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ABSTRACT

Investigation of secondary current prdduced by
an isoléted 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 isclated block) flows were measured.
It was found that . distortions of velocity profiles due
to the presence of isoclated blocks are slighfly dependent
on shape of the obstacle of éamé aspectrratio,‘but broadly .
they are similar. Distortions,of veiodity;profiles are
well significant in the down-stream of the disturbed
region having negativé wake ‘effect iﬁdicating the pfeéence
of secondary.cﬁrrent. Sécogdary-currEﬁf was measured'ﬁy
a two-tube yaw-meter,.andrﬁbfhﬂtfiénéuiér:and s—shapé ,1£ .
hodographs (or polar plots) weré found. The-hbdograph
of the experiment agreed well with the;(pe, a5 = 2)
family of hodograph model. A mathematical derivation of

(pa,,qg = 2) family of model ﬁas also presented.
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1.1 General Outline T e e

~Now-a-days one of the most interesting and challenging
problems of Engineering Fluid mechanics is te analyse and -ii\
determine th:ee—dimensienal turbulent boundary %ayer parti-
cularly to prediettits major characteristics about or
within an arbitrary shaped surface with its attendant free-
etree; flow fieldf it is quite significant to note that thou-
- gh three—dimensional'turbulent boundary"layers are.ioré common
than two—dimensionai ones, the amount of research effort
which has been‘anq,confinues fo be expanded on the latter
problems‘isTdisproportioﬁateiy 1arge - But- the-problam that
‘has generated 1nterest among de51gners of turbomachlnery
and fluld dynamlcs concerns the nature of the boundary
1ayer on a flat wall under the 1nf1uence 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 magorlty of 1nvest1gators 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 Fresent Investigation

Many practical problems involve flows of turning mean

flow. For instance flow on the end wall bounding & compressor



cgscade, flow over rivet heads, mechanicél joints of =
ship—hull,-etc..In caleculating the ship resisfance,of the
resistance experienced by any aerodynamic .or hydrodynamic
surfac?s it is necessary to consider the effect of'thfee-
dimensional single protubations in the layer caused by the
radial pressure gradient imposed on the leyer by the cur-
vaturg'of the mean flow. The:presence-of such three~dimen-
' sional bodies in a boundary layer flow, creatés vigofous
distortions of the velocity profiles éngturbulénce~quan—
tities especially in the near region of the down-stream
flow, giving rise to additional resistance (due to form drag)
on the surface concérned.-The-effeéf génerallj dﬁéerved_is

a skewing of the boundary-layer velddityA§ectdfs towards the

centre of curvature of the mean flow.

The three-dimensional boundarﬁ;layer:may_bé:qiassified
as either collateral or skewed. The coliatéral layer ‘is
similar to a two-dimensional boundary layer in that a single
plane passed normal to the bouﬁding surface and containing
the free-stream velocity vector will also contain all of the
¥elocity vectors in a boundary layer velocity profile as well,
.-€.8. a plane of symmetry flow. In the-skewed profiie 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 affected by the presence of”
\ _



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

knowledge in above mentioned fields.

1.5 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 flowé (disturbed by
the presence of obstacles), (b) study of boundary layer
parameters (e.g:.displaéemént thickness, momentum thickness,
energy thickness, étc;),:(c) Investigation of secondary
- current and its modelling.: |

In o#def to.fécilitéte fﬁerébove studies three obsta-
;cles_of different'ge§metry,'ﬁuf of same aspecthratib were
 p1aced'in'the_free-stream flow in a wind tunnel.
A'cbmprehensive 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 fér the undisturbed

flows and disturbed flows were measured in the working
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section of the wind tnnnel at zero pressure gradient. For
disturbed flows three isolatedrblocks (a right circular

- ¢ylinder, a rounded head cylinder and a cone) having Same
aspect ratio (1" dia and 4" height) were choosen and set up
individually at a'selected grid point along the centre line
of the' test plate of the rectangnlar duct of the wind tunnel.
The experimental technique'used-termeasure different quan-
ties for all experlments, reported in this thesis has been

described in Chapter 4,

A mathematical model popularly known as (p v 9y D,
family of Hodograph model has been presented in Chapter 5. '
A family. of hodograph model for the cross- flow velocity |
components of three-d1mens1onal turbulent boundary layer

was presented by Shanebrook and Hatch (1972), The principal
‘advantage of thls,famlly 1s 1ts_f1ex1b111ty which allows'
a wi&e variety of possible shapes'for the hodograph. An
extension of the above model with little modification nas

‘been used here to chform the present investigation.-

In Chapter 6, discussion of results of ve1001ty
proflles behind obstacles were presented A comprlson was
made w1th the undisturbed flows. Values of dlsplacement
thickness, momentum thickness and energy thickness were also
determined. An elaborate experimental study has been carried
out for the intestigation of secondary current. Possible

cross-flow were measured at each grid point for each block



by a two-tube 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 proposéls for future work has been presented. It is
hoped ﬁhat the present work would be éﬁlé to provide some
useful informétion to the resegrchers and desighérs'working
on tufbulentlbbundary layer, a three-dimepéipnal'oﬁe 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

ZESchlicting' (1936) experimented on the measurement
of the velbcity field behina a row-of spheres placed on a
smooth flat surface. The pattern of curves of constant
'veloclty clearly revealed that a kind of negative wake
effect was present The smal’est veIOC1t1es vwere found to
be in the free gaps in whlch no sPheres were present over
the whole length of the plate on the other hand, the
:largest velocltles ex1sted behind the rows of Spheres where -

, smaller velocities were expected.

'_Wieghardf (1943) carried out a large number of
measurerents on rqughness in the special tunnel at Gottingen.
The drag was measured with the aid of a balance which was
attached to =z reetangular 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 dlstance. The difference
between the drag on the test plate w1th and without the
roughness elements (rectangular bars) gawe the increased

~drag due to roughness.rThe author thought the increase



 consisted of two.terns. The first term is the form drag

due to roughness itself and the second is dﬁe to the'féct
that the presence of roughneés elements changes the

velocity proflle in its nelghbourhood and hence the shearing
 stress on the wall as in the region of backflow behind the
fillet.

Kuethe,.ﬁckee and Curry (1946) investigated on three-
dlnen31onal turbulent boundary layer. They performed the
experiment on a yawed wlng of e111ptlcal planform set up
in a low-speed w1nd tunnel Ve1001ty proflles were neasured
by hot—w1re anenoneter and they found that the cross-flow _

‘ proflles were of trlangular shape.

Klebanofr and Diehl (1951) and Clauser(1956) also -
experlnentally denonstrated that a rod placed parallel to
the tunnel wall across a fully developed turbulent boundary
layer V1q1ently distorted the vgloclty proflle of the
bbﬁndary iayer.'As the boundarjplayer proceeded dowhStrean,.
this'distortion died out aﬂd the boundary layer slowly

returned to the orlglnal shape.

