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ABSTRACT

Investi~ation of secondary current produced by
an isolated block in the two dimensional, incompressible,
turbulent boundary layer on a smooth plate was performed.
Mean velocity profiles of undisturbed and disturbed
(by the presence of isolated block) flows were measured.
It was found that.distortions of velocity profiles due
to the presence of isolated blocks are slightly dependent
on shape of the obstacle of same aspect ratio, but broadly'
they are similar. Distortions of velocity profiles are
well significant in the down-stream of the disturbed
region having negative wake '~ffect indicating the presence
of secondary current. Secondary current was measured by
a two-tube yaw-meter, and both triangular and s-shape
hodographs (or polar plots) were found. The hodograph
of the experiment agreed well with the. (P2' q2 = 2)

family of hodograph model. A mathematical derivation of
(P2' q2 = 2) family of model was also presented.
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CHAPTER 1
INTRODUCTION

1.1 General Outline

Now-a-days one of the most interesting and challenging
problems of Engineering Fluid mechanics is to analyse and
determine three-dimensional turbulent boundary layer parti-
cularly to predict its major characteristics about or
within an arbitr~y shaped surface with its attendant free-
stream flow field. It is quite significant to note that thou-
gh three-dimensional turbulent boundary layers are more common
than two-dimensional ones, the amount of research effort
which has been and continues to be expanded on the latter
proolemsisdisproportionately large. But the problem that
has generated interest among designers of turoomachinery
and:f1uid dynamics concerns the nature of the bO\J-ndary. , .

layer on a flat wall under the influence of a turning mean
flow.Whereas few attempts have been made to study three-
dimensional boundary layers either experimentally or theore-
tically and as far as the development of calculation method
is concerned, the great majority of investigators have ._never
ventured. into three dimensions, presumably being deterred
by the large number of velocity and shear stress components
that have to be considered.

1.2 Motivation Behind the Present Investigation
Many practical problems involve flows of turning mean

flow. For instance flow on the end wall Dounding a compressor
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cascade, flow over r~vet heads, mechanical joints of a
ship-hull, etc. In calculating the ship resistance or the
resistance experienced by any aerodynamic.or hydrodynamic
surfaces it is necessary to consider the effect of three-
dimensional single protubations in the layer caused by the
radial pressure gradient imposed on the layer by the cur-.
vatureof the mean flow. The presence of such three-dimen-
sional bodies in a boundar~ layer flow, creates vigorous
distortions of the velocity profiles anR turbulencequan-
tities especially in the near region of the down-stream
flow, giving rise to additional resistance (due to form drag)
on the surface concerned. The effect generally observed is
a skewing of the boundary-layer velocity vectors towards the
centre of curvature of the mean flow.

The three-dimensional boundary layer may be classified
as either collateral or skewed. The collateral layer is
similar to a two-dimensional boundary layer in that a single
plane passed normal to the bounding surface and containing
the free-stream velocity vector will also contain all of the
velocity vectors in a boundary layer velocity profile as well,
e.g. a plane of symmetry flow. In the skewed profile there
exists a cross-flow velocity component normal to this plane
defined by the surface normal and free-stream direction.

Since almost all three-dimensional boundary layer
problems are of turbulent flows, it is important to investigate
the nature of disturbances as ~ffected by the presence of'

I
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three dimensional obstacles. Keeping in view the above
points of interest, attempts have been made to expand the
knowledge in above mentioned fields.

1.3 Features of the Present Work

The total work presented in this thesis has been
divided in following parts, e.g. (a) study of mean velocity
profiles of undisturbed and disturbed flows (disturbed by
the presence of obstacles), (b) study of.boundary layer
parameters (e.g; displacement thickness, momentum thickness,
energy thickness, etc~), (c) Inves4;-igationof secondary
current and its modelling.

In order to facilitate the above studies three obsta-
cles of different geometry, but of same aspect ratio were
placed in the free stream flow in a wind tunnel.

A comprehensive review of the relevant literature
has been presented in Chapter 2.

Methods of investigation has been described in
Chapter 3. The investigations described the development of
turbulent boundary layer and measurement of boundary layer
parameters.

In order to compare disturbed velocity profiles with
undisturbed ones, mean velocity profiles for the undisturbed
flows and disturbed flows were measured in the working

\
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section of the wind tunnel at zero pressure gradient. For
disturbed flows three isolated blocks (a right circular
cylinder, a rounded head cylinder and a cone) having same
aspect ratio (1" dia and 1II height) were choosen and set up
individually .at a selected grid point along the centre line
of the"test plate of the rectangular duct of .the wind tunnel.
The experimental technique used to measure different quan-
ties for all experiments, reported in this thesis has been
described in Chapter 4.

A mathematical model popularly known as (p., q.)
. J. J

family of HOdograph model has been presented in Chapter 5.
A family of hodo~raph model foJ;'the cross-flow velocity
components of three-dimensional turbulent boundary layer
was presented by Shanebrook and Hatch (1972). The principal
advantage of this family is.its flexibility which allows
a wide variety of possible shapes for the hodograph. An
extension of the" above model with little modification has
been used here to conform the present investigation •.

In Chapter 6, discussion of results of velocity
,

profiles behind obstacles were presented. A comprison was
made with the undisturbed flows. Values of displacement
thickness, momentum thickness and energy thickness were also
determined. An elaborate experimental study has been carried
out for the investigation of secondary current. Possible
cross-flow were measured at each grid point for each block
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by a two-t~be Yaw-meter. It was found that in the disturbed
boundary layer, cross-flow velocity components were present,
confirming that the flows under investigation were three-
dimensional in nature.

In Chapter 7, conclusions drawn from the investigations
and the proposals for future work has been presented •.It is
hoped that the present work would be able to provide some
useful information to the researchers and designers working
on turbulent boundary layer, a three-dimeusionalone in
particular.

