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Abstract

WAKE BOUNDARY LAYER INTERACTION IN TURBOMACHINERY
by
Satya Pal
Adviser: Professor Rishi Raj

The wake developed from the trailing edge of a
thin and smooth flat plate including the effect of free
stream turbulence was studied analytically as well as
experimentally. The experimental measurements were taken
in a low speed wind tunnel using cross-wire anemometry for
three levels of free stream turbulence. Two levels of free
stream turbulence were obtained at the leading edge of the
flat plate using grids with square bars ( T~ 5.23 % ) and
circular rods ( T~ 7.23 % ). The third level of free
stream turbulence was obtained in the absence of the grid
(T ~ 0.4 % ) because the wind tunnel had turbulence of
the order of 0.4 %. The grids were kept at a distance of
273 mm from the leading edge of the flat plate.
Experimental results are presented on mean velocity
profile, wake center line velocity, half wake width,
displacement thickness, momentum thickness, energy
thickness, shape factor, components of turbulence intensity

and Reynolds stress. It is shown that the free stream



iv

turbulence increases the wake recovery and growth rates.
The semi~empirical correlations are developed to predict
the foregoing behavior. The analytical investigation also
lead tc the establishment of two turbulence parameters.
These parameters simulate the effect of free stream
turbulence on the wake velocity ( Uy ) and length ( Lg )
scales., Free stream turbulence increases the turbulence
intensity and Reynolds stress in the wake. Correlations
are developed to predict the decay behavior of turbulence
guantities. These correlations depend upon the trailing
edge conditions, free stream turbulence level, drag
coefficient and distance downstream from the trailing edge.
A self-preservation of wake has been taken as the basis for

obtaining the correlations for turbulence guantities.,

The wake boundary layer interacted flow was
treated as three-dimensional. The order of magnitude
analysis, and similarity considerations were used in the
theoretical study. Decay laws for the mean velocity and
growth laws for length scale were obtained. Theoretical
study also lead to the development of three-dimensional
turbulence interaction parameters. The wake developed
from the trailing edge of a thin and smooth flat plate in
the x-z plane interacted with the boundary layer developed
on an artifically roughened flat plate in the x-y plane
was studied experimentally for three axial spacings between

the two plates. Experimental measurements were taken in a



low speed wind tunnel using a triple sensor hot-wire probe.
Experimental results are presented on three components of
mean velocity, turbulence intensity, Reynolds stress and

on wake width., The effect of spacing on the mean and
turbulence quantities is also presented. Spectral
measurements were taken in the inner region of the wake
interacted boundary layer. Frequency energy spectra for
three spacings were also measured with the help of a
spectrum analyzer. The results on energy spactra are
compared with available data on other types of flows.

Axial, lateral and normal components of mean velocity defect
decrease towards the inner region as well as with increase
in spacing due to wake boundary layer interaction. Length
scale increases towards the wall, with the increase in
downstream distance and with the increase in spacing.

Three components of turbulence intensity and Reynolds stress
increase towards the wall, decrease towards the outer edge
of the wake and with the increase in spacing in the
interacting region. Correlation coefficient increases
towards the inner region and decreases with the increase in

downstream distance and with the increase in spacing.
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CHAPTER I

INTRODUCTION

1.1 Statement of the Problem:

A better understanding of the wake-boundary layer
interaction is necessary to minimize the losses and enhance
the reliability of various structures in engineering
applications. 1In general, the phenomenon of the wake -
boundary layer interaction occurs downstream of the junction
of two bodies, e.g., the stabilizer and the rudder, the wing
and the fuselage, an aerofoil with slotted flaps, flow behind
the rotor and the stator of a turbomachine near the hub and
the tip regions ( Fig.1l.l ). The boundary layer developed
on the downstream section of the stabilizer may be markedly
affected by the wake shed at the trailing edge of the rudder.
The calculation of drag, shear stresses and forces acting
on the downstream section of the stabilizer is not possible
unless the flow is treated as the interaction of wake and
boundary layer. The performance of each part and hence the
overall performance of the aeroplane from aerodynamics
considerations requires the knowledge of the wake boundary

layer interaction.

The wake flow field without any boundary layer
interaction effect is generally analyzed for the near wake
and the far wake regions. The description of these regions
is as follows, Ref. (1):

i) Near Wake: The wake center line velocity defect is
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Figure 1.1 Schematic of the Wake and Boundary Layer Interaction
Near the Tip and Hub of a Compressor Rotor



almcst equal to the wake outer edge velocity. At the wake

center line,
2 . 2 2
u, ‘7uz >uy
The wake width increases rapidly with the axial distance

downstream of the trailing edge.

ii) Far Wake: The wake center line velocity defect is so

much smaller as compared to the outer edge velocity that the
square of the center line velocity defect is negligible in
comparison with the square of the outer edge velocity. At

the wake center line,

2 2
u, r~Yu, nJuy

The wake width either grows very slowly or is almost constant.

The turbulent boundary layer is generally analysed
for the inner and the outer regions. The outer region is
inertia dominated while the inner region is viscosity
dominated. The inner region is also known as the wall
region. The transition from the inner region to the outer
region takes place in a region where both convection and
viscous effects are equally strong; such a region is known
as a buffer region and its solution is obtained as a limiting
case by matching the solution from the inner region and the
outer region asymptotically, ( Fig. 1.2 ). The detailed

description of these regions is as follows:

i) Inner Region: In the viscous sub-layer, the Reynolds

stress is a small fraction of the frictional velocity, the
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flow is unsteady and the velocity fluctuations are present
but do not contribute much to the stress because of the

predominant effect of viscosity. Sometimes, the misleading
name of laminar sub-layer is also associated with this sub-
layer. The pressure velocity corielation for the inner

region is modeled by Raj (3).

In the wall region, a horse-shoe shaped vortex begins
to form. The flow deforms this vortex into an elongated U -
shaped loop in the streamwise direction. The tip of the loop
moves away from the wall into the regions of ever increasing
velocity due to self induction. Thus, due to the stretching
process, vorticity increases, giving rise to an outward V
component of flow near the tip, creating the in-rush process.
A local deceleration is created due to the vortex moving away
from the wall. Due to the ejection process, low momentum
fluid is transported away from the wall, producing a net
positive contribution to shear stress. The instantaneous
velocity profile forms a dent with inflection points in
addition to the horizontal shear layers. Thus, due to this
resultant local inflexional instability and break-down of
the fluid surrounding the original tip of the vortex, a
turbulence burst ( Fig. 1.3 ) is produced. The pressure
waves related to the turbulence burst are propagated through
the whole boundary layer. The blob of fluid of high
turbulence intensity produced during the burst convects
downstream and moves farther away from the wall, increasing

the scale by turbulent diffusion. Thus, this blob of fluid
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is convected in an accelerated way in a downstream

direction due to the high momentum fluid coming from upstream.
Also, the pressure waves generated earlier may add to the
movement of the fluid towards the wall creating a sweep -
inrush flow, ( Fig. 1.3 ). The sweep inrush flow makes a
very small angle of the order of 5° to 15° with the wall,
which can be treated as the entry of the high momentum f£luid
in an almost horizontal direction at the wall. Thus, a
tremendous amount of turbulence is produced in the region
where vy u*/a) = 10 to 15 due to the simultaneous cyclic
process of ejection, sweep-inrush and turbulent burst. A

detailed description of this phenomenon is given in Hinze (4).

The well known laws of the wall for the mean

velocity and the Reynolds stress are given beliow:

g £(yu'/y) ... (1.1)

*

d
< =

*
V)
il

*
g(yu/))) eee(1.2)

=]

where
u* is frictional velocity, £ and g are similarity

functions and ')) is kinematic viscosity.

Energy spectral function, F, was theoretically

obtained by Tchen (5) and is given as:

-7 a7
F' ~ k N 2’ oco(1.3)
v ~ k o~
. L

where



~
Vi is the velocity at the wave number k, and L is

the mixing length.
ii) Outer Region: This region is almost similar to the
free turbulent shear flows, particularly regarding the plane
wake flows., Here, flow is of intermittent nature but the
amplitude of the wavy interface is much smaller as compared
to that of the plane wake flow. The outer region is charact-
erized by large eddies, elongated in the main flow direction.
The turbulence obtaines its energy mainly by convection and
by turbulent transport from the inner region of the upstream
part of the boundary layer. Turbulence is also determined
by the conditions in the inner region, i.e., by the distri-
bution of the wall shear stress farther upstream. The ratio
of the turbulence shear stress to the turbulence kinetic
energy across a boundary layer in the outer region is almost
constant, ( Refs. 2 and 4 ). The interaction between the
inner and the outer region is mainly through the convective
distribution, but the pressure effects also give rise to the
interaction between the turbulence in the inner and the outer
region, though this interaction is much less extended in the
main flow direction. In other words, these pressure effects
are relatively more local in the streamwise direction, though
they are convected mainly with the convection velocities of
larger eddies, i.e., roughly, with the average mean velocity
across the boundary layer. In channel flow, the outer

region is termed as core region.

The dependency of part of the structure of



turbulence on upstream conditions in the outer region points
towards longer memory of flow than that in the inner region.
Thus, the recovery from any disturbance is much quicker when
the disturbance is introduced in the inner region than that

if it were introduced in the outer region.

The well known law of the wake, Ref. (6), is given

as,

U T
s o n(wg) i

where
ky is the von Karman constant, h is<the similarity

function,7f is the profile parameter and 8 is the

thickness of the shear layer.

The energy spectral function, F, for the inertial

sub-range, Ref.(5), is given as,

F —~ k-5/3 ~ T 5/3 v..(1.5)
- ~
and %
-1 ~ R
F ~ k 000(106)
vk ~ constant

The relation (1.5) is valid for small vorticity

and no resonance while the relation (1.6) is valid for large

vorticity and strong resonance.

iii) Buffer Region: This region is the most active part
as far as production and dissipation of turbulence energy

are concerned. In the buffer layer, neither of the stresses
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can be neglected. For engineering purposes, the buffer layer
is obtained by matching the linear velocity profile in viscous
sub-layer to the locgarithmic velocity profile in the inertial

sub~-laver.

The foregoing description of the wake and the
boundary layer suggests that the wake-boundary layer problem

may be resolved in the following way:

i) Near Wake Interaction: When the distance between the

two bodies is very small ( S/c ~ 0.007 ) the wake shed from

the first body interacts with the outer, buffer and inner

regions of the boundary layer developed on the second body.

ii) Far Wake Interaction: When the spacing between the

two bodies is large ( S/c~ 0.7 ) the wake shed from the
trailing edge of the first body interacts with the outer,
buffer and inner regions of the boundary layer developed on

the second body.

It is clear from the above description that to
resolve the problem theoretically without any experimental
input is a fruitless task, The flow field in the tip and
the hub regions of the turbomachinery rotor and stator is
even more complex. The flow at the tip of the rotor is
associated with tip vortices and annulus wall boundary layer.
The viscous region downstream of the tip of the rotor is not
only affected due to the wake from the trailing edge of the

rotor but also due to the boundary layer growth at the
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annulus; thus forming the phenomenon of wake boundary layei
interaction behind the tip of the rotor. The effect of the
shed vortices from the tip of the trailing edge of the rotor
may cause the wake~boundary layer interacted flow to be
highly inhomogeneous and anisotropic. A similar phenomenon
also exists near the hub behind the downstream section of
the stator. These interaction effects are unknown at this

time experimentally or theoretically.

1.2 Objectives of the Present Investigation:

The objectives of the present investigation were

as follows:

i) From scaling considerations, establish trends in the
decay or growth rate with distance downstream of the
trailing edge of a flat plate for the mean velocity,
shape factor, turbulence intensity, Reynolds stress
and for the length scale of a wake in the presence

of free stream turbulence.

ii) From scaling considerations, establish trends in the
decay or growth rate for the mean velocity and the
wake width in the wake boundary layer interacted

flow,

iii) Experimentally study the two-dimensional turbulent
wake of a flat plate with and without free stream
turbulence including both the mean and the

turbulence quantities.
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iv) Experimentally study the wake-boundary layer interacted

flow for the near and the far wake regions including

both the mean and the turbulence quantities.

v) Correlate the data obtained in (iii) and (iv) with the
trends established in studies (i) and (ii),
respectively. Also establish the decay or growth

rate for the turbulence quantities.

The frequency spectra are also to be obtained at
the near and the far wake regions of the wake submerged in
the boundary layer. The spectra are to be compared with the

theoretical predictions of Tchen (5).

1.3 Method and Means of Investigation:

Realizing the difficulties stated in the previous

sections, the problem of the wake-boundary layer interaction
was considered in two phases. Phase one included the effect
of free stream turbulence on the characteristics of a
turbulent wake while the three-dimensional nature of the
wake-boundary layer interaction problem was treated in the

second phase of the work.

The effect of free stream turbulence was incorpo-
rated through two turbulence parameters and using similarity
considerations. The decay rate of the wake velocity defect
at the wake center line and the growth rate for the wake
length scale were derived. The decay rate for the maximum

value of longitudinal and lateral components of turbulence



intensity and Reynolds stress of a wake ( Chapter III ) in

the free stream turbulence environment were developed from

the self-preservation considerations.

The experimental investigation of the wake in the
presence of free stream turbulence ( Chapter V ) was carried
out using single and cross-wire probes. The free stream
turbulence was measured by the use of a single sensor hot-
wire probe. The measurements of the mean velocity, turbule-
nce intensity and Reynolds stress of the wake in the presence
of free stream turbulence were taken using a cross=wire
probe. Semi-empirical correlations were obtained for various
decay and growth rate using the experimental data ( Chapter

VI ).

For the wake=boundary layer interaction phase of
the investigation, the general mean momentum governing
differential equations for three dimensional, turbulent and
incompressible flow ( Chapter IV ) were simplified using the
high Reynolds number approximation and the scales involved
in the geometry of the body under investigation. The
turbulent diffusion model was used for the Reynolds stress
modeling, The velocity defect laws for the mean velocity
components involving similarity functions were introduced.
The analytical solution of the governing equations in the
similarity variables was obtained. The trends in the decay
rate for the wake velocity defect and the growth rate for

the length scale were established.

13
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The triple sensor hot-wire probe ( Chapter V ) was
used for the measurements of mean and turbulence gquantities
in the wake boundary layer interacted flow. A single sensor
hot-wire probe was used to check the three sensor hot-wire
data ( total mean velocity and total turbulence intensity
only). The measurements were taken at various axial, radial
and lateral locations downstream of the flow field. Semi-
empirical correlations were obtained for velocity and length
scales. The decay rates for the maximum values of the three
components of turbulence intensity and Reynolds stress were

also obtained ( Chapter VII ).

The frequency spectra ( Chapter VII ) were taken
at the near and the far wake regions of the wake interacted
boundary layer region. The spectra were transformed into
the wave number domain. The energy spectra were compared
with the experimental data available on other types of

flows.

The conclusions of the free stream turbulence
effect on wake and the wake boundary leyer interaction are

summarized in Chapter VIII,
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CHAPTER II

LITERATURE _SURVEY

The statement on the wake - boundary layer interac-
tion problem ( Chapter I ) indicates that the wake-boundary
layer problem may be considered as an extension of the problem
of the effect of free stream turbulence on the wake and the
boundary layer. The difference is that the free stream
turbulence effect on the wake or the boundary layer is
associated with the extremely weak mean shear in the free
stream. It is, therefore, important to study carefully the
information available on the effect of the free stream
turbulence and infer from it, related information in
addition to the available information on the wake-boundary
layer interaction. Therefore, the literature search is

considered in the following two areas:

I. Effect of free stream turbulence on the turbulent

boundary layer and the wake.

II. Wake~boundary layer interaction.

2.1 Effect of Free Stream Turbulence on the Turbulent

Boundary Layver and the Wake:

The characteristics of the wake and the boundary
layer of a flat plate is an initial input for the study of
the wake-boundary layer interaction. Several investigations

have been conducted indicating the effect of free stream
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turbulence on the growth of the turbulent boundary laver,
( References 7 to 14 ). Very little information is available,

however, on the effect of free stream turbulence on wakes,

even on the turbulent wake behind a flat plate.

Mc Donald and Kreskovsky (7) performed an overall
turbulence energy balance by incorporating the effect of the
free stream turbulence level in the turbulent boundary layer
equations. The modification in the mixing length due to free
stream turbulence as obtained theoretically on the basic

formulation of Ref. (15) is

~ e . x
4 L( kv k b 1 - AN
—_—_ X 1 p coOs
g, = g tar (--i-:) + ( 1= tanh = ) (—5— 3% )
o cee(2.1)
where

r~
ﬂy is the wake value of the mixing length at any
particular streamwise station, y is the transverse
coordinate, ki is the von Karman constant, and Sb is

the boundary layer thickness.

The average mixing length is related to the free

stream turbulence as

%
0 3 (1 -H
% - 21 1) T ...(2.2)

81:, Y

Hy = gl/g' = displacement thickness/boundary layer
b thickness

T = Free stream turbulence intensity
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= Integral constant

ay constant

But Eqgn. (2.2) is valid only if H, does not vary
appreciably with x and L /L~1, where L is the average

dissipation length.

The expression for the average mixing length can

be simplified if the power law type velocity profile, i.e.,

T = (=L "
U, S

is assumed; giving ® = n/2, Hy = n/(n + 1)
Assuming ay = 0.15, Egn.(2.2) can be written as

X

0.9
n(n+1) T 000(2.3)

In comparison to the 1/7th velocity profile law,

£
Sb

only 3 % free stream turbulence level is required to
maintain an average mixing length of 0.1 Sb which is of

the order of the average dissipation length scale.

It is concluded that 5 % increase in the free
stream turbulence gives rise to 30 % increase in the heat
transfer and the wall friction, as is found in comparison
with the available experimental data. In the foregoing
analysis, an assumption of the constant streamwise pressure
and isotropic free stream turbulence was made. The theory
is good for small turbulence levels only. For large turbu-

lence levels, the theory over-predicts the observed effects.

17
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The effect of free stream turbulence level on the heat
transfer rates for the various configurations is compiled

in Ref. (l6).

Charnay, Comte-Bellot and Mathieu (10) studied
experimentally the development of turbulent boundary layer
on a flat plate in the presence of an external turbulent flow
generated by grids of different configuration in a wind
tunnel at a mean speed of 10 m/sec. A single sensor hot-
wire probe was used in the mean velocity measurement. For
the given grid, a lack of self-preservation in the mean
velocity profiles at different axial locations is reported.
It has been suggested that this is due to the alignment
error of a single sensor hot=-wire probe in a two-dimensional
flow. A cross-wire probe probably could have given better

results,

It is found that the usual velocity defect law for a
a flat plate,

U, -
== = £f(yg,) cee(2.4)
u

modifies to

U, -U
—=—2 = £(y§,) ...(2.5)

8
% m——-
’ 2
u =7, qs

in the presence of free stream turbulence.

where

qz is the root mean square fluctuating component of
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streamwise velocity: Y is the empirical constant:; Ué

is the streamwise velocity: U is the velocity at the

e
edge of the boundary layer: 810 is the boundary layer

thickness and y is the coordinate normal to the surface.

With the increase of free stream turbulence, the
boundary layer grows rapidly, the wall shear stress increases,
the turbulent shear stress and the turbulent kinetic energy
production increase and the mean velocity profile flattens,
while the law of the wake is modified in the outer region
of the boundary layer. The results reported in Ref. (11) are
of a similar nature as those of Ref. (10). Dryden (17) has
shown that increasing the effect of the free stream turbule -
nce level causes the forward shift of the transition region

for laminar to turbulent flow.

Kline et. al. (18) studied the effect of free
stream turbulence on the characteristics of the turbulent
boundary layer on a flat plate in a wind tunnel having a
13.7 cm. square test section with a maximum velocity of 45.72
m/sec. The free stream turbulence is generated with variable
size rods with a maximum diameter of 1.905 cm.:; inserted in
a single row in either the horizontal, vertical or crossed
position. The horizontal distance between the leading edge

of the flat plate and the grid was 22.86 cms.

The experimental results of turbulence intensity
are compared with its decay law originally derived by

Frenkiel (19):
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u _ _‘_l_g 5 - 5/7 ; - 5/7
—.;?— - 6‘ —o (—;—-) .o.(2.6)

and later used by Baines and Peterson (20) as

- 5/7

— = 1.12 ( x/b ) eee(2.7)
U

where
b is the bar width of the grid; U is the local mean
velocity; x and u are the distance downstream from the
mid-plane of the screen and the root mean square value
of the turbulence intensity, respectively and X0 and

ugy are the corresponding values at the arbitrary

starting point.

Egn. (2.7) is in good agreement with the experim-
ental data of Ref. (20) for high value of x/S'but a wide

scatter in data is indicated in Ref. (18).

