logarithmically above y*=65 in the present flow (figure 52a). The ratio near the layer is
less than 2, indicating the anisotropic distribution of the turbulent kinetic energy (figure
52b). Figure 52b also shows that the semi-logarithmic variation is a first order
approximation to the variation above y*=65. The values show a sharper decay in the high
Reynolds number case compared to the Re,=5940 case. The Re,=5940 case decays
from a value of =4.5 at y*=100 to =3.5 at y*=1000, compared to the variation from =6 to

=3.5 in the same range for the Re,=23200 case.

VI yvZ /VuZ? ., Ratio of Square Root of Normal Stresses
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The ratio \/%"’— / \/ITT is shown in Figure 53. The ratio shows the anisotropy of the
TKE distribution between the longitudinal and perpendicular normal stresses. At adverse
pressure gradient stations the ratio is lower than the 2D values indicating the increased
anisotropy of the flow. However, the distributions follow a similar shape at all stations. In
comparison to DNW (German-Dutch windtunnel) data (Fig. 63 of Fernholz and Finley,
1996), the 2D station variation of the parameter is very much similar to their data

obtained for the Re,=20920 case. The values change semi-logarithmically from 0.5 to
0.58 in the y"=100 to 1000 range. The value is increased to 0.85 by y*=6000.

VJ. ywZ / YuZ , Ratio of Square Root of Normal Stresses

The profiles of the ratio yw? / Yu? are shown in Figure 54. Similar to the

yvZ [/ {u? ratio, the yw? / yu? also show the anisotropy of the normal stresses. The
variation of the 2D station data of the present study is very similar to the DNW data

measured at Re,=20920 (Fernholz, Finley, 1996, Fig. 65). In the y"=100 to 1000 range
the ratio is approximately a constant around 0.65. The values are increased to 0.85 at
y*=6000.
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CHAPTER VI STUDY OF REYNOLDS NUMBER
EFFECTS

In this Chapter three-dimensional data sets obtained in high ( Re,=23200) and low
( Re,=5940) Reynolds number flows are compared. Both data sets were obtained in the

same tunnel using the same wing geometry. The low Re, flow data have been presented
previously by Olgmen, and Simpson (1995a).

VI A. Mean Flowfield

The mean velocity profiles are presented in figures 55. Due to the similar
distributions of the wall static pressure the mean flow field near the wall vary similarly in
both Reynolds number cases. The U mean velocity has a larger logarithmic region
extending further away from the wall similar to variations observed in 2-D high Reynolds
number flows. The flow decelerates until station 4 and then accelerates.

The W mean velocity in the first four stations are skewed in one direction only. At
stations 5 and downstream, the pressure gradient sign changes and the profiles show
minima. The near wall low momentum fluid region is the region of the layers first affected
by the pressure gradients. This results in negative velocity components away from the
wall in the wall-coordinates system.

VI B. Stress variation

-z
Except at stations 3 and 4 the Lz profiles for the high and the low Reynolds
u‘r
number flows follow each other very closely below y*=1000, indicating that the wall skin-

friction is closely related to the vZ normal stress (figure 56 and 57). At stations 3 and 4
the high Reynolds number values are lower than the low Reynolds number profile values.

T
The _':’.2. values at every station for the high Reynolds number case is higher than

ut
the low Reynolds number profiles. Near the wall this might be an indicator of higher
inactive motion for the higher Reynolds number case. The maxima location in the layers
both for the high and the low Reynolds numbers cases are at the same y* value away

from the wall. The production term for the u? normal stress is —(2 W%g). Theuv

profiles nondimensionalized using the skin-friction velocity differ from each other away
from the wall while the nondimensional U mean velocity have the same slope for both the

Reynolds number cases. The higher level of production may be a reason for the elevated u?
values in the outer region of the profiles. Another reason maybe due to the larger
boundary layer thickness. The diffusion process would take a longer distance farther
downstream for its effects to be felt in the outer layer. The viscous diffusion and the
viscous dissipation terms are large only near the wall.
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T
The values of X_ are also larger throughout the layers including station 7, which

2
u

may be due to the redistribution of elevated u? values. In a 2-D flow the production term
for the w2 is practically zero, and the main source for the w? is due to the redistribution

of u?. For the high Reynolds number case even in the 2-D flow the wZu? is larger, which

supports this view.