.........

\



CHAPTER 2

LITERATURE SURVEY

Not too many researchers investigated incompressible
three-dimensional turbulent boundary layer flows. However,
some important ones are mentioned below.

2.1 Flow Past Obstacles

-"Schlicting (1936) experimented on the measurement
of the velocity field behind a row of spheres placed on a
smooth flat surface. The pattern of curves of constant
velocity clearly revealed that a kind of negative wake
effect was present. The smal2est velocities were found to
be in the free gaps in which no spheres were-present over
the whole length of the plate; on the other hand, the
largest velocities existed behind the rows of spheres where _
smaller yelocit-ies were expected.

Wieghard~ (1943) carried out a large number of
measurements on roughness in the special tunnel at Gottingen.
The drag was measured with the aid of a balance which was
attached to a rectangular test plate. 'The test plate was
accommodated in a recess in the lower wall of the tunnel
and it was free to move over a short distance. The difference
between the drag on the test plate with and without the
roughness elements (rectangular bars) ga~e the increased
drag due to roughness. The author thought the increase

\
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consisted of two terms. The first term is the form drag
due to roughness itself and the second is due to the fact
that the presence of roughness elements changes the
veloci~ profile in its neighbourhood and hence the shearing
stress on the wall as in the region of backflow behind the
fillet.

Kuethe, Mckee and Curry (1946) investigated on three-
dimensional turbulent boundary layer. They performed the

.)

e~eriment on a yawed wing of elliptical plantormset up
in a low-speed wind tunnel. Velocity profiles were measured
by hot-wire anemometer and they'.found that the cross-flow.
profiles were of trianr;ular shape.

Klebano"ff and Diehl (1951) and Clauser~ 1956) also
experimentally demonstrated that a rod placed parallel to
the tunnel wall across" a fully developed turbulent boundary
layer violently distorted the velocity profile of the
bouadary layer. As the boundary layer proceeded downstream,
this distortion died out and the boundary layer slowly
returned to the original shape.

Hornung and Joubert (1963) investigated the mean
velocity distribution in a low-speed three-dimensional
turbulent boundary layer flow. They performed the experiment
on a large scale model consisted of a flat pla~ on which
secondary flow was generated by the pressure field introduced
by a circular cylinder standing on the plate. They found that
,
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the wall-wake model of Coles does not apply for flow of
this kind and the model breaks down in the case of conically
divergent flow with rising pressure, for example in the
results of Kehl (1943). But the triangular model for the
yawed turbulent boundary layer proposed by Johnston (1960)

was confirmed with good correlation. The dimensionless
velocity-defect profile was found to lie in a fairly narrow
band when plotted against y/~ for a wide variation of
other parameters including the pressure gradient. Theyf6~d:
that the law.of the wall was applicable in the same form
as for two-dimensional flow but for a more limited range
of y.

Westkaemps (1968) showed that a cylinder pro-
tuberance mounted on a flat plate would cause the plate
boundary layer to separate if the cylinder is long compared
to the boundary layer thickness. An oil flow technique was
used to obtain separation for several lengths and diameters
of the cylindrical protuberances. From these data the author
developed a relation for the prediction of the separation
distance for a wide range of cylinder length and diameters.
He found that for cylinders having a length to diameter
ratio (Ld/d) greater than 1.13 the non-dimensional separation
distance (Sd/d) has a constant value of 2.65. For smaller
values of (Ld/d), the relation is Sd/d = 2~42 (Ld/d)-7.

I
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A three-dimensional turbulent boundary layer accom-
panied with secondary currents and developing along a long
stre8lllwisebar of a rectangular cross-section placed on a
flat plate was investigated experimentally by Furuyaet.al'.'
(1977). Two different wall configurations were provided
by placing the longer sides of the rectangle perpendicular
or parallel to the plate surface. They observed that the
general behaviour of the flow is not much influenced by the
change of the aspect ratio of the cross-section of the bar
except in the region relatively near the leading edge. A
self-preserving velocity profile in the plane of the flow
symmetry of the three-dimensional turbulent boundary layer
was proposed and comparison with the experimental results
showed that the flow on the upper surface of the bar is,
in 'fact,self-'preserving.

Castro and Robins (1977) carried.out an experimental
investigation of the flow around surface-mounted cubes in
turbulent flows. Measurements .ofbody surface pressures
and mean fluctuating velocities within the wake were taken.
The flow was a simulated atmospheric boundary layer with a
height ten times the body dimension. A similar experiment,
on the flow past a cone placed on a flat plate, was. also
carried out by Okomoto,et. al. (1977). The vertex angle
of the cone was varied 600, 900,120° and 150°. The surface
pressure distribution on the cone and the flat plate were
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found to be similar for cones of vertex angles 600_1200,

but were different from those for vertex angle of 1500•

This is thought to be because of the different flow sepa-
ration and vortices. The separation points of the cones
were obtained by the oil film method. The drag and lift
coefficients were obtained from the surface-pressure dis-
tributions and it was found that the drag co-efficient
decreases as the vertex angle increases. Also negative
wake effect was no~iced in the wake of the cone on a flat
plate.

Lee and Soliman (1977) carried out an experireent to
investigate the influence of grouping parameters on the
mean pressure distributions experienced by three dimen-
sional bluff bodies immersed in a turbulent boundary •.
Different arrays of cubical roughness blocks were arranged
and were tested with flows with different angles of attack.
The authors had in mind a model of group of buildings and
thus they concentrated on the problems of ventilation and
environmental wind around buildings. From an archite.ctural
point of view this is particularly interesting.