It is concluded in Ref. (18) that the increase of
free stream turbulence increases the value of wall shear,
the boundary layer displacement thickness and the momentum
thickness. The velocity profiles with large free stream
turbulence do not satisfy the law of the wall. The free
stream turbulence changes the law of the wake. The simila-
rity of the velocity profile in the direction of the flow
is not maintained. Information on the effect of high free
stream turbulence on the skin friction coefficient is

unavailable from this investigation. The mean velocity and
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the turbulence intensity measurements were made with a single

sensor hot-wire probe in a two-dimensional flow and might be
the reason for non-existance of similarity in the direction
of the flow. The measurements should be made with a cross-

wire probe to draw the appropriate conclusions,

Robertson and Holt (21) also studied the effect of
free stream turbulence on the turbulent boundary layer. The
turbulence was generated with a biplanar circular bar grids
of mesh to bar diameter M/d = 5.3, and average speed (mostly)
of 15.55 m/sec. As the axial distance between the grid and
the leading edge of the flat plate was usually very small
( about 6.5 cms,. ), the turbulence generated was anisotropic

and did not achieve equilibrium structure.
The decay in the turbulence intensity behind round
bar grids was given as ( Reference 21 ) :

u 0.78
104 ( d/x ) % eee(2.8)

where
d 1is the bar diameter, u 1is the r.m.s. value of the
velocity fluctuations; ﬁé is the free stream value

of the mean velocity and x is the axial distance.

Eqn. (2.8) is found to be valid for the values

obtained at a distance greater>than 12 4.

It is again concluded in this investigation that

the boundary layer thickness increases, the velocity profile
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flattens, the shape factor decreases and the skin friction
coefficient increases. The turbulence level of 7 % increases
the growth rate by 10 %, while the increase in boundary

layer thickness is reported as 45 %.

Green (22) compiled the influence of the free
stream turbulence on the turbulent boundary layer and concl-
uded that Eqns. (2.4) and (2.5) can be represented in terms

of the Clauser’s shape parameter G, respectively, as

- 1
G = L...._.. ’ 2/cf see (249)

H
¢ = Go(l—‘f-%—f- = ... (2.10)
e

where

Gy is the value of G in the boundary layer of a

gquiescent flow with zero pressure gradient; generally

accepted to be a constant, G0 is nearly equal to 6.5.

The data of Refs.(10) and (11) can be
closely fitted up to a turbulence level of 5 %, to

1 2 u

c S
£ Ug

G = Go( 1 - ) cee(2.11)

where GO is taken as 6.4,

Using Eqn. (2.11) and the skin friction relation,

( Reference 23 ),

\/2/cf = ALnR, * B + £(G) eee  (2.12)

the influence of free stream turbulence on the skin friction
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coefficient , cg; shape factor, H and Reynolds number
based on momentum thickness, Ry , was given by Green (22)

as follows:

At constant Re

Z&.cf u

= 4'8 — CC ) (2013)
Cf Ue
__\‘A H = - [2.4 - 0.25 H __;_1-__ ooo(2014)
H Ue
At constant H
R 0.27
_ééL_Q = =( = - 0.97 ’_2.) _é;. ees(2.15)
Re £ Cf Ue

where G0 = 6,4 and A = 2.47 have been used.

In the above derivation it is assumed that the
empirical constants in the law of the wall are insensitive
to the free stream turbulence. This may be true only for
the low level of free stream turbulence, but the constants

will change for the high level of free stream turbulence.

Thus, from the above equations, it can be concluded
that a free stream turbulence level of 0.2 % increases ocg
by 1 %, lowers H by 0.05 %, and increases Rg by 12 %.

It means that a small increase in streamwise root mean

square velocity fluctuation has the same effect on the slope
of the velocity profile as a fractional increase in Reynolds
number, roughly sixty times as great. But nothing has been

said about either the importance of turbulence scales or the
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influence of pressure gradient,

Hall and Hislop (24) found on the basis of their
experimental results, that the Taylor’s turbulence parameter

correlation, Ref. (25),

1/5 -
T, = (x/M) u,/ U eeo(2.16)

where

M is the mesh size and u is the mean value of the

turbulence component,

could not be established. Here, u, is given by

X
Up (w2 + ve + w® )
= 100 % 000(2017)

Ue 3 U

e
where

u, v, w are the r.m.s. turbulence velocity components.

But the experimental data of Schaubauer (26)
obtained with the grid size of 8.89 cm. and 12,7 cm. were
in good agreement with the Taylor’s turbulence parameter
correlation, implying that the correlation is valid for the

turbulence generated due to large grid size,

Hall and Gibbings (27) fitted their experimental
data incorporating the effects of free stream turbulence on
the start and end of the transition region of the boundary
layer developed on a flat plate. These correlations are

given as follows, respectively:

Um
In( Ry - 190 ) = = 103 ‘Ef + 6.88 ves(2.18)



In( Rg - 320 ) = =44,75u/ U + 7.70 ...(2.19)

where
u, is given by Eqn. (2.17) and Ry is the Reynolds

number based on momentum thickness, e.

Further, they concluded that the increase in the

free stream turbulence reduces the transition Reynolds number

( the transition region reduces ). Egns, (2.18) and (2.19)
cannot be treated as the basis for further developments
because there is a large scatter in the data at low free
stream turbulence (1 % to 3 % ). No data is available for

turbulence level greater than 3%.

Michel (28) gives good review of Refs,( 10,
11, 22 and 27 ) on the effect of free stream turbulence on
the boundary layer parameters. He concluded that the
increase in the external turbulence is accompanied by a
rapid reduction in the transition Reynolds number, more
rapid thickening of the boundary layer, moderate increase of
the friction coefficient, fuller velocity profile and
reduction of shape parameter. When the fluctuating
quantities are referred to the wall friction or the friction
velocity, low external turbulence has practically negligible
effect near the wall. The velocity defect law in the outer

region depends appreciably on the free stream turbulence.

Tsuji and Iida (29) studied experimentally the

effect of the free stream turbulence on the velocity

25



distribution of an incompressible two-dimensional turbulent

boundary layer with no pressure gradient. The free stream
turbulence was generated with a square mesh grid with a
spacing of 50 mm and the rods of cross-section 10 x 10 cm?
The axial distance between the turbulence generating grid and
the test surface was not large enough to obtain isotropic
free stream turbulence. It is concluded in this study that
the free stream turbulence increases the surface shear stress
and mixing length, and decreases the shape factor. The
velocity profiles are derived analytically using mixing

length and eddy viscosity hypothesis as

]E uq:/utwl

—'-—'—Sb = > ©/a%) /3L ee.(2.20)
KT = vT/ ( u* J gb )
’C'/ q:wl

- tenes(2.21)
I 0 @/u*) /oL

where

= shear stress

= \rt;lﬂf’ = frictional velocity
mixing length

= eddy viscosity coefficient

Cﬂ‘_;ﬁ ?er:*d

= y/ gb = Distance normal to the
surface/boundary layer thickness

and J is obtained by integrating the velocity defect
along a tangent drawn at‘t,= 0.2 of the experimental

velocity defect profile.
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The mixing length and eddy viscosity show large

values under free stream turbulence but their values decrease
as the turbulence decays. Eddy viscosity is assumed constant
throughout the boundary layer which is true only in the outer
layer, but not in the inner layer. Thus, the analytical
results are of approximate nature only. To get a better
understanding of the phenomenon, separate consideration
should be given to various regions with appropriate matching

of the results.

A preliminary experimental study by Eagleson et.
al. (30) on the flat plate turbulent wake contains some
passing reference to the effect of free stream turbulence on
the wake of a flat plate in water. This study indicated that
the wake center line velocity in the presence ¢of high free

stream turbulence ( 7 % to 8 % ), may vary as,

-1

~7 ( )

le
-
Qiobﬁ

’ coe (2.22)

a
st

but no information is available on the turbulence quantities.
The above velocity defect decay is much faster compared to
the velocity defect decay for turbulent wake behind a flat

plate without free stream turbulence ( Reference 31 ),

Komoda (32) measured the wake of a 1.0 mm diameter
circular cylinder in an air stream of 10 m/sec, with and
without free stream turbulence. The cylinder was kept at a

distance of 30.5 cm. downstream from the entrance to the

27
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working section, in an Eiffel type wind tunnel, having a

60 x 60 cm.2 closed working section. The measurements of
mean and turbulence guantitiss of Ref. (32) indicazte that the
wake spreads and the intensity of turbulence increase due to

free stream turbulence effect. The structure of small eddies

relating to ( ju/Px )2 is more affected compared to the
large eddies responsible for stress, resulting in a rapid
approach towards structural equilibrium. The results
reported are only for the turbulence levels of 0.17 % and
3.8 %, No information is available on the theoretical

predictions of mean and turbulence quantities.

Experimental study of the wake of a two-dimensional
cylinder placed in a fully developed turbulent viscous layer
inside a two-dimensional channel was done by Eskinazi (33).
Static pressure distribution, decay rates for the mean
velocity defect and turbulence intensity etc., were reported.
The study does not provide information about the Reynolds

stress,

Recently, detailed theoretical and experimental
studies of the effect of free stream turbulence on the wake
developed from the trailing edge of a flat plate have been

reported by Pal and Raj ( 34, 35 ).

The effect of free stream turbulence on various
parameters of boundary layer based on the foregoing review,
is summarized qualitatively and quantitatively in Tables I

and II, respectively.



TABLE I

SUMMARY OF THE EFFECTS OF FREE STREAM TUREBULENCE

(QUALITATIVE) ON VARIOUS PARAMETERS BASED ON REVIEW

S.No. Parameter/Region Qualitative Trend References
1. |Boundary layer thickness Increases 7,11,18,21,22,28
2. | Mean velocity profile Flattens 10,11,21,22,28
3. | Displacement thickness Increases 1g
4, | Momentum thickness Increases 1s
5. | Skin friction coefficient Increases 11,21,22,28,29
6. | Shape factor Decreases 11,18,21,22,28,29
7. | Transition Reynolds No. Rapidly Reduces 17,27,28
8. | Reynolds number based Increases 22
on momentum thickness
9. | Heat transfer Increases 7,16
10. | Production of turbulent Increases 7.16
kinetic energy
11, | Wall shear stress Increases 7,10,11,18,29
12, | Turbulent shear stress Increases 10,11
13, | Mixing length Increases 7,29
14, | Eddy viscosity Increases 29
15, | Transition region Shifts Forward 17,27
l6. | Law of the wake in Modifies 10,11,18,29
outer region
17. | Law of the wall Changes 18
But unchanged 28

for small free

stream turbulence
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TABLE II

SUMMARY OF THE EFFECTS OF FREE STREAM TURBULENCE

(QUANTITATIVE) ON VARIOUS PARAMETERS BASED ON REVIEW

Percentage

Increase in

Percentaqge

S, No.l Parameter Turbulence Variation in References
Level Parameter

1. |Boundary layer 11.0 14.3 ig

thickness 3.9 50.0 11

7.0 45.0 21

2. |Mean velocity 7.0 10.0 21
profile

3. |Displacement 11.0 4,0 18

thickness 3.9 ~9.8 11

4., |[Momentum 11.0 10.0 18

thickness 3.9 =1,6 11

5. |Skin friction 3.9 16.9 11

coefficient 0.2 1.0 22

4.4 15.7 28

4.1 10.8 29

6. [Shape factor 1.0 -5.5 is

3.9 -8.5 11

0.2 -0.5 22

4.1 -8.7 29

7. |Transition 2.5 -53.8 17

Reynolds No. 0.15 -15.0 27

8. |Reynolds No. 0.2 lo0.0 22
based on
momentum
thickness

9. |Heat transfer 5.0 30.0 7

10. [Nusselt’s No. 3.5 100.0 9

11. |Frictional 3.9 9.4 11
velocity

12, |Wall shear 5.0 30.0 7

stress 3.9 19,7 11

13, |Mixing length 4.1 96.0 29

14, |Eddy viscosity 4.1 233.0 29

30
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2.2 Wake - Boundary Laver Interaction:

Experimental data of Love (36) and Armilli (37) on
a cylinder wake submerged in the boundary layer of a flat
plate indicate that the properties of the wake submerged in
the boundary layer are different from the conventional two-

dimensional wake.

The theoretical model proposed by Gartshore (38),
of simple addition of the wake and the boundary layer
defects for the wake-boundary layer interaction using an
eddy viscosity model, is wvalid for two-dimensional and
small deficit wakes. Also, it cannot predict the nature

of the turbulence quantities.

Counihan, Hunt and Jackson (39) attempted the
theoretical and experimental analysis for wakes behind two-
dimensional surface obstacles in the turbulent boundary

layer by making the following assumptions and approximations:

a) The height of the roughness element in the incident

boundary layer, k. , is less than the height, h,, of

r
the body, whose wake is under consideration. hy is

less than the boundary layer thickness, Shﬁ i.e.
§
ky f; hy f; b

b) Far downstream of the wake, the main velocity of the

wake equals its value in the undisturbed boundary

layer.
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c) In the upstream boundary layer region, the mean

velocity profile is represented by the power law:

_ —- n
Tly) = T_ l:(y-yo)/Sb] ceee(2.23)

where

qusis the wind speed outside the boundary layer.

The choice of the exponent n gives the best fit
over the lowest part of the boundary layer where the wake
developes. The value of the exponent n for the best power
law fit was found to be 0.125, Near the roughness element

( wall region ), logarithmic profilé, i.e.

-— * y-Y
Uly) = % pn( 229, . (2.24)

is chosen so as to obtain a better fit to the velocity

profile.

d) Far downstream of the body, the region is considered
in three different categories, i.e., wall region,
mixing region and disturbance region, which is an

inviscid perturbation on the boundary layer flow.

The theoretical results have been compared with the
available experimental data. The velocity deficit was obser-
ved to be in good agreement. But the theory does not adequ-
ately describe the distribution of the shear stress and the
turbulence intensity across the wake. More accurate and
refined measurements of the Reynolds stress, turbulence

intensities and scales are required. Moreover, the case



considered in Refs. (38) and (39) is far from being realistic
because in the usual practice, the wake boundary layer

interacted flow is three-~dimensional to start with.

Bradshaw, Dean and Mc~Eligot (40) studied numeric-
ally the interacting turbulent shear layers by a simple
superposition in a symmetrical duct in which shear stress
changes sign when two shear layers interact. It is concluded
that good agreement with the usual available experimental
data is obtained with the usual empirical input of the
boundary layers while the change in empirical constants is
essential for high turbulent flows, i.e., free jet flows,

In the analysis, eddy length scale is defined only by the
conditions at the edge of the simple shear layer, while the
shear stress width is the width of the largest eddies. It

is more appropriate that the length scale be given by the
integral of the shear stress profile. In Ref, (40), the
numerical scheme is carried out using the method of character-
istics. At all steps except the first, the normal velocity
component is calculated directly from the continuity equation
instead of from the equation along the normal characteristic,
It is also concluded that the interaction does not signific-
antly effect the turbulence structure and if the ratio of the
turbulent shear stress to the laminar shear stress is the

correct order of magnitude, fairly successful mean velocity

predictions are generally obtained.

Morel and Torda (41) applied Bradshaw's interaction

hypothesis using kinetic energy and length scale approach for

33
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two-dimensional free shear flows considering the flow with
velocity extrema as consisting of several interacting layers.
The expression for shear stress, showing that it does not
vanish at the velocity extremum, is derived. The analysis
is valid for two=dimensional high Reynolds number flow,

The interaction hypothesis to a crude approximation is that
the two neighboring turbulent flow fields do not interact
with each other. The turbulence in each region is shaped by
a mean velocity profile, i.e., the structure functions of
simple layers are to be little or not at all affected by
interaction. The shear stress does not change sign in a
simple layer. Thus, it is either a boundary layer or a
mixing layer depending upon the boundary conditions., The
extension of this analysis to axi-symmetric or three -

dimensional flow becomes questionable.

The approach used in Refs. (40) and (41) is a
positive step over the eddy wviscosity model but cannot predict
turbulence quantities. A comprehensive theoretical model

is proposed by Raj (42), which requires experimental input.

It is clear from the above survey of literature
that there is very little theoretical or experimental
information available about the wake-=boundary layer

interaction.
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CHAPTER III

ANALYSIS OF THE EFFECT OF

FREE STREAM TURBULENCE ON WAKES

The main objective of the study of free stream
turbulence on wakes was to incorporate the effect of free
stream turbulence on the wake developed from the trailing
edge of a flat plate. As indicated in Chapter (II), the
understanding of the free stream turbulence effect on wake
may be helpful in the understanding of the wake-boundary
layer interaction phenomena because the former is a case of
interaction of weak mean shear to strong mean shear, while
the latter isra case of interaction of two strong mean

shear flows.

The wake of a body is well described by length
scale ( Ly ), wake center line velocity defect ( Uy ) and
shape of the profile ( Reference 43 ). Thus, the incorpo-
ration of the effect of free stream turbulence on length
scale, wake center line velocity and shape of the profile
leads to the description of the free stream turbulence

effect of the characteristics of a turbulent wake.



3.1 Scaling Considerations and Similarity Analysis:

3.1.1 Governing Equations:

The governing differential equations in
Cartesian and stationary frame of reference for two
dimensibnél, turbulent and incompressible flow after
applying boundary layer approximations and neglecting

normal stress terms can be written as:

T )T — ,
U ———+ V + d (av) = O S ...(3.1)
dx dy dy © dx

1\ %
<y
Qs
<i

LR N J (3.2)

+

01
|
o

o/
S
i

Experimental results described later confirm that
a self-similarity in the wake mean velocity profile is
maintained even in the presence of free stream turbulence.
Therefore, it is expected that the presence of free stream
turbulence will affect only the velocity ( Uy ) and length

( Lo ) scales. If multiples of Q. with Uy and . with Ly

represent the effect of free stream turbulence on the local

[t
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velocity and length scales, then Ql will reduce the velocity
scale , while @, will increase the length scale with
increase in free stream turbulence level. Note that an
increase in velocity scale in a boundary layer due to free
stream turbulence { flattening of velocity profile ) is
equivalent to decrease in wake velocity scale ( wake

velocity defect at the wake center line ).

Considering the foregoing observations and
applying arguments similar to the one given in Tennekes
and Lumley (2), it is not difficult to see that in the
presence of free stream turbulence the wake velocity profile

can be expressed as follows:

e y
R = f£(—) cee(3.3)
Lo 5

where

U, is the wake edge velocity, U is the velocity

in the wake, U, and L, are velocity and length
scales , respectively, and Ql and @, are
turbulence parameters affecting velocity and length
scales, respectively. The form of the parameters

& and @, will be determined from the analysis
described in Section 3.2,
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3.2 Mean Quantities:

3.2.1 VWake Center line Velocity and Length Scale:

Replace uv in Egn. (3.1) with the eddy viscosity
model

al

0
- uv = )} - see (3 04)
T dy
Substituting Egns. (3.3) and (3.4) in Eqn. {3.1) and elimina-
tingT in the resulting equation by the use of continuity

Eqn. (3.2) , the fellowing equation can be obtained:

Lo &2 4 ] .
dx
UO Q]. | |
L. & B T
o %2 d =
- 2 < U U
P ( e Yo ol) £
Uz 2 L |
oy —
1 — q = /
— v W £
+ ax ( e LO Qz ﬂ
UO Ql —
— _— /
- (L @ ) qlr £
| ax 0 2 ]
1 | — 4 — /f
- —_—( U, L
_— = Yo Ly & o)) £ £ d11)
071 b —
))T /4 :
+ f = 0 000(3.5)
0 Lo .1 92
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The condition of self-similarity in mean velocity

/

profile is satisfied, only if coefficients of £, fz,’1,f,
/ / V/4

’1,f £, £ jhf d1L’ and £ are constant. This condition

provides a set of equations such that

L, @,

0 da (u, 02 4 (7
a 0 1), (U Uy &y )
u @ 2 2 dax
1
d (L. o) a a -
o 2, an (U L, &, )
dx d e “o "2
Uy By
are constants and
U
U Lo 2y 2, o )}T .-+ (3.6)

The similarity condition on the momentum integral

of Eqn. (3,1) provides that Uy Ly @, 23 is identically

constant for the non-pressure gradient and is nearly true

for the case of pressure gradient ( Reference 1 ).
Let' Uo Lo Ql Qz = Kl oo a (307)

and consider the case when x/c =2 0.,1. The first and
third terms in correlations (3.6) become small compared to
the other terms because wake center line velocity recovers

to about 60 %. Hence similarity is attained if

Lan & —

0 %2 d

2 2 ax ( Ue Yo Q1 ) = K ees (3.8a)
vy % 2

and



(vU

1 ®
e LO 2 ) = K3 000(308b)

Up &y

where K2 and K3 are constants.

a
dsx

Substituting Egn. (3.7) in Eqns.(3.8a) and (3.8b),

we get
1 ad (5 K, -
, “ax e¥o ®2) = R "4 .9
AN
0 i
and U K
-———1—-2—- -—9 e - 3 = KS 000(3010)
2 dx K

where K4 and Ks are constants.

Adding Eqgn.(3.9) and Egn. (3.10), we get

1 d Y -_-.Ki:_f.s_ = K (3.11)
2 2 dx 2 6 ® 96 L ]
Yo &
Let G; = K, x ™ , a type of functional choice

dictated by the similarity considerations, Ref. (44), then

from Egn. (3.11), we get

-(mtl)/2
Uo Ql = K 8 b 4
eee(3.12)

and m+1 2
L, ®& = K o Y/

where K8 and K9 are constants.