Hornung and Joubert (1963) investigated the mean
velocity distribution in a low-speed three-dimensional
turbulent boundary layer flow. They performed fhe=ex§erinént
onra'large scale model consisted of a flat plataoﬁswﬁich
secohdary ilow was generated by the pressure field introduced

by a circular cylinder standing on the'plate. They found that



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 risigg 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 goed correlation. The dimensionless-
velocity-defect profile was found to lie in a fairlj narrow
band when plotted against y/» for a wide variation of
-other parameters including the pressure gredient.'Theyfeﬁndf
that the law of the wail was applicable in the same form
as for two-dimeqsional flow but for a more limited range |
o 5. ‘ 7 . o
Westkaemps (1968) showed that a cyllnder pro-
‘tuberance mounted on . a flat plate would cause the plate
boundary layer to separate if the cyllnder is long compared ‘e'
to the boundary layer thickness. An o0il flow technique was
used to obtain separation for several lengths and diameters -
of the cylindrical protuberances. From these data the author
developed a reiation for the prediction of the separation
distance for a wide range of ¢ylinder length and dieﬁeters.
He found that for cflinders 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 eﬁalier

values of (L /d) the relation is Sd/d = 2.42 (L /d)‘7



A three-dimensional turbulent boundary layer accom-
?anied with secondary currents and developing along é long
streamwise bar of a rectangular cross-section placed on a
flat plate was investigated experiﬁentally by Furuya :et.al;‘
(1977).‘Two‘difféfent wall configurations were provided
by placing the 1pnger sides of the rectangle perpendicular
or pafallel to the plate surface. They Qbsefved»that the
genéral behéviour 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 relat1ve1y -near the leading edge. A'
self—preserv1ng velocity proflle in the plane of the flow
-symmetry of the three—dlmen51onal turbulent boundary layer
. was pr0posed and comparlson with the exnerlmental results
showed that the flow on the upper- surface of the bar is,

"riln fact self—preSQPV1ng.

Castro and Robins.(1977) carried out an‘experiméntal
: inveétigation of the flow around‘sﬁrfaée—moﬁnted cubes in
"turbﬁlent_flows. Measurements.df!bodj surface pressures

: and mean fluctuating ﬁelocities within the wake were taken.
The flow was a simulated atmOSpherlc boundary layer WWuh a
helght ten times the body dlmen51on. A 51m11ar exPerlment
on the flow past a cone placed on a flat plate, was also
carried out by Okomoto,et. al. (1977). The vertéx angle

of the cone was varied 600, 900,1200 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 différent fromlthose-for vertex angle of 150°.
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 1lift
coefficients were obtained from the éurface—pressure dis-
tributioné and it was found that the drag co-efficient
deéreaSes as the vertei angle increases. Also negative
wake effect was no%icéd‘in the wake of the cone on a flat

plate.

Lee and'soliman'(1977)'carried,out an experiment to
investigate the influence'of grouping parametefs on the
mean pressure dlstrlbutlons experlenced by three dimen-
51onal bluff bodies 1mmersed in a turbulent boundary.:
lleferent_arrays of cublcal 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 aﬁd
thus they concentrated on the problems of ventilation and
environmental wind éround_buildings. From an érchitectural

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 propefties and turbulence characteristics. In ithe
downstrear of the recovery zone a negative wake effect wee
observed & & cross-flow of s~shape-which compared 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 zomne.
However, the distortion of the mean flow and the turbulence
quanities eventually dies out and the undisturbed fiow

characteristics are recovered at a further downstream po=ition.

2.2 Turning Flow Without Obstacles

Gruschwitz (193%5) pefformed an experiment in a turning
passage'of a rectangular cross-seciion preceeded by a straight
,réctangular duct in which a turbulent boundary layer had beo:
caused to grow. At many stations on one of the flat walls,
velocity profiles were determined by means of a traversed
cylindfical, three-holed, stagnation pressure and angle
probe. Static pressure was determinéd by means of wall-

static taps.

Johnston (1960) carried out an experiment over
the wall bounding a two-dimensional air-jet forced to fiow
against a perpendicular back wall. A uniform, collateral,

turbulent boundary layer was caused to grow on the walls of
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the rectangular entry duct. He measured velocity profiles
on end around the pPlane of symmetry at many stations upstream
of the separeted regions that occur on the test-section walls
~ahead of the back wall. He achieved two objectives, e.g. (a)
a mathemetical medel of the relationship between the Cross—
flow and mean flow components of the velocity vectors of
the layer was esfablished and secondly, (b)'by_utilizatioﬁ
~of the‘model some of the relatioﬁships required to carry out
a 50undary_lajer problem solution by the use of the momentum-—
ihtegral-equations were developed. |

Klinksiek and Pierée (19/01 carried out
an experlment on the lateral flow im a 1ow speed, three-

‘dlmen51enal turbulent, 1ncompre531ble boundary layer imside

.:';a recurV1ng duct whlch was made to reverse itself completely.

-f;The test surface -was floor wall of the sections. All profiles

were measured in the test-section centre—line surfaces. They
foend that in the upstream ofjbeginning of the bend a well-
‘behaved two-dimensionmal turbﬁient‘boﬁndary layer was developed
In the bend sections lateral ‘and simul taneous 1atera1 skewing
~ were developed They oebserved that when skewing existed in
only one direction the polar velocity profiles indicated.a
near linear region as the floor of the chamnel was approached.
With simultaneous lateral skewing a linear region was mot

apparent until flow reversal was near completion,
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In spite of all thesé works the development of boundary
layer and investigation on secondary current on a flat wall
under the influegce of a turning méan flow are still now
very much in demand among the designers of turbomachinery
and Fluid dynamics. So detailed experimental studies on
cross-flew components of possible three-dimensional flows

are essentially réquired.'-



CHAPTER 3

METHODS OF INVESTIGATION

The present thesis éoncerns the investiéation of
possible Secbndary flow created by isolated blocks Placed in °
the fully déveloped turbulent flow on z smooth flat plate.

- Calculation of different boundary layer parameters, co-
efficient-of'skiﬁ friction, iS'eésential for. the purpose of

the above investigation. Standard methods are used to

determine all these parameters and properties.

5.1 Determination of Wall Shear Velocity

Localzvelbcity-profile method has been used to determine
--the‘co-éffiCient‘Of'friction in the'boundary layer flow.

Von Karman demonstrated a universal veloc1ty-dlstr1butlon

law from turbulent friction equation and a similar veloc1ty-
dlstrlbutlon law was deduced from Prandtl's mixing-length
hypoth351s for turbulent Shearing stress by Schllchtlng, H,,

for a flat wall (rectangular channel).

' The law of the wall for smooth surface is
yU, SRS |

%-= % log 159 + B! (3.1)
Y .

where k and B'are universaljconstants, the former also being
known as Von Karman's constant. The numerical values are
-k = .41 and B'=_4.9. These are the average values found by
Clauser from various sources,
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U Cf
Now, multiplying both sides of (3.1) by ﬁQ =\/_§_.
and substituting for the constants, the following equation

is obtained.

5. 6\/—_- log T + 5.6 \/ l:log\L 875] (3.2)

u _
U
=56f_1c>gﬁg—+c
=n log %g fAG
= mX ; C, which.is a linear equation (3.3)

or X
. .

where, Y =

e

. C .
m= 5,6 J » slope of the curve
56 logy— + .875 | ,

intercept'of the curve with the'ordinate.

_r_cr

_By plottlng U versus '%; for all the grld p01nts in semi-log

' scale the value of . could be calculataifrom whlch the value

C

of Ei can be calculated.

By putting the value of \f§£ in the equation.

the value of shear velocity can be found out.