Das (1980) experimented on flow recovery hehind
a three-dimensional cylindrical element using a pipe flow
technique. To ascertain the effect of surface texture on the
flow recovery, he investigated in pipes of different surfaces,
smooth and rough. He described the flow recovery interms of



mean flow properties and turbulence characteristics. In ',;':1e

downstream of the recovery zone a negative wake effect w"s
observed &r[ a cross-flow of s-shape \~hich conpared well
with a propused family of Hodograph model was found. The
turbulence quantities are found to have an unusual but
consistent distribution pattern in the recovery zone.
However, the distortion of the mean flow and the.turbulence
quanities eventually dies out and the undisturbed flow
characteristics are recovered at a further downstream position.

2.2 Turning Flow Without Obstacles

Gruschwitz (1935) performed an experiment in a turniug
passage of a rectangular cross-section preceeded by a straight
rectangular duct in which a turbulent boundary layer had bee
caus~d to grow. At many stations on one of the flat walls,
velocity profiles were determined by means of a traversed
cylindrical, three-holed, stagnation pressure and angle
probe. Static pressure was determined by means of wall-
static taps.

Johnston (1960) carried out an experiment over
the wall bounding a two-dimensional air-jet forced to flow
against a perpendicular back wall. A uniform, collateral,
turbulent boundary layer was caused to grow on the walls of

I
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the rectangular entry duct. He measured velocity profiles
on and around the plane of symmetry at many stations upstream
of the separated regions that occur on the test-section walls
ahead of the back wall. He achieved two objectives, e.g. (a)
a mathematical model of the relationship between the cross-
flow and mean flow components of the velocity vectors of
the layer was established and secondly, (b) by utilization
of the model some of the relationships required to carry out
a boundary layer problem solution by the use of the momentum-
integral equations were developed.

Klinksiek and Pierce (1970) carried o~
an experiment on the'lateral flow in a low speed, three-
dimensional, turbulent, incompressible boundary layer i.side

,.a recurvint; duct which was made to reversei tself completely.
The test surface was floor wall of the sections. All profiles
were measured in the test-section centre-li~e surfaces. They
found that in the upstream of beginning of the bend a well-
behaved two-dimensional turbulent boundary layer was developed.
In the bend sections lateral and simultaneous lateral skewing
were developed. They observed that when skewing existed in
only one direction the polar velocity profiles indicated,a
near linear region as the floor of the channel was approached.
With simultaneous lateral skewing a linear region was not
apparent until flow reversal was near completion.
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In spite of all these works the development of boundary
layer and investigation on secondary current on a flat wall
umder the influence of a turniAg mean flow are still now
very much i. demand among .the designers of turbomachinery
and Fluia dynamics." So detailed experimental studies on
cross-flow components of possible three-dimensional flows
are essentially required.

I



CHAPTER 3
I'1ETHODS OF INVESTIGATION

The present thesis concerns the investigation of
possible Secondary flow created by isolated blocks placed in
the fully developed turbulent flow on a smooth flat plate.
Calculation of different boundary layer parameters, co-
efficient 'of skin friction, is'essential for the purpose of
the above investigation. Standard methods, are used to
determine all these parameters and properties.

3.1 Determination of Wall Shear Velocity

Local velocity profile method has been used to determine
the co-efficient of friction in the boundary layer flow.
Von Karman demonstrated a universal velocity-distribution
law from turbp.lent friction equation and a similar velocity-
distribution law was deduced 'from Prandtl's mixing-length
hypothesis for turbulent shearing stress by Schlichting, H.,
for a flat wall (rectangular Channel).

The law of the wall for smooth surface is

u
Uo

yU
= ~ logT+ B'

'r ,
wherek and B are universal constants, the former also being
known as Von Karman's constant. The numerical values are

rk= .41 and B = 4.9. These are the average values found by
Clauser, from various sources.

I
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Now,multiplying both sides of (3.1) by ~o = vi ~f .
and substituting for the constants, the following equation

is obtained.

. ti- yu j~f [IOg~ + .87~ (3.2)u = 5.6 2f log;r- + 5.6U

= 5.6J~ log ~ + C

= m log ~+G

or y = mX + C, which is a linear equation (3.3)
')

whe.re, Y u
='U

m.= 5.6J~f , slope of the curve

.~ [Jj .875JC = 5.6 2f 10 ~+ ,

intercept of the curve with the' ordinate.

u .
By plotting ~ .versus. ¥ for all the grid points in semi.,.log

scale the value of m could be calculatedf rom whic,h the valuerG:
2f
.

of ".,f can be calculated •
. rc:

By putting the value of .Jt in the equat'ion.

wall can fairly be proved.

can be found out.

in semi-log scale, the equation

the valu~ of shear velocity
yUaversus -~-u,Plotting U

a
(3.1), the law of the
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3.2 Determination of Boundary Layer Parameters

The displacement thickness, momentum thickness and
energy thickness are measured graphically from the standard

' ,
integral equation of

••
~1= J (1 - lPdy

Y=o,

a2 = r~(1 - ~) dy ,;
y",o

~3 = /00 ~ 2
(1 ,u

) dy- ify=o

where, a1 = 'displacement thickness

~2 = momentum thickness

/73 = energy thickness

individually

Having measured the values of u and Ufor all grid points
u2

(1 - :::'2')
Ucan be

and plottingi versus (1 ~ ~), ~,(1 - ~) and ~
the values of the above parameters

found out.

\

\
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CHAPTER 4
EXPERIMENTAL SET-UP AND PROCEDURE

The present experiment mainly concerns the experimental
investigation of possible cross-flow in incompressible two-
dimensional turbulent boundary layer.

The investigation was d~vided into three parts. The
first experiment involved the measurement of mean velocity
distribution in the boundary layer developed on a smooth
surface here in after known as undisturbed flow and measure-
ment of the same on"the smooth surface disturbed by placing
an isolated block here in:after known as disturbed flow.

The se~ond one consisted of investigation of secondary
current.