However Ql and 02 are not constant and are functions of

40
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x and T, where T is the free stream turbulence. Since
the right hand side of Egn. (3.12) is a monotonic function,
and from earlier investigations of two dimensional wakes,
(1,2,44) U, is also monotonic. Thus, it is expected that
#, will also be monotonic in character. Therefore, an
appropriate choice of @ is given by the following

correlation:
oy ~ x

where
n~ Fy (T,x)~ Gy (T)
if T is a weakly dependent function of x. For values of

? £ 1, a Taylor series expansion of Gy in T suggests that

Gl(T) = T

Therefore

n ~ T
For convenience taking the constant of proportion-
ality as OQ/?, we can easily rewrite the correlation for

®; as follows:

KT/2
Ql /\J X 000(3013)

If o, is known, apparently the behavior of

[ 2N will be the inverse of & and will be of the form,

- P
92 /\J X / .00(3-14)

Using Eqns (3.13) and (3.14), Eqn.(3.12) can be rewritten as

follows: -(m + 1 +&T)/2
U f"’ X vee (3.15)
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and (m+1+P )y,
LO f\} X 000(3-16)

The coefficient of proportionality in Egn. (3.13)
and (3.14) can be obtained from the following boundary

conditions:

3
i

0, &1 and 1) = 1

when 5

Therefore, the constants of proportionality in
Egns. (3.13) and (3.14) are unity. Since the chord length
of the plate ¢ ' has been taken as the non-dimensional
length ( this is a usual practice in the area of turbomachi —
nery ) and wake origin is assumed from distance xO/b
ahead of the trailing edge, Eagns. (3.13) and (3.14) can be

rewritten as follows:

. K&1/2
o = )
and x xO - ﬂ T/2 000(3.17)
e, = (—+—)
c C

Equating momentum loss through coefficient of drag,
it can be shown that the constant of proportionality in
Eqn, (3.15) is a function ( to a first order ) of the
coefficient of drag, ( CE ) of the flat plate in free

stream turbulence.

Therefore, the decay of the wake defect in the
presence of free stream turbulence and pressure gradient

in a general form may be expressed as follows:



1 - == = ...(3.18)
U, X  x (1 +ALT - m)/2

0
( ;—'+-:-)

where cq is the coefficient of drag with free

stream turbulence ( Egn.6.3).

It can be shown from dimensional arguments that
K  in Eqn.(3.18) is a constant depending upon the turbulence
parameter Qz at the trailing edge of the flat plate and

is of the form of

K
-I-<- — ——-———-——-—10 e e e (3-19)

a+b d

The values of Klo s @ and b were found to
be 2.7, 0.76 and 1.0, respectively, from the experimental
data ( Chapter VI ). For non-free stream turbulence case
and for thick trailing edge, the value of K was found
to be 1.25 (Reference 1). K, xp/c and i for the present
case from the experimental data presented in Chpater(Vi),

were also found to be 1.534, 0.021 and 4.0, respectively.

Similarly, the growth of the length scale can be

represented by the following correlation:

L, - L (1L+PT+m)/

0 _ X 0x
= Ky G ) ... (3.20)

ot

G

where LOt is the length scale at the trailing edge.
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Ky and ﬁ for the present investigation were found
to be 1,05 and 8.27, respectively.

It is clear from Eqgns. (3.18) and (3.20), that
when m is very small ( m~. 0 ) and the free stream
turbulence level is low ( T =2 0 ), these equations
correspond to the case of a flat plate and cylinder wake

when placed in a uniform stream.

3.2.2 Shape of the Profile: Substituting Eqn. (3.8)

in Egn. (3.5) and neglecting the small terms, Egn.(3.5) can

be written as:

/ S, 4
-k, £+ K Y g o+ p /K1 £ = 0
or Y, K]_ K3 / Kl K2
£ + ————T———fzi £ - , f = 0...(3.21)
V. -

Substituting the value of E; and using

Eqn. (3.12) in Egn.(3.8), it can be shown that,

K K
K - _ 9 7( 3m+ 1)
2 K 2
8
*se o (3.22)
and K K -m+ 1
7 9
K3 = ( )
Kg 2

For m = 0, Eqn.(3.22) becomes,

K7 Kg

2 3
2 K8



Therefore, Eqn. (3.21) becomes:

£ 4+ —-—1-—'_;—3—2 £+ —-——-)-)—-31 £ = 0
T T
/Y /
or f + K12 (%f + f ) = 0 599(3023)
where
« K1 K3
12 7 = Rp K, e (3.24)
yT
and

It is observed from the experimental data given

in Chapter (V1) , that

cee(3.2
K3 R, ~J 1 (3.26)

The solution of the Eqn.(3.23) can be written

£ = exp( - Ky RT’WLf /2 ) eee (3.27)

Thus, the shape of the velocity profile is

given by a Gaussian function.

3.3 Turbulence Quantities:

The turbulence gquantities are implicit functions
of mean velocity, mean velocity gradients, shape of the
velocity profile, length scale etc. Thus, similarly to

the mean quantities, the behavior of the turbulence



quantities is also dependent upon the free stream turbulence
level, drag coefficient, axial distance from the trailing
edge of the wake producing body, turbulence parameters,

turbulent Reynolds number and anisotropy of the flow,

A self-preserving solution to the plane wake
problem is well described in the literature, see, for
example, Ref,(2). It is shown in the self-preserving
wake solution that the turbulence velocity scale ( qo ) is
proportional to the mean velocity scale ( U0 ) of the wake

flow, i.e.,
a, L U, ... (3.28)

and the constant of proportionality is of the order of 0.35.
The actual wake is believed to satisfy the self-preservation
solution in the far wake region where the wake evolves
independent of the geometry of the body generating the wake.
The presence of free stream turbulence is not expected to
change the above situation, although it can be shown that
the constant of proportionality in the above correlation
will vary depending upon the free stream turbulence level.
The presence of free stream turbulence also changes the

mean velocity of the wake flow ( U, ).

Substituting Eqn. (3.18) and (3.27) in Eqn. (3.4)

and rearranging, Eqn. (3.4) can be rewritten as follows:

2

uv 2 =1 . -1 +dL1)/2
Tﬁe = (& RT’\Lf) K el (x/c+ xgp/c)

ees(3.29)
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Since the decay of Reynolds stress is monotonic,

it is expected that turbulence intensities also follow a
similar trend, because Reynolds stress is responsible for

turbulence production.

The average value of the correlation coefficient,

u v

ij ees(3.30)
( u? )% ( v° );i

for peak values ( ql/v 1 ) in the presence of free stream
turbulence obtained from the experimental data is 0.44.

For a weak anisotropy,

2
N qo

u ~ v2

Therefore, Ean. (3.29) can be written as,

5 =1 Y o0x
qofu ( ®; R, ﬂt' £/0.44) K Cq ( x/c + Xq /c )

or 1

- »
qqg —~ ( Qi Rp 1L £/0.44) Uy eee(3.31)

In the foregoing correlation, clearly the

proportionality factor is dependent upon the free stream

turbulence since it is a function of ml ., wWhere

&1/2
Ql = ( X/C + XO/C )

Moreover, the correlation Egn.(3.31) is valid for

-(1 +LT )/2
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values of iird l, since for ?: = 0, q, = 0 which is
contrary to the experimental evidence. On the other hand
for ?:,»u 1, £~ 0.6 achieves a maXximum value. Therefore,
the factors on the right hand side must be evaluated

corresponding to their maximum values,

-1 %

However, 2, takes its maximum value only in

the far wake region, x/c T? C.4, where it becomes

independent of T. On the other hand,

1
leax (T,o0) -~/ ~

® T, o)

szax( T, 0)

2max (
eeo(3.33)

But Q5,,x takes its maximum value only at the

trailing edge ( Fig. 6.6 ). Since, we are interested in
regions not too far from the trailing edge, an appropriate

scaling for is @ymax in the present case.

leax

Keeping this in mind, d9 max becomes

X
90 max o~  @opax ( 1.38/Rp ) Uy ... (3.34)

The form of the correlation Egns. (3.29) and (3.31)
and the subsequent discussion suggest that the decay of the
maximum components of turbulence intensity and Reynolds

stress will be monotonic in x. Taking into account the



effect of anisotropy, the semi-empirical correlations

describing this behavior may be written as follows:

/o , 0y (1 +KLT)
Ty max =~ ©3 K cgl x/c + x5/c) ees(3.35)
/ -n, (1 +AL7T )
Ty max =2 C2 K Cz ( x/c + x(l) /e ) : (3.36)
2

/- % ,  =ny(1 +LT)
Tuv max o~ C5|K 4 ( x/c + xo/c )

eee(3.37)

where

| %
/

’ - %
Cy/e, ~ Cy (1.38/R; ) .. (3.39)

/ 2 —
c3/gz2t ~ C, 0.60 / Ry ces (3.40)

/
and xg/c  is the virtual origin. In the derivation of

Eqn. (3.35) “2 = v? was considered, which is true
only for isotropic turbulence. Thus, to account for
anisotropy of the flow field investigated, the constant in
Egn. (3.35) will depend upon the trailing edge anisotropy,
(Ei/ﬁé)t , while in Eqgns. (3.36) and (3.37), this factor

cancels out,

The value of power index, ;i, depends upon the

level of anisotropy in the wake. For isotropic turbulence,

ny = Eé = n, = %. Here, the value of power index Ei and
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Eé was determined from the experimental data ( Chapter VI ).
It is interesting tc note that due to the monotonic nature
of the turbulence parameter,

-P /2

e, = (xg9 /c)

it can be mathematically expressed as

e, =14+¥ T+ ( terms of lower order )

It has been a common practice in boundary layer
study to incorporate the effect of free stream turbulence
on skin friction by a parameter similar to the one, defined
above ( Reference 22 ). For the present investigations

Y was found to be 12.4,

The experimental and scaling values of the
constants given in Eqns. (3.35), (3.36) and (3.37) are

compared in Table III.

The theoretical values are based on the values
of R, = 20, observed in Ref. (34). The value of virtual

/ / /
origin ( xo/c ) was found to be 0.45. Once C;, ©C, and

/

C3 are determined, T can

u max’ Ty max 29 Tyy max

be determined.
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TABLE III

COMPARISON OF THE CONSTANTS OBTAINED FROM THE

EXPERIMENTAL DATA AND SCALING CONSIDERATIONS :

Value of Constants obtained from

Experimental Scaling
Constant Data Considerations
‘c’l 0.340 0.42
52 0.210 0.26
’c'3 0.025 0.030
n
n. 0.320 0.50 (__2 )
l n t
; 1
;‘-2
n 0.200 0.50 (—
n, ( oy )t
ny
" 0.310 0.50 (~——)
R, ( =),
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CHAPTER IV

ANALYSIS OF WAKE - BOUNDARY IAYER INTERACT ION

The main consideration in the development of
theoretical approach is to understand and establish the
general trends in wake - boundary layer interaction. The
analysis also provides grouping of a number of variables
which reduces the number of unknowns and also reduces the
partial differential nature of the governing equations. The
approach presented is an extension of work presented in

Ref. (34).

4.1 Scaling Considerations and Similarity Analysis:

4.1.1 Governing Egquations:

The governing differential equations in Cartesian
and stationary frame of reference for three dimensional,
turbulent and incompressible flow can be written as follows:

Momentum Equations:

T 20,50 .7 dT d (a2 9 ?
U +V + W + 2 _(u¢) + 2 _(uv) + L _([w)
dx | dy 2x by o

oz
B,y XT, 2T, ¥’ T
DX

DV

D %2 d v° d 22
e (4.1a)
- 3-\—7 __a-\-l- - b d — )
— (uv) + 9 (v2) + 2 (W)
U > +be +sz +bx uv +by(V)+Bz wv
=__1___b_§+))(azv+azv+azv,
P Dy d x2 dy? d 22...(4.1p)
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U oW + V 3&§-+5322L+ @) + h_(Ga) + 9 _(w?)
Dx y oz Ox by dz
1 )p X R
= - 5 VST T3 )
P z d x dy 0z
ceof(4.1c)
Continuity Egquation:
ou + 3V + oW = 0 eeo(4.2a)
d x Dy 0z
du . _dv 4 dw = 0 ...(4.2b)
0 x dy Dz

Applying the following assumptions

for the wake

53

boundary layer interacting flow ( Fig. 4.1 ) to the

foregoing equations:

1. The boundary layer thickness and the wake width are
of the same order of magnitude but both ara

small compared to the chord length.

2, Due to the choice of the coordinate system ( Fig. 4.1 ),
mean velocities in the normal and lateral directions
are of the same order of magnitude and are very small

compared to the velocity in the axial direction.

3. A high Reynolds number approximation is used, i.e. the
viscous stress terms are neglected compared to the
turbulent stress terms. The case considered is not

too close to the wall.
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4. There is no external pressure gradient in the normal,

lateral and axial directions outside the wake.

5. All turbulence intensities are treated as the same

order of magnitude, i.e.,

2
u2 ~ v ~ w2

and these are assumed to be nearly constant across the
wake center line in the lateral direction and their
variation with respect to the normal direction near
the wake center line is small in the interacted outer

region.

6. A turbulent diffusion model is used for replacing
Reynolds stress components in terms of mean velocity

gradients, i.e.,

Tij/.F = - u, u, =—))Tib-ﬁi/3xj

i3
( for 1 # 3 )
We obtain,
- - _ 2 — 2
— dU _3¥U  _ dU ~) U DU
Ux—+V—+W - GO ¢ + )
dx ? 2z 10 242 22
= - 1 )-‘5 ...(4.3a)
P O x
U d v +VBT+WDV 2%V = 0 (4.3b)
d x zy dz T2 9 22 - I
2
o s w W
28 +-\7—b—ﬂ+- ow 2

= 0 ...(4.3¢)

cl
o/
®
-4
<
o/
N
3
W
o/
~
N



dW

T AV -
% + 3>y + Y = 0 eee(4.3d)

Writing the velocity defects:

—— — - U hr-ud

T = T = Yaf®) e(]) - Ugfxe2) & (x,2) £ (%)

Vo= Uy 2 Byixz) (M) + F(Y) L (a.4)

W o= Ud3(X.z) b, (x,2) f3(1t1)

where

Ud is the wake center line velocity defect outside the
0

interaction region, ?? is normal velocity profile outside

the interaction region and Udl . Ud— and Ud3 are the
2

perturbations in velocity defect due to interaction in the
x,y and z directions, respectively. .Ei( i=1+%o03) and

¥i (i=1to 3 ) are the velocity and length scale

parameters simulating the wake boundary layer interaction.

Y - ... (4.52)
Lo

Yy - - .e..(4.5D)
Lo ¥

where L, is the length scale of the wake in the interaction

region and is measured in the y direction. Since the wake
before interaction is two-dimensional and we are interested
in the changes of EO only in the y-direction, the

parameters

Yy - ¥ 5 and ;73
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are equal.

The nature of the interacting parameters, .Ei and
-\;J,, will be determined from the semi-empirical
i

considerations and experimental results,

The following boundary conditions dictated the

choice of Egn. (4.4) :

(a) At the wake center line,

W %m0, T—>

(ii)1l/1—-b— 0, z—p»% , U =1U -«-=Ud
0
This condition is also equivalent to the
condition for x £8
(b) At the wake edge,

pzl—""'b" . U —> ffb(z)

where ﬁb—b Ge for Z —p DO

The wake and boundary layer thickness

without the interaction can be represented as follows:

gb = Fz(x)

and
Sw F3(x)

This indicates that at the start, the wake is two-
dimensional. However, after the wake and boundary layer
interaction, Sb and S'w will be functions of x, y
and x, z respectively; because the boundarv layer in the
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y direction is interacted by the wake velocity defect in the

y direction while the wake in the y direction is interacted

by the boundary layer in the 2z direction.

Therefore,

1 b = Folx,y)
§

Substituting Egns. (4.2a, 4.4 and 4.5) in

c..(4.6)

F (x,z)
w 3 ’

Egns. (4.3a), (4.3b) and (4.3c) and rearranging; we obtain,

4.1.1-1 ﬁ o EQIlation:

5 Ya, » IV, | ,
(U dO f + Lo (U 'lL f + Udo 3% £
2 v
Ug, Lo R u, | #
0 4 - > —
- ££+Y —2r. [o§ & WU, e
T a, 0
L0 L 1l LO e dx 1
. =
+7) 2__(Ud1 ®) | £+ e Va1 & » (L Y >,
Ty 922 1 EOT"I dx
Vo Ug ® - - 2 pY _ I
217471 _33;.(1-0 ¥, 2'M 2_E._(txdl«,l) _};__(LO ¥,)
— z - T = 2z 3z
2 32 Lo ¥

2 o
'),Tl 191 0 (L Vl) Y £ + ..b_.(Udel )
T, 0 1 5

£ £
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Ug. Ug, 2 = / U, Ug, &y L /
_ | el ® b}SLO Yo Y, &£ |28 % Oy ¢ ¢
ro Yi LO
[ = Y /
+|ug 8 2Wayey)| 2 |Ta 0 (L, ¥)|Y. ¢ ¢
T, p; O% 1 71 H
_ o ¥i
— _ -
Yaglo ¥i ) (Ug L, |/ e d (Ug, L
- > < 00 f“(f d"L- >z do*g) flj.f d7L
_ Do Lo
r — -
—| 90 2 (W, 3L, Vi) iy 2, - Y™ ) (ug T, ¥,)
dx 1 1 1
|~ To s

2
. =0
- h (____)2 bz01 (11 f
LO Yi. .oo(4o7a)
4.,1,1,.2 vV - Equation:

®
l:{,' g(U o,) )) 22 (Udzez’]f *l: dzz B(Loyl
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= 5 0z
LO yi LO
U, Uz @ — - / daL -
a
| 8022 ) ¢ V)"Lff--—g-—off-u 2,-2(0g, 2,); ¢
— o "i'| L1 2 L 1 2 172
| _ 0 "i
T’dl’bl”dzgz 9 (T, ¥,y vay B ~
H—— 3% 01 2R A £t
— 0 Yi I‘o
_ v =
dp 2 (U a% — /
+ T 2 (v Lo) |£, \£ d"’L + ——;(Ud 2Ly Yy) fszlay
|0 T § 1
o 'i
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4.1,1,3 W - Equation:

U d(uy 0 3 )L
~1"a s ®) g - 2 );(Lo‘f’i)"Lf 4
0 3 I v dx 1t f3
L __0\'/1
- _ U3U§ - -
—|Ya, .é_(ud@)f g | G 1 4373 _;b_(oy) /
1% 577980 g £ - Y i'}{lflfB
- - o ti
. a5, d (U4 1) as®5 3 W, 35 )/
N % 0 fjf d‘lVr — Sn d,M1% Ty f3_(f1d‘lt
0 _ L ¥s 3

2 _2
- U5, @ -5 /
.= 8 ( 2 _|_93% 3@ V.)
+,jd3° Dz a,%3) £ z 01 £33

-
Y d3 /Y
LT |, =0 ...t
(Ly ¥y)
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If the wake velocity defect outside the interaction

. . 2 —2
U
region is small, d0< U, then Ud°<< Uy, . Also Udl'

Ud and Ud

are perturbations to Ud due to the
2 3 0

interaction effect. Therefore, these are not expected to be

reater than Uy . Hence Ug Ugq , Ug U Ug..Uq., Us. Ug »--

etc. will be smaller compared to -T.-Ii. ( This is also evident
from the experimental data presented in Chapter VII ). 1In
addition, the terms associated with £ and ’f’provide a
solution of the non-interacted ( 2-dimensional ) wake. This

solution for Uy ( U, is given in Ref.(34) and hence
0

terms representing non=interacted wake have already been
taken care of. Using the foregoing considerations,

Eqns.(4.7a, b and ¢ ) are simplified to:

o 2 — =U
T (U u.Vqa _ —
a7 A UUND ©ady) | |2 L 2T ¥y
bz LO \f/i )x

U. ® 2
+2))T1 1) 0@, Y 27)11 d (v33) 2. V.
@, 7% 0 T gy, 27 Y%l
0 "1 0'1
Vo 0s 8, w2 — - W VB (- - T
- S N 0T R Bt W e I YR
- - 2 = 2%)
1 - J—
LOYi 32 l _(I"O i) z




ﬁe R (Uszz) - ‘)) B (Ud Q ) £ +
o2 *bz 2

oY, -
2 T2 \3 (Ug 92) 3 (L0 Yo _ _Be a8 3 (Ty ¥;)
Lo Y1 ¥, 0%
- 2 U, B 52 T
2 TR, (Y T, ¥, T, 4,72 9 @, ¥,) y
(B F02* 7 2 o7, 0% 1 2
1
V, Ua @

Vz (LOY)] "Ll f

oo (4. 8b)

[
P~
ol )3
o N
€|
'J
b N
N
")
N

eeo(4.8c)

, LoYi
Multiply Egqns.{(4.8 a, b and ¢) by ——
2
(Ud1°1)
Lo Yi Lo¥;
)2

and

respectively and obtain the
(U . U —
equations in the non-dimensional form:
2
ey 4 y V4
oy fitc, Py fy o= =Ti/ey £ +TTL epfelf (:19 )
o e e a
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/ 2 //
t ¢ Ny £, = C4/% ))T;(,lfz oo (4.9b)
/ /4
- T
- _b.._(Ualggl) le ) (Ua, 2, ) )
* U bzz cl
€ T ... (4.10)
Y - ,
2 T —
2@ Y, 1 [ bb T, ¥y
- - - Z

= ),2
2 z z Udlbl )z
= c2 000(4011)
Ug, &1 Lo ¥y = o .e.(4.12)
2
D ©. ¥
-2 _ ) -
[ , 0 c, .o (4.13)
V 2
-— T —
‘ob (vg,8,) T2 2 (V3,5
X Ue dz
= c 000(4014‘)



U
d2Q2 ox Ug Eg z z
2
V, >y
2 T - - T vy
- 2 3 (Ly Yi)] + 2_ 2 (Ly Y;)
Uy @, Lo Y & ‘ v, B, 0z°
= L 3N 2N .1
c6 (4.15)
Ye ToYs _9d (ug T ) = c ... (4.17)
U2 -2 ox 3
d3 03
v 2 (T, ¥,
= — bx 0 i = cg e ee (4.18)
Ua, 05

A similarity condition on the momentum integral of

Eqns. (4.8 a, b and ¢ ) also leads to

&, L0 Y. = Constant OC vT ve.(4.20)

Ug 32 Lo¥Yi = Constant & sz ve.(4.21)

2, Lo ¥i = Constant o '))T3 veo (4.22)
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and the above constants are proportional to eddy viscosity

which may be different in all three directions.