: , yuU
Plotting %— versus ,ﬁsg 1n seml-log scale, the equatlon

(3.1), the 1aw of the wall can fairly be proved.
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3.2 Determination of Boundary Lavyer Parameters

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

~integral eguation of

ar
o
[[]
Sl
N
—
i
Qe
S\
jo N
]

Y=o
o 2
3, = TG -% )4
= T = y
> % U U
where, éH =-di$p1acement thicknéss
S, = momentum thickness
é3 = energy thickness‘

Having measured the-values.of u and U'for all grid points
and plotting % versus (1 - ll--) (1 - “J and (1 - —g)
individually the values of the above parameters can be

found out.



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 ddvided into three parts. The
first exPerlment involved the measurement of mean veloc1ty
distribution in the boundary layer developed on a smooth
surface‘nere 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 distunbed flow.

The second one consisted of 1nvestlgatlon of secondary

current

The third exPerlment involved the visual observatlon
-o* the flow pattern and determination of non-dimensional

separatlon distance,

The. test was carried out in one of the Wind tunnels
‘situated in the Fluid Mechanics Laboratory of the Mechanical
Engineering Departnent. 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'x12"x8" working séction (Fig. 4.4). This was a forced

type Wind-tunnel., The blower was of axial type and driven
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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 weré'made‘of
smooth, perspex plate. Séven taps were drilled along the
centre-line of the top surface of the test section. The
holes were made to measure the pressure distribﬁtioh longi-
-tudinally of tﬁe test seétion. The taps were connected with

an inclined -tube manométer,

4.,1,.2 The'blocks_

Three blocks (Fig. 4.1), (a right circularfcyliﬁder, a

-founded “head leinder,and a cone) each with diameter and
helght of 1" 1" were made from wood. The surface of the

, blocks were made sufflclently smooth so that ‘they can
.produce symmetrlcal distribution of flows on both 51des of
.the centre line of_the test plate when the blocks were
placed at the Selécted;grid point 6f the test.plate and

air was blown.

4.1.3 Instrumentatior 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
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a drilled rod which was carried by the height gauge. By
turnlng the sliding mechanism of the height gauge the probes
could be traversed up and down 6r fixed at a particular

position.

(b) A square head pitot tube of .035" 0.D. was used

for measurement of tptal head.

(¢) Manometer: in all experiments, pressures detected
by the pltot tube, statle tube,eYaw»meter, etc. were measured
by manometer containing a bank of 28 tubes. For the magnlfl-
cation of the manometric head the manometer was always used
with a certain inclination (1:4). The manometricé fluid used
was water. The probes were connected with the manometer'via 7

flexible plastic tubes.

4.1.4 Measurement procedure

At the beginning of the experiment the hqrizentai-level
of the test plate and the roof plate were checked by an
spirit level. The no-flow reading of a particulam tube in
the manometer and the ambient temperature uere recorded.
mhe air was blown through the duct and manometrlc readings
of the seven top centre-line taps (Fig. 4.2 and Flg. 4C)
were measured. Measurements were taken twice, one at full .
opening of the two-wing butter-fly ¥alve and the other at

half opening ¢f the 'valve i.e. at .two different velocities.
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The longitudinal pressure gradient of the flow was checked
and was made zero by adjusting the roof of the working
section. A constant free-stream velocity was maintained

for each experiment.

Twelve grid points were pre-selected on the test
platé (Fig. 4.5). For accurate positioning of the grid points
on the plate white paper with location of the above points
was giuded at the underside 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 secﬁion.iThe_pitot tube was fixed hori-
zontally such that it 1s parallal to free—stream flow
.dlrectlon..The tube ‘was then traversed down to touch the
rtest plate such that there,ex1sts no parallex. This was
ensured by hav1ng no gap between the vertex of the pitot
tube and its image reflected from the smooth, transparent
test-plate. Having ensured this initial position of the
pitot tube. at a selected grid point the traverse mechanism
was dperated to displace the tube gradually upwards in
close steps of 0.05 inch. In this way velocity profiles
were determined for 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 woodén Blocks was fixed at N1 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 floﬁ creates'vigofous distortion of
the velocity profiles specially in the near region,K of
fhe down stream flow. Inrthe present investigation the méin
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 Seqondary,current existed,details of ﬁhich
vould be reveaied.laterf So arrangement was made to measure
it.'

A simple probe known as yaw-meter was made for the
'dbove'purpése. Two hyperdermic tubes of 0.05 in. 0.D. were
soldered together to form a  double-barrel probe. TheAtip: |
of(the'barrel was then accurately filed tb an equilaterairéoo -
triangular head (Fig. #.1). This end of the probe was used
to search the flow direction while the other ends were. connec-

"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—carryiﬁg shaft and a dial (Fig. 4.D).
The Yasrmeter 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

v
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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 dlfferent grld

p01nts ‘were taken for cross-current components.

4.3 Flow Visualisation
Flow V1suallsat10n was necessary to examine V1sually

the extent and behaV1our of dlstorted zone. Here a prlmltlve

V‘fflOW v1suallsat10n technlque was arranged

'zﬂlﬁerjthe experiment a separate test‘plate of smooth,
.perSPek sﬁeet wasfused; The underside of the test plate was
painted whlte s0 that the white paint could glve a good
contrast -of photographs. A mlxture of kerosene and lamp-black
was prepared The concentratlon of the mixture was té be care—
fully determined, otherwise if it is too thin, the whole
pattern of velocity profiles would be washed away and if -

it is teo thick again, it would-not give a good flow-pattern.
However the.cohcentration of the mixture was ditermined by |

trial and error. After preparing such & mixture the test
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plate-was bfushed‘uniformly by the mixture and the air was
blown. Pattern started develdping. After few minutes of air
blowing the pattern was dried up and photograph was taken.
Adopting the above pfocedure,:flow'patterns for undisturbed
and disturbed flows (fqr‘all isolated blocks) were taken.

sessaes



CHAPTER &
MATHEMATICAL MODEL OF (pe, q, = 2) FAMILY OF HODOGRAPH

5.1 Introduction

Interest in the three—dlmen31onal turbulent problem
has 1ncreased in recent years ‘because of frequent occurance
of secondary current effects in many engineering dev1ces.

'~ Many reviews of the subject were made by Joubert, Perry
_and Brown (1967) Horlock Norbury and Cook (1967) :
FranC1s and Plerce (196?) Of thisreview the model presented

b;y Mager (1952)

=L #

= B % (1 - %)2 . | : (5-1)‘

assumod most‘sﬁccess.rﬂowever, there are roasons to believe
that the'above equation does not provide a complete general
descrlptlon of the cross-flow velocity component of three-
dimensional turbulent boundary layers. To overcome thls diffi-
cultles Gruschwitz(1935) was the first to propose a flexible
model of hodograph (or polar plot) of U versus %. Later,
Johnston (1960) proposed a triangular representatlon for

the hodograph. Subsequently, many additional conditions

were proposed and a variety of polynomial representations

for the hodograph were developed and finally, by reviewing
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these ceﬁditions a fainily of hodograph-models were presented
by Shanebrook and Hatch (1972), better known as (pi, qj)
family of'Hodograph nodels. The principal advantage of

this famiiy is its flexibility which allows a wide variety

of possible shapes for the hodograph.

