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ABSTRACT

With a view to resolv.ing someh”controversifes regarding the turbulent

-
! ‘

mixing layer structure the characterlstlc measures of axisymmetric free

shear layer and’ asymmetrlc free shear layer were 1mf;est1gated In the

present work the’ effect of initial conditions on ax1symmetr1c free shear

layer was investigated. Here 1n1t1a1 displacement thlckness and Reynolds
number were takex} as characteristic identifiers of'1n1t1al condition. Asymme- -
tric free shear layer was investigated by using 'eircullar wedge shaped nozzie.
at different Reynolds number. The effect o} changing R.eynolds number at
the exit has been studied and mean velocity and tUrbhienee‘intensity of ti1e
three axes of circular wedge shaﬁe_d,jet and those of axisymmetric jet_s were |
'compared. In this investigation 1/16 inch United ser}sor'(U.S.A) pi,to"c stetic
tube along with Furnace Control (U.K) pressure transducer and Keithly(U.S.A)
data legger were used for measuring mean velocities and constant temperature
het-wire (DISA 56C00 system) anemometer was applied for measuring turbu-
lence intensities. Photographs of oscilloscope traces were:efl'so’ taken to analyse
the pattern of change of turbulent intensities. In the present investigatior_l

of the. different exit initial conditions of the jet flow, it was found that the

thickness of initial boundary layer supressed the peak value of turbulence

intensities and ‘increased the spread rate of the jet. Self preservation chara-c—

__Eif’—ti-gﬁ—“c’f the axisymmetric jets are found to be independent of Reynolds
- number and initial boundary layer thickness. It was found that asymmetry ‘
in the jet flow in one axis had little effect on mean velocity in other axes
but suppressed turbulence intensities in those axes. "I"he flow asymmetry

died out in down stream direction where core of the jet vanished.
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NOMENCLATURE

Meaning

constant

.shear layer width

constants of hot-wire calibration equation.

constants

constant

shape factor of veloéity profile
heating current

momentum |

constant

length of the hot—wire

length of the beam

pressure

Prandtl number

heat transfer rate from hot-wire.
Reynolds number

resistance of hot-wir at temperature t.

resistance of hot-wire at reference temp.

resistance of hot-wire at temperature tw.
mean axial velocity

mean transverse velocity

-co-ordinate axis direction

co-ordinate axis direction

width of the jet



Greek letters :

Méaning
voltage drop in hot wire
function
thermal conductivity of gas
Prandtl mixing length
polar co-ordinate
substitution parameter
time and temperature
temperature of gas
temperature of hof~wire
long'_itudinai component of rms 6f turbuh?nce intensi-ty
average velocity
velocity in Y direction
velocity in Z di-rectiqn
distance in x co-ordinate
virtual origin
distance in Y co-ordinate

polar co-ordinate

temperature coefficient of electric resistance of hot-wire

and angle of divergence (App-B)
constant |

boundary layer thickness -
vorticity thickness

substitution parameter

P

e



Subscripts :-

Xi

Meaning

momentum thickness

substitution parameter
velocity factor
kinematic viscosity
absolute viscosity

density

~

exit

centre line

film

gas

maximum
maximqm

origin

wall or hot-wire

beam



CHAPTER - 1

INTRODUCTION

1.0 General

A jet is created by the flow of fluid through an orifice or a nezzle'
"into a stagnant reservoir or co-current stream of fluid. There are different
types of jet viz. bounded jet, wall jet, free jet etc. In the case of bounded
jet, the fluid discharges from a nozzle or an orifice in to a 'cvonfined'region.
bounded by solid surfeces;‘ while in th'e case of wall jet fluid from an opehirig
flows over the selid surfaces. Free jet is formed when the jet flows in an
infinite fluld reservoir having no influence of solid surfaces. If a wedge
shaped segment is cut off from a circular nozzle a wedge shaped jet is found
and the flow fluld created by the flow issuing from a wedge shapped ]et is a

case of asymmetrlc three dimentional flow

1.1 Free Turbulent Jet

Free jets have many practical applications end researchers are working
on it for many years. Jets may be laminar and turbulent. Turbulent jets out
strip the laminar jets in respect of its occurrence in practice and have achieved

much engineering importance in relation -to noise, propulsion etc.

When ‘an 1ncompres.31b1e turbulent jet discharges into still air, the shear
layer grows contmuously With the entrainment of ambient air surroundmg
the turbulence originates as instabilities in laminar flow when Reynolds number
exeeds some critical valu‘e._ Using flow visuali_zati.on (Hussain [55]), it has been
shown that these instabilites due to interaction of viecoue terms'add non-linear -
inertia_ terms in the equation of motio_n, generate waves. These waves stafting

' from the nozzle o6ut-let grow with unstable amplitude within two to three wave



1eng£hs from the exit. These waves intern forms ring of vortex core which'
rolls down-stream. After one or two revolutions the vortices interact strongly
with the waves behinq and break down intc turbulent eddies. The eddy
structures in the shear layer is complicated. The characteristics behaviour
of these eddies enables the researchers to divide the turbulent jets into
three principal regions, viz. initial region, transition region and developed
region. The initial region extends until the center line mean axial velocity
changes and the transition region starts after the initial region. Further

down-stream, tHese exists a developed region where the eddy structure become

uniform.

1.1.1  Coherent-Structure

The inttlaractions (like vortex pairing) of turbﬁlent eddies c-ause large

- scale vértical motions. Small scale vortical 'motions alf;o evolve tﬁrough break-
down of large eddies. Many recent researchers concentrate their efforts and
interests in finding the existence and role of large scale coherent structures
(previously termed as large scale vortical motion) in turbulent .sz.l_iear flows..
Although the occurence of large scale coherer;t structﬁred in all turbulent
shear flows has neither been rconfirme'd nor universally accepted (Chandrasuda ‘
- et al [12]). Inspite of extensive use of the term, there is no agreement among
the researchers to what precisely meant by a 'coherent structure' (Hus;sain(ZD)).
-The term has different méaning to different researchers; no two of them even
agree with each other. It is ﬁot likely that a defination could be -agreed upon
_without loud protests. According to Hussain [‘20] a coherent structure is a
turbulent fluid mass connected by a phase correlated vorticity. That is, under-

lying three . dimentional, random vorticity fluctuation & characterising the turbulence,
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there must be a coherent vorticity which is instantﬁneously correlated over
the entire fluid mass. This fluid is singly—connécted and the coherent vorti-
cit& must be instantaneocusly of the same sign in any plane ; thus a colléc—
tion of vortices within with phase connected vorticity is not a " coherent
_structure ", Thesé. structures, characterized by coherent vortical (mass of)
fluid have length scales of the order of the free shear layer width. The
boundary layer is. quit likely to have more than one kinds of éoherent strue-

tures ('hair pins', typical edies 'pocket' folds' 'stakes'etc.) and as such of

?
is not suprising that the understanding is not clear. These structure believed
.to play a dominant role in the entrainment ; mixing, noise generation and

other transport phenomena.

1.1.2 Initial Condition and Stability

When the Reynolds number is sufficiently high, the turbulent free shear

layer can only be a function of the boundary and initial conditions which can

affect the formation of the coherent structures (through the shear layer instabi-

lity, saturation, and roll up) as well as théir evolution and even successive
interaction. The boundary conditions can also affect the coherent structure by
feed back mechanismé— (Dimotakis & Brwn [14], Hossain & Zaman [21]. The
stability characteristics of free boundary layer are rather different ffom thosg
flows with a solid wall. The maiﬁ reason. for the diffex;ence seems to lie in the

existance of a point of inflexion of free boundary layers.

In the case of mixing layer the velocity profile in fully developed region
take the self preserving from U/Um = f(y/(x—xo')) where origin of the co-or-
dinates is at the seperation point (the nozzle tip) and x = X, is the virtual

origin of the flow, which depends on the initial conditions and therefore on the



Reynolds number. At the first sight one would expect that the virtual origin
would be up-stream from the nozzle (by a few times thickness of the boundary
layer x = 0, and this prediction of the mixing .length theories of the deve-
lopment of mixing layer from a turbulent boundary layer, reviwed by Nash( ).

When the initidl boundary layer is laminar, shear stress in the transition

where the velocity fluctuations can rise to double the value in the fully deve-

loped turbulent flow, the actual peak value depending strongly on the Reynolds

number.

1.2 Motivation behind Problem Selection

A

The isothermal incompressible, single phase free shear layer of a
Newtonian fluid is probably tr;e simplest pfactical thrbl.ilent shear flow and as
such, has been the fertile ground for a number of investigations to understand
the ﬂbw structure. The concept of asymptotic and local invariances suggests
that the flow structure sufficiently down-stream frc;m the orig’in should be.
universal. Accumulated data in the in cémpressible free shear layer,hdwever,
reveal wide spread discrepancy even in its characteri'sti'c integral measures,
Champagne, Pao & Wygnoski [10}, Hussain & Zaman [21], thus indicating the
lack of underétanding of even this simplest ﬁow. The inherent complexity of
the shear flow turbulence,. aﬁd the need for additional careful measurements
in this flow is thus needed most successive investigations continue to raise
many more questions and subsequently their anéwérs. The cohex;ent structures
are typically stohger (owing to larger gradient of velocity) in the near fields
of free flows in the flow field. The near field being also relevent to the majority
of technological applications including mixing and noise production. 'So the

present study gives special attraction on the near fluid of jet.



From accumulated knowledge, there isl a strong possibility that all the -
turbulent sheﬁr flows are characterised by la'rge;scale coherent étructure
(Roshko [40 ],Toﬁnsend [47]. Recent researchers advances continue to
suggest that the large scale structures and their in;ceraction play a significant
role in the transport of momentum, heat and mass and.presumébly, in noise

production.,

The special attention which the present Istudy devote to turbulent
boundary layer has two justifications, first most boundary layers occuring
in the engineering practice and in nature are turbulent ; and _secondly there
is much more to say about relevant transport i)ropert_ies of turbulent flows

there about those of Laminar ones,

Here three dimentional boundary layer is taken for study, three dimen-
tional boundary layers are more common, in practice than two dimentional
_ones. Theori_es of the three dimentional boundary layer are still only embyonic
and experemental works on free three dimentional boundary layer also few in

numbers.

1.3 - Scope of Application

_{-“H'?._‘\I‘
The findings about the mean flow characteristics within the jet is -

relevent to many proble'ms of diffusion, discharge of pumps, mixing of burners

air. craft design, flame pattern fluid amplifier and driers. The diffusion phenomena

‘_,,-\.‘,

dont
- t\

in free jets is associated with flows in the exhaust of rocket engine, fluid
injector of internal combustion engine and gas turbine combustion chamber,
waste disposal plumes. Free jets in the exhausts of the rocket and jet engines

create aerodynamic noise which in many cases objectionable and should be

controlled.



As the transport of heat, mass and momentum and also presumébly
aerodynamic noise production in a shear layer depends on large such struc-
" ture, so detial knowledge of these structure will show the path of way out

from the problems of aerodynamic noise suppression.

Increased turbulence (ch-éracterized by Hill & Grene as " Super
turbulence") and mixing can be obtained through excitation could be effec-
tively utilized in application like V/STOL air cra_fts, ejectors, superession
of air .cr‘a;ft wave detectability, mixer, combustor, chemical lésers, fluidic
devices etc. The results of the.pres'ent study is appkicable to the incompre-
ssible flow case and also can be applied to the compressible flow cases as

a first approximation.