The variations of the shear stress profiles are similar to each other in both
Reynolds number cases, especially below y*=100. The nondimensional stress values are
larger for higher Reynolds number case above y*=100 as expected, since the boundary

layers extend to higher y* units. The nondimensional uw and vw profiles follow each
other more closely until y*=1000 than the uv stress. At station 6 the maximum value of
the Tw/u’ is larger in magnitude than the maximum value of the Tv/ u?. However, the

importance of the uw is diminished once the boundary layer approximations are applied
to the transport equations for the Reynolds’ stresses, since this stress drops out of the

equations to be modeled.

VI C. Triple products

Triple products at selected stations are presented in the correlation form (figures
58 through 67). The triple product correlation in wall variables at both Reynolds numbers
follow each other within the uncertainty bands nearer the wall, y* < 1000. Obviously the
triple product values change with different three-dimensional flow conditions, and the
values depend on the coordinate system studied. However, for these two flows the
Reynolds number does not seem to play a role in the development of the triple products
for 30 < y* < 1000. The triple product values for the higher Re case extend to large y*
further out in the layers since the layers are much thicker.
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CHAPTER VII. CONCLUSIONS

A three-dimensional high Reynolds number flow around a wing/body junction has
been experimentally investigated using laser-Doppler velocimetry. The mean velocities,
shear stresses, and 10 triple products as well as the pressure distribution on the wall are
presented. Some important conclusions are as follows: The triple products
nondimensionalized using the normal stresses follow each other at all stations above
y'=100. The shear-stress angle lags behind the flow-gradient angle at station 3 and
downstream stations. Parameters B and B, are constants in the outer layer also for this
high Reynolds number flow. Townsend’s structural parameter A, is not constant
throughout the layers.

Two separate high Reynolds number data sets (Re,=5940 and Re,=23200)
around a wing/body junction are compared with each other. For the U mean velocity u,
is shown to be the scaling velocity. The W/u, mean velocity variations although close to

each other show that the magnitude of the velocity for the Re,=23200 case is smaller.
The w?/u?, and W?u? normal stresses are higher for the Re,=23200 case especially in

the outer regions of the layers. The vZu’ normal stress does not seem to depend on

Reynolds number. The shear stresses normalized with the skin-friction velocity show that
there are two different regions forming in this type of flow: A) below y*=100 the stresses
tend to overlap with each other, B) the magnitude of the normalized shear stresses are

higher for the high Re, case, in the outer layers. Triple product profiles for 30 < y* < 1000

seem to be independent of the Re,. Future publications will discuss the physical meaning
of these data in more detalil.
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If TABLE 1. LASER-DOPPLER VELOCIMETER LOCATIONS AND FLOW PARAMETERS.
Stations zi(n) (Zin) ?r;/sec) ;Jr%lsec) ?évegree) ?c;Zgree) ?cm) d CP /9 (X/ t) J CP /a( z/t )
2D 31.31 1.03 0 0 13.42
1 -35 |-6.94 {29.31 0.91 -10.79 -2.19 13.64 |0.0667 0.0890
2 -2.29 |-6.64 |[28.71 0.916 -23.13 -4.7 13.51 [0.0211 0.1734
3 -1.33 |-6.35 |29.03 1.094 -31.17 -7.74 13.68 {-0.2060 0.2771
4 -0.47 | -6.06 |31.14 1.24 -25.66 -8.77 13.19 |-0.3438 0.1875
5 0.26 |-5.77 |[833.02 1.208 -16.31 -8.01 12.33 |-0.3670 -0.0587
6 1.19 |-5.47 |34.66 1.208 -10.3 5.7 12.86 |-0.3208 -0.2643
7 217 |-5.26 |35.48 1.304 -3.78 -2.71 12.90 |-0.0103 -0.2544
8 3.66 |[-497 |835.17 1.128 4.16 0.59 13.35 |0.0395 -0.1599
9 516 |-4.67 |34.3 1.104 6.62 2.31 13.46 | 0.0740 -0.1094

Maximum thickness of the wing (t) = 7.17 cm, Nominal reference velocity (U,,;) = 32m/sec,
Reynolds number based on momentum thickness in 2D flow without the wing’s presence (Re,) = 23200.

Wing chord

length = 30.48 cm.