The similarity condition requires that the

2 7 /
f
coefficients of f3, VU, £1.Y7 £ ( Egn. 4.9a ), f2.1L1f20
U /

2
qbl £, (Egqn. 4.9b) and £4, —%bl f3 (Egn. 4.9c) be independent

/ /N /7
of y, since the coefficients of fl' f» and f3 on the

right hand side of Egns. (4.9 a, b and ¢ ) are constants due

to Egns. (4.20), (4.21) and (4.22).

Substituting constants ¢ ¢ in c, and c¢

3 4 4’

¢y in c¢g, it can be shown that

and

Substitutin c_ i d ¢ i nd
g 5 in c8 an 10 in c9 a

dividing, it can again be shown that

I
4 &

Ug

— = Constant = ¢ eoe(4.23)
Y 11
3 73

Thus the problem of wake boundary layer interaction
given by Egns. (4.10), (4.14) and (4.23) may provide the
solution for the perturbation velocity defects in x, y and

z directions, respectively. These solutions are as follows:



4.1.,2 Solution For Velocity Defects:

4.1,2,1 U = Solution: Substituting Eqn.(4.12) in
Eqn. (4.10), we obtain,

- - Yo 2 _
U D (Ug., 2y) _ 1 P._.(UdQ) 3_3
e 1l 1 + = 1l 1 =c, U. @
X U 022 1 "a. %
e l
000(4’24)

Egn. (4.24) is non-linear partial differential
equation, the analytical solution of which is difficult
if not impossible. So, the following engineering approach
is offered. 1In the interacting region, the perturbation

velocity defect ( Udl/ﬁg ) at the wake center line is of

small order. Therefore,

U

1| K

Ue U

U
d
e

Hence for the first approximation, Eqn. (4.24)

can be written as:

2 V4 ® v'rl S 2,

dy
_—=) + —= (——)
Ox U, U dzt U,

= 0 -00(4025)

Defining a similarity variable,

z
'} = zm ...(4.26)

taking

X
= (& H(%) ... (4.27)
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and substituting Eqns.(4.26 and 4.27) in Eqn. (4.25) and

rearranging, we get,

"4 — _/
H + 2 (H+§H) = 0 ees (4.28)

The solution of Eqn. (4.28) is

— 2
H = exp(-—*&, )
Therefore,
U ®. 2
9 1 x 5 -4
_ = (%) e ees(4.29)
Ue
Since U U

d* Va, * Ud3 are perturbations over

a two-dimensional velocity defect in non-interacted wake,
physical reasons suggest that their emergence in the inter-
acted region is due only to the presence of the second flat
plate. This condition can be expressed mathematically as
follows.

Ud [ Ud — 0

i.e., if the coordinate system in the solution of Ud R Udz
1l

and Ud3 is chosen from the trailing edge of the first flat

plate, the x coordinate has to be represented by X - S,

Therefore,

) e eee(4.30)



Therefore, it follows from the momentum integral

that,

c ¢ ...(4.31)

However, (1)

1 and :Pl. are not constants

and represent wake bhoundary layer interaction. Therefore,

Si and §7i are functions of boundary layer
parameters only. Since Udl , 'Eb are also functions

of x and 2z, the only way Eon. (4.30) can be satisfied

is when both Udl and Ei are of the form given on

its right hand side, i.e.,

L

where Ixz is of the following form

s ~ ( < ) e

and ’r?'i ~ Gy®RY, x) M~ Gy(R )



A= way T TP

if rR" does not change much with x. Physical reasoning

+
suggests that the function 63 (R') should go to zero when

+
R—ip»®0, 1l.2., at the outer edge of the boundary layer. A

first order expansion of G, in RY suggests that,

,;i ~J ocl/a"' or -,acl/R+

where Jl is the constant obtained from the experimental
data. For physical reasons, we will represent 31 as

o
_ | x-s-!s-j.z 1/ R
e ~ | (/——) e
c

follows,

coo(4.32)

if Ql is known, the behavior of Y; will be

the inverse of 31 and will be of the form,

-

2 '.dg.l/k
_ x=-85 =k -4
vy, ~ (--:-—-—) e cee(4.33)

Using correlations (4.32) and (4.33), correlations

(4.30) and (4.31) can be rewritten as,

1 -«li/n+
2
U -
d1 - -— (x - S)-;’ o é
U g ¢ ceo(4.34)
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1 KR

c ] .. (4.35)

The coefficients of proportionality in
correlations(4.32) and (4.33) can be obtained from the

following boundary conditions, i.e.,
+ - —
When R —pvo , @ = 1, ¥, =1
i.e. wake does not interact with the boundary layer.

Therefore, correlations(4.32) and (4.33) can be

rewritten as, e 1=t

- 2
- X = S -5 - 15
| —) e :l ... (4.36)

— 2 -&I/R‘*.
— X - S ')';5 e_@ ]
eeo(4.37)

Y. = | T

Similarly the variation of length scale can be

represented by:

L ot
_ S
L - L - b
0 Ot - K (x-S) eé‘
4 c eeo(4.38)

where LOt is the length scale at the leading edge of the

flat plate on which boundary layer is developed and is

obtained from correlation (3.20).
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4.1.2,2 V - Solution: Following a similar procedure

procedure to the U - solution, using Eqns.(4.14) and (4.16),

it can be shown that,

Ud2 52 _!E _ 2
—_— (X-5 4 . % e..(4.39)
U, e

Combining correlations (4.39) with the momentum
integral, (Egn. 4.16) and following the same arguments

as for U - solution, it can be shown that,

2
Udz - x -8 =% -@
= = K2 (—-—?;———) e
Ue eeo(4.40)
Since the EB representation will remain the
same as for ﬁ, it suggests that dCl. = daz
14
and hence E& and ﬁ’z can be represented as follows,
OC» +
2/R
_ [ X - S -k _52—1
62 = ( ) e
— 277 /R
( X - S )'% 'é;
- = .- e
¥, L ¢ ]
L Y (4042)

4.1.2.3 W - Solution: The W - component solution

at the wake center line ( 063 ) requires some explanation.

Since there was no W - component in the wake before the



boundary layer interaction started, it is clear that the
appearance of a W - component in the wake is due to the
wake boundary layer interaction only. This interaction is

characterized by the parameters '51 or 32 and '71 and

and hence an appropriate choice for Ud3 and I‘O will

be

v -
63 cC F4 ( Ql)
and eee(4.43)
To o ()
The nature of -\P 1 and L has already been

0

established (BEqns. 4.37 and 4.38). This suggests that,

T VA —- ... (4.44)
0 am——
¥y

Threfore, to satisfy the momentum integral,
Egn. (4.19) and (4.23),-

Ya, L 2 (L = L Ug ... (4.45).

2 & 3

This solution is similar to the one reported for
a three dimensional wake ( References 45, 46 ).

Therefore,



+

]
~
Lo

1 -&1/3
U 2
ds X - S -k _-_;—.:I
—_—) e
eos (4.46)

e
- -s =% _42 1/rt
x-5 e’;] /R
...(4.47)

fl
)

_x..S _;5 -3'2 —&I/R-b
LI ]

Y3 c ...(4.48)

Thus, the complete solution for the wake velocity

defect for U, V, W components and length scale ( fb )

can be written as

Vs  Ya® Vay _ oy x+x 7
= + — = — = K Cd (—-——-—-—.—-—-)
U, U, Ue ¢ S
- x -5 % &
+ K (———) e
1 (o4 00(4049)
_ 2
Uy 9. _ x -8 =% _4
2 L o= Kz ( c ) e 300(4050)
E;
Ud3 e, _ X -5 =% 4}5_1
— = K (—— e-
U 3 c ...(4051)
e — +
_ -1 ey /R
_ _ 2
0 ot = K4 ( z ) e
o c —

ees(4.52)
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CHAPTER V

EXPERIMENTAL EQUIPMENT, METHOD,

INSTRUMENTATION AND DATA PROCESS ING

The objective of this experimental program is to
study the characteristics of a wake due to free stream
turbulence and wake boundary layer interaction. The study
includes the measurements of mean quantities, turbulence
intensity and Reynolds stress at various axial, lateral
and normal locations. Energy spectra are also measured
in the interacting region. The details on both of the
above mentioned experimental programs are described in

the following sections:

5.1 Free Stream Turbulence Work:

5.1.1 Equipment Used in the Experiment:

5.1.1.1 Wind Tunnel: The open circuit wind tunnel

was used in the experimentation. An electric moctor of
20 h.p. with a maximum speed cf 1800 r.p.m. is used to
drive the fan. A uniform velocity ( up to 27 m/sec )
of small turbulence ( -~ 0.4 % ) 1is obtained at the

entrance to the test section. The velocity corresponds
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to the mass flow rate of 6.48 Kgm/sec. The cross =

section of the test section is 45,72 x 45,72 cmz.

5.1.1.2 Turbulence Generating Grid: Free stream

turbulence was generated with the help of two grids [%ig.
5.1 (a) and (52] . Grid I consisted of a combination of
square bars placed horizontally and vertically and has the
dimensions M/b = 3.25, b = 1.27 cm., where M {is the
spacing between two consecutive sguare bars and ; is the
dimension of each bar having sgquare cross-—section. This
grid produced a free stream turbulence level of 5.23 % at
the leading edge of the flat plate. Grid II, constructed
of maple, has the dimensions M/d = 6.57, 4 = 1.11 cm.,
where d is the diameter of each grid cylinder. This grid
produced a free stream turbulence level of 7.23 % at the
leading edge of the flat plate. The horizontal distance
between the grid and the leading edge of the flat plate was
27.3 cms. The main criterion for the selection of the

grids was to produce two different free stream turbulence

levels at the leading edge of the flat plate.

5.1.1.3 Traversing Mechanism: The traversing

mechanism, holding the probe and resting on the circular
rails, was capable of varying the location of the probe in
the axial, lateral and transverse directions. Clamps were

used to hold the mechanism firmly on the rails to damp

vibrations. The probe could be traversed in the radial as
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as well as lateral directions manually, in steps of 0.03 cm.

using the traverse mechanism. The axial location of the

probe could also be changes manually.

5,1,1.4 Test Model: The test model consisted of a

flat plate ( Fig.5.2 ) made of precision ground non =
distorting stainless steel of the size 45.72 x 14,92 x
0.238 cm3° Levélling of the flat plate was verified at

the start of the experimentation.

The flat plate was mounted firmly in the wind tunnel
in the x = z plane ( Fig.5.2 ) so that the wake produced

from its trailing edge varied in x - y plane.

The measurements were taken downstream of the
trailing edge of the flat plate, for near and far wake, with

and without free stream turbulence.

The flow Reynolds number based on the inlet
average velocity and chord length was 2.56 x 105,
2.07 x 10° and 2.45 x 10° at turbulence levels of
0.004, 0.0523 and 0.0723; respectively. The corresponding

average mean velocities were 26.62, 21,52 and 25.46 m/sec.

5.1.1.5 Probes Required for the Experimentation: A

three hole prism shaped measuring section probe, made of
corrosion = resistant non - magnetic stainless steel, was
used to measure the mean velocities in the lateral direction

and at six axial locations, ( Fig. 5.2 ), in the wake of a
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flat plate. This three hole probe was 609,6 mm. long,
having 3.05 mm tip diameter and 1.52 mm take off tube

diameter fé6r the connections to the pressure transducer, etc.

A single sensor hot = wire probe ,2/ D ratio of
340, was used to measure free stream turbulence. The wire
diameter was 5 micron ( 5 x 100 ) and was made of
tungsten. The resistance of the wire was 6.15 ohms. This
wire was used to measure the turbulence level outside the

wake with and without free stream turbulence.

A cross-wire probe was used to measure the wake.
The sensors of the cross-wire probe were of tungsten. Each
sensor was of 5 micron diameter, and had the length to
diameter ratio of 300. Both wires were of approximately
equal resistance ( within 0.15 % ). The stainless steel
prongs had a diameter of 0.5 mm and taper off towards the
sensor. The shortest distance between the two adjacent
prong tips was 0.8 mm. Two prongs were 9.1 mm: the
other two were 7.9 mm long. An overheat ratio of 1.5
was used for both wires giving good compromise between the
durability and sensitivity of the wire. A high over=heat
ratio increases the sensitivity but decreases the durability,

i.e., there is a risk of burning the wire.
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5.1.2 Method and Means of Measurement:

5.1.2.1 Measurement of Mean and Turbulence

Quantities: The mean velocity profile

and turbulence quantities ( V u2, \/vz, uwv ) were

measured at six axial locations ( Fig. 5.2 ) with and

without free stream turbulence., All the hot-wire
equipment used was DISA made. The probe was calibrated
using a calibration unit, pre-calibrated pressure
transducer, two anemometers, channel selector, digital
voltmeter, and peripheral equipment. An auxiliary unit
was used to inverse the input signal of the second
channel of the anemometer. The signals were fed to a
battery operated dual summing unit having a gain
constant of 0.33. The output from the sum and
difference unit was fed to the RMS voltmeter which was
connected to the digital voltmeter through a channel
selector. The output of the anemometers was also directly
fed to the digital voltmeter as well as through the

RMS voltmeter.

The probe was connected rigidly to the probe

holder and the holder was adjusted in such a way that the

plane of the cross-wire coincided with the plane of the
flow. The probe was rotated in its own plane so as to

o
adjust the angle of the flow to 45 to the cross-wire.



The root mean sgquare values of turbulence fluctuations
in volts were measured and the data was processed
according to the method used in Ref. (35) and the following

eaquations were obtained using King’s law:

— B 3 —
2 e U
u ‘[2 < 1 1l
— = 2 — o] T:
'Ue E. + Kc/Z nl El E- - (EOI/EI)J Ue

.
— —_
32 I-J
+ - 2 >
| E [:1 (Ey,/E )2:] U
Ny 2| = \E02/%9 e |

ees(5.1)
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/_5 -
el U1




84

2
—uvwv 2 es
= = — 2 < 5
U 2 2 _2 _
e [G 1+ Kc/z—).] ny Es E- - (EOZ/E-Z) J
e
2 2 E 2
U, €a 1 &
2 22 = 3 2
ees(5.3)
where
u? v2 and ;;‘ are the turbulence intensity

components in the axial and lateral directions and
Reynolds stress, respectively. Uy, U, are the mean

velocity components of sensors 1 and 2 respectively.

Egy e E02 are the voltages for zero velocity ;,’ei ,\[Zg

are the rms value of the fluctuating voltages for sensors

1 and 2, respectively . Gep is the transfer function of

the summing unit. J ui and J u, are the rms value of

the turbulence intensity for sensor 1 and 2, respectively.

U, 1is the local outer edge velocity. Kc is the correction

correction factor due to l/ﬁ ratio of the sensor and

ny and n, are the hot-wire constants.



5.2 Wake Boundary Layer Interaction Work:

5.2.1 Equipment Used in the Experiment:

5,2.1.1 Experimental Set-up and Test Model: The wind

tunnel and the traversing mechanism needed for the
experimental set-up are described in Section 5.1.1. A
schematic of the experimental set-up and the test model

is shown in Fig., 5.3.

The test model consists of two flat plates
( Fig. 5.3 ) mounted perpendicular to each other. The flat
plate producing wake is in the x = z plane so as to give
the wake variation in the x - y plane. The flat plate on
which boundary layer is developed and the £f£low becomes
interacted, is in the x - y plane so that the boundary
layer varies in the x = z plane and thus the interacting

flow becomes three-dimensional ( X =y = z ),

The flat plates were made of precision ground,
non-distorting stainless steel. Each flat plate was of
45,72 x 14,92 x 0,238 cm3. The distance between the
two flat plates, S in the axial direction can be varied
up to 25.4 cms. so as to establish the interaction effect
of the near and the far wake. In the present study, the
spacing between the two flat plates was kept as 1.0 mm,

44.7 mm and 89.4 mm. so as to obtain S/c ratios of 0.00%
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0.3 and 0.6, respectively.

To obtain a thicker boundary layer a 40 XHD c¢cloth
belt, Garnet, made by Abrasive company, was pasted with
rubber cement from the leading edge up to a distance of
38.1 mm axial distance, covering the complete width of the
plate. The sieve passing through the Tyler standard screen
mesh no. 4 having an opening of 4.7 mm but not passing
through mesh no. 8 with opening of 2,362 mm, was glued over
the belt with the help of Elimer’s glue to increase the
turbulence level as well as the boundary layer thickness.

To avoid abruptness, another piece of 40 XHD clcth belt of
width 76.2 mm was glued with the help of rubber cement,
adjacent to the first piece giving the good boundary layer
thickness as well as turbulence level for measurements.
Measurements were performed at =x3/c = 0.68 and 0.88 for

each spacing X3 was measured from the leading edge of the

second flat plate.

The flow Reynolds number, based on the total mean
velocity ( 23.15 m/sec ) and on the chord length of the flat
plate, was 2,2 x 105. The flow Reynolds number, based
on the total mean velocity at the first measuring station
( xl/b = 0,68, z/¢ = 0,026 and S/c¢ = 0,007 ), was
3.58 x 105. The corresponding total mean velocity and the
total axial distance were 22.15 m/sec and 251.7mm,

respectively, where axial distance was measured from the

leading edge of the first flat plate.
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5.2.1.2 Calibration Tunnel: The three dimensional

hot~wire probe was calibrated in an air jet,

The calibration tunnel included a variable speed

blower, a diffuser fitted with axial vanes

so as to reduce secondary circulation, a plenum chamber and
a bell mouth nozzle terminating in a short cylinder through
which air was discharged to the atmosphere. The jet
produced in the tunnel is parallel to the axis of the
cylinder and of constant magnitude over a cross-section
perpendicular to the cylinder axis at the exit of the
cylinder. The appropriate adjustment of the blower and the
variac could provide the steady air jet velocities

(~ 110 m/sec ), having negligible turbulence intensity.

5.2,1.3 Probes Used in the Experiment: The prelim-

inary measurements of the interacting region were taken
using a single wire probe, described in Section 5.1.1.5,
to measure the approximate values of the total mean velocity

and the total turbulence intensity.

A triple sensor hot-wire probe ( Fig. 5.4 ) was
used for the detailed measurements of the interacting
region. This probe has three orthogonal cylindrical hot-
wire sensors; each supported by two prongs. Each sensor
is made of tungsten wire, with D = 0.000381 mm ( 0.00015’)
and L = 1,27 mm ( 0.0S” ). This provided an /D ratio
of 333.33. All the three sensors were of nearly equal

resistance ( within 0.65 % ).
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5.2.1.4 Spectrum Analyzer: Energy spectra, in a

frequency domain were measured, with the help of Panoramic
spectrum analyzer, in the wake boundary layer interacting

flow for the near and the far wake interaction.

Following the preliminary adjustments, the abscissa
of the frequency spectra was calibrated by giving the known
frequency signal ( up to 20 KHZ ) through the wave analyzer,
with the appropriate adjustment of the sweep width dial
( 0 to 200 KC ) and other necessary controls. The ordinate
scale was calibrated using the appropriate controls for

DB scale ( O to 60 DB ),

5.2.2 Calibration of Three-~Dimensional Hot-Wire Probe:

The three-~dimensional hot=wire probe was calibrated
in the core of an air jet apparatus,-_ﬁsing pre -
calibrated pressure transducer, three anemometers, digital
voltmeter, RMS voltmeter and oscilloscopa . . The velocity
in the tunnel was varied from zero to 80.0 metres/sec;
covering the full range of measurements.
The readings of the pressure transducer and the three
anemometers through the digital voltmeter were noted and
the calibration curve for each of the sensors was obtained

9
using King s law.

5.2.3 Method and Means of Measurements:

5.2.3.1 Measurement of Mean Velocity Profile: Two

wake profiles were measured at each axial location and for
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each spacing. Two axial locations were chosen for measure=-
ments for each spacing. The stations of measurements for the

interacting region are shown in Table IV and Fig. 5.3.

The preliminary measurements were taken with a
single wire probe. These measurements helped in choosing

the probe intervals in the critical regions of measurements.