1.4 Objective

‘The above discussion suggests the need to gain clear knowledge about
- the flow characteristics in the free boundary layer fromed in free jet and the
coherent structure in initial region of free jet. The objectives of the research

program are set accordingly. The objectives of present study are as follows :

1. To measure the mean flow characteristics and longitudianl turbulence
intensities the initials and transition region of the (circular and wedge

shaped) unexited jet with untripped boundary layer. ' ’

This part of investigation include determining the velocity (mean fluctua-
ting int\ensity) profiles in the -frep shear layer at different down-stream
axial position from the nozzle lip (x/D = 0%, .25, .5, 1, 1.5, 2, 2.5, 3,
3.5, 4, 5, 6, 7), calculation of displacement and momentﬁm thickﬁéss,
investigation of jet. spread by determining location of fixed U/Um values,

determing the location of virtual origin, and investigate centre line

-

l\—‘{:' i
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velocity variation with variation of axial distance. The self preser-
vation of the flow also checked. All these were done to predict the

basic flow characteristic.

To measﬁre the mgan and specially the turbulence characteristics of

the flow field with circular wedge shaped jet.

This include the measurements méntioned in the previous objective .
This also include measurement of centre line lingitudinal ﬁmplitudes ,
investigate oscilloscope traces of cénter line u' - signal. This is

directed at. providing insight into coherent structures. Specially the

vortex-pairing process in circular wedge shaped jet.

To compare the resulfs of pfesent study with related investigation

results found by other reasearchers.

Research High Light

The free jet was created by a circular jet facility, which was designed

and manufactured by the author for this experiment. The- circular air jet

facility have a over all length of 8.1 cm with two settling chamber. The faci-

lity also provide the provision for controlled exitation. The flow was tested

to be axisymmetric for the all circular jets by measurements of longitﬁdianl

mean and fluctuation intensity profiles at different axial iocatibns, for four

radial traverses 90° apart.. 'So the characteristics for a particular radial

direction were investigated for circular nozzles. For wedge shaped jet charac-

teristics for the half domain were taken because of the three dimentional free

boundary layer formation with plane of symmetry.



In the present study two circulaf nozzle.aﬁd a wedge shaped -n_ozzle'
were investigated. Thg profile of _t.he nozzle follow the so called cubical one,
‘The flow characteristic were investigated for all the nézzles for different
Reynolds nﬁmber with a view to corelates results witﬁ Reynolde:s number and
also observe the‘in'fluence of initial condition on flow characteristics of down-

stream (initial and transition region).

The experimental results also compared with the other researchers
studies related to the problem under present study , and possible interpre-
tations of experimental results were made to extend explenations of different

characteristics 6f present flow field.



CHAPTER - II -

LITERATURE REVIEW

The most studies so far have focused to know detail of flow structure

on ﬂo;.v visualization, but little on quantative measurements. Flow visuali-
zation, which was éxtensively used in the early st'ages of the turbulence
research decades ago and pused aside because of increasing emphasis on
quantitative data. In the early stage of turbulence research there were no
high friquency Sensitivés equipment to read correctly the turbulent ,quantity
so early investigators devote themself fo use flow visualization te;:hnique. With
the increasing availability of hot-wire anemometers recent researchers give
emphasis on . quantitative data. The earliest investigator of free jet include

Anderson [1,2], Sato [42,43], Michalke [32], Hinze [17], Lamb [24].

Sato [44] studied experimentally the instability of two dimensional
air jet. (issuing from laminar channel flow). The response characteristics of
laminar to the sinusoidal ex'te'rnal disturbances .are found to be in good
agreement with theozétcal prediction of Lassen‘ & Fox [26]. Sa_to élso inves-
tigate the effect of excitation, effect of excitation bécbme maximum, where the
frequency ofl external excitation coincides with that of naturally excited
sinusoidal velocity fluctuation in the laminar layer. Né remarkable abrupt
turbulent brusts are found in' the transition region. The wave form. of the

Veloé:ity fluctuation changes gradually from sinusiodal to irregular patterns.

Hinze [17] measured the mean velocity and temperature variation in
radial and axial direction in a turbulent jet issuing from round orifice into
quieseent ambient air. The result showed that the rate of épreading of the

heat and mass are mutually equal but grater than that of velocity. A constant.
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ratio bett.veeﬁ coefficient of transfer of heat or mass and the coefficient

of shearing stress does not seem to exist. The results have been subjected
to a theoretical anaiysis and found radial velocity distribution in central zone
agrees with the theory based on a constant coefficient of shearing stress of

the jet.

Michalke [32] developed a theory on the growth of small amplitude
disturb;mce in a inviscic_i, laminar parallel flow with a hyperbolic tangent mean
velocity profile agreed well with Freymuth‘s; [15] datg. Both Michalke and’
Freymuth has observed coaliseence of vortices, formed through instability and
roll-up of initial shearl\leyer. A v’élocity signal from region of vortex interac-
tion is periodic and sub hermonic (of fundamental or initial roll-up) frequency.
- Experimental investigations of free boundary layers of plane énd axisym}netric
.jets carried out'by/Sato [4{1]; Schade & Michalke [45] and Michalke and Wille
[33] had shown that for large Reynolds numbers the instability properties
of free boundary layer are not noticeably affected by viscosity. Sato found
that the measuréd growth rates were of the same order of‘ ﬁlagnitude as
transformed theoretical ones, where the line dependent growth rate of distur-
-bance were transformed linearly into a special growth rates by means of

disturbance phase velocity.

Bradshw‘ (6] did some experimental job on axisymmetry jet with a
view to studfr the effect of initial condition on the development of flow field‘.
From this investigation, it has been concluded that the distance between the
seperation point and final approach to a fully develoi)ed turbulent mixing layer
is found to be of the order of a thousand times the momentum thickness of the '
initial boundary layer, wheather the latter be laminar or turbulent. It was

also reported that virtual origin shifts significantly with the change in -Reyn-olds

e ) ‘El
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number. The effect of Reynolds number‘on transition process alse inves-
tigated by Wille ['51] and Sato [42]. Chapman, Kuehn & Lerson [ 19581 give
examples of the large effect of transition in free shear layer and the relatedj
subjeet of Reynolds number effect on bubble seperation was discuesed by

Tani [1964]. The shifting of virtual origin with Reynolds number reviewed by

Nash [1962].

Kelly [22] analyucally showed that a sub harmomc dlsturbance in a
free shear layer with a periodic structure (linke a vortex train) can be rein-.
forced by the structure itself as a result of its own (secondary) instabiiity.
Surprisingly, this reeult eleo follows directly from Lamb's [24] earlier
analysis which showed that the most unstable mode for a raw .of vortices was

the one with a wave length twice the vortex spacing.

Wygnaski and Fiedler [52] studied the axismmetric turbulent incompressi-
ble and isothermal jet by linearized constant temperatur hot-wire anemom‘eters.'-
They reported that jet became truely self preserving some 70 .diameter' down
stream of the nozzle. From this sfudy it ap.eal_lrs that Taylor's ilypothesis is
not applicable to this flow, but the corrected velocity of thelappropriafe scale
for transformatlon from temporal to spetial quantitives appears approprlate The
energy balance was calculated from various measured quantities and the result
was found quit different from the measurements of Sami [41] which were

obtained twenty diameter down stream from the nozzle.

Townsend [47] did theoreticallinvestigation'on the nature and origin of
the ' Universal ' structure -of fully sheared turbulence as it appears in diffe-
rent flows, and entrainment mechanism that conforms to the wide range- of
fentrainment rates prescribed by the structurel similarity and energy blance.

From this investigation, it was concluded that the relatively rapid entrainment
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in a plane wave depends on active instability of the interface, not present

in a constant pressure boundary layer wilose flow rate of entrainment is form

! Passive' distortion of the bound'ary surface by eddies of the main turbulent
motion. Observations made by Grant [16], Rose [39], Marechal [30] and by

Tucker and Reynolds [49], to support Townsend's conclusion.

Crow and Champagne [13] investigafte axisymmeti‘ic jet with tripped .
boundary layer in-side the nozzle to isolate the large scale pattern at Reynolds
number around 105. For the pﬁrpose of this investigation periodic surging -
controllable frequency and amphtude was lmposed and flow visualization tech-
nique was also applied. From th1s study it was concluded that the preferred
mode having a strouhal number of 0.3 is in some sense the most dispersive
" wave on a jet column, the wave least capable of generating a harmonic, and

therefore the wave most capable of reaching a large amplitude before saturation.

Champagne et al [10] studied experimentally the two dimentional incom-
pressible mixing layer. The measurements pro_vide(.i new information on the
development of the mean and turbulent fields towards a self preserving state
and on the higher order statistical cheracteristics of the turbulent field .
Measurements of spectra, probability densities and moments to eights order
of all th_ree velocity_—eomponents ﬁuctuations were also determined. The profile
appears to be similar from x = 39.5 em (x/H = 2.2) and about 8 cm (x/H= 5).
The turbulence level of the nozzle exit was .1% . All measurements were made
at a nozzle exit speed of 8 m/s. The grewth rate was nearly the same as found
by Patel [36], Liepmann & Laufer [27] and some what less than that in the
corresponding flow reported by Wygneski & Fiedler [52]. The virtual origin’
was found.28 widfh dowe-s.tream ffom the exit which was nearly equal to't_lze

value found by Batt et al [4] and Batt [5]. The longitudinal fluctuating
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intensity profile of Champagne's investigation was similar as found by
Patel {36] and considerably higher in magnitude than that of Liepmann &

Laufer [27].

Hussain & Zaman [19] experimentally studied the effects of initial
condition on the characteristics measures of an axisymmetric free shear layer.-

The initial, boundary layer state (i.e. laminar or turbulent), momentum

thickness, Reynolds number R , and longitudinal turbulence intensity

de
u'pe/U had been taken as three characteristic identifiers of initial condition.
It wasrfound that the spread rate, similarity parameter, peak turbulent
intensity in the self-preserving region are essentially indepenldent of Ree ,
but depend on wheéther the initial boundary layer is laminar or tripped
(turbulent). Initially tripped shear layers manifest two stages of linear
grdwth. The virtual origin was as well as the distance required for attainment
of self-preservation depend noFiceably and systematically on RBe . The mean
velocity and tufbu_lent intensity profiles abpear to reach self similarity toge-
ther, when the initial boundary layer is laminar, but not when the .initial

boundary layer is turbulent.

‘Zaman and Hussain '[55] evalua-ted applicability of Taylor hypothesis
to large scale coherent structures in turbulent shear flows, by comparing' ,
actual spatial distributionsl of the 'structﬁre profiles with those deduced through’
the use of hypothesis. Hypléthesis works quite well for isolated coherent struc-
ture if a constant convection velocity.equ-al to the structuré centre velocity, is
used ip the hypothesis every where across the shear flow. When structure
intéraction like vortex pairipg are involved no convection velocity can be
found with which the hypothesis works. Champ_agene‘ [11] obtained an anélgffigal

solution for the true spectrum, but found that the measured spectrum near
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Kolmogrove's frequency.can exceed the true speétrum by 238% . Taylor's
hypothesis has also bee.n found to produce large distortions in the spectra of'
lateral velocity and scaler functions (Wyngaard & Clifford [53], and proba- .
bility.density functions of velocity and temperature derivations (Antonia,

Chambers & Phan-Thien [3] ).

Zaman and Hus:sain'made [67] én attempt to explain the mechanism of
turbulence sui)pression_ previously observed in jets under controlled excitation,
near field of jet with laminar flux boundary layers, had been explored through
hot-wire measurements. Turbulent i-ntensirti'es reduction by as much as 80% was
observed, the maximum decrease occuring at about 400 8e down-stream from the
exit ; 8e is the initial momentum thickness. Maximum supression effect wa..?»
found at strouhal number St0 ‘(' = f 8e/Ue) .of about 0.017, the turbulence
suppression was observed over the range 0.75 { xlﬁ 4_8. Some other
investigator also reports suppression of turbulence intensities and noise . Vlasoy
& Ginevskiy [50].'0bserved suppression of the turbulence intensities in a circu-
lar air jet when excited at StD of 2.75 (StD = f'D /{Ue). Peter et al [37]
observed turbulence suppression at x/D = 4 ‘for StD 3.0 and ReD = 5.2 x 1[53._'
Moore [34] has observed a small reduction fore-field broad-baﬁd noise level in~
ci:r‘culér jets with lgminar and turbulent exit boundery layers, for excitatfbn

at StD = 1.5 and foi' Mach number upto 0.70.