The third experiment involved the visual observation
of the flow pattern and determination of non-dimensional
separation distance.

The test was carried out in one of the Wind tunnels
situated in the Fluid Mechanics Laboratory of the Mechanical
Engineering Depart~ent. The details of the experimental set-up
"are as follows.

4.1.1 The wind tunnel

The Wind tunnel was an open circuit blower type one
with 3'x12Ix8" working section (Fig. 4.A). This was a forced
type Wind-tunnel. The blower was of axial type and driven

\



18

by 2~7 H.P. induction motor with r.p.m. of 2900. The blower
casing was fitted with a settling chamber on the downstream
side followed by a flow-straightener made of glass tubes.
The floor and the top of the working section were made of
smooth, perspex plate. Seven taps were drilled along the
centre-line of the top surface of the test section. The
holes were made to measure the pressure distribution longi-
tudinally of the test section. The taps were connected with
an incli1ed,tube manometer.

4.1.2 The blocks,

Three blocks (Fig. 4.1), (a right circular cylinder, a
rounded .head cylinder and a cone) each with diameter and
height of 1"x1" were made from wood. The'surface of.the
blocks'were made suffiCiently smooth so that they can
produce symmetrical distribution of flows on both sides of
,the centre line of the test plate when the blocks were
placed at the selected grid point of the test plate and
air was blown.

4.1.3 Instrumentation and apparatus

(a) Traverse mechanism: A height gauge graduated in
inch was used to carry the probes (pitot, yaw-meter and
static tubes). The height gauge was set up at the exit end
of the test section (Fig. 4B). The probes were fitted with

I
, I

i,
I

r:' ;1
" ~
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a drilled rod which was carried by the height gauge. By
turning the sliding mechanism of the height gauge the probes
could be traversed up and down.orfixed at a particular
position.

(b) A square head pitot tube.of .035" O.D. was used
for measurement of total head~

(c) Manometer: In all experiments, pressures detected
by the pitot tube, statiejt\i~e~"jYaw-Bleter,etc.•were measured

"

by manometer containing a bank of 28 tubes. For the magnifi-
cation of the manometric head the manometer was always used
with a certain inclination (1:4). The manometric fluid used,
was water. The probes were connected with the manometer via
flexible plastic tubes.

4.1.4 Measurement procedure

At the beginning of the experiment the horizontal level
of the test plate and the roof plate were cheCked by an
spirit level. The no-flow reading of a particular tube in
the manometer and the ambient temperature were recorded.
,
The air was blown through the duct and manometric readings
of the seven top centre-line taps (Fig. 4.2 and Fig. 4C)
were measured. Measurements were taken twice, one at full
opening of the two-wing butter-fly valve and the other at
half opening <if the 'valve Le .• at ,two"different velocities.

,

r,;
1,.-



20

The longitudinal pressure gradient of the flow was checked
and was made zero by adjustinE the roof of the working
section. A constant free-stream velocity was maintained
for each experiment.

Twelve grid points were pre-selected on the t~st
plate (Fig. 4.3). For accurate positioning of the grid points
on the plate white paper with location of the above points
was gluded at the unders.ide of the transparent test plate.
to determine velocity profiles in the boundary layer the
traverse mechanism carrying the pitot tube was placed outside
the.tunnel working section. The pitot tube was fixed hori:"
zontally such that it is parallal to free-stream flow

. .

.direction. The tube ..was t.hentraversed down to touch the
test plate such that there exists no parallax. This was
ensured by havinf,no gap between the vertex of the pitot
tube and its image reflected from the smooth, transparent
test~plate. Raving ensured this initial position of the
pitot tube at a selected grid point the traverse mechanism
was operated to displace the tube gradually upwards in
close steps of 0.05 inch. In this way velocity profiles
were determinedfor all other grid points for the undisturbed
flow. Some 12 to 16 points were monitored in each profile.

To record velocity profiles for disturbed flow any
of the wooden blocks was fixed at M1 by a screw from under-
neath. Boundary layer velocity profiles were then measured
as before at each grid point. The same procedure was adopted
for all other blocks.
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4.2 Investigation of Secondary Current

A three-dimensional body when placed in a two-dimen-
sional boundary layer flow creates vigorous distortion of
the velocity profiles specially in the near region, of
the down stream flow. In the present investigation the main
objective was to study the cross-flow created by isolated blocks
on flat plate in two-dimensional turbulent boundary layer.
From the mean flow meansurements in the disturbed flow. it
was evident that Secondary current existed~details of which
would be revealed later. So arrangement was made to measure
it.

A simple probe known as yaw-meter was made for the
above'purpose. Two hyperdermic tubes of 0.05 in. O.D. were
soldered together to form a double-barrel probe. The tip "

. 0of the barrel was then accurately filed to an equilateral 60
triangular head (Fig. 4.1). This end of the probe was used
to search the flow direction while the other endswei'econnec-
ted to multitube manometer to monitor the deflections.

The Yaw-meter was first calibrated and for this purpose
a special traverse mechanism was made. The mechanism consis-
ted of a round probe-carrying shaft and a dial (Fig. 4.D).
The Y~meter was fixed with the traverse mechanism at a
height from the base where there was no boundary layer effect.
After the axial fan was switched on. readings of the
multitube manometer were recorded. The tip of the yaw-meter

\
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was rotated about the centre-line of the test section at
an interval of two degrees. A chart was prepared showing
angle of rotation of the yaw-meter versus non-dimensional
pressure difference monitored by the yaw-meter.

The yaw-meter was then fitted with the traverse
mechanism that was used to carry pitot tubes. With the
blocks at the positions the readings at different grid'
poin~s'were taken for cross-current components.

4.3 Flow Visualisation

Flow visualisation was necessary to examine ~isually
the extent and behaviour of distorted zone. Here a primitive
flow visualisation technique was arranged.