Now, a mathematical derivation of (PZ’ Q, = 2) family
of hodograph method is presented and the obtained experi-
mental results were bompared with (p2, aQH = 2) family of

modél, -

-5.2_Mathematicél Nodél_of (PE’ Qs = 2) Family of Hodographs

‘Using equation (5.1) the boundary conditions represented

_are as'follows: ‘

” %~£ 0;at % f 0 (a)
o _ |
a(E) =Bat%=0 (»)
o §)
f oo O
W .
a('U"') - A af %7::.’] . (d)
(%) -

. Several investigators e.g. Francis and
Pierce (1967) Pierce and Klinksiek (1969) and Johnston

( 1960 ) have observed & near linear variation of the
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experlmental hodographs as the wall and boundary layer edge

are approached. From a Taylor series expansion sbout

S-O, where §=. %

¥ 3.
ij § ] §
-.-th-I-( S"\') 7!_ +(ags ) 31"’ -lccool'O'

and another about j‘- 1,

W
§3-1)2 S 4 (3-125
asn.) . + ( 833) 31 .-f'......

= § 3

k(5o 4 (2L

It can be seen that the observed 11near1tles can be
mathematlcally approxlmated by requlrlng one or more comse-
cutive higher order ‘dérivatives to be forced to zero at - the
wail- and/or boundary layer edge. The extent of . l1near1ty1 -'
cen be controlled by sPeclfy:.ng the number of consecutlve '

~ derivatives to be forced to zero. This gives at the wall,

a“‘W

i : .
( —53_7)3: 0, T = 2,5‘...... 3

‘and at the' boundary layer e‘dge,

a’”"
aj.,.)=0 I‘=2,3-.---k
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8o, for the present case of (pa, q = 2) family of hodographs

W 2 W
.o T ) ﬁ _

39’)5-;: 0, (3% 833) = 0, sreee (—==r agmﬂ) 0 (f), for paﬂﬂ

With the above boundary conditioms it is apparamt that the

polynomial for %-= £($) will be of the form,

: Nz Y ' .
%3 BS"' C1 g +ceg + sss s vense . (5'2)
The number of terms of.the.polynomjai will be found from
, thé'condifi¢ns at the other boundary (i.e.'ﬁ = 1). Since

_‘af € = 1, there are four boundary conditions, e.g.

PYCOR Sy (S
T=0, 3¢ = - 4 "é%=oﬁnd —a—gs-=o,

' S0 the number of constants will be four. Thus, the equation
(5.2) will be,

NS

N+4 i

W . L oNx3
T = B+ C, £+ Cé ?

‘Putting the above four boundary conditioms in equation (5.3),

- the governing equations become,

- B = 01 + 02 + C3 + 04

-A<Ba= C(F+2)+C (N+3)+C5 (R+4)+C,, (H+5)
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0-01(N+1)(N+2)+02(K+2)(N+3)+05(N+3D(N;u)fcu(ﬂ+4)(ﬂ+5)_

0=C,N(N+1 )(m+a')+02(1q+1 J(N+2)(N+3)+05(N+2) (N+3) (N44)+C4(N+3)(H+4)(N+5)

Putting these four equations in matrix form and finding the
values of the constants and replacing N by p, the required -

model can be achieved. That is,

W le (Bar2)(3+3)(pp+8)  (po#2)  (p+1)(py*3)(po+s)  (po+3)
7=Bi€- & | S 2 f

(por1X(po*2) (pott)  (po+t)  (po+1)(ppt2)(ps+3)  (po+S)
- —5 — t - 3 §

. . {(p2+5;(p2+4). (po+2) _ (3P2+7);P2+ ) (pp*3)

(0p#2) (3411 (pp#)  (pp#2)(pp#3)  (0p#5) | (o 4
. _ f (5.48)

2
Now by choosing particular value of pp and assigning values
" to the constants B and A the equation (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 &
DISCUSSION ON EXPERIMENTAL RESULTS

6.1 Ihffoduction

External rlows over most bodies in hydrodynamlcs and
.aerodynamlc applications, internal flows in plpes, channels
and ducts as well as the complex flow pattern in turboma—
chinery passages 1nvolve flows of turning mean flow. In
calculatlng the re51stance experienced by any aerodynamlc
or hydrodynamlc surfaces yit is necessary to consider the
effect of three—dlmen51ona1 single protuberances. Presence
of such three-dlmenS1onal body creates dlstortlons of
veloclty proflles and glves rise to addltlonal re31stance
to the. surface concerned eSpeclally in the near reglon

' of downstream flow. So it was thought essential to study
“ithe detalled characterlstlcs of mean flow behind such
bodles. For exper1mental 31mp11c1ty the 1nvest1gatlon has
been carrled on a smooth plate of a rectangular duct

(sec. 4.1.:4).Phis 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) apg

the static pressure distribution of the test section is shown
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in_Fig; 6.1 where P is the pressure differeﬁce between the
atmospheric pressure and tunnel pressure st different sectlons.
~_As stated earlier (sec. 4.1.4) a grid was selected for det-
ermining tpe velocity profiles. The grld wag numbered as qu
‘;M' R1,l?, « -« «y My B, as shown in Fig. 4.2 ang Flg. 4.3,
At each grid point velocity dlstrlbutlon was measured { sec.
4.1.4). The plots of the .mean velocity profiles have been
pPresented in Fig. 6.2 to 6.5, A11 the measurements were taken
at a Heynolds number of 9. 8x104, based on mean ve1001ty and
hydraulic diameter of the tunnel. From the plots of each grid
point it is noticed that the dlstrlbutlons are uniform, slmllar
and consistent resembllng the fully developed boundary layer
veloc1ty profiles, _ ' _

The superimposed velocity profiles.ef'(Lq,Hﬁ,R1) .
(L, o, Ry), (L3,M3,R ) and (L, R ) are shown in Flg. 6.6 and
that of (L,’, 20L3,1y,), (M,], E,MB,M ) and (R1,R2,R3,R ) 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 velocxty proflles both
transversely and 1ongltud1nally are collap51ng on to a 81ng1e
curve giving a hint of near self preserv1ng. ‘

The universal - ‘logarithmic velocity dlstrlbutlons
for smooth surface at grid points (L 5, 4; (ME'MB’nﬁ) and
(RE’ 3,3 ) are shown in Fig. 6.8. The solid line in the
figure represents equation 3.1 showing reasonable agreement.

' The logarithmic overlap is about 18% of the boundary layer.
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In this context, it may be mentioned that U0 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. boﬁndary
layer thickﬁess; displacement thickness, momentum thickness
and energy thiéknéss_for all the_pfofiles at L,‘,M,I,R1 to
Lu,ﬂ4,ﬁurare calculated and presented in Table 6.A. It
is noticed thaé at each grid point the value of the boundary
layer—thickness is greater than the displacement thiékﬁess
and disPlécément‘thic?nesé is greater than the corresponding’
momentum'thickneés,ia typical'bouﬁdary layer develofment
g éoncePt.-Moréovéf, béuﬁdary layer thickness at L,1 position
 15 smaller than that at L, and the value at L, is smaller
‘tl_‘lan the value at Ly and the thickness at Ly is smaller
than the valué at L4, showing thaf the boundary layer
thickness is increasing in the downstream direction of
the test-section. Similarly, it is observed that disPIace-:
ment thickness and momentum thickness are also increasing
in the downstream direction of the test section with the

increased value of thé”boundarj layer thickness.