Hussain and Zaman {21] experimentélly investigate to the "preferred mode"
g

of an incompressible axisymmetric free jet through controlled perturbation, and

-

spatial distributions of time dverage as well as phase average flow propertiesr

in the near field of jet. The changes in the time and phase average quantity i

were found less dramatic than those for the excitation produce stable vortex:

pairing from the experiment. The shape and size of structures found by Hossain
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and Zarﬁah }agree clos_eiy with those inferred from the average streamline
pattern of the natural structu\re educed by Yule [54]. Hossain & Zaman .data
as well as u' spectra show thai even excitation at the preferéd mode can not
sustain the initially organized large scale coherent structure beyond eight
diameter downstream frbm the jet exit. Mumford [35] inveétigate the fully
developed region of a plane turbulent jet. The results indicate that the large
eddies in the fully turbulent region of the flow are rolier-like structure, witﬁ
axis alined approximately eithef with the mean-velocity gradient or with the
direction of homogenity. It was fgund that these basic structu.re, tended to

occur in various preferred combination.

Zamén and.Hossain [58] tried experimentally.to optimize the condi_ﬁonal
'sampling technique for education of naturally occuring large-scale structures
in an .axisymmetric mixing layer, comparison of natural structure with that
induced via controlled excitation, and the sensitivity_ of the educed structure
to the excitation amplitude and of the natural coherent structure to Reyﬁolds
number and initial condition. It was observed that the simple criteripn of
trigg'ering on tl'le positive i:)eaks of the longitudinal velocity éignal derived
from the high speed edge of the mixing lﬁyer results in the optimum eduction.
The chapacteristics' of the ﬁatural structures, educed by the optimum detection
criterion, are found to be opt'imumrdetecti'on criterion,are found to be indepen-

dent of ReD over the measurement range 5.5 x 104 -8 x 105. A mild depel}_den’;e

&

.on the initial condition (viz. laminar vs. turbulent) is observed.

=



CHAPTER - 111

THEOQRY

3.1  General

-The basic equations of free layer parameters and principle of measure-
ments of mean and ﬂucfuating quantities are presented in this chapter.

Location of virtual origin of free jet is also discussed. _

- 3.2  Free Shear Iayer Parameters

Turbulent flows will be turmed free if they are not confined by solid

walls.

A jet boundary occurs between two streams which move at different
speeds in the same direction. Such a surface of discontinutity in the velocity
of flow is unstable and gives rise to a zone of turbulent mixing ‘downstream

of the point, where the two stream first meet. The width of the mixing region

increases in a down stream direction, Fig. 3.2.1.

A fr(?e jet is formed when a fluid is discharged.from a noézle oerrifice‘ls
Fig. 3.2.2. It is found that the jet bécdmes comp'letelyl turbuleﬁt at 1;. short
distance ldown—stream from the point of discharge even when the exit veiocity ‘
is very smali._ Owing to turbulence, the emarging jet becomes partly mixed with
the surrounding fluid at rest. Particles of fluid from the surroundings are
carried away’ by the jet' so that the.mass flow increases in the down-stream .::'f-1
direction. Concurrently the jet spreads out and its velocity"decreases, but t‘{'?het

total momentum remain constant.
} ) ’ i,

It is usually assumed that the mixing length is proportional to the width

of the jet, b, because this way useful results can be obtained.

Hence, . : , - ey
= B ({(constant) : S (3.2'.1)5'}'

ol
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In addition the following rule has withstood the test of time : The rate
of increase of the width, 'b' of the mixing zone with time is proportional to

the transverse velocity 'u' .

Dj

b o~V
D¢
where, D S 4+ v -—a-— (3.2.2) . -
' ’ Dy - dx - 3y .
From Prandtl's mixing length hypothesis
' 9 u
v b5y
. Dy u '
Therefore, % ~ l‘h" ' (3.2.3)

Further, the mean value of 9 u/9y taken over the half the width of jet

may be assumed to be approximately proportional to upgax/b.

Consequently,

Dy = t % 1 . = 7 * 7
o, ° const * ¢ ¥ Upax = const. ¥ uUpay (3.2.4),
The rate at which the free mixing zone increases is proportional to down-

stream distance, Xx.

Therefore, _
Do db (3.2.5)
Dt Umax = dx
Comparing eqn., - (3.2.3) & (3.2.4) it can be obtained that
- = ¥ _ =
ax const. 5 const o (3.2.6)
b = const, * x
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Which means that the width of the mixing zone associated with a free
jet boundary is proportional to the distance from the point where the two
jets meet. The constant of integration’which must strictly speaking in the a;bove
" equations can be mﬁde vanish by a suitable origin of coordinate system. This
is .the so called wvirtual origin‘which can also be found from stream-wise evolu-

tion of momentum thickness.

For circular jet, upax denoting the centre line velocity. Thus for this

case also
b = cont * x C *)

The relation between upgx and x can be obtained from momentum
equation. Since pressure remain constant for free shear layer, so the integral
of x component of momentum taken over the whole cross-sectional area remain cons-

tant and independent of x, i.e.

Jd = prz dA = const. E - (3.2.7)
In case of circular jet the momentum is J = const -* p u|'2nax b2 (3.2.8)
_ 1 - dJd .
and hence ug ., = const. Xx b v e In view of eqn. 3.2.6,
_ R |
... Upax = const ¥ /p— (3.2.9)

o

In the self preserving region of the free jet the shear layer width(B),]
‘momentum thickness ( @ ) and vorticity thickness ( &w) increases linearly

with x so that each can be represented as

f = C (x-x) _ | : (3.2.10)
where xo' is the location of virtual origin. since the flow dynamics at any x

in the self-preserving region should depend only on x, it is clear that B, 0,

-6, @all should have the same virtual origin.
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The shear layer width B = (Y g5 - Y 19 ) ' . (3.2.11)
where, Y_95 and Y.IO is the transverse locations

where, U/Ug is 0.95 and 0.10 respectively,

The displacement thickness § of the boundary layer is the distance
the actual boundary layer would have to be displaced in order that the actual

flow rate would be the same as that of the core flow passed the displaced

boundary.

Accordingly,

- a
fo3s
Il

6 = [T a-Uu) dy (3.2.12)
. 1] N

where, U_  is the maximum velocity ( i.e. the core value of U)

.The momentum thickness of the free boundary layer is the distance from

"the actual boundary such that the momentum flux through the actual boundary

layer, « : ]
(p® U)U_ = Jop(Um—U)Udy
The momentum thickness,
8 = fo(U/Um)( 1 - UIUm) dy . (3.2.13)
The distance Y' = 3 D - Y. Local momentum thickness of the shear Iayer,
3;1

8.1 = 'fb

(U.!Um) (1- U/Um) dy (3.2.14)

Y 5' is called the half thickness which is the transverse location

where U/U = 0.5,
m .



The ratio of the displacement thickness and momentum thickness gives

the shape factor of the boundary layer.

= s - : 3.2.16
H o | ( )

3.3 Meéthod of Measﬁreing Turbulence

>

" During the experimentél investigations of ﬂuid flow a great number of
methods are used by the investigators. Most of these method and instruments
" have been developed and are used for meésuring the mean velocities in fluid
flows., |

The .main difficulty in measuring turbulence is caused by the fact that
turbulence is a random three dimensional fluctuating flow. Moreover high
frequencies of fluctuations occuring in turbulent flows make it very difficult

for a measuring instrument to record all the quantities free of distortion.

In measuring turbulent flows distinction is to be made between me-asure—
ment of mean flow and measurement of turbulence. The problem connected
with these two t.Yped' of measurement are to certain extent related, the require-
ments to measufe them are different. Fof instance a measurement of mean ‘
Ve'lqcity is more or less affected by the turbulence present in the flow, and
it is necessary to know that correction mlllst- be made in the reading of measuring
instrument, butin measuring the turbulence itself any influence of the mea.n. |

velocity that produces an error in the turbulence can not be tolerated.

Various methods and techniques which are used in turbulence measure-

ment can be divided into two groups.

In the first group, use is made of a tracer or other indicator which is
introduced in the flow field to make the flow pattern visible or observablée by a

suitable detecting appziratus outside the field of flow. Due to very rapid
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change with respect to time an pléce, this method is not suitable for the

measurement of turbulence.

In second group a detecting ‘element is introduced into the flowing fluid
and the turbulence is measured by the change in mechanical physical or

chemical nature that occur in -this element.

Accordingly, the normal pitot tube which is employed so successfully
in measurement mean flow, is completely ruled out for meésuring turbulence,
mainly because of excessive inertia. The hot-ﬁire anemometer does not have
.th'ese draw backs. Its application in the measurement of turbulent flow has

been universal.

3.4 Basic principles of hor-wire Anemometer:

The hot-wire anemometer is-a instrument used for measuring instantaneous
velocities in a fluid stream Dy instantaneous cooling effect on a very thin,electri-

cally heated wire filament.

A hot*wirelprobe has at its working end a thin wire (typically about"
1-1.5 mm long and 1-5u m diameter). Through whi_ch an electric ﬁeating'curi‘ent ‘
is paésed. The voltage across thé hot-wire may be arﬁplifited' and presented on
a -monitor. This voltage depends on the electrical resistance of the hot-wire,
whi_ch depends on its temperature, in _tufn. its' temperature depends on the
cooling effect of the air stream. Because of small wire diameter, the instrument
is able to response very rapidly to ﬁuctuations in air velocity. For steady
thermal equilibrium conditions, the rate ?f heat losé by the hot_—wife in the
fluid stream must be equal to the heat ge.neration rate by the electrical current

passing through the wire, whcih is given by

Q.= I"Ry (3.4.1)
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I, being the heating current and Rw the total electric resistance of the

wire. Thus with the air of Kramer's correlation,

2 o ) 0.2
1! R, = emK;L(t, -t) [0.42(Pr),

0

+0.57 (Pr) 033 (Re) 030 ) (3.4.2)
where €' 1is a suitable conversion factor.

The temperature dependence of hot-wire resistance may be expressed as

RWr = Ro [ 1+ o (tW - tg) ] ' ’ (3.4.3)

where R is the wire resistance at a reference temperature to and u is

the temperature coefficient of the electric resistivity of the wire.