The detailed measurements of mean and turbulence
quantities were taken with a three sensor hot-wire probe.
The approximate mean velocity and turbulence intensity
obtained from the single wire data were compared with the
corresponding values cbtained from the three sensor probe

and were found to be in good agreement. The mean velocity

components cbtained by three sensor probe were plotted

for further discussion ( Fig. 5.5 ).

5.2.3.2 Measurement of Turbulence Intensity and

Reynolds Stress: Three components of

turbulence intensity ( w2, vl . w2 ) and three

components of 1fui uj (=fuv, -pvww, - pwu ) were
measured with three sensor hot -~ wire probe and its

associated anemometry. The output signals from three

anemometers were connected to the integrating digital
voltmeter to obtain the components of turbulence intensity.
The output signal from the anemometers were inverted using

an auxiliary unit. The sum and difference of the signals



TABLE IV

LOCATION OF STATIONS FOR WAKE-BOUNDARY

IAYER INTERACTION ( FIG. 5.3 )

Xy /c Stations z/c Profile S/c
0.68 1 0.010 0.007
Wake 0.300

I,
2 0.026 0.600
0.88 1l 0.010 0.007
Wake 0.300
11 2 0.026 0.600
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Figure 5.5 Calibration Curve of a Three Sensor
Hot-Wire Probe
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were obtained with the help of dual summing unit. The
output from the dual summing unit was fed to the integrating
digital voltmeter through the RMS meter so as to obtain the
r.m.s. value of the sum and difference of the outputs of the
anemometers. The initial oscillations of the anemometers
was kept to zero with the help of the oscilloscope with the

appropriate adjustment of the Q and L screws,

5.2.3.3 Spectral Measurement: The energy spactra at

six axial locations and at the wake center line, 1 mm up
from the wall were measured with the help of a spectrum
analyzer, using a single wire probe. A wave analyzer was
used for the appropriat; frequency setting. Photographs
wefe taken with the help of oscilloscope camera. The camera
uses the Polaroid film roll of Type C=42, The image to the
object ratio is close to unity. Scaling in the picture

area is very accurate and the magnification is constant.
Each print was cocated with the print coater immediately
after the print was removed from the camera to increase

the durability of the photograph.

5.2.4 Data Processing:

5.2.4.1 For Three Sensor Probe: The general method

of data processing from equations of triple sensor hot-wire
anemometry is given in Refs. (45,46). The same steps are
followed here, Accordingly,

2 2 n;
Uef,i = [_( Bi - Eoz )/ Dij oo (5.4)
i=1,2 and 3.
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where Uéf,i and E; are the effective cooling velocity

and instantaneous voltage for sensor i, respectively.

The hot-wire constants Egj , Dy , nj Wwere
obtained from the calibration curve ( Fig. 5.5 ). The

value of ny obtained from the calibration curve was 0,484.

The relation between the actual mean velocity
vector , U, and the effective cooling velocity, Ueg,1,

can be expressed as:

2 -2 2 2
Ugg,i = U |cos 5’1 + Kg,i sin 51:] eoo(5.5)

where {;1 is the angle between the mean velocity vector
and normal to the sensor i, in the plane constituted by

the sensor i, and the mean velocity vector. Ke,i is the
correction due to cosine law depending upon the length to
diameter ratio of the sensor i, material of the sensor i,

and the velocity range.

Since all three sensors have the same length to

diameter ratio and are of the same material

Ke,1 = Koo = Kg3 = K

Thus, Egn.(5.5) can be simplified as:

2 5

3
D : cer(5.8)

i=l 2 + K

gy

The value of Kc i can be obtained from the
9

following equation, ( Reference 47 ),
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l1.D 4
Ke,1 = cot Dy |2y ""—";;‘L ) =1
cos 5i
ees(5.7)

For low incompressible speed and the length to

diameter ratio of the order of 340, the average value of

K., i obtained from Egn.{5.7) and Ref,.(48) was 0.195,

aAngles of the sensors to the probe can be

determined as:

2 -2
,9 = Sin-l 1 - Uef.i / U
i 1 X 2 veee(5.8)
c

Thus, the components of the absolute velocity
vector along the three sensors of the probe can be

written as,
Ui = H sin Gi e i= 1l to 3 oo.(sog)

However, in the present case, to obtain the mean

and turbulence quantities in the required form,

1, The plane containing sensors 2 and 3 ( y-z plane ) is
rotated by an angle 91 » 80 that sensor 1 is in the axial
direction. The magnitude of angle &3 obtained from the

o
probe configuration was 35.264 , ( Fig. 5.6 ).

2. The plane containing sensors 2 and 3 is next

rotated by an angle 0> about the x - axis, so that sensor



Figure 5.6

Coordinate Transformation and Symbols Used in Hot-Wire
( 3 D) Date Processing
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3 points in the 2z-direction and sensor 2 in the y =
direction., The transformations are similar to those in

Refs,. (45, 46).

If 1, 2 and 3 are the directions of the
sensors forming an orthogonal system, 1', 2' and 3 .
are the directions of the sensors after first transformation
forming an orthogonal system and x , y and z are the

orthogonal Cartesian system ( set-up axes ), then

2 2 1
Ul. = ( Uz -+ U3 ) sin 91 + Ul ces 61 ¢oo(5010)

2 2 % 2 2
(UZ- R (u, + u, ) cos 8, - Uy sin 6; ..(5.11)

where,
2 2 % —
(Uz + U3 ) L H cos ’91 ’ oo e (5.12)

Let 93' be the angle, the velocity vector
EJ-_ cos ’91 makes with sensor 3, then,

cos © 3 = sin‘gé/ cos’91 ess(5.13)

sin 63 = sin$§ / cos";f1 ees(5.14)
i.e.

2 2
Uz, = ( Uzl + U3’ )% Sin 63 000(5015)

5
U’ = ( Uy o+ Ug' ) cos 8, ees(5.18)

where U, and U3 are the velocity components along the
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intermediate axes, making an angle of 92 = 45° to the Yy
and 2z axes, respectively. Therefore,
Ux = Ull ceee (5017)
UY = cos 6, (U, + Uy ) eeo (5.18)

Combining all the earlier transformations, the
mean velocity components along the set-up axes, can be

written as,

2 2 S
U, = (U, + Uy ) sin ey + Uy cos 8 ...(5.20)
Uy = 0,707 (sin 9 + cos 0 )

[}U + U % cos @, - Uy sin 0;] ees(5.21)

_ . 2.% .
Uz = 0,707 (cos 93 - 8in 93)[3?3 + U3) cos 8; - U; sin é;]
o o0 (5.22)
g, U, Uy, ®; and 83 are known; therefore

therefore, the mean velocity components along the set-up

axes are known,

To obtain the turbulence quantities from the
measured data, the following equations, as explained in

the Appendix A are obtained. The listing of the computer

program for the data processing of the interacting flow is

given in Apvendix B.
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2 5 2 'E = —
- Uz us + U + 2 U3 Uyumu
22 cos2e. + 3u3 ¥ 2 uy ___i 2u243 . 25
l 1 2 1
U2 + U3
"63 U, u, "'Fz u, u, 5
+ sin 2 61
- - %
2
(2 + v} )
000(5023)
2 2 . 2 2 == —
2 2 "2 3 °3 2735273
= a| u, sin 61 + °°52°1
T2 2
U2 + U3
_ _ %
U2 ul u2 + U3 ul u3 .
- sin 2 6,
( U2 02 )!5
2 * Y3
000(5.24)
B 2 2 2 2 ——— ——
—2 U. u + U, u, + 2 U,V u
=b usin291+ 2 "2 3 73 2323cosze
1 — 1
2 2
- U2 + U3
_ _ X
U u u + U u, u
- 2 1 2 3 13 sin 201
i) 2k
( u, + U, )

ees (5.25)
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02 K] + U2 2 + 2 0.0
—3 3% 7 2% 23 Y2"3
ux uy = a ;5( _u]_ + ) sin 261
U2 + U2
2 3
'ﬁ u, u + U u u ]
+ 2 1 2 3 %1 3 cos 28
(Ug <+ U% ) 000(5026)
e G u. u + G u, u
Gu =abl|lusin‘® - —2 1 2 3 1 3 sin 28,
Yy 1l 1 —y iy L
(Uz + U3 )
22 +vP W® 420 U v
+ 2 2 3 3 2 3 23
cos 9
_5 ——5 l
U2 + U3
'..(5.27)
g — e ——— e
B U2 2 + 02 2 + 2 U,U
- u u 2V3uyus
o u =b |%(-u +—m———3 3 ) sin 26y
Z °X 1
u? + Ul
2 3
U + U
2 1Y 3 %Y
+ ‘ p— cos 291
2
(U2 + Uj )
ees(5.28)
where,

b = cos 6, { cos e, - sin o, ) «es(5.30)
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Thus, from Eqns.(5.23) to (5.28), ug, \ 9y, Vuz ,

u, uy ¢ uy u, , w, u,  can be calculated as the right

hand side of these equations is known; giving the three

components of turbulence intensity and Reynolds stress

along the set-up axes, respectively.

5.2.4.2 For Frequency Spectra: Energy frequency

spectra were measured with the help of a spectrum analyzer.
However, a wave number representation of the spectra is
needed to the understanding of turbulence structure from
theoretical considerations., One~dimensional wave number

spectra are defined as ( References 4, 49 ),

2

Pl v
J F) o ~ 1 (5.31)
5 u ‘

where F(k) is the spectral energy at wave number k.

Writing Eqn. ( A-6 ) for a single sensor, i.e,

i = 1 and removing subscript i,

:2 2 e?
= 000(5032)
U n [1 - (50/5)2] E

The spectra distributions obtained from the
spectrum analyzer in tho frequency domain are transferred
to the wave number domain and are obtained in the

average sense from the actual spectra in frequency domain,
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The approach followed to transfer the freguency dependence

( £ ) to wave number dependence ( k ) is as follows:

2 R E

U

k = ees(5.33)

By definition,

Db = 20 chlo (V ;i /‘/;3 ) ees(5.34)

Also
T2
Fk
______;(_)_. ~ s eeo(5.35)
2 —
u 2 N %

where £ and Db are the frequency and

magnitude, respectively of the spectrum at any location.
a2
€0
present case,

Substituting J u2 and J e2 from Eqns. (5,32)

and (5.34) respectively, and rearranging:

is the reference voltage taken as unity in the

1/n
Db/20 | 2 2
F (k) ~ 2 10 B =B 1
z n (1 - E/m?] E D 2N F
... (5.36)

Thus, at any frequency, £ , F(k)/ u2 and k
can be calculated from Eqns. (5.36) and (5.33),

respectively.
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CHAPTER VI

EXPERIMENTAL RESULTS AND COMPARISON WITH

PREDICTIONS OF FREE STREAM TURBULENCE WORK

The trends in the mean and turbulence characteri-
stics of a wake in the presence of free stream turbulence
environment are presented in Chapter (III). The
experimental data presented in this section is used to
establish the semi-empirical correlations to predict the
decay of wake velocity defect, wake width, wake profile,
maximum component of turbulence intensities and Reynolds
stress. Using the experimental data, the concept of self-
preservation is also examined. The various unknown

constants appearing in Chapter (III) are also determined.

6.1 Inlet Mean Velocity Profile:

Mean velocity profiles are measured across the
wind tunnel test section in x, y, and z directions without
the test model to establish the uniformity in the inlet
flow. The data is presented in Figures 6.1(a), (b) and
(¢). At location (x/c = 2.83, where ¥ is the axial
distance from the grid ), the deviation from the mean
velocity is below 6.5 %. However, at the locaiion where
the wake profiles are measured, the maximum variation in
velocity profile from the mean value is less than 1.5 %,

[:Fig. 6.1 (b), (c) and Table Y:] .
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TABLE V

VARIATION IN THE MEAN VELOCITY PROFILE IN X, Y AND Z DIRECTIONS

WITH AND WITHOUT FREE STREAM TURBULENCE

Grid Cross Turbulence | Maximum Variation in ﬁ/qbat Sy.| Maximum Variation in
. level at x/c = 2.83 X/c = 1.56 mb-| U/Upe in Working Rang
Section the L.E. y/c z/c v/c ollat X/c = 2.83 in e[
y/c z/c

No Grid 0.0040 + 0.5% |+ 0.5% | +1.7 % N |t0.2%|+0.2%

Square 0.0523 +3.0%6|+3.5%| +4.9 % ] [x1.2%|+1.2 %
Grid '

Circular 0.0723 +4.8%6|+4.6% | +6.1 % O |£1.4%]|+1.4%
Grid

80T
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6.2 Free Stream Turbulence lLevel:

The variation of the free stream turbulence level
(T ) with downstream distance beginning with the leading
edge of the flat plate is shown in Figure 6.2. It is clear
from Figure 6.2 that T is a weakly dependent function
of x/c behind the trailing edge of the flat plate. This
is one of the assumptions made in the development of the
analytical model. The free stream turbulence level at the
leading edge was found to be 0.4 % for no grid, 5.23 %
with square bars grid and 7.23 % with circular rods grid.
However, at the trailing of the flat plate, the point of
beginning of the wake, the free stream turbulence level
was found to be 0.4 % for no grid, 2.56 % with square

bars grid and 4.0 % with circular rods grid.

6.3 Mean Quantities:

The data is presented in the dimensionless form
using ‘e’ and E; as dimensional parameters; ¢ being
the chord length of the flat plate and E; is the local
mean velocity at the outer edge of the wake. The experi-
mental behavior of the mean velocity, wake width,
similarity, turbulence parameters, displacement thickness,
momentum thickness, shape factor and energy thickness of

the wake in the presence of free stream turbulence will

be presented in the following sections,
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6.3.1 Mean Velocity Profile:

Mean velocity profiles at six axial stations and
for three inlet free stream turbulence levels are plotted
in Figures 6.3(a), (b) and (c). It is clear from these
figures that the presence of free stream turbulence did not
disturb the symmetry of the profiles. An observation was
made that the instrument readout was more stable near the
wake edges for the cases of data presented in Figures 6.3
(b) and (c) than the case of data presented in Figure 6.3
(a). This probably was due to the fact that the presence
of free stream turbulence reduces intermittency at the wake

edges,

6.3.2 Wake Recovery Rate:

Variation of the wake center line velocity with
downstream distance for three free stream turbulence levels
is presented in Figure 6.4 (a). It is clear from this plot
that an increase in the free stream turbulence level
increases the wake recovery rate., A logarithmic plot of
data presented in Figure 6.4 (a) is shown in Figure 6.4 (b).
The change in the slope of lines in Figure 6.4 (b) represents
the change in velocity power law. For a change in free
stream turbulence lewvel from O to 4 percent, the velocity
power index changed from - 0,50 to -0.58, Based on this
change in velocity power index, the value of K in
Egn. (3.18) suggests a value of 4.0. For a free stream

turbulence level of the order of 15.0 %, which is the case
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in multi-stage turbomachines, the velocity power index will
be of the order of - 0.8 for the no pressure gradient case
and is significantly larger than the ordinary power law of
- 0.5 for no free stream and no pressure gradient.case.
Note, therefore, that the above change in velocity power
index is pure}gﬁﬁue Fo the effect of free stream turbulence.
Earlier observation by Eagleson et. al, (30) on the flat
plate wake data indicates that a presence of free stream
turbulence of the order of 10 % changes the velocity

power index to the order of = 1,00 and is consistent with

the trends predicted by the present correlation (Egqn.3.18):

. U, T x, - +k 1) /2
- = K e¢e_ ¢ + —)
U 4 c c
e eeo(6.1)

The constant K in Eqn, (6.1) was found to depend upon the
value of Qz at the trailing edge and is given by the

following correlation:

2.70 cee(6.2)

+
Q2t 0.76

X =

For zero free stream turbulence case b2t =1,0

and E' becomes equal to 1,534, which is of the oder of
magnitude of 1.25 reported in Ref,(l). The discrepancy
in the value of K is due to the fact that the
correlations developed in the present investigation are
based on the flat plate data while the correlations given

in Ref. (1) are based on isolated airfoil data. The
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trailing edge thickness in each case 1is different. The
value of xo/c in the present investigation was found to
be 0.021. The coefficient of drag in the absence of free
stream turbulence was found to be 0.0064. The coefficient
of drag in the presence of free stream turbulence was
obtained from the modified correlation given in Ref. (22)

and is as follows:

cd = ch ( 1 + 408 T ) 0-0(603)

A few important obserwvations can be made from
Figure (6.4) about the wake center line velocity:
a. The effect of free stream turbulence on wake center
line is predominant only in the near wake region,

x/c £ 0.3

b. The wake center line velocity recovers to about 65 %

for x/c £ 0.1.

c. The wake velocity power index is strongly dependent

upon the free stream turbulence level.

d. The constant of proportionality in Egn. (6.1) is

dependent upon the trailing edge conditions.

The available data on the effect of free stream

turbulence on the cylinder wake 1is beyond the range of our
experimental data. Therefore, it is not possible to
compare the two data. However, the trends indicated are

similar to the one obtained in the preSént investigation.
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The data of Ref.(30) is also shown in this figure. This

data is for a turbulence level of the order of 6.8 %.

6.3.3 Length Scale ( Half Wake Width ) :

The effect of free stream turbulence on the
variation of wake length scale in the downstream direction
is shown in Figure 6.5. It is clear that free stream
turbulence increases the length scale in the downstream
direction. The increase in length scale of the wake is

adequately given by the following correlation :

(1+Pr/2

cos(6.4)

Lo = DLgg

% = 1,05 ( x/c )
ccd

where LOt is the value cf the length scale at the

trailing edge of the flat plate. The value of F’ cbtained
from the experimentalldata is 8.27. The predictions of
the growth law for the length scale of the wake with down-
stream distance in the presence of free stream turbulence
are in good agreement'with the data obtained eXperimentally
( Fig. 6.5 ). It is interesting to note that the increase
in exponent of the length scale is nearly twice the value
of the exponent of the recovery of the wake center line
velbcity. This is due to the fact that free stream
turbulence acts more strongly at the wake edges than at

the wake center line.

The available data on the effect of free stream
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turbulence on the cylinder wake ( Reference 32 ) is beyond

the range of our experimental data. Therefore, it is not
possible to compare the two data. But for far

wake, an increase in length scale is observed

and is consistent with the present investigation. It can
be concluded that the higher is the free stream turbulence,

the quicker is the growth of the wake.

6.3.4 Turbulence Parameters:

The parameters Ql and Qz are known as

turbulence parameters. They are given by the following

equations derived earlier in Chapter (III):

) = X 4+ 0 /2
1 = (= - ) ees(6.5)
bz
X
2, = (X ,-2) «e.(6.6)
c c

It is observed in earlier Sections 6.3.2 and
6.3.3 that o, was found to be 4, P was found to be 8.27
and xo/b was found to be 0,021 from the present invest-
igation. The plots of 2, and e, are shown in
Figure 6.6. As mentioned in Chapter (III), these para-
meters represent the effect of free stream turbulence on
velocity and length scales, respectively. The behavior
of & and &, is inverse to each other. While &,

reduces the velocity scale, mz increases the length scale
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with increase in free stream turbulence. However, both the
parameters approach unity for zero free stream turbulence
level or for far downstream distances where the free stream
turbulence is substantially dissipated. The plots of
these parameters also indicate that the maximum effect of
free stream turbulence is felt only up to =x/c £ 0.2 and

and this effect is negligible beyond x/c 7 1.

6.3.5 Similarity:

In Figures 6.7(a), (b) and (c¢) an effort is made
to reduce the velocity profiles given in Figures 6.3(a), (b)

and (c) to a single curve. For this purpose, L QZ is

used as the length scale while U, 21 is used as the

velocity scale. L, is the distance from the wake center=-
line to a point in the lateral direction where the velocity
defect is 50 % and the velocity scale Uy = fle - Gc'

It is clear from Figures 6.7(a), (b) and (c) that the
similarity is maintained to a good extent and the

similarity profiles are well described and lie between

2
2
the functions E - (1/2)1'5] and exp ( -,‘b /2 )

wher (Z = y/l'..o e, .

The ratio 2 is found to be nearly

Uec

constant at all the axial locations beyond x/c » 0,05

( Fig. 6.8 ). This confirms the similarity assumptions
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made in Chapter (IIXI). However, for x/c £ 0.05, a slight

UoLo o, @
1 2 is observed.

scatter in the value

U e
e

6.3.6 Displacement Thickness, Momentum Thickness,

Shape Factor and Energy Thickness:

The variation of displacement thickness ( gi).
momentum thickness ( @ ), shape factor ( H ) and energy
thickness ( S 2) with downstream distance from the
trailing edge of a flat plate is shown in Figures 6.9(a),
(b), (c¢), and (d), respectively. It is clear from
Figure 6.9(a) that the displacement thickness is very
slowly deéreaéing, i.e., nearly constant with downstream

‘distance. This is also predicted from theory, since

o
8’ = _(( 1 - E' ) dy
1 A 3,

after substitution of Egn. (3.3), can be rewritten as:

=]

S.1 = Jolo %, v(f d"L ees(6.7)

c Ug ¢ -0

It is also shown in Sections 3.2.2 and 6.3.5 that
the similarity profile 'f' , can be well described by the
function:

£ = exp( - 1L?/2 )

Therefore Eqn. (6.7) becomes:



C

0.03

0.025

Figure 6.9(a)

Variation of Displacement Thickness With Downstream Distance

symMBoL | Ty, E. %
o 7.23
o 5.23
N 0.40
>
111
N~
o o]
a (o)
o
a
A o a
- A o
a
| | | | | | |
0.0 0.1 0.2 0.3 0.4
x ./ ¢

6¢CT



130

§ U, Ly o
= . o "o %1 % (2K );5 ...(6.8)
c T, o

Since Ug Lg @y @, = K, from Eqn. (3.7).