TABLE 2. 21:1 ODDS +2G UNCERTAINTIES OF MEAN
VELOCITIES, REYNOLDS’ STRESSES AND TRIPLE

PRODUCTS.
Term Uncertainty |Term Uncertainty
Ulu, 0.63 | iRy |0:092
Vi, | ww/wEw |00
W/u, 0.29 Zwiviw  |0:023
W2/ 0.32 weuve  0-068
V2 0.11 Twelu'we |0.049
W/uf 0.23 WV W 0.03
wiu? |01 ww/u’ v’ wi0-022
W/U,z 0.13 Blu’? 0.39
v_W/uf 0.04 3/ v3 0.084
W w'? 0.11
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TABLE 3. SOME LENGTH SCALES OBTAINED FROM LDV DATA
IN TUNNEL COORDINATES.
5 s, 5 |5, |6, |6 |6, o,

Station {l(cm) [l((mm) |(mm) [(mm) [(mm) |(mm) |(mm) [(mm)
2D 13.42 ||[+15.80 |+15.80(+12.41]-0.13 |{+0.01]-0.12 {-0.00
1 13.64 ||+23.06 |+22.78 |+12.83 |4+5.96 [-0.74 |+5.22 [-0.25
2 13.51 [1+19.03 [+18.37 [+13.90 |+13.51 |-1.28 [+12.23|-1.15
3 13.68 [|+18.50 {+16.84|+14.13[{+19.90(-2.48 |+17.42|-2.81
4 13.19 [[+19.34 |+17.28 [+12.56 |+22.23 |-2.42 }+19.81 [-3.59
5 12.33 {|+15.54 {+13.72 [+12.51 [+22.17 |-2.33 |+19.84 |-3.18
6 12.86 [[+18.40 [+17.17 [+10.53|+15.72|-1.76 |+13.96 |-1.78
7 [12.90 (+13.15 |+12.87 [+10.75|+7.84 (-0.87 |+6.97 |-0.47
8 13.35 [[+13.01 |+12.99[+10.67|-0.35 |-0.09 |-0.44 |-0.02
9 13.46 [|+13.59 |+13.51+11.03|-4.50 [+0.28]-4.22 |-0.16

U,=Velocity magnitude at the layer edge.
8= y where yU?+W? /U_=0.995= Boundary Layer Thickness

9, f(‘l _)dy— Streamwise Displacement Thickness

3, f(1 "U W )a'y— Magnitude Displacement Thickness

O, f (1 .._)__dy- Streamwise Momentum Thickness

f )dy— Lateral Displacement Thickness

% «F

..L";_V —)dy= Lateral Momentum Thickness

dy~ Crossflow Momentum Thickness
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Figure 1a. Wing shape and measurement locations. Full arrows wall-stress direction.
Empty arrows free-stream direction.
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Figure 1b. Schematic of wing and measurement locations.
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Figure 3a. The roughness plate.
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Figure 3b. Free-stream velocity variation along the tunnel axis.
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stress comparison.
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Figure 6. DNW (Re,=22140) data and present 2D (Re,=23200) data shear stress
comparison.
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Figure 7. DNW (Re,=22140) data and present 2D (Re,=23200) data triple product
comparison. '
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Figure 8. DNW (Re,=22140) data and present 2D (Re,=23200) data triple product
comparison.
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Figure 9. DNW (Re,=22140) data and present 2D (Re,=23200) data "u skewness"
comparison.
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Figure 9a. DNW (Re,=22140) data and present 2D (Re,=23200) data "u skewness’
comparison.
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Figure 10. DNW (Re,=22140) data and present 2D (Re,=23200) data "v skewness"

comparison.
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Figure 10a. DNW (Re,=22140) data and present 2D ( Re,=23200) data "v skewness"
comparison.
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Figure 11. DNW (Re,=22140) data and present 2D (Re,=23200) data "w skewness"

comparison.
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Figure 14. Wall static pressure coefficient distribution.
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Figure 15b. U/u, mean velocity profiles in tunnel coordinates.
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Figure 16a. W, dimensional mean velocity profiles in tunnel coordinates.
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Figure 16b. W/u, mean velocity profiles in tunnel coordinates.
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Figure 17a. u?, dimensional normal stress profiles in tunnel coordinates.
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Figure 17b. u?/u? normal stress profiles in tunnel coordinates.
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Figure 19a. w?, dimensional normal stress profiles in tunnel coordinates.
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Figure 19b. w?/ u? normal stress profiles in tunnel coordinates.
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Figure 20a. uv, dimensional shear stress profiles in tunnel coordinates.
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Figure 20b. Tv/u’ shear stress profiles in tunnel coordinates.
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Figure 21a. uw, dimensional shear stress profiles in tunnel coordinates.

