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Abstract

An experimental study of the development of the tur�
bulent boundary layers along a streamwise chine will be
presented� This �ow represents a special class of three�
dimensional turbulent boundary layers� where secondary
�ow is induced by inequality of Reynolds stresses around
the edge� The direct e�ect of this edge �ow is to in�
crease the drag force� A recent study along a right�angled
streamwise edge was given by Panchapakesan � Joubert
��		
 and �			�� These measurements provided� in qual�
itative terms� the general behaviour expected from this
class of �ow as revealed by Elder ��	��� but they suf�
fered from asymmetry about the edge bisector due to
overall �ow geometry� especially side wall contamination�
The developing edge vortices were a�ected unevenly by
the growing corner vortices� By altering the e�ect of
the tunnel side walls� quasi�symmetry was achieved� Our
measurements indicate symmetry about the bisector with
a maximum deviation of � percent� Measurements were
carried out on a � meters long test model at a station
����� m from the trip wire� This downstream station was
chosen with an understanding that symmetry at this sta�
tion would likely ensure symmetry everywhere upstream�

Introduction

The study of the turbulent boundary layer developing
over a chine has great signi�cance in various engineering
applications� The three dimensional e�ect of this �ow
includes many of the mechanisms seen in turbulent �ows
encountered in practice such as �ow over intersecting
surfaces found in ship�s hulls� trains and trucks�
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Figure �� Schematic diagram of tunnel cross section and
model�

Ideally� a chine is formed at the intersection of two
surfaces� Flow past the lateral edge of a �nite �at
plate aligned with the streamwise direction have been
studied by Elder ��	�� and Davies � Young ��	����
With the addition of a second �at plate held normal to
the �rst� but parallel to the freestream� a streamwise
corner region is formed �see Figure ��� Since the work of
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er ��	��� a number of experimental studies of the
dary layer in the internal corner region have been
ted� But it is only in the University of Melbourne
a series of experimental investigations on the
e corner has been studied by Panchapakesan �
ert ��		
 and �			�� In spite of its simple geometry�
ow development exhibits substantial complexity
three dimensionality driven by secondary �ow�

measurements of Panchapakesan � Joubert ��		

			� showed� in qualitative terms� consistency of
eneral behaviour reported by Elder ��	��� Their
urements su�ered from asymmetry about the edge
or which is non�negligible and persistent� It was
ed that this asymmetry was caused by side wall
mination� The horizontal �at plate width of their
l was �
� m whereas the vertical plate width
��� m� This a�ected the developing edge vortices
nly� due to the growing corner vortices� With
ntroduction of some changes to the test model
etry� a quasi�symmetric �ow is achieved at the last
uring station�

ture survey

st the six decades the �ow along the streamwise
al corner has attracted a lot of attention from
rchers� This �ow geometry is pertinent to complex
conditions that occur near wing body junctions�
�n assemblies� the roots and tips of blades in
machinary� etc� Flow development along an
al corner has been studied in detail both as part of
t �ow and as an uncon�ned corner �ow� Such �ow
uct was carried out by Brundrett � Baines ��	���
ner � Jones ��	���� Perkins ��	�� and many
s� A number of researchers of the University of
on carried out studies on uncon�ned internal corner
s reported by Zamir � Young ��	�� and Majola �
g ��	���� All these studies revealed that if the duct
is fully developed then the streamwise gradients of
lence quantities along the axial direction should
ro� whereas these gradients are not zero in the
�ned corner �ow�

eometries investigated by Elder ��	��� which were
ateral edge of a �nite �at plate and small aspect
bars aligned with the �ow� are the ones that were
asis of the series of experiment carried out in the
rsity of Melbourne� Elder in his investigation used
tubes and surface tubes to measure the velocity
and wall shear stresses respectively� He also used a
meter to deduce the nature of the secondary �ow�

tudy of Panchapakesan � Joubert ��		
� presented



mean �ow measurements� The variation of the bound�
ary layer thickness in the transverse directions for three
measurement stations clearly shows asymmetry of �ow
about the bisector �Figure ��� The initial thinning of
the boundary layer as we move towards the corner and a
subsequent thickening due to the secondary �ow was also
observed by Elder� This suggests that the secondary �ow
is driven away from the corner along the bisector and re�
turns back towards the wall farther from the corner�

Figure �� Lateral boundary layer thickness variation
�looking upstream�� after Panchapakesan � Joubert
��		
��

The investigation of Panchapakesan � Joubert ��			�
included pressure coe�cients �Cp� and skin friction co�
e�cients �Cf � distributions and streamwise turbulence
intensity pro�les� The measured value of Cf changed
sharply over the corner and the in�uence of the secondary
�ow was observed to be di�erent on the two surfaces� The
extent of the region of in�uence of the corner is of the or�
der of a two�dimensional boundary layer thickness� From
their Cp distribution they concluded that the asymmet�
ric development was unlikely to be caused by an external
presure gradient� Over the horizontal surface the turbu�
lence close to the wall and near the corner is attenuated
but is enhanced in the outer region in comparison with
the turbulence pro�les far from the corner� The pro�les
over the vertical surface show the e�ect of the asymmet�
ric mean �ow �eld on the turbulence� The turbulence is
attenuated through the boundary layer as we move to�
wards the corner�

Experimental apparatus and techniques

The new experimental set up is shown schematically
in Figure �� The chine model� with some essential
changes� is the same as that used and described by
Panchapakesan � Joubert� The test section of the tunnel
has an octagonal cross�section with major dimensions of
���
 m by ���� m as shown in Figure �� The test section
is constructed from aluminium slats with narrow gaps
between them� The blockage e�ect of the models used in
the test section is minimized by this construction� Air
was supplied to the test section by a large closed circuit
wind tunnel�

In the previous investigation two plane surfaces� con�
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ted from varnished medium density �bre boards of
test section widths and running the entire length
e test section� made up the chine� In the present
l 
 cm long �aps set at �� to the main �ow
ion were attached at the end of the model to
ize interaction between �ow over and beneath the
odel surface� The model surface has been polished
ulously to a mirror like surface� Aluminium airfoils
symmetric section were attached to the leading
to avoid separation� A false side wall was prepared
wooden slats with narrow gaps between them to
h with the overall con�guration� The position of
lse wall was adjusted until the �ow symmetry was
ved�

boundary layers were tripped with stainless steel
of ��� mm size �xed to the boards at about 
 mm
where the aluminium airfoil and the chine boards
� The trip wire was taken as the reference for axial
ce measurements and the corner is the reference
ansverse distances� As shown in Figure �� x is the
ce in the streamwise direction� whereas spanwise
ormal directions are denoted by y or s and z or n
ctively� The �ow was investigated at ��
� �� unit
olds Number corresponding to a nominal freestream
ity of ��� m�s� A Pitot tube of �� mm diameter
sed and was calibrated against the NPL Prandtl
Similarly a separate static pressure probe was also
ated against an NPL static tube for measuring Cp
bution�

iniary investigations

rimary e�ort was to produce symmetry in the �ow
etry� Measurements of the mean velocity at the ax�
ation of x������ m� at � mm away from the edge on
surfaces agree well with the earlier measurements of
hapakesan � Joubert ��		
�� This was carried out
the same model geometry without any false wall�
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Figure �� Adjustment for symmetry�

se wall was then placed on the horizontal surface at
away from the edge with the intention of making
the surfaces of equal width� As shown in Figure
ly opposite trends of velocity pro�le were obtained�
phenonmenon con�rmed the need of a false wall to
about �ow symmetry at the further downstream
n� Accordingly the false wall was placed succes�



sively at ���� cm� ��� cm and �	�� cm away from the
edge and for each position velocity pro�les at � mm away
from the edge on both surfaces were measured� This pro�
cess was continued until the symmetry was achieved to
within � percent deviation margin� The �nal position of
the false wall is at �	�� cm away from the edge� The
comparison is shown in Figure � and Table �� Here �C is
de�ned as Rotta�Clauser boundary layer thickness�

Comparison

Parameter Vertical Horizontal Percentage
�C ���
�mm �����mm ���
Re� ���	 ���� ���
H ���� ���� ����

CfClauser ������e�� ������e�� ��	�
CfPreston ������e�� ������e�� ���


� ���� ���� ��

Table �� Comparison between parameters of mean veloc�
ity pro�les on both surfaces at s�� mm�

Results

Mean velocity

The mean �ow velocity pro�les are measured at x� �����
m� Pro�les are obtained on both surfaces at �� ��� ��
�� ��� �� ��� and �� mm away from the edge� These
pro�les are plotted in Figure �� The Macmillan correction
is applied to the readings�
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Figure �� Velocity pro�les at di�erent spanwise stations�
are shifted � unit upwards from previous ones� except for
the �rst pro�le at s��mm�

It is revealed that as we move further from the edge
the asymmetry smears out gradually� The pro�les com�
pletely collapse at a distance larger than �� mm from
the corner� This indicates that the boundary layer away
from the edge develops as a standard two dimensional
�at plate boundary layer as reported by Panchapakesan
� Joubert ��		
 and �			�� Beyond s�� mm� there is
again some asymmetry in the velocity pro�les� This may
be due to the in�uence of the growing corner vortices
between the tunnel bottom wall and vertical surface and
between the horizontal surface and false side wall�
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istribution

streamwise pressure coe�cient distribution� mea�
at a height of ��mm and �� mm away from the
is presented in Figure �� The introduction of �aps
e model end has extended the area of zero pressure
ent �ZPG� and there is only a minimum reduction in
ll Cp distribution� The �ap and narrow slats have
nted the development of a favourable pressure gra�
in the test section� Thus the Cp was found to be
ithin ��� and ���� The e�ect of any longi�
al pressure gradient on �ow development should be
small�
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Figure �� Streamwise Cp distribution�

arison of ��D boundary layer velocity pro�le

on the assumption that at s� � mm we have a
standard two�dimensional boundary layer� the ve�
pro�les on both surfaces are compared with that
terlund ��			� at Re� �� as shown in Figure ��
ro�les collapse fairly well� Higher u� values are ob�
d for our Pitot tube measurements compared to the
lund ��			� hot wire results� This trend is similar
e �ow measurements of Monty et al� ����� which
o shown in Figure ��
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e �� Comparision of ��D velocity pro�les at s��

locity contour

sovelocity contour plot is presented in Figure �� To
ensurate with the velocity pro�les on both surfaces�
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Figure �� Isovelocity contour at x � ����� m �presented
looking downstream��

measurements of mean �ow velocity were also taken in
the corner regions at �� ��� �� �� �� 	� �� mm from
the corner� The edge of the boundary layer� �where u
��		Uref � grows almost equally about the plane of sym�
metry� A small variation is observed near the edge �up to
s�� mm� which is also evident in Figure �� This indi�
cates that the outer region is strongly in�uenced by edge
turbulence� The initial thinning and then thickening of
the boundary layer as we move from the two dimensional
region towards the edge� similar to that reported by Elder
��	�� and Panchapakesan � Joubert ��		
 and �			�� is
also observed here� This is an indication of the presence
of secondary �ow� Further con�rmation will be obtained
from �ow visualisation and x�wire measurements in fu�
ture work� Zamir et al ��	��� have shown from �ow vi�
sualisation that the secondary �ow is directed away from
the edge bisector �plane of symmetry� in the case of an
internal corner� whereas for the external corner� �ow is
directed towards the edge bisector and then �ows back
towards the wall�

Skin friction distribution

The variation of the skin friction coe�cient based on
Clauser�s chart is presented in Figure 
� The variation
is similar to that of Elder on his �� cm wide �at plates�
at a station x�width � ���� We found almost identical
variation for the �ow over the horizontal and vertical sur�
faces which is in contrast with Panchapakesan � Joubert
��		
 and �			��s �ndings�

Conclusions

The mean �ow measurements along the corner region of
a chine is presented for the symmetrical �ow over two
orthogonal surfaces� The in�uence of the corner is ob�
served up to one to two boundary layer thicknesses at
the measuring station� Within this region of in�uence�
right near the edge� the skin friction drops rapidly�
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