For the experiment a separate test plate of smooth,
perspex sheet was used. The underside of the test plate was
painted white so that the white paint could give a good
contrast of photographs. A mixture of kerosene and lamp-black
was prepared. The concentration of the mixture was t6be care-
fully determined, otherwise if it is too thin, the whole
pattern of velocity profiles would be washed away and if
it is too thick again, it would.not give a good flow-pattern.
However the concentration of the mixture was ditermined by
trial and error. After preparing such a mixture the test
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plate was brushed uniformly by the mixture and the air was
bloWll.. Pattern started developing. A1'ter 1'ew minutes 01'air
blowing the pattern was dried up and photograph was taken.
Adopting the above procedure,1'low patterns 1'orundisturbed
and disturbed 1'lows (for all isolated blocks) were taken •

..." .....

,

\



CHAPTER 5

I'IATHEMATICALMODEL OF (P2' q2 = 2) FAMILY OF HODOGRAPH

5.1 Introduction

Interest in the three-dimensional turbulent problem
has increased in recent years because of frequent occurance
of secondary current effects in many engineering devices.
Many reviews of the subject were made by Joubert. Perry
and Brown (1967); Horlock. Norbury. and Cook (1967) ;
Francis.and Pierce (1967). Of thisreview the model presented
by Mager (1952).

were proposed and a variety of polynomial representations
for the hodograph were developed and finally, by reviewing

\
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these conditions a family of hodograph models were presented
by Shanebrook and Hatch (1972). better known as (Pi' qj)
family of Hodograph models. The principal advantage of
this family is its flexiDility which allows a wide variety,
of possible shapes for the hodograph.

Now. a mathematical derivation of (P2' q2 c 2) family
of hodograph method is presented and the obtained experi-
mental results were compared with (P2' q2 = 2) family of
mod61.

5.2 Mathematical Model of (P2' q2 = 2) Family of Hodographs

'Using equation (5.1) the boundary conditions represented
are as follows:

w,
0 'at ~ c 0U =

Cl( w )U u= B at U = 0
d( 'u )U

w 0 at ~ c 1U c

d( w )u u= - A at U = 1
d( l! )U

(1I)

(c)

Several investigators e.g. Francis and
Pierce (1967) Pierce and Klinksiek (1969) and Johnston
( 1960 ) have observed- a near linear variation of the

{ "
\ -
\, \ "

"~'_J"
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experimental hodographs as the wall and boundary layer edge
are approached. From a Taylor series expansion about

s - 0, where

VI
U"' .......

and another about J. 1,
'1 .

••••••

It. can be seen that the observedliJl.earities can be
mathematically approximated by requiring one or more conse-
cutivehigher order derivatives to be forced to zero at the
wall-and/orbouildary layer edge. The extent of linearity .'
can be controlled by specifying the Jl.umberof consecutive
derivatives to be forced to zero. This gives at the wall,

"W
(
Cu

2,3aJ") .• 0, r "' ...... j~~.
-and at the boundary layer edge,

.,.W
" U-( ,.)= °"J ~=1

r = 2, 3 ••.••k

\
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So~ for the present case of (P2' q2 • 2) family of hodographs

0, ..... (

(e), for q2 = 2, and

With the above boundary conditiollS it is apparant that the
Wpolynomial for U = f(~) will be of the form,

......... (5.2)

'.Chenumber of terms of the polynomi",.1wiI-l--be found from
thecondHions at the other bOundary (Le. S = 1). Since
-at 5 = 1, there are f'our boundary conditions, e.g.

Wn= = 0 and = 0,

So the number of constants will be f'our. Thus, the equation
(5.2) will be,

Putting the above four boundary conditions in equation (5.3),
-the governing equations become,
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Putting these four equations in matrix form and finding the
values of the constants and replacin~ N by '2 the required
model can be achieved. That is,

B~-
(P2+2) (P2+ 3)(P2+4 )(~2+2) (P2+1) (P2+ 3) (P2+4) (P2+3)

6 ], '+ 2 f

(p2+1)(pf2)(P2"') . /P2"') + (P2+1)(Pf2)(P2+3) /P2+5J

[
(p +,3)(p +4) .(p +2) (3P2+7)(P2+4) (P2+3)

+ A 2 2 2 .~ 2 - ,2 .5

.. (P2+2)(3P2+11) (P2+4) (P2+2) (P2+3) C;;(P2+5;l
+ 2 5 - 2 J J,

VIU =

Now by choosing particular value of P2 and assigning values
to the constants B and A the equat~on (5.4) can be used for
calculating ~. The calculated values of ~ were compared with
the result of the experiment (Fig. 6.38 to 6.45);in the next
chapter.

\



CHAPTER 6
DISCUSSION ON EXPERIMENTAL RESULTS

6.1 Introduction

External flows over most bodies in hydrodynamics and
.aerodynamic applications, internal flows in pipes, channels
and ducts as well as the complex flow pattern in turboma-
chiner,y passages involve flows of turning mean flow. In
calculating the resistance experienced by any aerodynamic
or h~dr6dynamic surfaces;it is necessary to consider the
effect of three-dimensional singl~ protuberances. Presence
of such three-dimensional body creates distortions of.
velocity profiles and gives rise to additional resistance
to.the surface concerned especially .in the near region
of downstream flow. So it was thought essential to study
.the detailed characteristics of mean flow behind such
bodies. For experimental simplicity the investigation has
been carried on a smooth plate of a.rectangular duct
(sec. 4.1~~).This chapter deals with the properties of
the fully developed turbulent flow and monitoring the
'possible secondary current.