From the above data and logarithmic velocity distri-
butions it is evident that the flow over the grid is a- -

fully developed turbulent boundafy layer flow.
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6.3 Disturbed Flows

As stated earlier (sec. 4.1.4)73 block was fixed at
grid position l"l,1 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 righf circﬁlar cylinder, the rounded
head cylinder and the cone have been ﬁresented in Fig. 6.9
to 6.20. Undisturbed profiles (dashéd_lines) are superiﬁposed
on fheée profiles to account the distoftions caused by the

‘disturbed flow.

It is noticed from Fig. 6.9 to 6.12 of the right
circular cylinder that the flow was dlsturbed at each grld
point with maximum at L M2,R2 p051t10ns and minimum at
Lq,ﬂ4,R4 posltlons w1th1n the range of experlment At M,
p051t10ns ice. jnst behlnd the block the proflle was distorted
vigorously, glVlng rlse to a pos1t1ve wake effect at the |
middle portion of the proflle and a negative wake trend at
the lower portion of the. profile. At all other grid positions'
negatlve wake effect were observed At downstream positions

the wake tremnd is 501n5 to be dlmlnlshed indicating that the

disturbed profile is regoverlng to its undisturbed profile.

From Fig. 6.13 to 6.16 of the rounded head cylinder
it is observed that the distortion of profile is similar

to that of the right circular cylinder, but with a lesser
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degree of distortion. Here also at-ﬂ2 position a positive
wake effect is observed at the middle portion of the profile
with a negative effect at the lewer portion. Negative wake

trend are observed at all other grid positions.

In Fig; 86.17 to 6.20 the profiles for the cone have
Eeen presented. Here also a similar trend is noticed as
before with a positive wake effect ét 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
dué‘to'the presence of the blocks it is noticed that the
distortion is maximum along the centre-line of the test-
.séctién i.e. at pesitions I, M y M. Of these the dlstortlen
of profile is maximum at p081t10n M2 and least at posltlon
‘Hq in the range of experlment indicating that the influence

of disturbance is decreasing in the downstream direction.

- Comparing the profiles with the undisturbed ones it
is notlced thaet the nature of dlstrlbutlons 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 showh in Fig. 6.21 for grid position Lq,Lg,LB,L4,
in Fig. ©.22 for grid positions M2,M5,N4 and in Fig, 6,23
for positions Rq, R2,R3 and RA' The distortions of profiles
at L1’L2’L5’L4 and Rﬂ’R2’35’34 show more or. less unjiform
and similar for all the blocks. But at'ne,MB,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 diécuésion.it appeared that a

' Sécondéry current existed, a visual appraisal of distortion
- of fiow patférn was fhought‘to be worth making. 4 simple
iaﬁp-black flow visualiéation technique was used for fhis
purpose (see séc.'4.5 for details). It is noticed that
‘the streamline was straight for the undisturbed flow
(Fig;-é.24), but when the isolated block is placed in the
stream the flow lines (shown by lamp-black) are distorted
out and are spread si&éways having a clear indication of

& Cross cufrent (Fig. 6.25 to 6.27). Photographs with scale
show that distoftion in the downstream are well prominent
even after ‘long distance, which means that disturbed flows
.require a féasonably long distance to recovef-fhe undisturbed

profile,
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Non-dlmen51ona1 separation dlstance can also be
measured from the photograph with scale. For the present
case it is found that for obstacles having length to
diameter ratio (L;/d) egual to 1.0, the non-dimensional
separation distance (Sd/d) are 2,24, 2.16 and 1.73 for
the right circular cylinder, rounded head cjlinder and
the cone respectively. A similar resﬁit was also obtained
by Weétkaemps (1968). He found that for cylinders having
a length to diameter ratié (L&/d) greatér than 1.13 the
non-dimensional separation distance (Sd/d) has a constagt
value of 2 65. For smaller values of (Ld/d) the relation-
is 8y/d = 2.42 (Ld/d) 7. |

6.5 Calibration of the Yaw-meter and Measurement of Flow Angle
Then it was deéideﬁ;théf:fhe ¢ross current-ﬁas to be

monitored; For thié purpose.a-tworﬁube fai-meter was made

and calibrated (see sec. 4.2 for details). Fig. 6.28 shows

the calibration of the yaw-meter. The vaw-meter helped to

measure the angle of flow (ﬁith respect to main flowrdirec-

tion) and the tangenﬁial component of fhe fiow.(cfoss current)

was calculated from that. Flow angles at all grld p01nts

of the blocks were measured and y/y versus flow angle,

are presented in Fis. 6.29 to 6.37. It is noticed that flow

was drastically affected in the inner region (M ,1‘15,1‘14

positions) and Lgs 31 positions. For i 1Ba 0, M3,I’I4 positions

.
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" of both the right circular cylinder and the rounded head

cjlinder and for all grid positions of the cone the flow
assumes crogs profile but for the L ’L3’L4'R2’RB’RA posi-

tions of the right circular cyllnder and the rounded head

,cyllnder the flow assumes cross-over profiles. It is also

observed that the degree of deviation of the flow angle
is greatest for the right c¢ircular cjlinder'and least for

-

the cone.

It is noticed that &t the downstream region where

- the flow proceeded towards recovery the devzatlon becomes

smaller*Moreoxe - the flow reached boundary layer the
deviation was going to be deminished, which is usually

expected.

6.6 Cross and Cross-over Flow

By measuring the flow angle, the tangential (W) compo-
nent of the mean velocity can be determined. By calculating

W; thg cross-flow profiles can be-checked with any of the

known models for three-dimensional,turbulent boundary layer,

€.8. Johnston (1960),who relates % to % by & hodograph model

(or polar plot):

A"% » near the wall and

A" (14 - %), away from the wall.

= =

U . R . \
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Plots of U versus ﬁ for dirférent grid points of
the.blocks are presented in Fig. 5.38 to 5.45. Here for
fhe cone the cross~flow profiles take only triapgular form
and for the right circular‘cyiinder 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 . proflle was found by Klinksiek and Pierce
.(1970) 1n31de a recurving duct wherein the flow was made
to. reverse 1tself completely and by Das (1980) behind a
three-dimensional cylinderical element iﬁ a pipe flow.
Gruschwltz {1935) found triangular hodographs in a. turning
passage of rectangular x-sectlon preceeded by a stralght
1rectangular duct -and by Kuethe, Mckee and Curry (1949)
oﬁ:a'yawed wing.of elliptical planform and also by Johnston
7(1960) over 8 flat wall boundlng a two-dlmen51onal alr-aet

forced to flow agalnst a perpenclular back wall

It 1s noticed that when skewing existed in only omne
dlrectlon, the polar velocity proflles indicated a near
lipear reglon a8 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 femily
-0f hodograph models proposed by Shanebrook, et. al. (1972).