Substituting the value of (tW - tg) from equation (3.4.3) into equation

©(3.4.2)

<. R _-R |
2g - T EOLL 0 w78 g4 (Pr)2-20
w O ) . . o
+ 0.57 (Pr)g'33 (Re)g-50 ] (3.4.4)

which can be reduced to the form

Ry - R ' L
1% - (“%—E ) (A +B, /U] i (3.4.5)
w
where A, = 0.42. — L (Pr)P-20 . 3.4.8)
: 1 o R _ .
K¢ L 0.33 Pg d . 0.5 |
and B, = 0.57 LA et (—— ) (3.4.7)
« R, f

and A1 and B'1 are essentially constant. Equation (3.4.5) is the

fundamental and most useful equation-in hot-wire anemometry.
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) Two types of 'electric circuitry " con_stant current" (Fig. 3.4.2) and '
" constant temperature" (Fig. 3.4.1) have been 'used ‘with_ hot-wire instruments.
In constant current system, the hating current is kept constant (usually by
p-lacing a very large fixed resistor in s.eries with the hot-wire} and voltage
across the hot-wire is examined. In these sy‘stérﬁ the response of the hot-wire
to a velocity fluctuation is modified by its own internal hgat capdcity, which = .
becomes important for fluctuation frequencies‘ above about fifty. cycles per
second. It is therefore necessary in the constant current type of instrument,
where examining velocity fluctuations, to include a compensating cirecuit in the
amplifier which automatically cdrfects for this internal heat capacity. The
appropriate setting of the compensation circuit depend on the operating
conditions of the hot-wire and is usually found by what is called a " square
wave " calibration circuit. The méthod depends on the well-establish fac-t that
when a small square-wave current is superposed on the steady heating current
of the hot-wire, the amplifier gutput as seen on a oscillo-scope will reproduce |
‘this sqwuare-wave pattern only when the comperisation control is correctl‘y
suit. A useful frequency range of 100,000 cps or more.can_be achieved in the
constant current system. In the constai;t temperature type of instrument, a
feedback cirecuit m-aintains constant the resistance and so the temperature of
the hot—wife. 'The energy input to the hot-wire must then go entirely. into
the air stream, the internal capacity of the hot-wire is no longer of important,
because its temperature is constant, ana consequently this energy input
(proportional to the square of the current) is measure of the instantenecus
air‘,.velocity. In'past the design of feed back system faces serious problem to
attain high frequency to match the performance of the best constant current
system at excessively high frequency operation. But modern technigque of electro-

nics solve the problems of feed back system of constant temperature system.
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3.5 Principles of plug in Units of DISA constant current hot-wire
Anemometer (CTA 56C00 system)

3.5.1 Linearizer 56 N21

The voltage signal from bridge come to linearizer 56 N21. It linearizes
the non-linear .output signal, from the 56 C01 CTA hot—w_ire bridge before
these are transmitted to other units. As shown in fig. 3.5.1 the incoming
signal in subjected to amplification and as subtraction by 'the OFSET voltage.
nge by the input signal 'V' is transformed to normalized signél X. When the

velocity varies from 0 to U ,» the input signal V changes from Vo to V

max ’

max
and its corresponds value of x from 0 to 10 v. The rest of the block diagram
show  the very linearizing circuit implements the methematical expression

A+ By +E

Y = 10 y +Cx -

where A, B, C, D and E are constant and Y is the linearizer output,
Normally the constant are selected to give Y = 10 v for x = 10 v and give

optimum linarity over the chosen range of velocites.

3.5.2 Signal Conditioner (Model 56 N20)

The linearized output of linearizer wﬁs then feed into the next plug
. in module 56 N20 signai conditioner, which can seperate the A.C : par;t of the
signal and amplify and filter AC signals within pr'esented. frequecny band.
The simplified block diagramr (Fig. 3.5.1) shows the construction of 56 NZO

signal conditioner.

3.5.3 Digitizer (Model 56 N01)

Conditioned analog signals from the SIGNAL CONDITIONER the through
digitizer before finally reach the RMS UNIT. The 56 NO1 DIGITIZER converts

analog signal into digjtal signals. The very fast analog to digital conversion
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ratio is obtained ( 1 Mega sample per second) by using the digitizing _
techniéue designated Random lsignal processing. Where the input voltage level
is compared with the signal designated pesendo Random Noise (VPRN) at a
sa-mpling rate of 106 sample per sec;)nd. The VPRN signal is a 1 M HZ sample
an hold analog sig°nal with a rectangular frequency distribution between minbr
full scale and plan full scale. |

Unipolar representation
. V.
Tprt1y = input
Ov { Vppy {* 1024 v "PC1L)H 10.24

Functional action of RMS unit is shown in the simplified diagram Fig.(3.5.4).

3.5.4 Mean wvalue unit (Model 56 N22)

The signal is rated to the Ip filter with a selectable cut-off freq. of
either 6 Hz to 6 Hz, The low cut-off frequency .(0.6 Hz) is applied for extra
attenuation of any super imposed AC signal to avoid fluctuation in the DC

measurement.

The input voltage is digitized into 20 Hz. impulse signal with control
~amplitude and a pulse width to the input signals. Dynamically the A/PW conver-
ter operates as a 20 Hz sampling-rate device. The sampling s1gnal to the mean .

value of the filtered 1nput signal over 50 m sec.

In the subsequency Gate circuit the pluses with a frequency of 5.12 M Hz.

are turned on and off. The resuiting frequency is driectly proportional to be

-

instantaneous valve of the filtered input voliage.

The input signal can therefore be integrated by counting at t'hi‘s frequency ps
(5.12 M Hz) through out the integration period and divide the result by the

duty cycle of the integration (Fig. 3.5.5).



CHAPTER - IV

EXPERIMENTAL SET UP AND MEASUREMENT PROCEDURE

4.1 The Flow System : The Circular air Jet facility

The experiment. was carried out in a- air jet facility (Fig. 4.1 )
plate 4.1.1)which was designed and fabricated for this experiment and other
experiments on jets. Thé experimental set up consists of two settling chambers,
fan urﬁt, flow controller diffusers and flow nozzle. The overall length of the
set up is 8.1 meters. Two 19 inch diarheter woods aerofoil Fans, ‘Model 19J6,
were used for the supply of air in the jet. The fans~ are capable of supplying

1600 CFM against 1.7 inch of water gauge height.

Air enters to the fz::ln unit through the butterfly valve (plate 4.1.2) which "
controls the air flow. The damp out the transmission of any possible vibrationé
from the fan unit to the down stream side of the test set up, the faﬁ unit is
seperate;d from the rest of the set up by a below (fig. 4.1.2) made of canvas
and steel rings. A silencer (plate 4.1.3) was fitted at the discharge of.the
fan. The silencer was used to reduce noi‘se generat;ad'.at the fan discharge.
Flow from t]"lé silencer enters to the first settling chamber through a diffﬁser.
In this chamber there is a flow straightnér and a wire screen net of 30 mesh to
straighten the flow aé well as to break down‘ large eddies generated
at the f;an discharge. In this chamber a 100 watt speaker w_a‘s fitted. This
speaker may be used to-exite'tl.le flow at desired fx;equency with {tie help of
a suitable frequency generﬁtof and a maching amplifier. Air from this settling T
chamber flows td the second settling clhamber through a 15.25 c;n (6 inch) |
nozzle and the second diffuser. The second settling chamber with the diffuser

is 2.9 meter long. In this éettlihg chamber a flow straightner made of 1 inch |

PVC pipe and five wire screens of meshes 30 and 50 were used before. entering
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the flow ‘to the discharge nozzle. These were used for eﬂsuring axial flow

free of large eddies which may be generated in the upstream side of the

flow. In this set up two settling chambers were used to gef thé organ pipe
effect to carrj;rout the experiments on exite flow. In the case of flow exita-

- tion first one would act as the source and the second one as the wave carrier.
The' whole set up was mounted on rigid frames made of M.S. pipes and sheets,
and these frames were securely fixed with the ground so that any possible

unwanted vibrations of the system were reduced to a minimum.

In the ekberiment three nozzle of thesame profileland the same exit
diameter (7.62 cm(3"))but with different exit condiﬁons were used. Nozzles
may be named as normal neck ndzzle (NN Nozzle) Long neck nozzle (LN Nozzle)
‘and wedge shaped nozzle (WS Nozzle)(Fig. 4.1.3). Main purposes were both
verification of the present measurement technique as well as study of the flow

.characteristics for dlfferent nozzle exit condltlons.

The 'design and fabrication details of silencer, diffusers and nozzles

are given in appendices A, B and C.

4.2 Coordinate and dimension of the flow system

In the pf:‘esent investig‘ation nozzle exit centre was chosen as the brigin.
The centre line 6f the nozzle in the diréction of the flow was taken as the
positive X-axis and radial distance pointingupwards as pdsitive Y-axis and
the remaining axis 90° clockwise from positive Y-axis as the positive Z-axis.

The above system is shown in fi_g'ures 4.2.1 and 4.2.2.

In presenting measurements points all distances are nondimensionalized by
the nozzle exit diameter. D, displacement thickness &, and momentum thickness

8. While the mean and turbulence ihtensities are nondiamensionalized by nozzleé
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exit velocity Ue ‘and' local centreline velocity Uc . These have been done
to suit the requirements of flow characteristics and for camparison with the

similar experimental results performed by previous researchers.

4.3 Calibration Rig

The calibration rig was a low iurbulence round jet issuing from a 31 mm
nozzle. .The flow was produced by a centrifugal blower run by an _orlle hp d.c.
motor whose speed could be varied from 0 - 1450 rpm by varying its supply
voltage. The blower discharged air into a 10.16 cm (6 inch) diameter P.V.C.
pipe of 2.44 meter (8') lengt'h through a butt.erﬂy valve. So the flow through
the nozzé could be varied both by controlling the speed of the motor as well as
by cont'rolrli'ng the ‘butterfly valve. To ensure the flow direction and to break
up any possible big eddies a flow straigtner and a pair of screen of 60 mesh
were placed before the exit nozzle. A cylindrical filter was fitted at the suction
side of the blower to get dust free air at the nozzle delivery. This would remove
“any possible wire drift during calibration process of the hot-wire. The core of
the jet’offered the desired flow. field for calibration of both the hot-wire and
the transducer. The veloicity of the calibration jet could be varied from 0.5 m/sec’
to 60 -m/sec. which covered well the requred range of the experiment. The cali-
bration rig was placed just below the jet flow facilityr(fig. 4.1.1) to facilitate

the calibration as when requred.

‘4.4 Experimental Program

The experimental program compraised of measurements of mean velocity and
longitudinal turbulence intensity of free turbulent jet. For the purpose of compri-
son and prior test of the jet flow facility, mean axial velocity at different axial

positions, down stream from the exit were taken for two circular nozzles, one. with
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conventional cubical converging profile . (Fig: la) and other with extention
of constant exit area of the previous nozzle ( F1g Ib:) were taken with

special attention to the presence of the free shear layer. )

After proper comparison of data yielded from the preliminary test the

. circular nozzle with long neck waé converted to circular wedge shapped jet
by cutting off a 45° wedge shapped segment from it. The mean axial velocities
and longitudinal turbulent quantities were measured for the circular wedge
shapped jet at various downstream positions. for wedge shapped jet measure-
ment covers the half domain in the y-z plane fo:(' each station. The extent of
measurement was with in the initial and developing zone of the jet. The whole

set of experiments was performed for three different Reynolds numbers.

Mean velocities were sensed by a i)itot stﬁtic tube and also with the help
of single wire norn'lal hé)tnwire probes placed normal to the direction of flow .
Measurements of fluctuating components were obtained wi;ch the help of normal
single ﬁbt—wire probes. All the measurements, were recorded by appropriate
récording instruments. The raw datas obtained were prdcessed by computer
(main frame). The results obtained were compared with finding of other inves-

tigators related to present investigations.

4.5 Traversing Mechanism and Probe Setting

The pitot static tubes and the hot-wire probe traversed in the air stream
with the help. of a Mitutoyo (Japan) coordinate measuring machine (Type CX 652)
with ranges X coorciinate 24 inch, Y coordinate 20 inch and Z coordinate 10 inch
(plate 4.,5,1). The prol?e travéfses were made through the action of wheel
through rack and pinion arrangement in each\axis. A position can be ..

.. fixed with resolutions of .0005 inch with the help of the whell. The traversing
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mechanism was placed over a rigid table with its X-axis parallel to axis of the
nozzle . The alignment of both the axes was secured with the help of plum-

bob and cathetometer.

In order to prevent undue vibration of the sensing probe, the pitot-static
tube was supported rby a stepped -almunium rod of diameter 3/8 in.as shown in
Fig. 4.5.1. The pitot tube was placed inside a groove cut through out the length
of the aluminium rod and fastening the tube with t—he rod. The rod was rigidly
fixed to the hdlder,_ which was again fixed with travesingmechanism. The sensing
probe was kept 3 inches beyond the end of the smaller diameter of the rod to
avoid any major disturbance initiated from tﬁe probe support. The hot-wire
probe was fitted with a DISA probe'holder tube, which gave of enough rigidity

against any vibration.

Great care was taken to set the pro_bes..as correctly as possible with
respect to flow direction and.centre line of nozzle. The base of éoordinate mea-
suring machine was kept parallel to the centre line of the circular jet faciiity and
horizontal with the help of high- precision level : plumbob and cathetometer.

The alignment of coordinate measuring machine was necessary to ensure correct

axial and cross movement of probes.