6.2 Undisturbed Mean Flow Properties

Zero pressure gradient of the undisturbed free-
stream flow was checked and established (sec. 4.1.4) and
the static pressure- distribution of the test section is shown

,1
•
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in.Fi~. 6.1 where P is the pressure difference between the
atmospheric pressure and tunnel pressure at different sections.
As stated earlier (sec. 4.1.4) a grid was selected for det-
erminingthe velocity profiles. The grid was numbered as L

1
,

I"11,R1,L2, •••• , M4, R4 as shown in Fig. 4.2 and Fig. 4.3.
At each grid point velocity distribution was measured ( sec.
4.1.4). The plots of the mean velocity profiles have been
presented in Fig. 6.2 to 6.5. All the measurements were taken
at a Reynolds number of 9.8x104, based on mean velocity and
hydraulic diameter of the tunnel. From the,)plots of each grid
point it is noticed that the distributions are uniform, similar
and consistent resembling the fully developed. boundary layer
velocity'profiles.

The superimposed velocity profilesof(L1 ,M1,R1),.
(L2,M2,R2), (L3,M3,R3) and (L4,I"14,R4) are shown in Fig. 6.6 and
that of (L1 ,L2,L3,L4), (M1',I"12 ,M3 ,I"14) and (R1 ,R2,R

3
,R4) are

shown in Fig. 6.7. The former is done to check the transverse
uniformity and the later for downstream similarity. From
Fig. 6.6 and 6.7 it is noticed that the velocity profiles both
transversely and longitudinally are collapsing on to a single
curve giving a hint of near self preserving.

The universal logarithmic velocity distributions
for smooth surface at grid points (L2,L3,L4, (I"12,I"1

3
,M4) and

(R2,R3,R4) are shown inF'ig. 6.8. The solid line in the
figure represents equation 3.1 showi~ reasonable agreement.
The logarithmic overlap is about 18% of the boundary layer.
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In this context, it may be mentioned that Uo used in these
plots have been calculated following the procedure described
in section 3.1 and the values of B'and K were chosen 4.9
and .41 respectively.

The values of boundary layer parameters e.g. boundary
layer thickness, displacement thickness, momentum thickness
and energy thickness for all the profiles at L1,M1,R1 to
L4,M4,R4 are calculated and presented in Table 6.A. It
is noticed that at each grid point the value of the boundary
layer thickness is greater than the displacement thickness
and displacementthicrness is greater than the corresponding
momentum thickness, .a typical boundary layer development
concept. Moreover, boundary layer thickness at L1 position
is smaller than that at L2 and the value at L2 is smaller
than the value at L3 and the thickness at L3 is smaller
than the value at L4-' showing that the boundary layer
thickness is increasing in the downstream direction of
the test-section. Similarly, it is observed that displace-
ment thickness and momentum thickness are also increasing
in the downstream direction of the test section with the
increased value of the boundary layer thickness.

From the above data and lor-;arithmicvelocity distri-
butions it is evident that the f.lowover the grid is a-
fully developed turbulent boundary layer flow.

\
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6.3 Disturbed Flows

As stated earlier (sec. 4.1.4) a block was fixed at
~rid position M1 by 'a screw from underneath the test plate
to record velocity profiles. At each grid point velocity
distribution was measured. The same procedure was adlopted
for all other blocks. The plots of the mean velocity
profiles for the right circular cylinder, the rounded
head cylinder and the cone have been presented in Fi~. 6.9
to 6.20. Undisturbed ,r~files (dashed lines) are superimposed
on these profiles to account the distortions caused by the
disturbed flow.

It is noticed from Fii. 6.9 to 6.12 of the ri~ht
circular cylinder that the flow was disturbed at each grid
point with maximum at L2,M2,R2 positions and minimum at
L4,M4,R4 positions within the range of experiment. At M2
positions i.:e;jtist>behind,theblock the profile was distorted
vi~orously, ~ivin~ rise to a positive wake effect at the
middle portion of the profile and a negative wake trend at
the lower portion of the,profile. At all other grid positions
negative wake effect were observed. At downstream positions
the wake trend is ~oi~ to be diminished indicatin~ that the
disturbed profile is recoverin~ to its undisturbed profile.

From Fig. 6.13 to 6.16 of the rounded head cylinder
it is ob8er~ed that the distortion of profile is similar
to that of the ri~ht circular cylinder, but with a lesser

\
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degree of distortion. Here also at M2 position a positive
wake effect is observed at the middle portion of the profile
with a negative effect at the lower portion. Negative wake
trend are observed at all other ~rid positions.

In Fig. &.17 to 6.20 the profiles for the cone have
been presented. Here also a similar trend is noticed as
before with a positive wake effect at M2 position and
negative wake effect at all other positions. However, the
degree of distortion of profile and wake trend is least
for the cone comparing to the previous two blocks.

-Comparing the distortions of velocity profiles
due to the presence of the blocks it is noticed that the
distortion is maximum along the centre-line of the test-
section i.e. at positions ~, M3, M4• Of these the distortion
of profile is maximum at position M2 and least at position
M4 in the range of experiment indicating that the influence
of disturbance is decreasin~ in the downstream direction.

Comparing the profiles with the undisturbed ones it
is noticed that the nature of distributions are varying
from position to position, which indicates that the flow
streamline is not a straight line rather it is curlic one.
This changing behaviour and wake trend of the streamlines
strongly proves the existence of secondary current in the
disturbed zone.

. \



The superimposed velocity profiles of disturbed
.flows are shown in Fig. 6.21 for grid position L1,L2,L3,L4,
in Fig. 6.22 for grid positions M2,M3,M4 and in Fig. 6.23
for positions R1, R2,R3 and R4• The distortions of profiles
at L1,L2,L3,L4 and R1,R2,R3,R4 show more or less uniform
and similar for all the blocks. But at ~,M3,M4 positions
the distortion of profiles varies largely. At M2 position
the profiles are distorted vigorously. Moreover, it is
noticed that the distortion and wake effect is maximum
for the right circular cylinder and minimum for the cone.