1 AR AL LI BRI B L B

. . . .
st a1l radaand 2 1l sadaaat g 3231l radaaat 2t 11201

-Zﬁoolé 3 101 2 3 102 2 3 103 2 3 104

y*

Figure 21b. Tw/u’ shear stress profiles in tunnel coordinates.
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Figure 22a. vw, dimensional shear stress profiles in tunnel coordinates.
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Figure 22b. Vw/u? shear stress profiles in tunnel coordinates.
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Figure 23a. Nondimensional U X u? (mean velocity X normal stress) vs. "y" distance
away from the wall for the high Reynolds number ( Ae,=23200) case.
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Figure 23b. Nondimensional U X u? (mean velocity X normal stress) vs. "y" distance
away from the wall for the low Reynolds number ( Re,=5940) case.
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Figure 24a. u? normal stress nondimensionalized by Batchelor’s "n" parameter.
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Figure 24b. The u? normal stress nondimensionalized by Batchelor’s "u" parameter.
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Figure 25. The vZ+w?, sum of normal stresses nondimensionalized by Batchelor's "v"
parameter.
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Figure 26. The uZ+vZ+w?, sum of normal stresses nondimensionalized by Batchelor’s
"tke multiplier" parameter.
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Figure 27a. Dimensional triple product in tunne! coordinates. Symbols denote the
measurement stations.
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Figure 27b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 28a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 28b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 29a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.

0.10 [T T

0.08
0.06 |
0.04 |
0.02 }
0.00 |
—0.02 |
—0.04 |
—0.06 |
-0.08 |
—o0.10f
—0.12}

100 2 3 101 2 3 102 2 3 103 2 3 104

y*

Figure 29b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 30a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 30b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 31a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 31b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 32a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 32b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 33a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 33b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 34a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 34b. Triple product in tunnel coordinates. Symbols denote the measurement
stations. '
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Figure 35a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 35b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 36a. Dimensional triple product in tunnel coordinates. Symbols denote the
measurement stations.
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Figure 36b. Triple product in tunnel coordinates. Symbols denote the measurement
stations.
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Figure 37. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
1.
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Figure 38. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
2.
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Figure 39. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
3.
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Figure 40. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
4.,
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Figure 41. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
5.
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Figure 42. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
6.
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Figure 43. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
7.
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Figure 44. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
8.
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Figure 45. Flow angle, flow-gradient angle, and shear-stress angle calculated at Station
9.
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Figure 46. Townsend's A1 parameter for high Re flow.

64




0.010
0.008 - ——
A .—
Qma_ ——
0.007 *
i ——
% 0.006 —&
2 - —
< 0.005 ——
4 ' —=
= 0.004
0.003
0.002 we
0.001 : ' , -
s Lazal lllll_l; I 2 o2l Illlll; P 1 22,0 1 ILllli s [ | L Illl; ;-
O'OOqoo 2 3 101 2 3 102 2 3 103 2 3 104
y*
Figure 47. TKE distribution at different stations.
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Figure 48a. 1/S=1/v? flow parameter.
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Figure 48b. 1/S=1/v? flow parameter calculated for different Reynolds number data
obtained at Station 5.
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Figure 48c. 1/S=1/v? flow parameter calculated for different Reynolds number data
obtained at Station 5.
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Figure 49a. B=v?/(u?v+v®+vw?) flow parameter.
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Figure 49b. B=v?/(u?v+v3+vw?) flow parameter.
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Figure 50a. B,=v?¥/[(uv??+(vZw)?] flow parameter.
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Figure 50b. B,=v?/[(uv?)?+(vZw)?] flow parameter.
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Figure 51. ﬂ/, shear stress to normal stress ratio.
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Figure 53. v’/U', ratio of the rms of the fluctuating velocities.
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Figure 54. w'/u’, ratio of the rms of the fluctuating velocities.
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Figure 55a. U and W mean velocities presented in wall-coordinates at Station 1.
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Figure 55b. U and W mean velocities presented in wall-coordinates at Station 2.
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Figure 55¢. U and W mean velocities presented in wall-coordinates at Station 3.
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Figure 55d. U and W mean velocities presented in wall-coordinates at Station 4.
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Figure 55e. U and W mean velocities presented in wall-coordinates at Station 5.

LAl SR IR B R BN | LR B A B S B I MR ] LI B ) AR S SRS R RE N A | LM A Al I R SR A R D |
. . .

30

wC
solid high
empty low
Re

L] - gy - g ’ .
ad 2 a2l adadat 1 3 211l NPT B I SRR IS P I B I W A1 |

100'5 3 101 2 3 102 2 3 103 2 3 104

y*

Figure 55f. U and W mean velocities presented in wall-coordinates at Station 6.
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Figure 55g. U and W mean velocities presented in wall-coordinates at Station 7.
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Figure 55h. U and W mea