4.6 Test of Symmetry of Circular Air Jet Facility

In order to check- the axisymm_etry of the nozzle flow facility, the axial
mean velocity measuréments were taken at three axial locations, na_melly x/D =
.0+ , 1 and 2. For each location four sets of -data were taken for four radial
traverses 90° 'apart.. Longitudinal fluctuating intensity.measurements were also
taken in the same way. Ploting the data of axial mean velocitjrand.longitudina.l
fluctuating intensities it was fOund‘ that longitudinal mean and fluctuating inten- -

sities profiles from four radial traverses 90° apart, were found to be congruent
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with in experimental errors, for each three axial locations. The same procedure
was followed for both the NN & LN nozzle fitted with the flow facility. The
turbulent fluctuating intensity level at centre line was found to be .07% which

is quite satisfactory comparing with data of (Ref. 48).

4.7 Measurement of Mean and Turbulent Quantities

The mean velocities were measu.red by united sensor (USA) .pitot—static
tube of 1.6 mm O.D. with a Furnace Controls Ltd. (UK) pressure transducer

| (Model MDC FCO001) and Keithly (USA) digital microvoltmeter with data logging
system (Model 2426) to get the ultimate signal. Mean velocities alsoc measured by

hot-wire anemometer DISA 56C00 CTA system.

Turbulent quantities were measured by employing constant temperature
hot-wire technique. The DISA 56C00 CTA system was used with the plug in
modules viz. CTA Bridge 56C16, LINEARIZER 56N21, SIGNAL COND. 56N20 ,

DIGITIZER Type 56N01 and RMS Unit Type 56N10 shown in fig. 4.7.1 and ‘

-plate 4.7.1,

4.7.1 HMeasurement of Mean Quantities

The mean quantities i.é. the mean 'velocitiés at different locations .of the
flow field were measured by pitot static tube and the readlngs found by pltot
static tube also checked by Mean Value Unit reading (hnearlzed) of DISA 56C00
CTA system (fig. 4.7.2 a & b). A comparison of two measurement methods for
jet centre line velocity is showﬁ in fig. 4.7.3. Readings of both the methods
are found to be within 5% which is acceptable with.in experimental uncer_tajnity.
The head of the pitot static tube was hemispherical to avoid seperation on the
static hole. According to Huston [22] it-can give accurate signal within * 10°

deviation with the direction of flow. Due to small tip height of the pitot static
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tube used in the measuremenfs, Mec Millan correction factor for the effective
displacement of the pitot static tube centre towards the region of higher velo-
city was negligible and so it was not considered. .The signals -of the pitot
static tube were transmitted to pressuré transducer through a 1.4 mm bore
flexible PVC tube. The signal of the digital micro voltmeter corresponds to the

velocity head of the pitot static tube.
The expression of the velocity for pitot static tube

_ 2 - Py
U = S (B, - P)

where P, P0 are.the static and stangnation préssuré respectively. The output -
voltages of the transducer for different ranges of scale were calibrated in the
calibfation rig with micromanometer before starting of the experiment. The output
voltage was found to vary linearly with ‘the pressure. For the measurement of all

signals with microvoltmeter, an intregration time of 3 secs was used.

'4.7.2 Measurement of Turbulent Quantity

'In the present investigation lopgitudinal turbulgnce quantites' were .mea—
sured by constant t'emp,erature anemometer DISA model 56C01 along with the
general purposé Bridge DISA 56Cl16 using 5 diameter platinum wire és the flow
éensing element. DISA normal probe Model 55P11 was used in the measurement.
A signal conditioner DISA 56N20 and a Linearizer 56N21 were also used to
filter and -rnodify the output signals of the hot-wire bridge while DISA Mean.
value Unit Model 56N22 and DISA RMS Unit Model 56N10 were also used for
the measurerﬁent of mean and turbulent quantities- respectively. During the hot- -
wire measurerr;ent the signais were constantly observed on the oscilloscope's
screen and changes.of flow turbulence character was attempted to identify by

analysing the photographs of the screen.
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Before taking the measurement with the hot-wire it was calibrated in
the calibration rig. During the calibration the bridge was set at desired resis-
tance ratio to get rﬁaximum sencitivity for the experimental velocity range. The
mean value output was recorded for different velocities and different transfer -
constant of the LINEARIZER was set to get the best possiblelinear output for

the said velocity'range. '

4.8 Recording of Oscillograms of Turbulence Signals

As illustrated above in article 4.7.2 a oscilloscope was connected at the
output of the signal conditioner (Fig. 4.7.1) for continu-ous observation of the
turbulence gi_gnals. The very nature of the osclilloscope traces such as frequen-
cies wave forms and amplitudes continuously gave the qualitative indications of the hot -
-wire probe signal.’ Tolrecord the turbulence behaviour, oscilloscope traces were .
photographs directly from the oséilloscope screen.’l‘he'photographi;: arrangement is
shown in figure 4.8.1. A sheet metal cone was made for the purpse to avoid’
external light. The inside surface of the cobne was painted black to avoid any“
reflection. One end of the cone was fitted with the oscilloscope screen and the
other end with the camera lense. In this system Patrica LB (E. Ge.ramn) detach-
able single lense reflex caméra was used. To fac’ilitafe the close distance photo-
graphy a extension tube of proper leﬁgth was fitted with the camera. In the photo-
graphy-: high speed film (ASA 400) with '1/30 sec. shutter speed was used. This
type ofrphotographie record would have been much better with a storage oscillos- o
cope. In thle pr_esen‘; system sometimes overlapping of two traces or ﬁ part of
the traces recorded in the film. So for clear representation of turbulence behavi-
ours the photographs of signals- marked by the brighter lines were traced

in tracing paper and were presented in this {hesis (figures 5.4, 33 - 35).
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4.8 Error Ansalysis

7z

In this section a brief account of error and uncertainties associated
with different stages of measurements are given the errors that creptinto the
analysis are glso discussed. The un_certainity were introduced in the system of

measurements during calibration of sensing elements and were later cumulated to

those during the final measurements. | ™

The error in the fixation of centreline distance was"‘criticalﬁ .when thg
sprread rate and viftual origin were calculated. As indicate in section 4.5, the
sensing probes could be placed in the ﬂow‘,field with an uncertainty of * .00063 cm
( £ . 00025 iﬁch). This could'result error of upté b.SO% inmez‘in.vellocity'mea'sure- .
ments within the fre;e shear layer. The probe was ﬁlaced in the centreline of
the nozzle (i.e. X axis) and alinéed its. axial traversingr with X axis with greét 5”4
accuracy by using cathetometer plambob and high accuracy levél.' However ,the J
initial error in alining the probe rwith centre-line had relative and cumulative

effects on the subsequent distance measurements.

During ekperimental measurehents, exit velocity of the n‘ozz‘le varied for

" a particular valve setting due to the variation of fan spéed for transient

motor core resistan.ce chargcteris“tics and changes in atmospheric conditions. To
minimize the first effect, the fan was kept running for half hour before taking
ac.tual measurements, The exit velqcity of the jet was monitored intermifently by
recording‘ the velocity head at the reference station in the flow field. Thé velocity
head found to vary within. 1lmm of water in one experirﬁental run and flow
reproducibility between different runs was aiso maintain within the same range.

In all measurements, the maximum transducer error was .75% of the measured

5 vialue.' This is smaller than experimental scatter which can be seen in the plots

of mean velocity profiles.
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In measurements of turbulent quantitieé, the pos—sible sources of error
were related to probe setting, level of turbulence, environmental condition
etc. The misalignment of the probe wire with respect to the flow direction was
“with int 3°. Also for the same alignment of the wire, the response to the
turbulence property would vary due to the variation in the flow field. For
example, .flow direction other than the true axial one would cause to record a
long-it_udianl turbulence quantity aifferent from the desgnated one. The secondary
flow due to entrainment causéd such deviation of the 'measurement_of longitudinal
turbuleﬁce intensity. However this effect would be only secondary compared to
those of the external error sources mentioned in the measurement of t-urbulence.
To minimize error inmeasurements of turbulence due to change in ‘environmental
change the air conditioner unit ‘;vas kept running at léast one hour befofe
starting actual measurement, so that within that time the temperature and

humidity came to a steady state condition.



CHAPTER - V

RESULTS AND DISCUSSIONS

5.1 General :

In this investigation turbulent jet flow of tﬁree nazzles kwere studied.
Experimental results of these nozzles are presented, compared and l'discuf:
ssed in this chapter. By analysing the physical behaviour of diffex.'ent.curves.
the influence of different flow’ parameters on the flow field was attemted to

ascertain.

In the present experimentallprogramme the jét behaviour was studied
.only changing the single LDoundary condition at the exit. All the three nozzles
had the same.inlet conditions and the same pfofile and surface finish. Firstly
exit boundary condition was 'ch'a-nged from the normal nbzzle (NN nozzle) b)}
increasing the length of exit neck (LN nozzle) therebj iﬁcreasing thé exit
boundary layer thiéknéss. Secondly that was changed by removing a wedge
shaped portion from the LN nozzle thereby creating a case of asymmetric jet
(circular wedge shaped jet). In all the above three case i.e. NN nozzle. LN

nozzle and WS nozzle flow field was studied for three different Reynolds number

4

viz. 4.5 x 10", 5.4 x 104 and 6.1 x 104. Reynolds number was based on nozzle

exit diameter 'D' and nozzle exit centre line velocity Ue.

In this chapter resuits are presented in three sub-sections one for NN
‘nozzle, one for LN nozzle and one for WS nozzle flow. A.long with presentation
results are compared with each other and with similar works of other authors

to establish the-physical controlling parameters influencing the flow.
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Centre line variation of mean velocity profile is presented in fig. 5.2.3.
The centre line mean vélocity remain constant upto x/D = 3.0, 3.5 and 3.8

for Reynolds number 2.78 x 10% , 4.5 x 10%

and 5.4 x 104 respectively. From
this behaviour it ‘can be said that the potential core extends in tfxe down stream
direction with the increase of Reynolds number. In the figu're profile of meaﬁ
velocity shows tol,decrease in’ the same rate of Zamanhand Hussain [55]. The
decrease rate of centre line velocity of Crow and 'Champagne [15] with tripped
bou.ndary layer is found to be lower than present finding. The higher decay
rate of UCIUe at lower Re was obser\f'e.d in the figure. This v ariable variation
in decay rate was also observed by Hill et al [16a] and Hussain and Clark [20]. -
The corresponding ceﬁtre line longitudinal furbulpnce infensity-,‘ u' profile-s
(Re = 2.78 x 104, 4.5 % 104 and 5.4 x 10"1 ) are shown in fig. 5.2.4, ;I‘he |
.variation of Reynolds number shows small change in u‘fUe for different Re. in
the range x/D = 1.5 to 6.0 it is found that the increase of Reynolds numbef-
decreases the value of turbulence intensity. This may be due to more organised
flow at lower Reynolds number. This type of behaviour was also found by Zaman
& Hus;;ain [55). The data of Crow and Champagne '[1-3] are fairly lower but the
trends of behaviours are similar. The difference may be due to tripped exit

boundary of Crow & Champagne's experiment. The u'cer varies from 0.006

to 0.225 for all the Re with in the range x/D = 0 to 7.

The mean velocity profile at different down stream distance, x/D = 05,
1.0, 1.5, 2.0, 3.0 are shdwn in fig. 5.2.5. Fram the U profiles of this figure
it is clear that the b-oundary‘layer zone is increased with the increase in axial
distance. Méan velocity gradient (dU/dy) decreases as the distance increaes
but when the flow is developed the gradient remain unchanged which i:av. beyond

the present measuremental extent.
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‘The corresponding longitudinal fluctuating intensities are shown in fig.
5.2.6. Here the peak value of u'!Ue reaches to 0.26 at x/D = 2.0 from u'/Ue=
0.17 at x/D = 0.25 but location of peak did not changed with change in x/D

distance which was also reported by many other researchers.