6.4 Flow Visualisation

Since from the above discussion it appeared that a
secondary current existed', a visual appraisal of distortion
of flow pattern was thought to be worth making. A simple
lamp-black flow visualisation technique was used for this
purpose (see sec. 4.3 for details). It is noticed that
the streamline was straight for the undisturbed flow
(Fig~ 6.24), but when the isolated block is plHced in the
stream the flow lines (shown by lamp-black) are distorted
out and are spread sideways having a clear indication of
a cross current (Fig. 6.25 to 6.27). Photographs with scale
show that distortion in the downstream are well prominent
even after 'long distance, which means that disturbed flows
require a r~asonably long distance to recover the undisturbed
profile.
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Non-dimensional separation distance can also be
measured from the photograph with scale. For the present
case it is found that for obstacles having length to
diameter ratio (Ld/d) equal to 1.0, the non-dimensional
separation ~istance (Sd/d) are 2.24, 2.16 and 1.73 for
the ri~ht circular cylinder, rounded head cylinder and
the cone respectively. A similar result was also obtained
by Westkaemps (1968). He found that for cylinders having
a length to diameter ratio (Ld/d) greater than 1.13 the
non..,.dimensionalseparation distance (Sd/d) has a constant
value of 2.65. For smaller values of (Ld/d), the relation'
is Sd/d = 2.42 (Ld/d).7.

6.5 Calibration of the Yaw-meter and Measurement of Flow Angle

Then it was decided that the cross current was to be
monitored. For this purpose a two..,.tubeyaw-meter was made
and calibrated (see sec~ 4.2 for details). Fig. 6.28 shows
the calibration of the yaw-meter. The yaw-meter helped to
measure the angle of flow (with respect to main flow direc..,.
tion) and the tangential component of the flow (cross current)
was calculated from that. Flow angles at all grid points
of the blocks were measured and Y/a versus flow angle,
are presented in Fi~. 6.29 to 6.37. It is ~oticed that flow
was drastically affected in the inner region (M2,M3,M4
positions) and L1, R1 positions. For L1,R1,M2,M3,M4 positions
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of both the right 'circular cylinder and the rounded head
cylinder and for all grid positions of the cone the flow
assumes cross profile but for the L2,L3,L4,R2,R3,R4 posi-
tions of the right circular cylinder and the rounded head
cylinder the flow assumes cross-over profiles. It is also
observed that the'degree of deviation of the flow angle
is greatest for the right circular cylinder and least for
the cone.

It is noticed that at the downstream region where
the flow proceeded towards recovery the deviation becomes
smaller~1"loreo:ve.r.,as- the flow reached boundary layer the
deviation was going to be deminished, which is usually
expected.

6.6 Cross and CroBs-over Flow

By measuring the flow angle, the tangential (W) compo-
nent of the mean velocity can be determined. By calculating
W, the croBs-flow profiles can be checked with any of the
known models .for three-dimensional turbulent boundary layer,
e.g. Johnston (1960),who relates ~ to ~ by a hodograph model
(or polar plot) :

W AI u the wall andU = U , near
W An (1 - ~),away from the wall.U =

\
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. w uPlots of U versus U for different grid points of
the blocks are presented in Fig. 5.38 to 5.45. Here for
the cone the cross-flow profiles take only triangular form
and for the right circular cylinder and the rounded head
cylinder the profiles take both triangular and s-shapes.
The s-shape profiles are better known as cross-over profiles.
This type of profile was found by Klinksiek and Pierce
(1970) .inside a recurving duct wherein the flow was made
to.reverse' itself completely and by Das (1980) behind a
three-dimensional cylinderical element in a pipe flow.
Gruschwi tz .(1935) found triangular hodographs in a..t=~
passage of rectangular x-section preceeded by a straight
rectaniular duct. and by Kuethe,. Mckee and Curry (1949)
on a yawed wing .of elliptical planform and also by Johnston
(1960) overa flat wall bounding a two-dimensional air-jet
forced to flow against a perpenciular back wall.

It is noticed that when skewing existed in only one
direction, the polar velocity profiles indicated a near
linear region as the floor of the test section was approached.
In case of simultaneous lateral skewing a linear region was
not apparent until flow reversal was near completion.

The cross-over profile may be.well defined by family
of hodograph models proposed by Shanebrook, et. al. (1972).
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6.7 Comparison of the Model with Experiment

For the present investigation a number of values of P2
startin~ from zero were choosen. For finding the values of
B and A a reasonable average value 'of the slopes of the
hodographs (Fig. 6.38 to 6.45) were taken, where

deW)
B U= del!)u

~(w)
A U=

del'})

uat U = 0 and

at l! = 1.U

Then bY putting the
equation (5.4) the values

values Of'S, B-, A, andp2 in
W 'of U were calculated. For the

present case it was found that by taking the value of
P2",10, B= tan 14.41°= .257 and A ;,tan 240 = .445, a
reasonable a~reement between the experiment and the
equation (5.4) has been achieved.

A similar investigation was also made by Klinksiek
and Pierce (1970) in a three-dimensional turbulent
boundary layer inside a recurving duct which was made to
reverse itself completely. They found a reasonable represen-
tations of the hodo~raph from (P2' 0) family of models, as
well as members of the (P2' q2 = 1) and (P2,q2 = 2) families.

Das (1980) investigated flow recovery hehind a three-
dimensional cylindrical element using a pipe flow technique.

C:,r,"
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The experimental data compared very well with the (P2' q2 = 1)
family of hodograph model.