Yoy
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6.7 Comparison of the Model with Experiment

For the present‘investigation a number of values of Po
starting from zero were choosen. For finding the values of
B and 4 a reasonable average value of the slopes of the

hodographs (Fig. 6.38 to 6.45) were taken, where

W
2(m) :
B = ——Il'- at % = 0 and.
5 :
W
E(E a
- h=—L at & < 1
5@

Then by putting the-valués of;g » Bg A, and p, in
eguatioﬁ'(5.4) the values of %~were'calculéted.'For the

| pféséhtfcase it was_foﬁnd that By:féking fhg value of

f_;p24ﬁ;1Q,HB.£'tan 1&,44°= .257fand‘A = tan 24° - L45, a
 reasonab1e agreémeﬁt'between the experiment and the
“equation (5.4) has beenAachieved;

-A similar iﬁvéstigafion was gléo made‘by Kilinksiek
and Pierce (1970) in a three—dimensional turbulent
boundary lsasyer inside a récﬁfving duct which was made to
reverse itself completelf; They found a reasonable represen-
‘tations of the hodograph from (psy O) family of models, as

well as members of the (pg, ay = 1) and (pz,q2 = 2)-families.

Das (1980) investigated flow recovery hehind & three-

dimensional cylindrical element using a pipe flow technique.
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The experimental data compared very well with the (p2, A = 1)

family of hodograph model.

From the above representation it is seen that (pz,q2=2)
family of model has a wide range of flexibility for the
hodographs. This proves fha? (pi’qj) family of hodograph
models has flexibility as its prinqipal‘advantage. Due tb
this flexible nature, three-dimensibnal viséoUs flow fields
which will requlre cross-flov models will flnd extensive
use of (pl,q ) family of hodograph models in future appli- .

catlons.



CHAPTER 7
" CONCLUSIONS

7.1 Introduction

The present dissertation is mainly an experimental
~one to investigate éecondary current produced by an isolated
block in three-dimensional turbulent boundaryllayer. For
this mean velocity profiles of undisturbed and disturbed
flows were determined, Bouﬁdary layer parameters of
undisturbed flow were-calculafed. A lamp-black flow visua-
:lisaﬁion'method was.used to see the secondary flow. Due to
the presence of isolated block in twe -dimensional turbu-
lent boundary layer, séCondary current (or crosé flow) was
- generated both in triangular and S-form (cross—over flew)
and was represented by hodographs (or polar plots).
mathematlcal model of (pg,q2 = 2) family of hodograph
model was presented and compared with the result of the
exPerlment From the above performances the follow1ng

results were achieved.

7.2 Results

a) Undusturbed nearly- selI-preservxng, twe-dlmen81onal

and fully developed turbulent boundary layer was. establlshed.

b) Distortions of velocity profiles due to isolated
blocks are slightly dependent on shape of the obstacle,

but broadly they-are similar.
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¢) Distortiomns of velbcity 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-shape hodographs were found.

e) The hodograph of the experiment agrees well with

" the (pé;qé = 2) family of hodograph model.

'£) The flexible nature of (P59, ='2) family of
model proves that the (pi,qj).family of'hodograph,quel
has wide flexibility-which.allows a wide range of possible

| shapes for thé hodograph.

'7L3xCoﬁciﬁ§i6nF"

Finally, it maylﬁe stated‘that the present work will
be a'helpful‘one'to the future researchers and désigners
wofking pn“tﬁrbulent:boundary layer, barticularly a three-
dimensionél one. While estimating the development of
turbulent boundary layer, the cross current component may
be taken care of_#ell by the (pi,qj) family of hodograph
model..However,.the need for cheéking the effects of aspect

ratio of blbcks is also underscored.

* e e e
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EXPERIMENTAL SET-UP AND PROGCEDURE



Fig, 44 'Open Circuit Blower Type Wind Tunnpel.

Fig, 4 B Highet Gauge,
Inside the Tes

Manometer and the Block
t Section.
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Fig. 4.C BStatic Tapping on the Test Section.
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Fig. 4,D Prove-Carrying Shaft and Dial of the -
Yaw-leter, ‘ ’
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/- FLOW . DIRECTION
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TAPPING

FIG-42 SCHEMATIC DIAGRAM OF THE TUNNEL WORKING SECTION
SHOWING POSITION OF STATIC TAPPING AND GRID POINTS -
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"TABLE 6.4

Boundary Layer Parameters in inch

60

Grid pts. o o4 o, 3,
L, 0.4159 0.0820 0.0673 0.1042
1, 0.4581 .  0.0865 0.0704 0.1117
Ly 0.5154 0.0939 0.0757  0.1233
L, 0.5654 0.1072  0.0842 0.1355
M, - 0.4151 0.0810  0.0625 '0.1011
M,  0.4601 . 0.0899 0.0774 0.1141
My 0.5189  0.1018  0.0815  0.1310
My 10.5633 . 0.1059 . 0.0828  0.1334
R, 0.4170 -10;0832 | 0.0694 0.1072
R, 0.4535  0.0840 0.0699  0.1085 "
R, "0;5ﬂ75 . 0.0993%  0.0790  0.1266
R, 0.5606 - 0.1039 0.0806  0.1308
Where,

O = Boundary layer thickness
'én ='D;8p1acement thickness
ée = Momentum thickness

Sy =

Energy thickness



DISTURBED FLOW



Y/

62

‘ Ly R1
i . (=]
1-4F 1
Vel RIGHT CIRCULAR CYLINDER o i 1
UNDISTURBED FLOW - ) ‘:’ _
! !
I .
o o
: i
. f [ &L
1-0F , J
o 3
! !
. ‘;‘J; , /{_’
0'8_. ; ;o
. © /e
/ ;
. O / (o]
-y / 7
06 / ;
o /I o
/ Fi
/ /
/ ©
04 - //o /
T ,
o r ©
/
/ /
. . o /0 s [,
02»—» V4 . I/-
/
V4 // ©
rd P
-~ ,/
’/o (o] R
0 1 1 L [} 1 | i ]
0 ' 0 - 02 0-4 06 0-8 1.0 -

—_— e u/U .
FIG.6-9 MEAN VELOCITY PROFILES {DISTURBED ‘FLOW)

r



55—

63

L2 M2 R2
1.by ' '
RIGHT CIRCULAR CYLINDER o© S e |
UNDISTURBED FLOW ——-— : z ‘::'
' FLOW { BLOCK . - ' i
i [s]
I M‘l?/ o RI : i i
-. B ‘ é o
R i i 3
B | o o
ol T S
. (o]
Y/ _ o!.z OMz oRz ¢ °II /-
. : y o,
Kol I Tl :
N _ ! o lo
e | s o ! /
. l o’ o o lo
. L Lo ! I
0-6F — oL3 ' 0M3 0R3 t o / '
. E I 1 - o s l/
. I o / o
N ' o /
o 0_.{'_'- 1 oo | '/OI o/ /7 °
A OLL o OML OR[' ’ ’ O/ - [ ;/ // o .
) ’ P / .0 ’
- 2 —Wra— 72—+ /-0 / &
0-2f+ ‘ 70 o/ / °
Vs v
, p o /
P o ’ °
- s 4
__/; -0 // [o}
0 ! H L o1 ] ] )
0 -0 0 02 04 06 08 10
—u-u/U

FI1G-6-10 MEAN VELOCITY PROFILES (DISTURIBED FLOW )



64

L3 - M3 R3
‘-4 e 1
RIGHT CIRCULAR CYLINDER o N 9 :
. LI (]
UNDISTURBED FLOW ——— X o )
) P o
12 i ¢ '
. - l ‘
7 o °
] ! H
o 3
I °. v
5 - !
o Co
o o’ o
‘ d / /
Y/ o o/ d
. ! S /
‘ 0-8} é d | 0;
P f )
] 6 ;
o] ! o
. I F !
! o, o ’
0-6f _ ’O e °
o / o
/ /-0 ,’
. "Q .
R /- o
0.'4"' / /7 © /
o /- /0
/ 7 © ’
/
J/ ° -I/ ° ' / °
02 //0 /S o // °
’ / .
rs
e ° /./ K ° // o
/, ,, //
0 1 1 1 °  ° i ° ] g
0 0 0 - 0-2 04 O'El 0-8 1-0

- e u/U

FIG-611 MEAN VELOCITY PROFILES {DISTURBED FLOW)



65

F16-612 MEAN VELOCITY

—t= {4 /U

PROFILES (DISTURBED FLOW]) ..