Therefore, E 1 is constant for a given level of free

stream turbulence. A plot of Uy Ly 2 o, /U e (Fig.6.8)

e
when multiplied by (2 "k gives the results presented
in Figure 6.9 (a). However, note that the larger is the

free stream turbulence, the higher is the wvalue of 8 1 ¢ as

is evident from Figures 6.8 and 6.9(a).

The momentum thickness, Figure 6.9(b), on the
other hand, increases slightly near the trailing edge and
further downstream ( x/c =2 0,075 ) becomes constant. This

trend is also predicted by theory, since

8o
e =‘(U (1-U ) dy
U U
'ooe e

after substitution of Egn. (3.3), becomes,

Ua L & U
0 “0 2y 02
o = ——2 (1, - =—1,)  ...(6.9)
U
e U,
0 o0
where 2
Iy = jf dﬂf/ and I, = Sf d%

Rearranging Eqn. (6.9)

9 K1 U, @
— = SR NS 0
C - Il - pu— L Iz oo e (6010)
Ug ¢ 14
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Since for a given similarity profile, £, I and

I2 are constant and Uo 2y decreases with downstream

distance. However, further downastream ( x/c > 0.38 ), the

term Uy Q]_/Ee <41, therefore,

8

¢ Ue ¢ c

Note here also that the larger the free stream
turbulence, the larger is the increase in momentum
thickness. At the trailing.edge, free stream turbulence
levels of 2.56 and 4.00 percent increase the momentum
thickness by 9.56 and 15,92 percent respectively,

compared to the free stream turbulence level of 0.4 %,

‘The shape factor, ( H ), is obtained from Egns,
Egns. (6.8) and (6.,10), H = 81/9 and can be rewritten

by the following equation:

1 -1 +£r)/2
1 e e
H g x/c ceo (6.11)
= —— (14 )
He

where Qlt and Ht are values of Ql and H at the

trailing edge. The theoretical curve ( Equation 6.11 ) is
plotted together with the experimentally obtained results,
Figure 6.9(c), and is found to be quite satisfactory. It

is clear from the data and Eqn. (6.11) that free stream
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turbulence reduces the value of shape factor.

Energy thickness, 82, Figure 6.9(d) increases
slowly with downstream distance up to x/c¢ = 0.25 and then
starts decreasing with downstream distance. This is also

predicted from theory, since
o
pull -2
§ — (1- —
2 ) Ue 2 )
-0 e

q

after substitution of Egn. (3.3), can be rewritten as:

2 2
¢ Up Lo 2, o, Uoy Y0 &
= 2 I, «3 — 1 4+ —8——1I
2 — 1 = I, 2 I
Ue e Ue
where I3 = ‘f3 d‘L
-0
Rearranging Eqn. (6.12),
Y K Ug @ vl o2
1 0
-2 - —— |2 a3 —m2, 21 ;
c 1 o 2 -2 3
Ua ¢ e Ug

eees(6.13)
Since for a given similarity profile, £, I3 , Iy
and I3 are constant and U, @ decreases with downstream
distance, therefore, Sz/c , lncreases with downstream
distance, BHowever, further, downstream ( x/c > 0.38 ), the
term U, Ql /Tq <4 1.0, therefore,

gé ~N 2K ~ 24

c Uag ¢ c
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It is also observed that the increase of free

stream turbulence increases the energy thickness.

6.4 Turbulence Quantities:

The data on turbulence quantities (\/uz,\/vz. uv )

are presented in the dimensionless form using 'c' and 5;
as the dimensional parameters for the axial distance and
the turbulence intensity, respectively. Decay behavior of
maximum values of turbulence intensity and Reynolds stress
is presented. Correlation coefficient and self =

preservation parameters are obtained.

6.4.1 Turbulence Intensity:

Longitudinal and lateral components of turbulence
intensity for three levels of free stream turbulence and at
six axial locations ( Fig.5,2 ) are shown in Figures
6.10(a) to 6.10(f) and Figures 6.11(a) to (f), respectively.
Longitudinal and lateral components of turbulence intensity
were found to be nearly symmetrical about the wake center
line, Peak values of the components of turbulence
intensity occur away from the wake center line. It is
observed that the distance in the lateral direction from
the wake center line to a point where the maximum value of
turbulence intensity occurs, increases due to free stream
turbulence and to the distance downstream of the flat plate
trailing edge. It is also observed that the turbulence

intensities increase with increase in free stream
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turbulence level,

The foregoing observations can be easily explained,
Due to mixing from both sides of the wake at the center
line, the turbulence dissipation is nearly constant, while
the turbulence production is zero at the wake center line
and increases until it reaches the maximum value near}ﬁ =1,
Near ) = 0, the production of turbulence is equal to
zero hence a dip in turbulence intensities is observed at
the wake center line, The shift in maximum of turbulence
intensities with downstream distance is associated with the
wake spreading ( growth ) while the shift in maximum of
turbulence intensities with increase in free stream
turbulence is associated with the variation in the mean
velocity gradient due to free stream turbulence effect.
The increase in the wake turbulence intensities due to the
increase in free stream turbulence level is associated with
the increase in drag coefficient and other related para =
meters given in Eqns. (3.35) and (3.36). Another
interesting observation is that the point at which the peak
values of turbulence intensities occur, lies in the
neighborhood of the point where the velccity defect is

equal to the defect required for half wake width.

The components of turbulence intensity tend to
approach values nearly equal to the free stfeam turbulence
values at the wake edge because near the wake edges the

production of turbulence is negligible as compared to the
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free stream turbulence. Thus, at the wake edges, free
stream turbulence predominates. The longitudinal component
of turbulence intensity is observed to be nearly twice the
values of the lateral component with and without free
stream turbulence, especially at the location of the

occurrence of the maximum values.

6.4.2 Reynolds Stress:

Reynolds stress for three levels of free stream
turbulence at six axial locations is shown in Figures 6.12
(a) to 6.12 (f). Reynolds stress distribution about the
wake center line is anti-symmetric. The maximum value of
the Reynolds stress occurs in the vicinity of the
occurrence of the maximum values of the turbulence intensity
because the velocity gradients are usually maximum near that
location. Reynolds stress decreases sharply after the
occurrence of the maximum value. At any fixed location in
the wake, the Reynolds stress increases with increase in
free stream turbulence level. This trend is predicted by

Eqn. (3.37).

Reynolds stress tends towards a finite value in
the presence of free stream turbulence at the outer edge
instead of tending towards zero as is the case of no free

stream turbulence.

6.4.3 Correlation Coefficient:

Figure 6.13 shows the variation of the correlation
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coefficient ( Rij ) between the maximum values of the

turbulence stress and turbulence intensities, defined as,

Rij = ®oe (6‘14)

for three levels of free stream turbulence as the distance
downstream of the trailing edge of the flat plate varies.
It is clear from Figure 6.13, that the correlation
coefficient varies between 0.39 to 0.48. For a nearly
homogeneous turbulence, the value of correlation
coefficient is nearly 0.45. Clearly, the value of the
correlation coefficient for the maximum turbulence
quantities foﬁ all the free stream turbulence levels, is
far from this value in the present investigation.
Therefore, turbulence cannot be'conéidered homogeneous in

the region of occurrence of maximum values,

6.4.4 Self-Preservation:

The self~preservation of wake in the presence
of free stream turbulence can be examined by considering
the following two turbulence production terms in the

turbulence energy equation for a two-dimensional mean flow,

2 T —_— D
(u - v )....%..._ and _uvbu
X by

The first term represents production of

turbulence due to anisotropy in the flow while the second
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is due to non-~homogeneity. Clearly, the first term is

responsible for the creatiqn of non self-preservation in
the wake flow. Near the trailing edge, the two production
terms are of comparable magnitude. Farther downstream,
however, the first term becomes smaller than the second
term. The distance beyond which the first term becomes
small depends upon geometry of the body and external flow
conditions, i.e., it will be smaller for streamlined bodies

than for the bluff bodies. Therefore, a parameter 'P°,

- du ]
DY
P = — . —
2 > AT ee.(6.15)
(u” =w ) 5
— x -y = L
0

where Lj is the length scale, should be able to describe
the self-preservation of flow. In shear dominated flow,
for P 7 1, the flow approaches self-preservation, while
for complete self-preservation P must be greater than 10
( Reference 48 ). Figure 6.14 represents the variation of
P with distance downstream of the trailing edge of the
flat plate for three levels of free stream turbulence.

It is observed that the higher the free stream turbulence
level, the greater is the tendency of wake flow towards
self-preservation. The increase in P with the increase
of free stream turbulence is mainly due to the increase in

turbulence stress which implictly depends upon turbulence
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parameters, axial distance in the downstream direction, free
free stream turbulence level, etc. For x/c '7 0.1, the
flow is nearly self-preserving. It is also interesting

to note that 'P' increases sharply with the increase of
free stream turbulence for x/c £ 0.1, because of the large
production of the turbulence energy near the trailing edge.
However, energy production is comparatively reduced for a
distant wake region and hence for x/c¢ > 0.1, P varies

slowly with distance downstream of the trailing edge.

6.4.5 Decay of Turbulence Quantities:

Maximum value of the longitudinal component of
turbulence intensity, from the self-preservation consider-
ation, was cbtained in Chapter (III). The value of kg/c
obtained as 0.45 from the experimental data. Figure 6.15
(a) shows decay of the maximum value of the longitudinal
component of turbulence intensity, for three levels of
free stream turbulence, varying with distance downstream
of the trailing edge of the flat plate. The following

correlation equation is also plotted:

~0.32 (1+AT)

C,’O.34(1+?T) ch(x/c+x/c]

u max eee(6.16)

The data is found to be in good agreement with the
correlation Egn. (6.16). As is clear from the comparison
( Fig. 6.15 a ), the higher the free stream turbulence,

the higher the value of the longitudinal component of the
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turbulence intensity. Turbulence intensity decays in the

downstream direction with and without free stream
turbulence because of the decreased effect of turbulence
production in the downstream direction. This trend is

consistent with the earlier results ( Reference 32 ).

Figure 6.15 (b) represents the decay behavior
of the maximum values of lateral component of turbulence
intensity for three levels of free stream turbulence with
distance downstream of the trailing edge of the flat plate.
The comparison with both the experimental data and the

following correlation equation,

| ~0,20 (1+{T)
vmax':.’o.zl(l'l':f'l') 'Izc: (x/c+x:)/czl
eoo (6,17)

is found to be good. The general behavior is similar to

that of the longitudinal component of turbulence intensity.

The decay of the maximum values of the turbulent
shear stress, obtained from the experimental data and the

following correlation equation, 5

2 -0.31 (1+4T)

T ~ 0.025 (1 +-T_‘1‘) X c;;( x/c + x;/c )
uv max

ces(6.18)

is shown in Figure 6.15(c), for three levels of free stream

turbulence. It is observed that with the increase of free
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gstream turbulence, the maximum value of the turbulent shear

stress increases, Maximum value of shear stress occurs in
the vicinity of the occurrence of maximum values of the
components oOf turbulence intensity. The increase in free
stream turbulence increases the lateral distance from the
wake center line to the occurrence of the maximum value

of the shear stress,

The correlation Egn. (6.18) and the experimental
data are in good agreement, except at the trailing edge,
where the correlation Eqn. (6.18) over-predicts the values,
Turbulent shear stress decreases in the downstream
direction with and without free stream turbulence because

of the decrease in velocity gradient.

The power indices for decay rates are very close

to those found in Ref.(1l).
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CHAPTER VII

EXPERIMENTAL RESULTS AND COMPARISON WITH

PREDICTIONS OF WAKE BOUNDARY LAYER INTERACTION

The experimental data and semi-empirical correlat-
ions for wake boundary layer interaction effect on mean and
turbulence quantities are presented in this chapter. Semi-
empirical correlations for the wake welocity defect and
wake width are shown to be a function of axial distance,
normal distance, spacing, chord 1ength of the flat plate
and turbulence interaction parameters. Turbulence
interaction parameters describing the effect of wake
interaction with the boundary layer on length and velocity
scale are also established, Experimentally, the decay of
the maximum values of the three components of turbulence
intensity and Reynolds stress are established. Observations
on the variatién of the spacing and interaction effect are
made. The correlation coefficient of the peak values of
the turbulence intensities and Reynolds stresses is also

discussed,

Wake profiles were measured at two axial
locations and two normal locations for three values of
spacings ( Fig. 5.3 Table IV ) giving the far wake inter-
action with the inner and outer regions of the boundary

layer.
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7.1 Mean Quantities:

Mean velocity is normalized with respect to the
axial component of the local outer edge velocity, while the

axial and normal distance are non=dimensional with respect

to the chord length and 2 ,/x 'VTi/ ﬁé . respectively.

7.1.1 Mean Velocity Profile:

The axial component of mean velocity profile of
a wake for two axial stations and two normal locations at
each axial station for different wvalues of spacing ratio
is presented in Figures 7.1(a) to (d). The profiles of
lateral and normal components of the mean velocity are‘
given in Figufes 7.2(a) to (d) and 7.3(a) to (4),

respectively.

Both sides of the wake about the wake center line
were measured. The number points of measurements on both
sides, however, were not equidistant from the wake center
line. A slight asymmetry about the wake center line in
the axial, normal and lateral components of the mean
velocity profile is observed. This asymmetry is due to
non-uniformity in surface roughness layer in the y-
direction. The axial component of wake center line
velocity increases with the increase in spacing and is due
to the wake mixing and recovery. The velocity defect

decreases in the inner region of the interacted boundary
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layer as compared to the outer region. This is due to the

stronger interaction of the boundary layer on the wake.

The lateral component of the mean velocity is
slightly larger towards the outer region of the boundary‘
layer. The velocity defect in the lateral component of
mean velocity at the wake center line decreases with the
increase in downstream distance. Lateral component of the
wake center line velocity is about 15 % of the axial

component for S/¢~ 0,007, while it decreases to about

7 % for S/c 7 0.03.

Normal component of the mean velocity is about
6.3 % of the axial component at the wake center line for
S/e ~ 0.007, while it decreases to about 2 % for
S/c :; 0.3 because of the least effect of interaction felt
with the increase downstream distance. There is a dip in
the normal component of mean velocity at the wake center
line and the maximum of values occur away from the wake
center line. The values of the normal components of mean
velocity at the outer edge of the wake are higher for
S/c ~ 0.007 as compared to S/c ~/ 0.6 in the outer region
of the interacted boundary layer because of the stronger
influence of wake., For S/¢ = 0.6, the values of normal
component of mean wvelocity at the outer edge are higher in
the inner region of the interacted boundary layer as
compared to the outer region, because of the strong

influence of the boundary layer. Even the wake center line
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value of the normal mean velocity component is higher in
the inner region of the boundary layer as compared to the
outer region of the boundary layer. The opposite is true
for the wake interaction ( S/c 7~ 0.007 ) because of the

stronger effect of wake due to minimum spacing ratio.

7.1.2 Wake Recovery Rate:

Figure 7.4 (a) shows the logarithmic variation of
the wake velocity defect in the axial component of the
mean velocity with downstream distance. The experimental
results of the axial component of mean velocity are
compared with the values obtained from the following

semi-empirical correlation,

-&_ st
‘, _ , 1 /R
1 = x -8 =% -%
7 B e e
e i ... (7.1)

The value of the constant K; obtained from
the experimental data is Q.263. A slight scatter in
the data is observed. But the semi~empirical correlation
represents reasonably good average wvalue of the
corresponding experimental data. The value of the power

constant, Jcl, obtained from the experimental data is unity.
The axial component of the mean velocity defect

decreases towards the inner region as well as decreases

with the increase in spacing as is clear from
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Figure 7.4(a).
It is observed that Ud1 sheuld first increase

and then decrease, since at x £ S there is no interaction.
Further, UaT must also decrease because finally the wake
will disappear. This increase in Ual is not predicted
because the first measuring station, due to the experimental
nature of the set-up is very far from the leading edge of
the second flat plate. Therefore, the region where the
perturbation coyponents reach maximum values could not be
established. The theory presented in Chapter (IV) could
also not predict the increase which is due to non=linear
interaction. The non-=linear interaction term was assumed
to be small in Egn. (4.24) to obtain the solution. We
believe that Udl first increases sharply, then stays
constant and finally decreases again. However, we do not
know at this point precisely where to separate the above

regions:; this will require additional investigation.

The similarity variable is defined as

% o

2 yTl X/Ue
where ‘)41 is obtained from
= () oy

le 0T/ dy
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The velocity gradients were taken at the

occurrence of the maximum value of the Reynolds stress

component [},f( u v )mag:]

The value of the power constant, J;l , obtained

from the experimental data is unity. RY is obtained

from + 2 u+

: Y,

where
e
b, Tmax/ £
’Z: is the maximum value of ‘Z' across the boundary
max

layer at any axial station. R’ decreases towards the wall.
The decrease towards the wall is associated with the
decrease in the coordinate z, resulting in the decrease

in Rt . The value of R ranges from 20 to 100.

Fiéure 7.4 (b) shaws the logarithmic variation of
the mean velocity defect of the lateral component of mean
velocity with downstream distance. A comparison of the
experimental results with the values obtained from the

following correlation,

- & ot
Ug _ -5 -k 1 2/R
- z = K [E'f—-—-—) e;§:]
Ue ...(7.2)

is made.

The value of the constant Eé, obtained from

the experimental data is 0.161., The agreement between
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the semi-empirical correlation and the experimental data is

quite favorable.

Here, to calculate ﬁ', )lr , was obtained from
2

,)) I-— (VW) pax ’

T2 bib’bz

The velocity gradients were taken at the

occurrence of the maximum value of the Reynolds stress

component [:-.F( v w )max:]‘ The value of the power

constant, J:z, obtained from the experimental data is unity.

The variation of the mean velocity defect of
the lateral component decreases towards the inner region

as well as with increase in spacing.

Figure 7.4 (c) shows the logarithmic variation of
the normal component of mean velocity defect
( Ud3 = Wmax -‘ﬁ; ) at the wake center line with downstream
distance. The normal component of the mean velocity defect
decreases towards the inner region and with the increase in
spacing. This indicates that the interaction of the wake
with the boundary layer becomes weaker with increase in
downstream distance as well as with the increase in
spacing. The comparison of the experimental results with

the values obtained from the following correlation,

1..o<,/R

U - -
e I E———-——x Euc 3 ]
Ue ¢ eee(7.3)
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is made.

The value of the constant, E3 , obtained from the

experimental data, is 0.019. Here, to calculate :} " )/T3

was obtained from,

l'-(;G)max
Y, T oW e

The velocity gradients were taken at the
occurrence of the peak values of the Reynolds stress
compenent [—f ( ﬁ)max] . The agreement between the
experimental data and the semi-empirical correlation is

quite good.

The value of the wake center line velocity defect
in the axial, lateral and normal directions for three
spacings at stations I and II is shown in Figures
7.5(a) and (b), respectively. It is observed that axial,
lateral and normal velocity defects at the wake center line
decrease with the increase in spacing because of the weaker
interaction of the wake with the boundary layer. The
lateral and normal velocity defects are higher in the outer
region of the boundary layer as compared to the inner
region at any spacing. This means that the strong

interaction decays the velocity defect faster.

7.1.3 Length Scale:

Figure 7.6 shows the logarithmic variation of the

length scale with the downstream distance. It is clear
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from the theoretical considerations that the interaction
increases the length scale with the increase in downstream

distance and is given by the following correlation

- n 2 1 "°C'i/R+
Lo - Lot _ R_ [( X = S );5 e'& ]
c 4 c cos(7.4)

where ‘Eot is the value of the wake length scale at the

beginning of the boundary layer interaction and is obtained
from the two-dimensional correlations, ( Egn. 3.20 ). The
value of the constant EZ , obtained from the experimental
data is 0.020. Half wake width increases towards the wall
as well as with downstream distance because of the decrease

in velocity defect.