Self-preservation profiles of U for Re = 5.4 x 10* are Bhoﬁn in fig.5.2.7
it is’ customary to infer self-preservation from the congruence of mean velocity
brofile (UJ'Ue vs. self-preserving variable). In present study seﬂ¥preserving
variable was considered as ( y - Y 5 )10'1 which is also considered by Zaman
& Hussain [55] and Hussain & Clark [20]. It is noted that the profile of integra-
tion is terminated on the low-speed side at 'y—locati'o'n where U/U_ = 0.1 in order
.to avoid the effec_t of entrainment induced transverse mean velocity and flow
reversal (Hussain & Zaman [21). The jet‘ is found to self—préserving from x/D=
1.5 to 3.5 after that the jet looses its self-preservation. This may be due to the
absence of potential core after x/D = 3.5. The extent of potential core upto
x/D = 3.5 is also evident from the céntre lipe U, profiles.in fig. 5.2.3 . The
congruence of U:fU;3 profiles howevef, is not a sensitive indicator of self-preser-
vation. To judge‘ sctual self-preservation the fluctuating intensities come into

consideration.

- Self-preservation profile of u'/Ue are presented in fig. 5.2.8. From this
figure it is clear that the congruence of u'/ U, profiles is comparatively worse

~then that of U/Ue. Thus similarity is achieved earlier for U/Ue profiles than

for u'/U .
e

The constant mean velocity lines are shown in fig. 5.2.9. These lines
show that the spread-of the shear layer. The spread rate is linear from x/D -
1.0 to 4.0, i.e. upto the extent of the initial region. After the end of potential

core transition starts and accordingly the constant mean velocity lines no longer
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varies linearly with x. Which was also observed by Hussain & Zaman
. N /‘7
[55].
The stream wise evolutions of the shear-layer momentum thickness 9 1"

is shown in fig. 5.2..10 . By linear extrapolation.it shows that the virtual

origin is located at x/D = -0.023 upstream for Re 2.78 x 104 and x/D ¥-0.071
down stream for Re = 5.4 x .104. However many investigator reported the location
of virtual origin in upstream only. But Bradshaw [6] found that for jets with\

. laminar exit boundary layer, virtual origin variés between - 200 {x/0e < 350.
The studies of Hussain & Zedan [20], Wygnanski & Fiedler [52] and Batt [5]

shows that the virtual origin is located upstream of the seperation point for

initially tripped (turbulent ) boundary layer.

5.3 Long Neck Nozzle

Long neck nozzle was 'manufactufed with the same cohvergirig profile
" of fhe NN nozzle but with the extension of the praliel exit portion from 5.08 cm
(2 irich)_ to 15.24 cm ( 6 inch). This extention of the parallel exit portion
thickens the boundary layer at the exit thereby changing t’he exit condition of
‘the nozzle. Flow field of this nozzle will be studied in light of the NN nozzle

so that the effect of]’nitial_bouhdary layér thickness on the down stream flow-field

can ascertained.

The exit boundary layer mean velocity profile for the two Reynolds number

( Re = 4.5 x 10°

, 9.4 x 1'04) was plotted in fig. 5.3.1. the solid line in the
figure shows the Blasius profile. As .in the NN nozzle the experimental points
lie on fhe Blasius profile within the experimental' uncertainties. So it can

be conciuded that 'thickening of bounary layer virtually has little effect on

the exit mean velocity profile. However this has tremendous influence on displace-

ment thickness and shape factor. In fig. 5.3.2 these are plotted against different
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Reynolds number. It is found that Ce for both the nozzles decreases
with increase of reynolds number. The same trend of behaviour was also found
by Zaman and Hussain [55]. However in present study § e values are higher
than Zaman's finding. This is because. of initial thicker boundary layer in

both the nozzles than Zaman s value

7 Longitudinal turbulence i'ntensity in the exit boundary layer is shown
in fig. 5.3.3. Comparing this figure with that of the NN nozzle (fig. 5.2.2.)
it found that in the centre line the turbulence inte>nsity remain the same while
the pick value in present case is much lower, i.e. about 20% of the previous
case. However the location of the peak and the distribution behaviour remains

the same in both the cases.

The centre line variation of mean velocity is shown in fig. 5.3.4. For
comparison curves Crow & Champagne [13] and Zaman & Hussain [55] are
also shown. The nature of variation here is same but the decrease rate is

in between Zaman's and Crow's values.

The centre line variation of longitudinal turbulence intehsity, u'/ U,
is shown in fig. 5.3.5. Here also the nature of behaviour is nearly the same
as before but the Reynolds number response in the present case 15 found
to be much pronounced than the NN nozzle's case. Distribution of turbulence

intencity at the Re = 4.5 x 104 seems to follow the behaviour of excited flow

of Zaman and Hussain [55].

Stream wise variation of mean velocity profiles for different x/D is shown
in figure 5.3.6. The profiles here sﬁow the éame trend as the NN rnozzle but
with higher boundary layer width than the previous one at the same x/D location.

The stream wise variation of longituainal turbulence intensity, u'/U

is shown in fig. 5.3.7 for different x/D. Turbulence intensity in the shear layer y
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increase from 0.05 at x/D = 0.25 to 0.35 at x/D = 1.5. While the corresi)onding
values for NN nozzle ‘(fig. 5.2.6) were 0.17 and 0.26 resp.ectively.' So it is
found that turbulence intensity in the LN nozzle was much less near the exit,
but it increased sharply in the down stream side. This sharp increase was

not found in the NN nozzle.

Self-preservation profiles of mean velocity is plotted in fig. 5.3.8. The
curve shows the self preservation in the same extent as observed in case of

NN nozzle.

Self-preservation profile of u'IUe are shown in fig. 5.3.9. The self-preser-
vation character is clearly exhibited in the figure. The figure shows the exis-

tance of self-preservat{on only between distances x/D = 2.0 to 2.5.

The axial variation of 0 1/D is shown in figure 5.3.10. The figuré shows
the virtual origin of the LN nozzle at Re = 4.5 x 104'13 situated at x/D =
+ .083. Different researchers of course found virtual origin both before the
exit as well as after the exit. Since this value is very SH}aH and there is contro-
versy about its positive and negative locations. So its value was neglected-

in the calculatipn of x distances.

The constant velocity lines are shwn in fig. 5.3.11. In this nozzle the

spread rate is higher than the NN nozzle and losses its Hnearity earlier than

the previous case,

5.4 Wdge Shaped Nozzle

To study the asymmetric effect the LN nozzle exit face was cut at 45°
at one side from the centre line of the exit section. Thus making the nozzle
wedge shape the flow coming out from it became three dimensional. The WS PN

nozzle flow was of course sysmmetric’ about xy-plane in the coordinate system
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“described in section 4.2. For analysing the flow, measurements were taken in
all the three coordinates and they are then compared with the previous measu-

rements and influence of exit asymmetric condition was studied.

Mean velocity profiles in x, y and z axes at different x/D ( =0, .25,
.5, 1, 1.5, 2, 3, 4 and 5 ) locations are shown' from figures 5.4.1 to 5.4.9.
In those figures similar profiles for NN and LN noZzle are also shown for
comparison. At‘x/D = 0 profile of LN nozzle and those of wedge shaped nozzle
for - Y and 2 axes are found to coinside ihdicating the little effect on these
profiles due to the .pr.esence of wedge shape on the other side of the nozzle.
The profile in the + Y axis spreads much more than norma.l.exitcondition
- of the nozzle. Profile of LN nozzle shifts left ward from that of the NN nozzle
due to the 'presence of more thicken boundary layer. Observing the figures
from 5.4.2 to 5.4.6 it can be seen that transition occurs in these region.
Velocit.y profiles in this region spread at different rates in different axes and
~in different locations. Strong acceleration and deceleration, henc':-e intermixing
is tgking place in these zone. Profiles in the Z-axis spread faster than those
in the -ve Y- axis upto x/D = 1.0. Then the spreading rate in the -ve Y-axis
increases and at x/D = 1.5 it is seén that spreading of thé profiles in the
axes - ve Y and Z- are the same. from x/D =3 .profiles in all the three axes
of W8 nozzle and those of NN nozzle énd LN nozzle are found to coincide
each other. So the effect of asy‘mmetry and boundary layer thickne_isg at the

exit condition do not seem to influence the flow in the down-stream side from

x/D = 3.0.

Profiles of longitudinal turbulence intensities for the three axes at
different x/D ( = ¢. 0, .25, .5, 1.0, .1.5, 2.0, 2.5, 3.0 and 4.0 ) locatiohs

are shownin figures 5.4.10 to 5.4.18. The figures 5.4.10 to 5.4.18 shows the
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variation of the turbulence intensities at dii"ferent'locations of the flow field.
For comparison those of the NN nozzle were also shown in the figures. At
the exit plan;, "in the +ve Y axis :while the turbuience intensitiés inc;‘ease
about four; times the NN nozzle valueg, th;)sef‘ in the -ve Y anq Z axes ;zre
seemed to be supresséd. Afterwards these suppressed values increase quickly
and obtain the peak value u'/’Ue = 0.24 at x/D %0.5. After x/D = 0.5 while
peak value of ﬁ'! U, in -ve Y and Z axes still go on increasing. and spreading
over the axes length, the peak value of u'_/Ue in the +ve Y axis‘ starts decreasing.
_At x/D = 2.0 the distribution of u'/Ue in ‘all the three direction (axes). are
found ﬁearly the same. After x/D = 2.0 the turbulence intensity of the WS
nozzle starts further spreading while the peak value decreasing. At x/D = 4,0
and 5.0 it is seen that tﬁrbulence intensity of the WS nozzle is 60% of the
NN nozzle,.

The centre line variation of mean velocity at differ’ent Reynolds number
(Re = 4.5 x 104, 5.4 x 104, 6.1 x 104) is shown in figure 5.4.19. The decrease
of centre line veloicty with the axial distance shows the same pattern of the
other nozzle i.e. the decrease rate increase with the decrease of Reynolds
number. The centre line variation of mean velocity of the three nozzles under
study shows that in the WS nozzle the decrease rate is less than the ofher
t|w.0 nozzles.

The ;:entre line longitudinal turbulence intensity for différent Reynolds
number ( Re = 4.5 x 104, 5.4 x 104, and 6.1 x 10° ) are shwon in fig. 5.4.21.

The turbulence inténsity in the centre of the WS nozzle seems to insensitive

to the experiment range of Reynolds number variation.

Centre line variation of longitudinal turbulence intensity, u'IUe for the

three nozzles are shown in figure 5.l4.22. In the centre'line the NN and LN nozzle

PES
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exhibit higher u'/Ue values than that in the WS mnozzle.

The stream-wise evolutions of the she-ar layer local momentum thickness
8.1 for Re = 5.4 x 10? of different axes ( +ve Y, -ve Y and Z axis) are
shown in fig. 5.4.23. By linear extrapolation it wés found that th;e virtual
origin for three axes are locatéd at different x/D location. For +ve Y virtual
origin was found at }i[D = -0.46 (i.e. x/D = 0.04 upstream ffom the péiﬁt
of separation), and those of Z and -ve Y axis are x/D = 0 and 0.06 reépectively.
All these. values of virtual origin are very close to the point of seperation
as observed in cases of LN and NN nozzle. These va.lues_-rof X were‘ not considered

in analysiny; different quantities as done in NN and LN nozzle for the same .

" reason state before.

The self-preservation profilés of rﬁean velocity in three 'axes (+ve Y,
~ve Y and Z axis ) fof Re = 5.4':{ 104 are presented in figures 5.4.24, 5.4.25
and ‘5'.4.26. It is clear from these figures that for all the three axes mean
velocity s.hows, jet flow was self-preserved in all the axes from x!i) = 1.5
to 3.0 which was within the extent of potential core, as observed in centre
line mean velocity distribution profile (fig. 5.4.19). The self-preservation
of Uer profiles in all the three axes behaves insensitive to the ipitial three -

dimentionality in-volved due to wedge shaped exif condition, because NN and

LN nozzle flows also shows self-preservation in the same extent of axial distence.