‘ L4 _ML R
1-4r © o o
RIGHT CIRCULAR CYLINDER 0 | ; !
UNDISTURBED FLOW —-— cl’ ' ° c|>_
| S
1-2 ; ) )
i - o o' c;
1 ! [
i i ;
1.0'_ t) rf ’° p
Y78 ° ° 9
ol . ol 0”
! ,
* 0-8F o ) 6 0;
) 'l' ) ]
7 /6 °,’
' o 16 )
06F . d" ’; | N
. / F R , _/
oy 0 of
T / ro /
ne 9 ‘o o
04 / o 7
’0' :jo d
/ / /
j° -, 0 L
: ’ vy
02 K /,/o A
/o : ’/ o d o
- ~ e
N L ” ,/ ) 4
0. ] l 1 :b . p ° - L ° 1 )
0 .0 0 02 0-4 06 0-8 1-0

F o

-



66

. . L1 R1.
» V4 ROUNDED  HEAD CYLINDER o 7 |
UNDISTURBED FLOW _ o 3
1.2} i |
(. ]
o .o
] I
| |
1.0k o °
1’ !
Fe) o/
Y/S . ]
4 0-8} /O
S
, /
:IO o
0-6F . /
A 7
¥ o"' / o}
/ /
Io : 1o
0-4F ;o R
© / .
/O .—/O
‘ /
/o
02} /
/
e (o]
-~
o -
0 4 - ! g - 1 |
0 0-2 04 0-8 1-0

0

' — e u/U :
FIG-6 -1.3 MEAN VELOCITY PROFILES (DISTURBED FLOW)



-
(8]

67

‘M2 R2
14 '
“I' ROUNDED HEAD CYLINDER o ° 0 i
UNDISTURBED FLOW - —— — d S o
. ' : é |
12 ° 3 i
: : S
SR
! ) o
1 0F | ,° F,’ '
I o !
o ! /]
1 9,
Y/ ! OI !
I osf oo
- o
Poo ”
2 ! o / ;
o ! ‘i'!
. / /
06 boo
' /
- o lo
/1° o 4 /
/ ; /
04| jo 2/ 10
/,o o, ‘o
’ o/ /
/ -9 4
0.2_ p [} /6 P o]
//o /0 ’/ ©
s /o e
,/c: ///o // o
0 ] | | P | i )
0 0 0 02 04 06 08 10
- u/U '

.- F1G-6 .14 MEAN VELOCITY PROFILES (DISTURBED FLOW)



14

1.2
4.0
/5

0-8

06

04

02

68

— e u/ U

FIG-6-15 MEAN VELOCITY PROFILES ' (DISTURBED- FLOW-)

‘ L3 M3 R3
ROUNDEDHEAD CYLINDER o© cl> ° !
UNDISTURBED FLOW —--— ; o S

o 1
. FLOW | ~BLOCK : ° v
B Lt M1 Ry e s o
7 [a] o) : ‘l !
] 9 ° T
. : : !
< - o)
o ™ J ! !
, 1 | . }5 9’ s
‘ L - ; )
J o 2 0M2 oRz o <; o
. ’ g ’
_- t’D O '
, ‘ o ," ' / Ilo
2 ™ . ’O IO ’O
R : 7 .II ,6 ,
- 4 L3 M3 R3 ;C / °
= (o} o C I _.° /
SN R . IO f ,°
| /. Ib /
. . . o
L m /0 Ib /l
_ ° ° //o
+ 1Ly My Ry o )I /0
0 o - o) // ; © /
R ) o 2 — /0 ,’o o
/ P y
'.//o /,/o /’ o
/ s s
. ) e o .~ o
: i L <1 1 1 1 g
0- 0 0 0-2 0-4 0-6 0-8 1-0



L M4 R
"4l ROUNDED HEAD CYLINDER  © ? ? '3
UNDISTURBED FLOW —_——_—— ? ° ¢|:
) ! | !
? o o
1.21- . ! v
S o °
: i i
o o [+
1 1 I
) 6 ) 6 é’
1'0_ N ’l I
o o o
Y/S ) ll . ’: ’l
G o o)
. . ! I
# 08} d b o
| ,I / )
o 6 of
! ! s
: R e lo o
0.6} : - \ / / y
’ . 0. - lo [+
g £
e / e
s ro
0'4— - / 7 o /o
/c; | /I o ,o,
4 Jo b
0'2- 7 / ’
_ o o /s ©
-,/ // s
”
'//O - o // (o)
~ -~ 'Y
0 ] 1 _ 7 A 1 )
0 0 0 02 - 04 0-6. -0-8 1-0
- U /U '

FiG-6-16 MEAN VELOCITY PROFILES (DISTURBED FLOW)

-



70

, - L1 R1
14~ .
, CONE o - T °
UNDISTURBED FLOW ——— : :
X ' o o
S ; :
12} ! !
’ I I
o °
' i
! i
, ) !
or 7 P
! .
Y/s ) ,é
‘ ! ," !
0-8L . ] ’O
. I ,
' /
' , . d , 1
- ' B : I /
S o / ' .
o ' A ' e o /I o
. .
' . : . II ” :
0'4 - e - . /1 © _ : / o
- ! / . N
/ _’/ o
/, °© /
. 0'2 [~ - - . / ) . l/
’ o . o
. , 0
’ //.
// rd
s - (o] ’/ o
0 . . L. d 1 i I
0 0 02 04 06 0-8 0

F-IG-G ‘17 ‘MEAN VELOCITY PROFILES (DiS_TURBED FLOW) .




71

Lo ) R
"4 CcoNE o ! ° !
UNDISTURBED FLOW —— — o ° °
! ° |
-2 i : ;
oo
1 o °
I o !
10F 7 0 ¢
. ’i o’ !
od , of
! (o)
Y/a ; ! ’I
} 08 ; o e
; of '
o of é
o! !
‘ f’) ol {3
. -y /
06} / Lol /
jo 0," /o
¥l ‘o /
| 4 6,/ N
gL AN )
04 ,/. , -3-00'-', l/
;s ° / ;
o
/// o P’ //-0
0-21 ’ ‘o ‘
’ 4 /
e 0 7 o
// i o] Ve
-7 o ,/, C '// o
0 | 1 ] il B [ ! l -
0 0 0 02 04 06 08 10
w— /U

FIG. 6-18 MEAN

VELOCITY PROFILES (DISTURBED FLOW)

s
o



‘e E L3 M3 R3
CONE o b 4 $
UNDISTURBED FLOW —- — . ! !