7.1.4 Turbulence Interaction Parameters:

The non-dimensional parameters ®; and Y; have
been named as the turbulence interaction parameters in the
present investigation. They are given by the following

equations, derived in Chapter (IV),

- ’__ ‘IJ 1/R+
_ x =5 =% .42
Ql = —(-__c_-—) e 000(705)
— y ,—ok2/R?
X - S -
-52 = ( ) e-@ -00(706)

.. c ereard
_ — &
. 42 3/R

+

wﬂ’
i
—~
~
o

e (o] —: 0.0(7.7)
- T x-s ok _42 | W&
Y = ( ————) e

1 eeo(7.8)




~€l
et

1.10

1.05

0.95

.90

Symbols For
x;/c = 0.68 [ x;/c = 0.88 2/c
— O O 0.026
O A 0.010
‘ A
o
/A" — /O'
,A—’D’ ’O, /O‘/
L === =0 O |
T —— —_—— T — \O\\
D\ 0\\
~ ~
_— A\ sD \O\
A\
I L |
0.0 0.5 1.0 1.5
x/c
Figure 7.7 (a) Variation of Turbulence Interaction Parameters

( Ql’ yll ) With Downstream Distance

ve1



A o

—""8ymbols For |
‘ x]_/C = 0.68 xy/c = 0.88 z/c
110k | O O 0.026
3 O A 0.010
!
g —— —— e T T T Tt A |
1.05 F ' '
| A g
| g; °
1.00 ,€§ ~ 4
0 O
0.95 } o 1o
A
0.90 |-
| ) I I
0.0 0.2 0.4 0.6

Figure 7.7 (b)

Variation of Turbulence Interaction Parameters

(5

.Vl) With S8/c Ratio

561



196

'\Pz ?3 = ¥, .e.(7.9)

These parameters ( ;i . ‘71 ) are shown in
Figures 7.7 (a) and (b) and represent the wake boundary
layer interaction effect due to turbulence. Ei tends to
decrease the velocity defect while -\Pi tends to increase
the length scale. Their behavior is inverse to each other.
At the start of the wake boundary layer interaction, both
of these parameters are unity. 55_ decreases while ?i
increases in the inner region of the interacted boundary
layer as compared to the outer region. With the increase in
in downstream distance, @ goes on decreasing, while
? i goes on increasing as the velocity defect decreases
and length scale increases with the spreading of the wake.
The variation of Ei and ?i with ﬁhe increase in

spacing is shown in Figure 7.7 (b). Ei decreases

while \yi increases with the increase in spacing.

The same behavior is true toward the wall for any spacing
ratio. The wvalue of 953, obtained from the experimental
data is unity.
7.1.5 Similarity:
In Figures 7.8(a), (b) and (c) .an attempt is
made to reduce the axial mean velocity profiles given in
Figures 7.‘1(a)4, (b), (c) and (d) to a single curve. For

this purpose, Lo ¥; is used as the length scale while

UdT ( total axial component of mean velocity defect at

the wake center line ). 1s used as the velocity scale,
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Lo is the distance from the wake center line to a point
in the lateral direction where the velocity defect is 50 %
and the velocity scale Ug, = U, - Uy . It is clear from
Figures 7.8(a), (b) and (c) that the similarity in the
axial component of the mean velocity profile is maintained
to- a good extent and the similarity profiles are well
described and lie between the functions [:1 - ( ?Ll/z)l'fj
and exp( -‘%31/2), where }Ll = y/Eb ;ﬁ- In the case of

smaller S/c¢, slight scatter in data in the inner region
of interaction, is observed. This may be due to the

stronger boundary layer effect and is an indication that
if the interaction is strong, the concépt of similarity

is partially violated.

7.2 Turbulence Quantities:

7.2.1 Turbulence Intensity Profiles:

The axial component of the turbulence intensity
for two axial locations and two normal locations correspo-
nding to each of the axial location is presented in

Figures 7.10(a) to (d) and 7.11(a) to (d), respectively.

The axial component of turbulence intensity is
found to be slightly asymmetrical about the wake center
line. This asymmetry may be due to the non-uniform
distribution of surface roughness in the y-=direction., Peak

values of the axial component of turbulence intensity
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occur away from the wake center line. The occurrence of
peak values of the axial component of turbulence intensity
shifts away from the wake center line with the increase in

spacing. This is due to wake spread.

The axial component of turbulence intensity
decreases with the increase in normal distance, i.e. the
axial component of turbulence intensity increases towards
the wall and decreases away from the wall, giving the

usual boundary layer behavior.

In the lateral direction, the axial component of
turbulence intensity tends to approach the values nearly
equal to the boundary layer values at the wake edges
because at the wake edges production of turbulence due to
boundary layer interaction is negligible as compared to the
wake center line. The axial component of turbulence
intensity increases due to interaction of wake with the

boundary layer as compared to that in the absence of wake.

The axial component of turbulence intensity
increases slightly with the downstream distance while
decreasing with the increase in spacing at the same axial
station. The slight increase is due to the strong wake
boundary layer interaction. The decrease in axial
component of turbulence intensity , due to the increase
in spacing, is associated with weak wake boundary layer

interaction.
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The general profile for the lateral [?igure 7.10
(a) to (4) :] and normal |Figure 7.11(a) to (d):]
components of turbulence intensity is similar to the axial
component of turbulence intensity. However, both lateral
and normal components of turbulence intensity decrease with

the increase in spacing as well as with downstream distance.

7.2.2 Revnolds Stress:

The Tﬁv component of Reynolds stress for two
axial locations and two normal locations corresponding to
each of the axial location, is presented in Figures 7.12(a)
to (d). The value of Ty, and ;Qu components is
presented in Figures 7.13(a) to (d) and Figures 7.14(a)
to (d), respectively.

The Reynolds stress distribution of the T, ‘
component changes sign about the wake center line, is
unequal at the occurrence of peak values and antisymmetric
about the wake center line. The ELV component increases
towards the wall because of the increase in mean velocity
gradients. Its value decreases with the downstrean
distance and with the increase in spacing. Its wvalue
tends to tﬁat of boundary layer towards the outer edge
of the wake. The values in the inner region at the outer
edge of the wake increase with the decrease in the normal
distance due to the stronger velocity gradients towards

the wall. The outer edge values decrease with the
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increase in spacing.

The Reynolds stress distribution of T,
component [Figures 7.13(a) to (d)] does not change sign
about the wake center line but is slightly asymmetrical
about the wake center line. Its value decreases with the
increase in spacing and increases towards the inner region.
Its value at the outer edge of the wake in any region is

higher for S/c~ 0.007 and lower for S/c ~~¥ 0.3.

The Reynolds stress distribution of E@u
component EFigures 7.14(a) to (d)] changes sign about
the wake center line. The trend is similar to the

distribution of Tuv component,

The maximum value of the Reynolds stress
components occurs at or in the vicinity of the occurrence
of the maximum value of turbulence intensity components.
The occurrence of these maximum values shifts away from the
wake center line with the increase in downstream distance
and with the increase in spacing, which is related to the

wake spread,

In the outer region of the interacted boundary

layer, Ehv and va are of the same order of magnitude,

while Tyy 1S about one third of Ty, . In the inner

region of the interacted boundary layer, T,, is nearly

1.5 times E§w and T,, remains about one third of T.

The maximum value of the three components of
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turbulence intensity at stations I and II with the
increase in spacing is shown in Figures 7.15a) and (b)),
respectively. The maximum values of the components of
turbulence intensity decrease with the increase in spacing
because of the weaker interaction of the wake and the
boundary layer, with the increase in spacing. The wvalue

of the components of turbulence intensity at any spacing
increase towards the wall because of the‘stronger influence
of the boundary layer over the constant influence of the
wake. (Tﬁ/iv)max decreases from 1.28 to 1.01 with the
variation of S/c from 0.007 to 0.6. (Tﬁ/ﬁw)max varies
from 3.8 to 7.0 with the variation of S/¢ from 0.007 to
0.6. The unequality in the maximum value «f the components

of turbulence intensity is due to anisotropy of the flow.

Figures 7.15(c¢c) and (d) show the variation of the
maximum values of the three components of Reynolds stress
at stations I and 1II, respectively. The value of the
components of Reynolds stress decreases with the increase
in spaéing because of the far wake interaction. The wvalues
increase towards the wall because of the stronger velocity
gradients. In the outer region of the interacted boundary
layer, (ThV/TVW)max is of the order of 1,5 while in the
inner region, it varies from 1.4 to 2.1, In the outer
region of the interacted boundary layer, (TLV/T ) varies

WU’ max
from 3.0 to 6.0, while in the inner region, it varies from

2.7 to 4.0 with the variation of S/¢ from 0.007 to 0.6,
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7.2.3 Decay or Growth of Turbulence Quantities:

Based on the correlations developed for the mean
velocity defect, an effort is made to combine the data for
the maximum values of the components of turbulence

intensities and Reynolds stress into a single curve,

The logarithmic variation in the peak values of
the axial, lateral and normal components of turbulence
intensity for two stations, at the inner and outer regions,
is shown in Figures 7.16(a), (b) and (c¢), respectively.

The semi~empirical correlations representing the
logarithmic variation in turbulence intensity components

are written as follows:

— \ , = 0-772
Ta max = ES _( 3:_—_;_8__ ) e-f’ | oo (7.10)
. 0.986
2— ©-
—_ -1 -
= K | E=2 " e % cee(7.12)
v max e c —

' 0.97
- X =S - _ﬁ?
Ty max = X7 | (—F5—) e ... (7.12)

The value of'ﬁvis obtained in the same manner as
discussed in Section 7.1l.2. IES ,‘fs , and 'f7 are the
constants depending upon the spacing and are given in Table

VI, page 241, These constants can also be expressed as:

b

/
Ky = a (K;) , 1i=5¢t07 ...(7.13)
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/ / /
where Rg R Ké and K7 are the constants used in Figures

7.16(a), (b) and (c), respectively. The values of the

constants a and b are given in Table VI,

It can be concluded that the decay rate of the
maximum values of the normal and lateral components of
turbulence intensity is faster when compared to the axial
component of turbulence intensity, because of the least
effect of interaction with downstream distance. The
agreement between the semi-empirical correlations and

the experimental data is favorable.

The maximum values of longitudinal and lateral
components of turbulence intensity in the interacting
region are higher as compared to the non-interacted region
but for smaller spacing ( S/c¢ = 0.007 ) ratio. The
opposite is true for S/c > 0.3. This means that the
decay rate of the peak values of the longitudinal and
lateral components of turbulence intensity in the

interacting region increases with the increase in spacing.

Logarithmic variation in the peak values of the
components of Reynolds stress for two stations at the
inner and outer regions is shown in Figures 7.17(a), (b)
and (c), respectively. The semi-empirical correlations
representing the logarithmic variation in Reynolds stress

components are written as follows:
0.905

T — x -8 =% - 42
uv max = Y8 [( ! ° ]..(7.14)
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VALUES OF THE CONSTANTS IN

TABLE

Vi

TURBULENCE QUANTITIES OF

WAKE BOUNDARY LAYER

INTERACTION WORK

Z/S KS E6 ;(-7 EB -I-(-g E]_O
3.7143 | 0.0402 | 0,0314 |0.01246 0.000134 | 0.000286 | 0.000112
0.0867 | 0.0357 | 0.0323 | 0.00857 0.000156 | 0,000129 | 0.000055
0.0430 | 0.0334 | 0.0372 | 0.00700 0.000078 | 0.000076 | 0.000033
1,4286 | 0.0687 | 0.0468 | 0.0206 0.001276 | 0.000556 | 0.000393
0.0333 | 0.0674 | 0.0497 | 0.1391 0.000955 | 0.000308 | 0.000205
0.0167 | 0.0617 | 0,059 0.0095 0.000628 | 0,000207 | 0.000106

— K/ b =

Ki = a ( i ) i=158 to 10
a 0.465 0.934 0.874 0.533 1.419 1,278
b 0.772 0.986 0.970 0.905 1.040 1,020

e
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_ ) 2_1.04
- X -85 = -
T = K (———) e &
vw max 9 L c J ... (.15)
— 1,02
- B X =85 =% _}2
Tou max = Y10 | P ) e - (7.16)

The wvalue of j} is obtained in the same manner as
discussed in Section 7.1.2. The value of the constants Eé'
359 and ?io for a variable spacing is listed in Table VI,
The value of the constants K; ’ K; and Kgo used in
Figures 7.17(a), (b} and (¢), respectively can be
calculated by Egn. (7.1 3) and the corresponding constants

a and b are given in Table VI,

It can be concluded that the decay rate of the
va max is faster than that of Twu max o while the deCay

rate of T is faster than that of Tyy paxe The

wu max
agrement between the semi-empirical correlations and the

experimental data is quite favorable.

The maximum value of the T, component is higher
in the interacting region as compared to that of the non-
interacted region for S/¢ = 0,007. But the opposite
is true for S/¢ >» 0.3. This means that the decay rate of
the peak values of the T,;, component for the interacting

region increases with the increase in spacing.

7.2.4 Total Correlation Coefficient:

The variation of the total correlation
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coefficient defined as the ratio of the total maximum
Reynolds stress to the maximum turbulence energy

( Eij = lfcnmx |/~f 9pax ) is plotted against downstream
distance for two locations in the inner and outer regions
of the interacted boundary layer at each location in
Figure 7.18(a); while the spacing effect on the total
correlation coefficient of the maximum values is shown in

Figure 7.18(b).

The value of the total correlation coefficient
usually increases in the inner region of the interacted
boundary layer as compared to thevouter region which is
due to the increase in total Reynolds stress when compared
to the increase in the total turbulence intensity. The
increase in Reynolds stress is associated with the increase
in velocity gradients towards the wall. The value of the
total correlation coefficient usually decreases with the
increase in downstream distance because of the faster
decay of Reynolds stress components. The total
correlation coefficient varies from 0.1l6 to 0.25 in the

interacted region investigated.

The total correlation coefficient decreases for
S/c 7, 0.3 as compared to S/c = 0.007, except at xXj/c =

0.88, where the opposite trend is found to be observed.

7.3 Spectral Distribution in the Interacting Region:

The frequency spectra for the far wake
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interaction with variable spacing ratio in the interacting
region near the wall is shown in Figures 7.19(a) to (£f).
Their representation in the wave number domain ( For

details, see Chapter V ) is plotted in Figure 7.20.

The axial, normal znd lateral locations of the
stations, sweep width factor, frequency range and the
frequency where the spectrum first drops to zero, for
the spectra shown in Figures 7.19(a) through (f) are giwven
in Table VII. The rising portions of the spectra in
Figures 7.19(a) through (f) should not be considered as
physicially significant. They are due to the experiment.
Spectral energy decreases with the increase in spacing

because of the reduced shearing effect.

Energy fall-off frequency is the same at

station II for S/c¢ ratios of 0.3 and 0.6.

Figure 7.20 shows the spectral energy distribu-
tion for the wake interacted boundary layer. The boundary
layer turbulence spectrum,[?eference(SlZlin the wave
number domain is also shown in this figure. It can be
concluded from this comparison that the spectral energy
for the wake interacted boundary layer region is larger
than that of only the boundary layer. Increase in energy
is more pronounced for the low wave number range in
comparison to the high wave number range. In both the

cases, the effect of isotropy and shear yielding the
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See Table VII for x-axis scale
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Figure 7.19(a) Frequency Spectrum at x;/c = 0.68,
z/§ = 0.1 and S/¢ = 0,007
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Figure 7.19(b) Frequency Spectrum at xl/c = 0.88,
z/g = 0.1 and S/c¢ = 0,007
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See Table VII fox ‘x-axis scale

Figure 7.19(c) Frequency Spectrum at x3/c = 0.68,
z/¢ =0.1 and S/c = 0.30
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~.

Figure 7.19(4) Frequency Spectrum at x4/c = 0.88,
z/g = 0.1 and S/c¢ = 0.30
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DETATILS

TABLE VII

ON FREQUENCY SPECTRA

Locations of the Stations

. Frequency
Figure |at the Wake Center line Where the
Svgep Frequency Spectrum

No. j ) idth Fi )

S/c XI/C z/s Factor Range irst

Decays
7.19(a)}| 0.007 0.68 0.10 ~0.43 to 0.41 to 25 KHz 17560 Hz
7.19(b) | 0.007 0.88 0.10 -0.43 to 0.41 to 25 KHz 18150 Hz
7.19(c) | 0.300 | 0.68 0.10 -0.43 to 0.41 to 25 KHz 16370 Hz
7.19(d) | 0.300 0.88 0.10 ~0.42 to 0.42 to 25 KHz 16815 Hz
7.19(e) | 0.600 | 0.68 0.10 -0.41 to 0.41 to 25 KHz 15180 Hz
7.19(£) | 0.600 | 0.88 0.10 ~0.42 to 0.42 to 25 KHz 16815 Hz

0se
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JAY .1 |o.68 0.300 | Author
v .1 }o.88 0.300 | Author
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- 5/3 law and - 1 law, respectively is found.

For a wave number less than 5.0, the spectral
energy varies as k=l instead of k'5/3 for the equilib;
rium range. Thus, for smaller wave number range ( k £ 5.0)
production, advection, convection and dissipation effects
are equally important and spectral energy is far from
equilibrium. This trend is in good agreement with the
theoretical prediction of Tchen(5). The spectral energy
variation can be closely represented by k=5/3 for 2 wave
number greater than 5.0, although this law increases
its power with the increase in wave number. Thus,
the wave number range from 5.0 to 50.0 can be classified
as the equilibrium range. For k> 50.0, negative power of
the wave number increases but it does not reach the =7 law,
Absence of isotropy and homogeneity can be the additional
factors from the departure of high wave number spectra

from the = 7 law.

In a three-dimensional complex flow, the
measurements of the spectrum are made in a one-~dimensional
mode with a single wire probe. Thus, the results
presented in this section are of gqualitative nature, but a
a good insight of complex interacting flow is obtained
because the one-~dimensional spectrum is still an integral

effect of three-~dimensional spectra.
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CHAPTER VIII

CONCLUS IONS

The investigation discussed in earlier Chapters

can be summarized under two main headings:

8.1 Free Stream Turbulence Work:

The theoretical and experimental study ( Chapter
III and Chapter VI, respectively ) of free stream
turbulence on the characteristics of a turbulent wake

leads to the following conclusions:

8.1.1 Mean Quantities:

1. Mean velocity profiles are observed to be nearly
symmetrical in the presence of free stream

turbulence.

2. Similarity in the mean velocity profiles is
maintained to a good extent when the profiles are
normalized with respect to analytically derived

turbulence dependent parameters ®; and @.

3. The higher the free stream turbulence, the greater
is the recovery of the wake center line velocity.
The decay law for the wake center line velocity
defect due to free stream turbulence is well

described by Egn. (3.18),
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The higher the free stream turbulence, the
greater is the increase in length scale. The
growth law of length scale with downstream
distance due to free stream turbulence is well

described by Eqn. (3.20).

The behavior of the turbulence parameters 2, and
o, is inverse in character, tends to unity for

far wake ( x/e¢>1.0 ) and is given by Eqn.(3.17).

The displacement thickness of the wake increases
with the increase in free stream turbulence level
and can be predicted by Egn.(6.8). A similar
trend is observed in momentum thickness and is

predicted by Egn.(6.10).

Increase in free stream turbulence reduces the
shape factor and the shape factor approaches unity
towards the far wake regions. The higher the
turbulence level, the greater is the decrease in
shape factor as observed from the decay law

given by Egn. (6.11).

Free stream turbulence energizes the flow by
producing the turbulent kinetic energy and thus
increasing the energy thickness and is given by

Eqn. (6.13).
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8.1.2 Turbulence Quantities:

1, Longitudinal and lateral components of turbulence
intensity are nearly symmetrical about the wake
center line even in the presence of free stream
turbulence. Both of these intensitieé increase

with the increase in free stream turbulence level.

2, Reynolds stress is asymmetric about the wake
center line and changes sign at the wake ecenter
line. Reynolds stress increases with the

increase in free stream turbulence.

3. The higher the free stream turbulence, the
greater the lateral distance from the wake center
line to a point where the maximum value of the

turbulence quantities occur.

4, The maximum values of the components of
turbulence intensity occur in the vicinity of the

occurrence of the maximum Reynolds stress,

5. Decay laws for the maximum values of the
longitudinal and lateral components cf turbulence
intensity and shear stress are in good agreement
with the correlation Egns. (6.16 to 6.18),
obtained from self-preservation and scaling

considerations,

6. The value of the correlation coefficient obtained
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from the maximum values of the turbulence

quantities is 0.39 to 0.48,

7. The higher the free stream turbulence, the higher
is the value of P, given by Eagn,. (6.15).

8. Eddy viscosity increases with the increase in

free stream turbulence.,

8.2 Wake Boundary Layer Interaction:

The theoretical and experimental study ( Chapter

. IV and Chapter VII, respectively ) of wake boundary layer

interaction leads to the following conclusions:

8.2.1 Mean Quantities:

1, Total velocity defect in axial, lateral and
normal components of mean velocity decreases
towards the inner region as well as with the
increase in spacing and distance downstream
the interaction. Decay laws for the axial,
lateral and normal components of mean velocity
are giVen by the semi~empirical correlation

Egns. (7.1), (7.2) and (7.3), respectively.

2. Length scale increases towards the wall, with the
increase in downstream distance and with +the

increase in spacing. The semi-empirical correla-

tion for the length scale is given by Eqn. (7.4).
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Similarity in the total axial component of mean
velocity profile is maintained to a good extent
when the profiles are normalized with respect to
the analytically derived turbulence interaction

parameters.

The behavior of the turbulence interaction parame-
ters, Ej_ and ¥;, is inverse in character and
is dependent upon the interaction of the wake

with the boundary layer.

Turbulence Quantities:

Axial, lateral and normal components of
turbulence intensity increase towards the inner
region and decrease towards the outer edge of the

wake and with the increase in spacing.