Self-l.)reservation. profiles of longitudinal turbulence intensity in +ve,
-ve Y and Z axis .of WS nozzle are shown in figures 5.4.27, 5.4.28 and 5.4.29
respectively. Congruence of self—preservation profiles _is worst in -ve Y axis.
In positive Y axis self-preservation is attained from x/D = 2.0 but perfect
éongrunce is not observed it may be because of flow instability. Self-preservation

in both -ve Y and Z axis was found from x/D = 2.5. From this observation it
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" seemed that the distance of attainment of self-preservation from point of
sepération is unique. Here the congruence of seif~preservation profiles are

worse compared to those of NN and LN nozzle. Thig ‘may be;:ause of less organised
flow pattern of WS nozzle than of NN and LN nozzle which is also focused

in comparison of centre line longitudinal turbulence intensity profiles shown

in fig. 5.4.22.

The spread rates of the shear layer for +ve Y, -ve Y and Z axes of
WS nozzle are shown in figﬁres 5.4.30-32. Due to the 'presence of the wedge
in +ve Y axis high interactioﬂ of the shear layer is observed in this zone.
Most probably large vortices created in the shear layer at about x/D = 1.0
try to roll inside the core of the jet shifting the 'cofe inward at x/D = 1.5
where interaction of two more vortices break up into smaller sizes expanding
the core of the je’t at x/D = 2.5. Similar interaction can be observed in -ve Y
axis, (Fig. 5.4.31), LN nozzle (Fig. 5.3.11), NN nozzle (Fig. 5.2.9) but of

much less strength.

Oscillograms for centre line turbulence intensities are shown in figure
9.4.33. Figure shows tha‘f flow with turbulence intensities of lower amplitude
and hjgher frequencies (on the order of 1KHz) emerges from.the. nozzle. These
high frequency fluctuations in the centre line takes energy from the shear
layer producing high gmplitude and low frequency fluctuations (on the order
of 72 Hz) at x/D = 1.5 prdbably caused by interaction of vortices. Formation
of pairing of vortices and their mixing are observed conjequtiv.ely at x/D =
2 - 2,5 and x/D = 3 - 3.5. After 35 i.e. after the end of the potential core
all the vortices break into small e'dd@es of high frequencies and amplitude

carrying high energies. Which indicate start of transition zone of the jet.
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The oscillograms at x/D = 0 & 1.0 for different " +ve Y ~ locations are
shown in figures 5.4.34 and 5.4.35. The‘increase.of turbulence intensities
in the shear layer are clearly exhibited in the figures. Quantitiative measurement
of ma_ximum vlaue of turbulence intensity in the middle of the boundary can

be compared with figures 5.4.10 & 5.4,13.



6.1.

CHAPTER - VI

CONCLUSIONS

Introduction

The present research objective was to study some fundamental éspects

of nozzle flow behaviour. In the present work the research objective have

been

in the previous chapter are summarised in this cahapter and the possible extension

fulfilled. The results of the present work which have -been discussed

of present work is recommended.

6.2

- Findings of the Present Work

Measurements in the turbulent flow field created by the round shaped

nozzle of different exit conditions revealed both well known and as well as

not-so-well known features. To the best of author's knowledge study on wedge

shape nozzle flow is the first of its kind in the field of turbulent research.

The study of asymmetric turbulent flow in the wedge shaped jet showed that

in the down stream side longitudinal turbulence intensity was suppressed instead

of increasing.

6.3

. Conclusions

The following conclusions are drawn as consequence of the present research

work :

Increase boundary layer thickness at the exit has little effect on exit

mean velocity profile.

Increases exit boundary layer increases the shape fattor of exit velocity -

profile.

With the increase of Reynolds number the exit boundary layer thickness

decreases for different exit conditions.
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Thickening of the exit boundary layer suppressed the exit peak turbulence
intensity.
Thickening of the exit boundary layer decreases the decrese rate

of centre line mean velocity in the  down stream direction.

Effect of change of Reynolds number is more pronounced in thick exit

boundary layer condition,

Thicknening of exit boundary layer increases the spread rate of the
jet. |

Asymmetry in _‘one axis of the nozzle has little effect on mean velocities
in other .axes at the exit but has g‘reatr effect on tﬁrbulence intensitiesl

on those axes of the jet.

In the asymmetric axis while the turbulence intensity at the exit increased

those in the other axes are supbressed.

In the down stream side flow asymmetry began to decrease both turbulent

and mean quantities' became nearly symmetric at x/D = 3.

In the asymmetric flow condition {wedge shaped jet) at x/D = 3, the

turbulence intensity became lower than symmetric flow conditions.

Extension of the Present Work‘

The present study of circular nozzle flow is a preﬁminai’y work in the

field of turbulent flow. The research in this field can be ektended in different

directions. As a direct extension of the present work, the following suggestions

may be made for continuation of the research in this field.

1.

The same measurements can be extended in the axial direction to have
A | ) . .

total focus in transition and developed zone of the just performed nozzie"

flow studies.
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The measurement details can be extended to determine transverse mean
velocity, transverse turbulence intensity, turbulent shear stress, corre-

lation coefficient and turbulence spectra.

To study the flow structure detail flow visualization technique can be

applied.

-~

circular wedge shaped jet can be studied with different wedge angle

of wedge shaped nozzle.

All the above measurements can be taken under controllable excitation

at different. fre'quencies. '



APPENDIX - A

CONSTRUCTION AND DESIGN OF SILENCER

A.1 General

The fan unit along with flow controller and vibration isolator was fitted -
with the tunnel via silencer. The silencer's role is to remove or strain the

noise (sound) generated by the moving blade and pressurized air.

A.2 Construction and Design

. The silencer was made about 0.762 meter (2;5 feet) long and an in‘siﬁe
‘-diameter of 0.48 meter (19 inch). The outer cover was made of G. I. sheet

. (24 US standard gauge). The internal drum was ma.de _of perforated mild
‘steel sheet ( 22 US standard gauge having 3.2 mm ( 1/8 inch) diameter holes
116 per sq. inch}. Threse two drums held 6.35 cm apart by 6.33 mm ( % inch)
mild steel flange. The perforated inner drum was screwed up with tié angle
(31 mm x 4 mm x 4 mm ) welded between two end of the flanges. Provision
was made to remove the outer éover by simpie nut-bolt system. Glass-wool
sheets were placed between the gap of. t.wo drums layér by.layer to fillup

the 6.25 cm (2.5 inch) gap arround the perforated drum as shown in Fig.A.l

& Plate 4.1.3.



APPENDIX - B

DESIGN OF DIFFUSERS

In order to obtain the optirﬁum‘ value of '8' for the diffuser, the flow

through the diffuser was analysed as follows :

As the flow field is two-dimentional, the Navier Stock's equation in polar

co-ordinates are,

2

5 u du, vau v’ _ 1 3P .y (y2,_ 223V _ u ,

57t *Y ar T30 r P r (Vu--5%58 "2

9 u du ,.v dv uv _ 1 3 P. 2 2 Ju v

Tt Y S e TTree Py T 5 ree T YVt g 2!
and the continuty equation is,

Jdu 1 3w u

3t ' 38 T ¢ ° 0

Assuming radial flow and steady state of motion,

i.e. u.= f(r,9) and v.= 0.

With the above value of u and v the governing erquations beocmes

Ju _ 13 P ‘32 u 1 3u u 13 2y ' '
u == = - + ( + = 22 _ + 9 ) (B.1)
dr pd I srl T2 r2 r23 84 _
- _. 13p 1 au ~
0 > 3 + ( 7 T ) (B.2)
au u
and. u —5'; '+ T =. 0. _ (B.3)
From equation .3, du.r) _ 0

d(r) -



After integration, it becomes,

fa (8) -
' r
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To make the function dimension less the above equation can be written as -

_ R (B.4)
r
where ' f ' is a function of ' 6 ''only.
/
Using the substitution (egn. B.4) egn. B.l1 and eqn. B.2 becomes,
PR S U1 SO ®.5)
v2 par = )
= 19 P - 2 "
and 0 = - + 2v7 ==
pra o 3 (B.6)
From equation B.6
9 P _ 2V 2
59 (,—p— ) = Y f
Integrating
2
P 2V
- = - f + F (r)
p r2
Differentiating with respect to ' r ' results
i(z)'z‘_—4\’2f+]§"‘ B.7
ar “p r3 (B. )
Now substituting equation B.7 in _eqn. B.5, gives,
2 r3 '
™ + 4f + £ + ( - F! \)—2 Y = 0 (B-?a)

3
Replacing —r—z— ‘(- F'') by K,
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_The '6ptimum .value of 'a ' determined from the fact that there should not
be any seperation in the full length of the diffuser.

At the point of seperatioﬁ,
f' (8) = 0 at 9 = *q

Putting the aboxlre boundary condition in equation B.éa, .tives
G = 0

~So the integral equation becomes,

g J.f. o df
- (&) = —_ -
Jo a8 = 5 (f, - DF (2 + 6f « ££)}
. - _ 2
substituting f = f1 cos
3 T2 dn
o ( f1 +3)° = /3 b 9

1 -1_,
1 -5 (1#+3/f) "sin
If Reynold's number is defined over the characteristic length ' r ' as follows, -

R _ Upax. T = fl
e v

. Therefore,

: LY dn
o (Re+3)% - Jsfo - ——
| -4 1+ 3R Lein?y

for large values of ‘R,

dn

/R - /34{/2
a _
° (1+—% sin|h)}

Which is a elliptical integral of first kind. Its viue may be taken from the

~ table of integration.
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f' 4 Af + f2 4K = O

Multiplying the equation B.8 by f',

£ F 4 AFf + £2F 5 KE' = 0

which may be expressed as

% ( -f; | + 212 + -g—a +Kf ) =0
After integration it becbmes,
—f-'—z + 2f2 + —f- + Kf = const,
2 3 :
or, -f'2 ='—2(G-5Kf-f3—'sf2)

where 'G' is a constant.

9 = f' (@) = 0., If the maximum radial

o

At 8 = 0, due to symmetry,

a
==}

(B.8)

(B.8a)

velocity, which occur.at 8 = 0 1is denoted by fl’ then fl = (Upgx-T N

Substituting these. conditions in the above relation, gives,

3K =

2
_fl

‘— 6f1

G
f
Replacing 'K' from eqn. B.8a it becomes,
fr o= v Lo -yt R rer +gr, + St
3 71 1 f1

df

= /3
or, de-/z

PR 1
( f1 £)* (f" + 6f + J‘.‘f1 + Glfl)
Now, at 8 = 0, f = f1
and at 8 = g , f = 0
Therefore, ,
o '_ 3 § ] . df
- JDdB _/-Z_J ]

° ‘ 3 2 . 3
AN CUREIS O EN ¢ +6f + ff; + G/f))
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j% an F(L .™ 3y = 1.8540
U(l—%sinzﬂ)z ) -
Therefore, o/ R, = /3 ( 1.85410)
or, o =. .3:2154
’ _ /Re

For different values of Reynolds numbers the angle of divergence 'o ' was
plotted in fig. B.2. It is seen that at a very high Reynold's number 'o ' is

less than 5 degree.

In the designed diffuser 'a' was kéeped close to;3. degree,

Now, question of length arises, what should be the length limit of the diffuser
- to avoid seperation i.e. energy loss. The seperation point may be defined by
% =.0at 8 = 0. So from velocity distribution the length limit could be

found out.