- ‘ | 9 °
| § y
1- 2 o [+] (o]
R 1 l l
i I )
o] [+ ] Q
: ! :
o
1-0f v ] i
, '
/5 - S ;5 0 o
- V o ! ‘ ,/o I
© / .I°
._0'8“ 4 I'o b
f.=
! ,o /
. _ o // ,/o
0.6l o ' - : I Jo o
lo o
/ ! o /
lo I /s
_ . / /g //
0 4F - ‘ : ' /lo // /o
. . / [»] /
/o // o / o
// / /
0-2} s © / o // °
/ ' y
// ° // ° 7. °
/ / P
14 7 o “ 0
0 1 1 1 ) 1 I 7
0 0. 0 02 0-4 0-6 0-8 10

— = u/U .
FIG 6-19 MEAN VELOCITY PROFILES (DISTURBED FLOW)



Ly My R
VM cone o ¢ : :
UNDISTURBED FLOW --- 3 [ c!)
. ' [ |
! -] :
1"2F o] ] o
f ! I
-, - 7 i | ? é
0 ’ . f|> lb é
‘ 1.0__ ! i
i Foor
o o
! o [}
Y / 1
' ) ) o I o
o e :
. 5 ol =,' N
/ !
/ f’° !
O g ?
I g .
0'6 o o [
/ ¥ Fl
! /
.'d , © /o
e i
04t d ) /o
/’ 7 ° /
~ / /
,° / r °
: / /7 © /
02 - o ’ ,Io- : /I . /0
) , , ,
. o ,
P v /s ©
/ 7 /
[o] ',/_ '_;—0/ o’
0 1 i 1 1 ol 1 —

0 0 0 02 04 06 - 08 1-0
| ——u /U

FIG 620 MEAN VELOCITY PROFILES (DISTURBED FLOW)

73 .



74

' ) L1 . Lz L3 Ll.
T4F RIGHT CIRCULAR CYLINDER — o a K a ¥
ROUNDED HEAD CYLINDAR — vy o A v o
CONE . —— A a v 8 o
. v A -A
e FLOW ek A s § v
L4 M KRy - ,
o ! 1@/ o .1 : v e ¢ %
a o % _ -
:m . - -E _ ¥ R
o 4
| J L2 M2 Ry o © ' i .
0-%F - o} 0 o] T - A . T
I . - P E’ - é
. o _ &
. &7 .
Y/& 3 V- N A -
0-6f ' o
_ : . o o
) 1L3 M3 Ry . dv A ® .
—<° o —0 D oy A x
, - ® & G
041 ov a -4
= ' . . voe
[32] oV ’ v
fad o v A A
l  vo w0
oy C b :
o2f Xt M4 (R A ST owE
-4—-2“‘ —l— 2/-—-—I-t . L VA- Ve %
. . o
00 ! 1 ° : o]vﬂ AYO -2 ' L !
0 0 0 0 02~ 04 06 08 1-0
N _
U

FIG-6-21 MEAN VELOCITY PROFILES (DISTURBED FLOW)



Y/Zo.

75

T
M> M3 My
-4 T A ¥ v
RIGHT CIRCULAR CYLINDER o} g . A
.. ROUNDED HEAD CYLINDER v A 4 °
- CONE A~ 2 ¥ %
V2 § A
- v
9 N .
6 ¥ v
4 A
1-0f o ° - v
w ¢
wh LN av.
y vaA :
0-8f T A ¥ Ce
ov A
oV a " - 4
. ’ o g A VB ov
0-6f © va A
‘ e vu vg | oV
0 VA : -QN
- o ¥ vo
o
0-4f o XX V(; zv
' ° y vo &v
[+ v7 A
. o vo *
0-2F © * v O oy .
o &
o v v & &
o vh A -
00 1 | éyp- 1% v o l ]
.0 0 0 0-2 0-4 0-6 0-8 0
U

FIG-6-22 MEAN

VELOCITY PROFILES (DISTURBED FLOW)



76

| R'| R'2 R3 R.-['
VA4 RIGHT CIRCULAR CYLINDER o s v A 4
ROUNDED HEAD CYLINDER V g 3 ¥ 8
CONE & A ‘ % A
- g 8 . v
1-2F : A
' g , . 8 g
| L 6
¥ A
1-0p- , S _? 4
: Vg : N ® &
oor @ vo e %4 f
% Y- - .
A v© } f A
. . . ‘b A . 0w Qv
oo : ve b o
BA -5 ov : .
vo A ova
8 ‘A Lo OV . .
041 ' ' a vo . A o A
: ’ - -
VOA V% Y- ,vA
v o VAO A g’
0-2F . . R o
A T
- ov® Lo WA Agvo . .
0 . 1 : |\‘ ] - 1 . 1 1 J 1 )
0 0 0 0 02 ' 04 06 0-8 1-0
U

FiG- 6-23 MEANS VELOCITY -PROFILES (DISTURBED FLOW)



FLOW VISUALISATION
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DIRECTION OF FLOW —=
L Re. No. 9.8x10% =¥
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Fig. 6.24‘ Flow Pattern of Undisturbed Flow.



DIRECTION OF FLOW —=
Reé. No. = 9.8x10° .
Fig. 6.25 Flow Pattern for the Right Circular Cylinder.
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Fl% 6.26 Flow Pattern for the Rounded’ Head Cylinder. -
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Fig.‘6.27 Flow Pattern for the ‘Cone.
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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
methqd'the,prObe is oriented at a position by which same
pressure is-recorded at each hole and thé flow direction
iS‘thenAreiated to the'geometry of the probe. In the second
metﬁod:thé prbbe remains'stationary énd the siéady flow |
,coﬁés at different éngle of attack. Tbelbbserfed pressure
_differenées bétwgcn-the camphgred tubes are meaéuréd and
":arnénQdiméﬁsidnal'pﬁessure différence,,bp/%PUz'versﬁs angle

'Qf floﬁ.is_p;otfed:fdr calibration of.the'yawieter.'The

_ préésu?é;différeﬁqé$ in_the-caﬁphered tubés”incrqaée with
‘increase angle of fiowrdirectiqn; In the-'null—reading'
method of méasﬁrpméﬁt.error due to the sensipg probe i.s,
yaw meter:ié added:witﬁ'the error of the angle measurements,
-in_addifion, during measu;ements rotation of thé probe is
som&times become difficult. On the othef ﬁand use of éimple

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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For 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 yawmetér can be expressed as Ap/}éPU2 , where ap is the
pressure Qdifference between the two sensing-holes and VY is

the yaw angle. The smallest change of flow angle Aqi whlch
can be measured by a given system can be expressed by the
equation, A?- Apnun.( ) %PU , whire Apmln_ls the minimum
pressure difference that. can be read on the manometcr and

(C ) is the yawmeter sen81t1v1ty. qu the-prgsent experlment
th~ yaw meter qen51t1v1ty is 160 andlthe floﬁ angie'is
dctectable to better than 110 at a free strcam veloc1ty

of 25 fps and with a minimum readlng of 025 cm of water

hezad in the 1nc11ned manometer.
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