Tuv a

change sign about the wake center line. The

nd ‘Ewu components of Reynolds stress

magnitude of these components increases towards
the wall and decreases towards the outer edge of

the wake and with the increase in spacing.

The T\, component does not change sign about the
the wake center line and its magnitude decreases
with the increase in spacing. It increases
towards the inner region and decreases towards

the outer edge of the wake.
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Peak values of the components of Reynolds stress
occur in the vicinity of the occurrence of the
peak values of the components of turbulence
intensity. The occurrence of the peak values
shifts away from the wake center line with the
increase in downstream distance and with the

increase in spacing.

It was found possible to represent all the data

on the decay and growth of turbulence intensities
and Reynolds stress through single lines for each
of the components and for all of the points of
measurements, Decay in the normal and lateral
components of turbulence intensity is faster than
that of the axial component. Decay in the Tyw max
component is faster than fhat of the Tyv max

and Tyy max components,

Correlation cocefficient increases towards the
inner region and decreases with the increase in
downstream distance and with the increase in
spacing. The correlation coefficient varies from

0.16 to 0.25 in the interacted region investigated.,

Spactral energy increases due to interaction and
decreases with the increase in wave number.
Spectral energy varies as k=1 for x < 5.0 and
x=5/3 for 5.0< k < 50.0 and power law increases

with the increase in wave number.
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APPENDIX - A

CALCULATION PROCEDURE OF TURBULENCE QUANTITIES

FOR TRIPLE SENSOR HOT-WIRE ANEMOMETRY

To obtain the turbulence gquantities from the

measured data, the procedure outlined below is followed.

Rewriting Egn. (5.4),

ns:
E?. - Egi = Di Uil ? i = l, 2 and 3 ...(A—l)

Resolving velocity and voltage into mean and

fluctuating parté:

Ei = E‘i + ei -o-(A-3)
where Ei: ﬁi . € and u; are the mean voltage, mean
velocity, fluctuating voltage and fluctuating velocity of

the sensor i, respectively.

Time averaging Eqn. (A-l),

— — o
E; -  Epj = Dy Uy ...(n=4a)

Substituting Egn. (A-=2) and (A-3) in Eqn. (a-1),
taking binomial expansion; subtracting Eq. (A-4) and
rearranging,

2 By ey - (Ei - Eoy )ngjuy /0 ...(5)

Squaring, time averaging and rearranging,
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I Vel
uj 2 °i ... (n=6)
- n, = = = .2
T, i E, [1 - (E,,/E,) ]
=~ : /2
ey was measured experimentally, thus u; ,

fluctuating component of turbulent velocity ( r.m.s. value )

along the sensor axes was known.

Rearranging Eqn. (A-5),

D. n. —(ns: - 1)
.. . il gl 4, .en(d-7)
1 2 Ei 1

Writing Eqn.(A-7) for i =1 and 2, i.e., for ey
and ejy? multiplying both the equations and taking the

time average:

-1

D1Dpny By glng-1) E(n2 ) uy u,
1% % 1 2 pe—
4 E1 E2

.. (A=8)

The left hand side of Egn. (A<=8) can also be

written as:

1 % s (e *+ e

5 - (el-e2 ) ees (A=9)

input

The dual summing units through which the

fluctuating signals were passed, have the transfer function,

G, as

T e

GT = —EEEE—— -~ 0.33
in
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Thus, Egn. (A-9) becomes,

1 - .2 2
4 Gp
output
Equating Eqgns. (A=8) and (A-10) and rearranging
— o _(1=ny) _(1=n,)
Bl B2 Gy ! U2 2_""""""""2 - 2
u, u, =
1 Y 2 [(61 tey) = (eg - e))
Dy D
Similarly, u, uy and ujuy can be written as,
=z E_(1-n2) (1-n3)
__2732 U — 7
Uy Uy T (e, + e)) - (e, ~e,)
D. D 2 2 3 2 3
2 73 "2 M3 G,
...(A-']-Z)
and — _ _(en)_(i-n))
uu—E3ElU3 ! (e, + e )= ( )2
3 1 ) €3 T € T €3 7 &
D D G
371 %M
-oo(A-13)

The right hand side of Egns. (A-=11) to (A-13) is

known. Therefore, the left hand side can be calculated,

l.e., v v, , u, u, and Uy U4y components of Reynolds

along the sensor axes are known.

Transformation of turbulent intensity and Reynolds
stress components along the set-up axes from the sensor axes

is carried out as follows:

Rewriting Egn. (5.20) to (5.22) as:
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2 2 %
. 2 2 %
Uy = a [} Uy sin 89 + ( U2 + U3 ) " cos ei] .eo (A=15)
, 2 2 % 1
Uz = b [} U, sin 91 + U2 + U3 ) " cos Gi] .o. (A=1l6)
where,
a = cos 6, ( sin 8; + cos 93) oo o (A=17)
= - i LI A-'l
b cos 82 ( cos 63 sin 63) ( 8)

Resolving total velocity components into mean

and fluctuating parts,

U, = U, +

u, = Ey +

Uz = UZ +
and

U, = E& +

u, = 62 +

Uy = 53 +

Ux

Yy

ee. (A=19)

~ ...(a=20)

Substituting Eqgns. (A-19) and (A-20) into

Egn. (A=14), neglecting small terms,

U+
Ux ux

= (ﬁl+ ul) cos 8; + (52 + 33

u2

2 2
)%

2 - -
+ uz + 2 (U3 uz+ Uy uy)

1 +

2

= = sin ©
2 2 1
( U2 + J3 )
® 0 e (A_Zl)
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Taking the mean of Egn. (A-21),

2 2
_ - _2 _2 5 -+ u3
= + + —— i
Ux Ul cos 91 (U2 U3 ) 1 + = — sin 91
2(U2 + U3)
o e e (A"'22)
Subtracting Egn. (A-22) from Eqn. (A-21),
- - 2 2 2
2(U3u3 + U, u2) +ou, + ug - ug - u,
u_ = U, cos 81+ 'sin 91 =
X 2 2 %
2 | U2 + U3 )
e e o A-23)

Squaring, time averaging and rearranging,

Egn. (A=23),

T2 T2 T 272 - -
— + +
—3 7 2 3 U3 Uy u, +20, 0,0, 8
u = u1 cos 91 + sin 91
X 2 2
U3 + U3
5 5 2
U3 4y ug3 +Uy; vy uy, -
+ — — sin 2 el
( U2 . 2 );5 . .
2 * U
oo-(A-24)

Similarly from Egns. (A=15) and (A-16), it can

be written as:

2 2 2 2 — o —
3 - U, u. + U, u, + 2 U U .u.u
2 .
uy = a[:ul 31n291 + 22 3 2 3 3 c05261
U 2 + U2
2 3
T 3 a1 T 11 n 1
U2 ulu2 + U3 u u3 ' 3
—_— — sin 281
(u2 + uv3)h
... (A=25)
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T2 2 2 2 - —
”‘2 2 .2 u, + U, u, + 2 U U,u,u
uz=bulsln01+_..2__2f 3 3 232308291
2
U, + U3
— A— — %
U, u,u + U_.u, u
_ 2_2 _31 3 sin261
2 2 %
(Uz-!- U3)
...(A-ZG)

Multiplying u, and Uy time averaging and

and rearranging,

2 —_—— ——

2 2 2
Uz uz + Uy uy + 2 UsUszusuy

2‘
U uy, =3 | %( - uy + === = ) sin 20
2 2 1
U2 + U3
U uju, + U, uju
+ 2 — 2 3 3 cos 26y
2 2 )%
( U, + U,
.o-(A-27)

Similarly multiplying uy with u, and u,

with u, , other components of Reynolds stress can be

written as:

U, uyu, + U, uyu
2 s 2 172 3 7173

a b uj 51n291 - sin 20,
%

uyuz =
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and —
U2 2 U2 2 P
> 3uz * Uy uy + 2 UyUsuyuy
u, u, = b E( - uy + = ) s&in 291
U2 + U3
Uy up upy + Uz uy u;
+ — cos 20
2 7 % 1
( Uz + U3 )
PP (A-zg)
_ /“5 2
Thus, from Egns. (A-24) to (A-29), u,, »V ay
2

u, , Ux Uy , Uy Uz , Uz Uy can be calculated as

the right hand side of these equationé is known; giving
the three components of turbulence intensity and Reynolds

stress along the set-up axes, respectively.
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APPENDIX B

LISTING OF THE COMPUTER PROGRAM DEVELOPED FOR THE

DATA ACQUISITION OF THREE SENSOR HOT-WIRE ANEMOMETRY

5LEVEL 21 MAIN LATE = 8G] 85 13726718

e e EMPLICTL REAL ¥4 (A=, 0-7)

. CCC2 CIMONGSTON YU20 ), TMAL2G) ,EMIU20) o FMCL20) +TFA{20) ,FFRL20) ,EFC{2C)
. L EFAIB{22) s ¥ FALE(20) o FFBRSC(20),5FBDCH{2C) 2EFCSAL20) +EFCDALZ20) 9
S GLE20)4GL2€) 45300 )y A(LIUL1C) 5 X(20)s ALA(Z0),ALB(20),
3 ALL(Z0) e ZU27) ZULZCYFTLU20)oFS2020)oFE3(22),UL1c0),U2(20)
6ty UL20) e COSTIU27),, SINTI(20)UX(22),0Y(20)UZL20),UNX{20),
o 5 UNYA2D ) UNZL2C )y UEXE D) qUEY(20) qUEZ(2D) g UR(20) s UFL(Z29),UF2(2%),
6 UFI20), LSI2(20),US2312C) US3LI23),TAL20),TB(2C)UFX(20),UFY(20)
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o e P URZEN20 ) s UXUYNT 200 UYUZNL2D) s UZUANL2C ) LT (20) ,DEL2(20),
3 DEL3(2L) o TAUT(20) 4,1 1T{20),CiIR(20)
______ C . APPINDIX 1 _ R R e
T THLIS PROGRAM IS USUD Te CALCULATE THE TUHREE COMPUNENTS GF MFAN VELUCITY,
B R o TURBULENSTE INTENSITY AND REYMOLUS STRESSFROM A THREE DIMENSTONAL HUY WIRE
C PRCBE ( TSI »OGDEL 1294 CT - T 1.5 ) DATA
e 6 XL =L /e X3 = (30410231 ) e SPACING. = IMM, M = 15, WAKE
CCC3 CH = 5.57%/12.6
CCC‘I 1’\{;‘\8"—),3(1) E’@AJE{\JB,tNC,DA,DB,DC,FlyFZyFS e
CCC5 REAN(S,3C5) AMA,ANE AIC, UE
CClo _ 301 TORMAT(IFS.6) e
CCC? 30?2 FORMATIA4FLI .6)
cCCa P = 22 /T ABGC O
cceo AK = C.13%¢C
_Ccio JAKS = Ak % AK
CCl1 51 = N.33
cCl12 IS EE I ) o i} _ i _
ccl3 THI? = 4%.5 * A

bLe



CCla _THIY = 3se.2C4 % PA -

CCl15 YO = C.57Y

LL16 S = e

cci7 DT 12 1 = 14¥4

CCl13 REAG(S7) YUE):mALL) o "B UL ) o EMCUL) o CFACL) ,EFELL)EFC{T) EFASELL),
P CFAUB LY o 2FRSCOE) »EFBUCCE) EFCSALT) EFCDALT)

CCl19 . Yyiry = vyer) - yoo o - S S S

cczo WRITE(L10) YOI yENACT ) EMRUL) yEMCUI) oEFALT) SEFBIT) 4EFC{I) ,EFALB

— N L L) s EFADBIT) ,ZFERSCIE) L EFBUCII) ,EFCSALT) ,EFCDALL)

Cczel 15 FORMATO3X ¢ LU 3XsT10.6) 73X 6U3X,F10.8))

CCe2 . 9 FORMAT(IAFG.4) . X e . o

Ccz23 GLUT)Y = CEerati) =0 EMALT) ) —((ENA) x (ENA)Y) - FL )/DA) *=*

, R b e 7 ANAY - e R S .

€G24 G201 = (HEMRITI NI *C EMBUT)Y) —C(eNB) * (ENB)) - F2 )/DB) *%
1 {1l.0 7 ANR)

CCés G3(1) = (LUEMCUI) )T EMCUI)) —(LENC) * {ENC)) - F3 )/DC) %=

. Sl tL.0 /7 ANL) , e

€26 WRITELG7HY M5l (T)962(1)5,63(1)

ccar. 18 FORMAT(IXy M = ', 153X GS ARE ' /3(3X,+10.6)) , , o

€c29 UEEY = SORTUIISLUIY )*GLIT) + (5211)) * (5G2(1)) + (G3(1)) *(G3L
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cg23 FEI(1) = ARSENISOERT L0 =510} /7(Uul1)))%%2.0 }/(1.0 - AKS )
1))

€C13c tE2(1) = ARSTINISGRTI(L. 0 —({G2{(1))/ (U1} ) **2.6 )/ (1.0 — AKS )
1))

Co131 FE3(I) = ARSTHISORT (1.0 —((53(1) )/ (Ul ))*x2,0 ) /(1.0 - AKS )
1))

CC22 ULtr) = wutn))y = { SIN(F:LUT)))

cc23 uzatr) = tutl)) = € SINtFe2(1))) .

CC134 Ustl) = tutl)) * C SINUFT3(1)))

SLT
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tu2 (1)} f(US(I)) * (U3(I)) ) * ((COSITHTL)) *(COS(THT1)Y) -(SINI

(TACI))®  (TBCE)) % (CCO(U3EED) % (UF3LI)))%% 2.0) +

uvuz (i ) =
(1)) = (UF2U1))) %% 2.0) & [ 2.C * { yz2€1)) = {u3(1)) = {

(((

uztl
3 iZotu2er)y x (uz2t1)) + (u3d(r)) = (u3d(r))) * (COSITHTL))
* ( G
)

il
1
S
(CUZLT)) # (USL2(1)) + (U3CI)) * (US3LCIDDD/ESGRT((U2(T1)) *
)

—-—— A Ay
C':'-1~—

¢
tuzti
Yy )

uzuxtil) = (TBCE) ) *+ (L (U3(1)) * (UF3(1)))*% 2.0) +

HIL)Y) ¢ U URTCI)) % (UFTULD) % € SINCTHTL)) * ( SIN(THTL)

HIUTLL)) _* (U3L1))) _* (2.0 * 1 SINUTHTL)) * U COSUTHTL)

(U201 %= (UF2(01))) %% 2.0) ¢ ( 2.C % ( uz2{0)) * (u3{r)) * (

US23CININ/Z7tu20r1)) = (u211)) « {U3LL)) * (U3U1))) * (SIN(THIL1))

¥ ACCSETHIL)) - C UFLULY ) * (UFLITE)) * € SINITHTL)) % ( COS(THTL)
)+ Llu20) = (us1284)) + (U3CL)) * (US3LLE))I/ZUSHRTLIU2(T)) *

Cced
.cc1c
cci1

(U201 +tu3tl)) = (u3ll)) ) = ((CUSUTHTL)) *{COS(THTL)) —-(SINI
THT1) ) * (SEIN(THTL))))

2C CONTINUE

_ WRITELGe S, ) o
52 FORMATI3X, * U * , 3X, * PHI L ', 4X, * PHI2 ', 4X, "PHI3' , 4X,
L

YOUL Yy 3X,'U2 'y 4Xy Y U 3 ')

8LC



cci?

RGO 17 0 = 1,¥

cCi3 55 FJRMATLIX, 7(3AsF11.6) ) o
CC1a 871 FORMATUIXs SU3IX,FLL.E) )
€C75 86 FDRMATUIXyEl 3Kk 1len)) N - ,
CC16 WPITT U 64595) UlLd, FEL(I),TC2 (1) FE3CI},ULLT) U201 ,0301)
ccrr . A7 JONTENU-
£Cc18 Ui &9 { = ly
_€C19 o WAITELG,:5) COSTIUI0, SUIT3(I),UXCI),UY T ) 2 UZT)UREE)
cC80 63 conNTINUC
ccel B WRITE(LyS ) - i S o
ccea? 87 FORMATUIX PUX/ZUR 'HhSX, YUY /ZUR "4 S5X,"UZ/LR "4 5X, "UX/ZUE *45X, *UYZUF?®
e e 1 'SX,'DP{/UiE ' ' o o
cces 318 68 i = 1M
cceas4 WARITE{69867) UNKUT)GUNY (L), UNZCT)UEX{TJUEY(T),UEZ(T) LUPE(])
’ I 5 YUI)
cces 63  CONTINUE _
CGC8o pg 9r = loM
ccs7 - WAITC{G6,85) UFL(L) UF2(T),UF3(1), US12(1),US2301),US31(])
ccsas 91 CONTINUL
cces DO 93 I = 1,M
CCs50 WRITE(6,55) UFX{T),UNYUI) UFZLT),UXUY{TI) UYUZIT)UZUX(L),y YUI)
£G31 93 CONTINU- | ]
€cCs2 DG 1INl U = 1M
ccsl UFXE(I)  =UUFX(1)) / UE - o L
CC34 UFYELT) = (UFY(I) )/7UE
CC9» UFZGGI) = { UFZ{L)  )/UC
CCSo UXUYE(T) = (UXUYLIY) /7 € UL * Ut )
cCs7 UYUZELI) = ( UYUZ(I) ) / ( UE * LE )
0ecag UZUuxetl) = ( uzuxer) )y 7 € ur = yg )

6L



FCRTRAN IV & LEVEL 21 MA LN CATE = E0185 13726718

-LC33 LGl _CONEINU. — . —
c1co WRITELH,91)

S C1cl , S 01 FORMATUAX, CLTXT/UEY 5%, "UFYE/UE 7354, " UFZL/US ',5K, ' UXUYE/UYT?Y,

?
oS Xe "UYUTEZUE Yy S5Xy "UZUXE/ZUE 'y 3Xy, ' Y/7¢ ')

ric?2 o . .DBG 1%s I = 1,0 o o o S
CiC3 WRITElO.oS ) UFXCLLE), UFYS(T)s UFZIT(T), UXUYELID)LUYUZETL]D),
- 1 Uzuxeil), Yii)
Cli4a 125 CUNTINU:
c1lcs o TuS = L. .
CicCo uc = 1os
~Cl1C7 R O 121 i = Ay
G1CHR UFXeNTT) ={UFXeltl) } 7UE
_Cl1c9 UFYLN(I) = {(UFYE(IL) )/UE
Cl10 UYDZNET) = (UYUZECI))Y/Z e = Ut )
_curr o UFZENtLI) = (URZEUIY) S N
cl12 UXUYNCT) = (UXuYE(I)) /7  UE %= UE )
ey o UZuXntty = (UZUXetL)Y) o ftue 2 e )y
Clla 121 CONTINUC
Clls WRITE(LLD])
Clle LY 1272 1 = l.#M .
crir o WRITELAY S5 ) YUY SURXENCI) ZUFYEIUT) JUFZENT) JUXUYNITT) pUYUZNLT)y
1 UZuxn(in)
crs 122 CONTINUS R o o
CliQ WRITFE{ A, 26)
Clze Ech TORMATI X, ' Y/L = %, 3X, ' DISPLACEMENI THICKNES = ', 3X, !
1 MOMENTUM Tk, = v, 3X, ' EYFRGY TH., = ' )
cr2y . DC 227 0 = 1o S o
ri22 DFLL(I) = (1.CG = {(UEX(1) ) )
cL23 DEL2CEY = (1.0 = (ULXCID)Y) % ( UEX(I))

08¢



CL24 DEL3(I) = (1.0 =~ (UEX(I)) ®= CUEX(I))) * (UEX(I))

€125 WRITE(60223)  Y(1),DELLI{ 1), DEL2(I),CEL3LI)

Cl26 223 FOUMAT(3X,4(3XsF10.6))

c127 222 CONVINUF

clzs WRITE(6,107)

€129 107 FORMAT(3X,*TOTAL RFYNOLDS STRESS®,3X,*TOTAL TURBULENCE INTENSITY
I 953X, ° LGKRLATION CCEFF. ¢ )

C130 0O 29 1= 14M :

c131 UXUYE(1) = (UXUYEGI}) ) * 10000.C * 100.0

cl132 Uvuzedi) = (UYUZECl) ) * 10000.6  * 100.0

c1313 UZUXE(T) = (UZUXE(E) ) % 10000.C * 100.0

€134 UFXE(!) = __( UFXe(1l) ) * 100.0

C135 UEYE(I) = ( UFYE(I) ) %= 100.0

cl36 UFZE(I) = ( UFZE(I) ) & 100.0

c137 TAUTEI) = SCRT ((( UXUYE(TI))*%2.0) ¢ ((UYUZE(1)) *% 2.0) ¢

) 1 (( UZUXEQDD) *% 2,0 V)

cL38 TII(I) = C(UFXEC(I1)) #x2.0) + ((UFYE{I)) ®% 2.0} + ((UFZE(I))
1 *% 2,0)

€139 CCREI) = (TAUT(IN/(TIT(1)) 710n0.0 )

C140 29 WRITE(6,59) TAUT(1)y TITUI),COR(I)

Clal 53 FORMAT(3X,3(3XeF10.6))

€142 stoP .

Cl43 END
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