.The equation B.8 may be solved for the velocity function £f(8) by the
linearization technique. The eqn. B.8 is a nonlinear second order ordinary
equation. The equation was made linear by introducing a new term .', called

velocity factor, to weigh the mean velocity function T,

Then equation B.8 becomes,

£" +4f + ¢ff = -K | (B.8b)
where T = L REL
o
Let, u = »i
r
Then, T = u.r R
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This shows that T is equivalent to Reynolds number based. on the charac-
- teristic length ' r ',

Therefore,

£" +(4+eR,) f =-K

1t is clear from the flow conditions that ( 4 +¢ Re ) > 0, So, the solution

of the above equation is,

K

f = A v (4+€R )0 +BsinY (4 +c€R ) § -~ —>—"
cosv ( ) sinv ( e) 4+ERe

(B.9)

The constants 'A' and 'B' are determined from the bounddry conditions,

»

f(ta) =0

The constants are,

K
(4 + sRe) cosy (4 +¢ Re)a

B = 0, and A =

Substituting these values in equation B.9 gives,

f = K 1 cosv (r + Rg )0
! +eR, [1- e/ +R)a (B,10)

Substituting equation B.10 in expression of T and integrating, T

= - -sinv (4 +e Ry )d ' .

f = K [1- e ] (B.11)

4+€Re ‘“(4+€Re) cosy (4 +5Re)a

From equation B.4 it is possible to write,

u _ £

u f
Dividing equation B.10 by equation B.11

o
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‘eos-‘/(4+eRe Yy 0 ..
cos v (4 + €R,)

u _
U - sin/(4 +eR.)
1= €
o (4+€R) cos V(4 + )
L _ _ 8
Putting Ol(4+gRe) = A ,and & = &

COS A - COSAE
cosA - (1/x ) sinAi

(B.12)

=R RI]
I

Velocity 'u' is still undetermined lbécoﬁ_se the velocity factor 'e' is unknown.
To determine the factor é', it is assumed that the local pressure gradient
-g—§ calculated from momentum principle should be eciual to that calculat_éd
from mechanical energy consideration. for a given velocity function ' f ', the_

~equality of pressure gradient may be obtained by eqﬁating the gradient dF_‘ldr.

Equation B.7a can be written as,

3

0 .
r dF da’f 2 . ]
B el = = - + aAf + f . . (B.13
v 2 dr de 2 . . )

Integrating with respect to £ = 8/a ,

3 ) . 1.2 ' 1 ’ I

r dF _ 1 d" f 2

— odi-a-—zfo——-—dgz_dg +4 frag+ [ fla
'y @F _ 1 dF , ) |

or, ST oar T oTpoar ‘oM + friae A (B.14)

Mechanical energy equation is formed be multiplying equation B.13 by f(B_) R
and another by integrating the obtained equation with respect to £ = 8/a -

in term of dF/dr.

o e, —p— A =



oo

o

T
Y
3
or, r
v
3
r
or, =—;
v

bo

dF a“f 2 3
a;" =f d—-—92+4f +i_‘
aF (.. 1 (' a%
I hrae = oy a2
aF _ 1 1y

from equation no. B.12.

!

t - cos A
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ag+ 4 [ tfag + [

-dE ‘.+ 4 j:fzd& +£f3d£ ]

f =
. t - s
When , t = cosh , s = -+ sin A’
df Tk
Now, -CTEJ=1 -8
: _ 2_ 3 1
fofzdi f2 .t 2ts+2
'(t-_S)z
2
f - f—2 A “cos AE
d 2 t -8
9 I - 1
Y A 4 _ 5 5t -+
or, J;f — = fZAZ —g—-—-%
d (-8
'3 -3"3'61"L3t2+‘“g"+g_8
then, [ f'dt = T :
(t—S)3

Equalising the equations B.14 and B.15, gives,

[

2

2 1
S +4+'f_t__,+s'+_§ =l(_>‘_.)25t"1
2 2 o (t-,s)2
(t - s8) .
3 11 3. 2
at? _ gts + 2 . T bt - st +5t-3s
(t-s)? (t - s)°

- (B.15)
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2 2

or, (A2 st-1-2st+2s® 4’ - 6ts + 2 -at? & et - as?
@ 2 (t-s) 2 | (t - s) 2
3 _ 3.2 1., 2,32 1 _ 3,1 .2 2. .2
. t—wit s+—2t.—st +?st-—zs t+ﬁst 3t+3
(t—s)3
As, * = V(4% Re)a
Therefore, 9 9
25" - st -1 - 48" - 2st - 2
{ 4 + Re) - 3 - 5
2 (t-s) (t-s)
- 9s%t - 4t%s - 6t + s
(i(t-s)2
Zsz—st-l — 932f—4tzs—6t+s
or, € Re - 2=f : K
2 (t-s) . 6 (t-s5)
Further more, f = —%E = Re
~ - +
So, . = 9st dts 6t s

3(t - s)(2s2-st-1)

For different values of 'A', the velocity function 'e', tabulated as

bellow,

£

A 1.0 1.25 1.5 1.7 '2.0 2.25 2.5 2.75 3.0 3.14

¢ 1.715 1.73 1.749 1.762 1.79 1.83 1.86 1.9 1.95 2.0

The figure shows the points of ¢ against A , the curve shows that sepera-
tion may be avoided if ' A ' is less than '_ 'm ' . The point of seperation may
be obtain from the expression,

du
—_— = 0
dg

ey
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Writting the equation B.12,

cos A - cos AL

u = u

cos A - L gin A
A
» sin )¢
Therefore, 2u u 1.
3t cos A - = sin )
A
du - ' iy .
As, ———] . .= 0 ( condition of seperation)
3E . =1 :
So, sin A = 0
= nnwn , for n = 01, a = 7

‘Therefore, oY (4 + Re) =

Squaring, (4+2Re)al = 7 2. (since at A =7 , € = 2)
Again, Re = T
‘ ' 2 _. 2 R ’
Therefore, (4 +2f) « = i , (B.17)
Taking .f "= “ur, and substituting.in: equation B.17,
(4+2ur)x? =2 S "~ (B.18)

The angle of divergence for the diffuser is 3 degree only. Seperation rﬁa‘y

be taken place only when the equation B.18 is satisfied. In this case tl:19
length ofl the diffuser is éelected to be 5 ft, for 1st diffuser and 8.5 ft.

for second diffuser. With these length Eqn. B.18. is not satisfied becausé

of small degree of divergernce (3°). Hence there would‘be-no seperation within

the entire length of the diffusers.



APPENDIX - C

NOZZLE DESIGN & FEBRICATION

C.1 General :

In the flow systetﬁ there were kinds of nozzle one kind was jute glgss
fibre composite nozzles, which were part of thé jei flow féciiity and the other
kind was the wooden test nozzle. The jute glass fibre composite nozzleé were-
provided for sharp construcﬁbn of flow area after each settling'.-chambers

. to ensure settling of air in the settling chambers and to suppress the turbulence
intensity of down stream. The wood made te_st nozzles were used for the study
of the basic flow characteristics and structure of flow in the'near field of

jet formed when air issuing out of the nozzle in the free air.

C.2 Cubic Profile

The profile all the nozzles (jute glaés-fibre composite nozzle and wooden
test nozzles) had same cubic profile. The cubic profile was chosen to minimize

the flow loss and smoothen the flow.

The profile was nothing but the deflection curve yeild by a fixed beam
when it under goes deflection at one end with out any load. (Fig. - c.1).
for unloaded fixed beam, general equation of deflection is,

dy - - ' - (C.1)

’.' e

W ¥ = 0 at,x = 0-
(ii) gxl = 0 andx = Lp - (Lp = length of the beam)
(i) v = 0, at x = 0 |

(iv) y = 0, , at % = L (8, deflution of the beam)

£

e

e e e
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So there are four boundary condition to solve the fourth order differential

eqn. Integrating the general equation three -

Y - ax? + Bx + ¢ ‘ (C.2)
ax

Integrating eqn. (C.2) again

3 .2
y - Ax +.Bx + Cx +D

3 2

Now applying the boundary condition (i) & (ii)

C =10 D =0 -
3 2
. _ Ax Bx" |
1.e, = —3" . + ——2"" . (C.3)
dy _ 2 : .
&r‘ld ax - Ax™ + Bx (c.4)

Yy =3 (5 -2 () _ (C.5)
which is the general equation of the cubic profile.

For first jute glass fibre compsite nozzle and a upstream diameter 24" ,
contraction ratio 16 : 1 (area base) and 1.5 feet length. Therefore the

equation of the profile was — -

.003086 x 5 | (C.6)

"

=y = .0833 x

R

- S

ST I R Y
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The second nozzle made of jute glass-fibre composite material had a
.upstfeam diameter of 18 inch, contraction ratio 4:1 and over alllength of 18
inch. so from equation C.5 the profile equation for the second jute glass-fibre

composite nozzle was,

y = .08167 x> —  .00154 x° (C.7)

For the test nozzles with upstream dimeter 9 inch and contraction ratio of

-9 :1 with the length of 12 inch. The cubic profile for the test nozzles was —

y = .0615 x> - .0034 x° . . C.8)

C.3 Nozzle Fabrication

T1.1e fabrication of jute glass-fibre composite nozzle require cores for
inside shape. The cores were made of low grade wood, but with 'a high surface .
fin‘ish. The polishi‘ng of cores surface was very essential to ensure lSﬂ&OOth
inner surface of the finished nozzle. The layers of resin.glass fibre and jute
was given arround the finished wooden core to obtain the jute glass fibre N
nozzle. Where three glass rfibre and are jute layer were given for each nozzle.
The test nozzies were made of Teak wood. The nozzles were obtained by
-turbing off woods from a teakrwood bloék' according to given profile. After
turning the surface (mainly inside S'Lirface) were polished and varnished to

get a smooth finished surface.
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EXIT BOUNDARY LAYER PROFILES OF U

FOR DIFF. Re NN NOZZIE
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EXIT B/L PROFILES OF u'
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CENTRE LINE VARIATION OF Uc

FOR DIFF REYNOLDS NOS. NN NOZZLE
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STREAM-WISE VARIATION OF U .for Rte=5.4E04"
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STREAMWISE EVOLUTION OF u

FOR Re=0.4E04, NN NOZZLE
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SELF—PRESERVATION F’ROFILES OF. U
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" STREAMWISE EVOLUTIONS OF ©4/D
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Fig. 5.2.10 : Variation _of local momentum thickness in axial direction for finding
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EXIT BOUNDARY— LAYER PROFII_ES OF u

_ FOR DIFF. Re ,LN NOZZLE
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CENTRE LINE VARIATION OF Ue

FOR DIFF REYNOLDS NOS, LN NOZZLE
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- STREAMN WISE VARIATION OF U PROFILES (L)
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SELF—PRESERVATION PROFILES OF u

FOR Re=4.50E04, LN NOZZLE
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STREAMWISE EVOLUTIONS OF O

FOR FINDING VIRTUAL CRIGIN, LN NOZZLE
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© -~ Fig. 5.3.10 : Stream-wise evolution of local momentum thickness (8 1) for Re = 4.5 x 10
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COMPARISON OF U PROFILES AT X/D= 0.0

FOR REYNOLDS NUMBER 5.4E04
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COMPARISON OF U PROFILES AT X/D 0.5
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COMPARISON OF U PROFILES AT X/D 1.5
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COMPARISON OF U PROFILES AT X/D 3 0
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COMPARISON OF u’ PROFILES AT X/D 0.25
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FOR Re=35.4E04
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Fig. 5.4. 13: Longitudinal turbulence intesnity (u') pro%iles at x/D = 1.0 of NN and .
three axes of WS nozzle for Re = 5.4 x 10°.
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COMPARISON OF u' PROFILES AT X/D 3.0
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CENTRE LINE VARIATION OF Uc
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CENTRE LINE VARlATION O Uc
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STREAM WISE EVOLUTION OF 81/D
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Plate 4.1.] .
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The circular air jet facility fitted with NN nozzlc.



Plate 4.1.2 The butterfly valve.
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Plate 4.1.3 Silencer and Below
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Plate 4.5.1 : The Traversing mechanism and prbbe setti

-----

Plate 4.7.1 : The DISA 56C00 CTA system.
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