From the above representation it is seen that (P2,q2=2)
family of model has a wide range of flexibility for the
hodographs. This proves that (Pi,qj) family of hodograph
models has flexibility as its principal advantage. Due to
this flexible nature, three-dimensional viscous flow fields
which will require cross-flov models will find extensive
use of (Pi,qj) family ofhodograph models in future appli-
cations.

...'....
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CHAPTER 7
CONCLUSIONS

7.1 Introduction

The present dissertation is mainly an experimental
one to investigate secondary current produced by an iSolated
block in three-dimensional turbulent boundary layer. For
this mean velocity profiles of undisturbed and disturbed
flows were determined. Boundary layer parameters of
undisturbed flow were calculated. A lamp-black flow visua-
lisation method was used to see the secondary flow. Due to
the presence of isol-ated-blcockin two -dimensional turbu-
lent boundary layer, secondary current (or cross flow) was
generated both in triangular and S-form (cross-over flow)
and was represented by hodographs (or polar plots). A
~athematical model of (P2' q2 = 2) family of hodograph
model was presented and compared with the result of the
experiment. From the above performances the following
results were achieved.

7.2 Results

a) Undusturbed nearl;y-se-lt"-"pire!lerving,:two;';'d.imensional
and fully developed turbulent boundary layer wasestaelished.

b) Distortions of ve~ocity profiles due to isolated
blocks are slightly dependent on shape of the obstacle,
but broadly they-are similar •

\
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c) Distortions of velocity profiles are well signi-
ficant in the downstream of the disturbed region having
negative wake effect indicating the presence of secondary
current.

d) Secondary flow was detected and both triangular
and s-shapehodographs were found.

e) The hodograph of the experiment agrees well with
the (P2,Q2 = 2) family of hodograph model.

f) The flexible nature of (P2,Q2 =2) family of
model proves that the (p.,q .) family of hodograph model

.J. J

has wide flexibili1;y which allows a wide range. of possible
shapes for the hodograph.

7.3Co:nclusion

Finally, it may be stated that the present work will
be a helpful one to the future researchers and designers
working on turbulent boundary layer, particularly a three-
dimensional one. While estimating the development of
turbulent boundary layer, the cross current component may
be taken Care of well by the (Pi,qj) family of hodograph
model. However, the need for checking the effects of aspect
ratio of blocks is also underscored •

........
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EXPERIMENTAL SET-UP AND PROCEDURE
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Fig. 4~ Open Circuit Blower Type Wind Tunnel.

I
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I

Fig. 4.B Highet Gauge, Manometer and the Block
Inside the Test Section.
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Fig. 4.C Static Tapping on the Test Section.
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Fig.' 4.,D Probe-Carrying Shaft and Dial of the
Yaw-Meter.
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FIG.4.2 SCHEMATIC DIAGRAM OF THE TUNNEL WORKING SECTION
SHOWING POSITION OF STATIC TAPPING AND GRID POINTS.
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.TABLE 6.A

Boundary Layer Parameters in inch

Grid pts. ~1 a•. d3

L1 0.4159 0.0820 0~0673 0.1042
L2 0.4581 0.0865 0.0704 0.1117
L3 0.5154 0.0939 0.0757 0.1233
L4 0.5654 0.1072 0.0842 0.1355
M. .0.~151. 0.0810 0.0625 .0.10111
M2 0.4601 0.0899 0.0714 0.1141
M3 OS189 0.1018 0.0815 0.1310
1'1 . .0.5633 0.1059 0.0828 0.13344

R1 0.4170 0.0832 0.0694 0.1072
R2 0.4535 0.0840 0.0699 0.1085 .
R3 0.5175 0.0993 0.0790 0.1266
R4 0.5606 0.1039 0.0806 0.1308

Where,
.~ = Boundary' layer thickness
~1 = Displacement thickness
~2 = Momentum thickness
a 3 = Energy thickness
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APPENDIX

Two-tube Yawmeter

There are two common ways by which flow"direction
can be measured with pressure probes. In the first method
a symmetrical arrangement of sensing holes is used and
known as 'null-reading' or equibalanced method. In this
method the probe is oriented at a position by which same
pressur7 is"recorded at each hole and the flow direction
is "the,nreiated to the geometry of the probe. In the s'econd
method the probe remains stationary and the steady flow
comes at different angle of attack. The observed pressure
differences between the camphered tubes are measured and
a non~dimensional pressure difference, ~P/~fU2 versus angle
of floW is,plotted for calibration of theyawmeter. The
pressure differences, in the camphered tubes incre,ase with
increase angle of flow direction. In the 'null-reading'
method of measurement error due to the sensing probe i.e.

yaw meter is added with the error of the angle measu"r:ements,
in addition, during measurements rotation of the probe is
sometimes become difficult. On the other hand use of simple
yawmeter does not need arrangement of rotation and it gives
reliable values of the flow angles. For these reasons multi-
tube yawmeters are generally used in three-dimensional flows.
There are many types, of yawmeters, e.g. claw, diverging
2-tube, 2-tube, conrad, chiesel, pyramid;' conical, etc.
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F9r simplicity of.the construction a simple two-tube yawmeter
(1958) was used for the present investigation and a calibra-
tion of the yawmeter was presented in Fig. 28.

According to Bryer and Pankhurst (1971), the sensitivity
of yawmeter can be expressed as Ap/~fU2 , where Ap is the
pressure difference between the two sensing-holes and ~ is
the yaw angle. The smallest change of flow angle AIf' which
can be measured by a given system can be expressed by the
equation, AW= Ap . I(C ) ~pU2, wM.re Ap. is.the minimum

1 IDl.n p If mJ.n
pressure difference that can be read on the manometer and
(Cp)~ is the yawmeter sensitivity. For the present experiment
the yaw meter sensitivity is .160 and the flow angle .is
detectable to better than .110 at a free stream velocity
of 25 fps and with a minimum reading of~025 cm of water
head in the inclined manometer.
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